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Time-Dependent Features of Mass Transfer
and Transmembrane Potential in Erythrocytes During Equilibration
in Cryoprotective Solutions

Pedepar: Ha nigcrasi po3pobneHoi @iznko-matemaTMyHOI MoAeni NpoLeciB MacomnepeHeCceHHs, sika BpaxoBye TpaHCMemb-
paHHe MepeHeCceHHs HeeneKkTPOoriTiB, OCHOBHMX iOHIB Ta MOB’S3aHi 3 HMM 3MiHM TpaHCMeMOpaHHOro MmoTeHuiany, AOCMiMKEeHO nepe-
PO3MOAIN OCMOTUYHO aKTMBHWX PEYOBMH Yy Mpoueci eksinibpauii epuTpouuTiB y po3dMmHax KpiornpoTekTopis. Po3paxoBaHO 4acosi
napameTpu 3MiHW KOHLUEHTpaLii OCMOTUYHO aKTMBHUX PEYOBUH BCEPEAUHI Ta 330BHi KMiTWH, @ TakoX TPaHCMEMOPaHHOro enekTpuy-
Horo noTeHuiany. MNMokasaHo, Wo nif Yac ekcnosuuii eputpounTie noguHn B 1M posuuHax rmivepury (Mn,), 1,2-nponangiony (1,2-M0)
i pumetuncynsdokengy (AMCO) 3Hak iXHbOro TpaHCMeMOpaHHOrO enekTPUYHOrO MOTeHUiany 3MIHIOETBCA TpuYi, a Yy po3vMHax
etunenrnikono (EI) i auetamigy (AA) — oauH pas. AHania oTpMMaHux pesynbTaTiB nokasas, LU0 HaWbinbLL NPUAHATHOK ANS nopanb-
LLIOrO KPiOKOHCEPBYBAHHSA 3 TOYKM 30pY AOCATHEHHS epuTpoLmMTamu, 3a KOMMIEKCOM MOKa3HWKIB, CTaHy HabrnvKeHoro 40 piBHOBaXHOIO
B 1M posunHi 'n € ix ekBinibpauia npotarom 5,5 xB, a B po3unHax OMCO, AA, EIl i 1,2-I[ 3 Takoi camor KoHueHTpauieto — 1 xB.
Mpy UbOMY KMITUHM 3anuwalTbCs AeLwo 3HeBogHeHumMu (Ha 5,5-7,5%), a KOHUeHTpauii KpionpoTEKTOpIB BCEpeauHi epuTpouuTiB
3a TpuBaniwoi eKkcrno3uuii 3MiHIOITbCS HECYTTEBO. Bka3aHui CTyniHb 3HEBOAHEHHSI HE BMMMBAE Ha XXWUTTE3AATHICTb KMiTWMH, OAHaK
3MEHLLYE NMOBIPHICTb BUHUKHEHHS BHYTPILLHBOKITITMHHOIO NbOAY Mif Yac NoAasbLIOro 3aMOpPOXyBaHHS.

KniouyoBi crnoBa: ¢isuko-matematnyHa Mofernb, NpoLecy MaconepeHeCceHHs, epUTPOLIMTH, KPIONPOTEKTOPK, TPAHCMEMOpPaHHWI Nno-
TeHuian.

Abstract: On the basis of the developed physical and mathematical model of mass transfer, which takes into account
the transmembrane transfer of non-electrolytes, basic ions and the associated changes in the transmembrane potential, the redistri-
bution of osmotically active substances during equilibration of erythrocytes in cryoprotective solutions was investigated. Time para-
meters of changes in concentrations of osmotically active substances inside and outside cells, as well as transmembrane electric
potential, were calculated. It is shown that during the exposure of human erythrocytes to 1M solutions of glycerol, 1,2-propanediol (1,2-
PD) and dimethylsulfoxide (DMSO), the sign of their transmembrane electric potential changes three times, and in solutions of ethylene
glycol (EG) and of acetamide (AA) — once. The analysis of the obtained results showed that the most acceptable for further cryopreser-
vation from the point of view of erythrocytes reaching a state close to equilibrium in a 1M solution of glycerol was their equilibration
for 5.5 min, and in solutions of DMSO, AA, EG and 1,2-PD with the same concentration — 1 min. At the same time, the cells
remain somewhat dehydrated (by 5.5-7.5%), and the concentrations of cryoprotectants inside erythrocytes change insignificantly
during longer exposure. The indicated degree of dehydration does not affect cell viability, but reduces the likelihood of intracellular
ice formation during subsequent freezing.

Key words: physico-mathematical model, mass transfer, erythrocytes, cryoprotectants, transmembrane potential.

Electrostatic interactions play an important
role in the architecture and functioning of cells.
The flexibility of the shape of cells ensures their

BaxnuBy ponb y apxitekTypi Ta (QyHKIIOHYBaH-
Hi KJIITHH BiJIrpaloTh €JIEKTPOCTATUYHI B3aEMOJIII.
['myuxicts Gopmu KiiTHH 3a0e3neuye iXHid pyx Ta

yHIBEpCAJIbHICTh aJanTalii A0 HaBKOJIHMIIHBOTO Ce-
penoBumia. ['HydkicTh (QOPMH ONOCEPEIKOBYETH-
csl PI3HUMH THIIAMH B3aeMOJiil Oijlok-MeMOpaHa,
30KkpemMa enekrpocratudHuMu [4]. TigpodoOHi Ta
eNeKTPOCTATHYHI B3a€MOAIi MAalOTh CHHEPTeTHYHMI
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movement and versatility of adaptation to the
environment. The shape flexibility is mediated by
various types of protein-membrane interactions, in
particular electrostatic ones [4]. Hydrophobic and
electrostatic interactions are synergic by origin,

helping to anchor important proteins to membranes
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Oinku Ha mMeMmOpanax [11]. MemOpaHna epuTpOLHTIB
€ CKJIaJTHOI0 3 YHIKQJIbHUMH BJIIACTUBOCTSMHU CTPYK-
TYpOIO, sIKa BKJIIOYAE CyOMEeMOpaHHy PeLIiTKy OiIKiB
y Buniai mepexi. CyOMeMOpaHHa Mepexa CIIeK-
TPUHY EPUTPOLUTIB 3a0e3redye IXHIO MeXaHIdHy
CTIHKICTD 31 30€peKCHHSIM THYYKOCTI Ta AehopMo-
BAaHOCTI, IO TPUTAMaHHI KIITHHI, SKa MPOTATOM
CBOTO JKHUTTS MIPOXOJIUTH Y€PEe3 CUCTEMY KPOBOOOITY
npubnmuzao 170 000 pasie. A. Ciana Ta criBaBt. [5]
MoKa3aiu, 1o 30aradeHa cQIiHrominigaMu Ta CTiiika
JIO JICTEPreHTIB JIiIMiJIHA YaCTHMHA MEMOpaHU EpUT-
POLIMTIB TOB’sI3aHa 3 IUTOCKEJCTOM, BiJl SKOTO ii
MOXKHA BIJOKPEMHUTH JIUINE IUISXOM ITiJBUIICHHS
pH Ta ionnoi cunu cepenosuina. Enexrpocrarnyni
B3aEMOJIi MIK JIETEpPreHT-Pe3UCTCHTHUMHU padTa-
MU 1 CKeJIETOM MeMOpaHHu, HMOBIpHO, BiAIIOBIaIbHI
3a ixHIO acoriamiro. Takox OyJg0 BHSBIEHO, IO
nimocomu ocharuamicepuny Ta docharumunera-
HOJIaMiHY 3B’SI3YIOTHCS 31 CIIEKTPHHOM Ha IIJITHKAX
CyOOIUHHMITL 0~ Ta B-cHeKTprHY. MOKHA MTPUITYCTH-
TH, 1[0 TaKa acolliailis BKIOYAE MPSMY B3aEMOIIIO
MiX CIIEKTPHHOBHM CKEJIETOM Ta TPyNaMH TOJOBOK
(dbocdominiaiB. Acoriaiiss 3HAYHOI YaCTHHU JIMiJI-
HOTO MOJBIHHOrO mwapy y Qopmi JimigHux padris
3 0a30BUM CKEJIETOM MEMOpaHU MOXKE SIBIISITH COOOIO
JIOIATKOBHI BEPTUKAILHHUIN 3B’SI30K, KU HAJla€ CTili-
KocTi KITiTHHHIA MeMOpaHi. A. Ciana Ta cmiBaBT. [5]
BKa3aJd Ha JONUIBHICTE OLIHKA BIUIMBY I[HOTO
3B’SI3Ky Ha BH3HAYEHHS CTaOUTRHOCTI Ta IHIIHMX
BJIACTUBOCTEH MEMOpaHU EPHUTPOIUTI, a TaKOXK
iCHyBaHHSI HOTO TPHPONHUX ne(eKTiB, SKi MoO-
KyThb OyTH TIOB’si3aHI 3 aHOMAJIsIMH B apXiTEeKTypi
MeMOpanu eputpouuTiB. Y pobori E. Kahana Ta
criBaBT. [10] Takox mpeacTaBlieH! A0Ka3W TOTO, IO
CJIEKTPOCTATHYHI CHJIM BiJirpaloTh OCHOBHY pOJIb
y B3aEMOJIi MiX KIIITHHHOK MEMOPAHOK Ta IMTO-
CKEJIETOM EpUTPOLUTIB JIOAMHU. Pesymbraté exc-
MIEPUMEHTIB IIIOJI0 BIUIMBY Bapiamii i0HHOI cwiIH
Ta Pi3HHUX 10HIB Ha BUBUILHEHHS CIIEKTPHUHY 3 TiHEH
EPUTPOLIUTIB y3TO/DKYIOTHCS 3 KOHIEMINEI eleK-
TPOCTAaTHYHOI B3a€MOIii MK MEMOpPaHOIO Ta IUTO-
ckeJeToM. EnmexkrpocTarndHi B3a€MOil BIUTMBAIOTH 1
Ha CTPYKTYpy CaMOTO CIEKTPHHY €pUTPOIHTIB. [30-
JIbOBaHI JIAHITIOTHA O- Ta [-CHEKTPUHY 3B’ S3yIOTHCA
CJIEKTPOCTATHYHO OJIMH 3 OJHUM Y MiICISIX MOOJIN3Y
XBOCTa CreKTpuHy. J[BOCTOpOHHI B3aemomii 3a Me-
JKaMH [UX MiCIlb 3apPOJKCHHS € BITHOCHO CIIaOKH-
MU, L0 JO3BOJISE JBOM JIAHLIOTaM KOB3aTH Y3J0BX
OZIMH OIHOTO, KOJIM MOJIEKYJa CIIEKTPHHY 3TMHAETh-
csl Ta PO3TATYETHCA MiJ 4ac Aedopmaiii MmeMOpaHu
[12]. OueBumHO, MO OyAb-SKi 3MIHH B EJICKTPUY-
HUX XapaKTepUCTHKaX KIITHHHUX MeMOpaH (IToBepX-
HeBUH abo TpaHCMeMOpaHHMIA TOTEHINall) BILIH-
BAalOTh HAa CTPYKTYPHHUH Ta (PYHKIIOHATLHUU CTaH
KITITHHHL.
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[11]. The membrane of erythrocytes is a complex
structure having unique properties and consisting
of a submembrane lattice of proteins as a net-
work. The submembrane spectrin network of
erythrocytes ensures their mechanical stability
while preserving the flexibility and deformability
inherent in a cell that passes through the circula-
tory system approximately 170,000 times during
its lifespan. A. Ciana et al. [5] showed that the
sphingolipid-enriched and detergent-resistant lipid
part of the erythrocyte membrane was associated
with the cytoskeleton, from which it could be sepa-
rated only by increasing the pH and ionic strength
of the medium. Electrostatic interactions between
detergent-resistant rafts and the membrane skele-
ton are probably responsible for their association.
Phosphatidylserine and phosphatidylethanolamine
liposomes were also found to bind to spectrin
at the a- and PB-spectrin subunit sites. It can be
assumed that such an association involves a direct
interaction between the spectrin skeleton and the
phospholipid head groups. The association of a
significant part of the lipid bilayer as the lipid
rafts with the basic skeleton of the membrane
may represent an additional vertical link that pro-
vides stability to the cell membrane. A. Ciana et
al. [5] indicated the expediency of evaluating the
impact of this relationship on determining the sta-
bility and other properties of the erythrocyte
membrane, as well as the existence of its natural
defects, which might be associated with abnorma-
lities in the erythrocyte membrane architecture.
E. Kahana et al. [10] also reported about an evi-
dence that electrostatic forces play a major role
in the interaction between the cell membrane and
cytoskeleton in human erythrocytes. The results
of experiments on the effect of variation of ionic
strength and different ions on the release of spectrin
from the erythrocyte shadows are consistent with
the concept of electrostatic interaction between
the membrane and the cytoskeleton. Electrostatic
interactions affect the structure of erythrocyte
spectrin itself. Isolated chains of a- and B-spectrin
bind electrostatically to each other in the sites
near the spectrin tail. The two-way interactions
outside these nucleation sites are relatively weak,
allowing the two chains to slide along each other
as the spectrin molecule bends and stretches during
membrane deformation [12]. Any changes in
the electrical characteristics of cell membranes
(surface or transmembrane potential) obviously
affect the structure and functions of the cell.

During low-temperature preservation, ion and
water homeostasis of cells is significantly disturbed.
Such disturbances occur at various stages of
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Y mpoueci HU3BKOTEMIIEPAaTypHOTO KOHCEpBY-
BaHHS CYTTEBO MOPYLIYETbCS 1OHHUH 1 BOIHHM
romMeocTas KIiTHH. Taki mopyueHHsS BinOyBalOTbCS
Ha DPI3HMX eTamax HU3bKOTEeMIIEPaTypHOI'0 KOHCep-
ByBaHHA 1 OOYMOBJIEHI JeTifpaTalfi€clo Ta perimpa-
Tall€l0 KIITHH, BUXOJOM 3 LMTOILUIA3MHM a0o0 Haj-
XO/UKEHHSIM 10 Hel OCHOBHHUX I10OHIB, IO 3abe3Iie-
YyI0Th I0HHAW OanaHc KmiTuHU. Ll mponecn MOXyTh
BiJOOpaKaTUCsT Ha 3HAYCHHSIX TPAHCMEMOPAHHOIO
CJIEKTPUYHOTO TTOTEHIIaNy KIITHH, SIKHH TeHEePy€eTh-
Csl PI3HUIICIO KOHIICHTpAIliii 10HIB 13 JBOX CTOPIH
Oimapy.

OTtxe, (i3uKo-MaTeMaTHYHE MOJEIIOBAHHS MPO-
LIECiB MacoNepeHeceHHs Kpi3b KIITHHHY MeMOpaHy
JUI. BU3HAYCHHS 3MiHM KOHLCHTPALid OCMOTHYHO
AKTUBHUX PEYOBHH BCEPEIUHI 1 330BHI KIITUHHU
i yac ii mepeOyBaHHS B TINEPTOHIYHOMY pPO3YHHI
KpIOIIPOTEKTOpa Ta HPOTHO3YyBAaHHS OINTHMAaJIbHUX
pexXuMiB eKBiTIOpartii i 3aMOpPOKYBaHHS Ma€e Bpaxo-
ByBaTH HE TIJBKH TEPEHECEHHS eNeKTPOHEHTpah-
HUX MOJIEKYJT (BOAM Ta KPIOMPOTEKTOPIB), alie 1 pyx
10HIB M)XK BHYTPIIIHBO- Ta MO3AKITITHHHUM CEpPeIo-
BUIIaMU Ta 3MIHA TpPaHCMEMOPAaHHOTO EeJEeKTPHY-
HOTO MOTEHIialy KIITHH.

Jnsi KploKOHCEpBYBaHHSI PI3HHX THUMIB KIITHH
BUKOPHCTOBYIOTh Pi3HI 00’€MH KPiONMpPOTEKTOPHUX
po3uuHiB. [1i yac ekBiniOpallii Ta HOAAIBIIOTO KPio-
KOHCEPBYBAaHHsSI MOOAUMHOKMX KJIITHH, HalpHKIazg
OOITUTIB, 00’€M PO3YHHY KpPIiOMPOTEKTOpa 3HAYHO
repeBuITye ixHiil 00’ eM. Lle MpUBOIUTE 10 TOTO, IIIO
M 9ac eKBiTiOpamii MOOAMHOKOT KIIITHHH B Kpio-
MIPOTEKTOPHOMY CEPEIOBHUIII KOHIICHTpAIl Io3a-
KIITHHHUX PEYOBUH IMPAKTUYHO 3AIMIIAIOTHCS TI0-
CTIMHUMH, a 3MIHH KOHIICHTpAIiil BigOyBalOThCA
TIJIBKU BCEpeIMHI KIiTHHUA. Ha BigMiHy BiJ| OOLUTIB
CYCHCH3il €pUTPOLMTIB y BHIVISII EPUTPOKOHILICH-
TpaTy 3MILIYETCS 3 PIBHUM 00’€MOM PO3UHMHY
kpionporekropa [13]. Tomy 00’eM MO3aKIITHHHOTO
PO34MHY, 110 NpHUNagae Ha OJHY KIITHHY B CyCIICH-
311, € TOPIBHSHUM 3 00’ €MOM KIIITUHH. Y TaHOMY BH-
MaJIKy 3MIiHM KOHIEHTpPalili OCMOTHYHO aKTMBHUX
PEYOBHH y TO3aKIITHHHOMY CEPEIOBHUIN MOXYTh
Oytu cyTTeBUMH. Harmpukiazn, KOHIICHTpaIlis Kpio-
MIPOTEKTOpa B MO3AKIITHHHOMY PO3YMHI MOXXE 3HH-
xkyBarucs 10 50%. lLle cTocyeThcs 1 mepeposmo-
Iy 10HIB MDK T03a- Ta BHYTPIIIHBOKIITHHHUM
CepeIoBHIIaMH, 110 Oy/ie BIUIMBATH HA 3MIHU TPaHC-
MeMOpaHHOTO eNeKTpUIHOro noteHuiany. [Ipu mpo-
My €KBiLIIOpalisi epUTPOLUTIB y pO3UMHI KPiOIPOTEK-
Topa npoBoauThes npotsirom 30 xB (1800 c).

Metoro poOOTH € TEOpPeTHYHE NPOTHO3YBAHHSI
[EPepO3NOAITy OCMOTHYHO AKTUBHHMX PEYOBUH 1
3MiH TpaHCMeMOpaHHOTO TIOTEHINialy B Ipoleci
ekBLTiOparii cycreHsii epuTPOLUTIB y TillepTOHIY-
HUX pO3YMHAX KPIOMPOTEKTOPA.
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low-temperature preservation and are caused by
dehydration and rehydration of cells, exit from the
cytoplasm or entry into it of basic ions that ensure
the ionic balance of the cell. These processes can
be reflected in the values of the transmembrane
electric potential of cells, which is stipulated by
the difference in ion concentrations from the two
sides of the bilayer.

Therefore, physical-mathematical modeling of
mass transfer processes through the cell membrane
to determine the change in concentrations of
osmotically active substances inside and outside the
cell during its stay in a hypertonic cryoprotective
solution and to predict optimal modes of equilib-
ration and freezing must take into account not only
the transfer of electroneutral molecules (water and
cryoprotectants), but also the movement of ions
between intra- and extracellular media and changes in
the transmembrane electric potential of cells.

Different volumes of cryoprotective solutions
are used for cryopreservation of different types
of cells. During equilibration and subsequent cryo-
preservation of single cells, such as oocytes, the
volume of the cryoprotectant solution significantly
exceeds their volume. This leads to the fact that
during the equilibration of a single cell in a
cryoprotective medium, the concentrations of
extracellular substances practically remain constant,
and changes in concentrations occur only inside
the cell. Unlike oocytes, erythrocyte suspension as
the erythrocyte concentrate is mixed with an equal
volume of cryoprotective solution [13]. Therefore,
the volume of the extracellular solution per cell in
suspension is comparable to the cell volume.
In this case, changes in the concentrations of
osmotically active substances in the extracellular
medium can be significant. Namely, the concentra-
tion of cryoprotectant in the extracellular solution
can decrease to 50%. This also applies to the
redistribution of ions between the extracellular and
intracellular media, which will affect changes in
the transmembrane electric potential. At the same
time, the erythrocytes in cryoprotective solution is
equilibrated for 30 min (1,800 seconds).

The research aim was to theoretically predict
the redistribution of osmotically active substances
and changes in the transmembrane potential
during the equilibration of the erythrocyte suspen-
sion in hypertonic cryoprotective solutions.

Materials and methods

Initial starting points for calculations. With
the use of our own mathematical model [14], we
calculated the redistribution of cryoprotectant and
ions between the extracellular and intracellular

A



Marepiaiau Ta MeTOIH

Buxioni ymoeu 0ns pospaxymxig. 3 BHUKOpHUC-
TaHHAM PO3pPOOJICHOT HAMM MaTeMaTW4HOI MOgeni
[14] Oynmu mpoBeneHi PO3paxyHKH MEPEepO3TOALTY
KpIOTIpOTEKTOpa Ta 10HIB MiX IM03a- i BHYTPIIIHBO-
KIITHHHAM CEPEIOBHIAMU CPHUTPOIUTIB JTFOMUHU
3 BHM3HAUEHHSM TPAHCMEMOPAHHOIO €JIEKTPUYHOIO
ToTeHIiany. Po3paxyHku 3miHCHIOBAIM 32 YMOBH,
[0 ePUTPOKOHIICHTPAT 3 reMaTtokpuToM 85% 1 00’€e-
MoMm 1 M (10°¢ m®) 3mimryersest mpu Temmeparypi
20°C 3 piBauM 00’emoM 1M kpiomporekropa. [Ipu
LIbOMY BBQ)Xa€ThCS, IO OJHOPIJHA KOHIEHTpAIis
KpIiOIIPOTEKTOpa JOCSTaEThCsl MUTTEBO, KOHICHT-
pauis KOMIIOHEHTIB PO3YMHY € pPIBHOMIPHOIO IO
BCbOMY 00’€My SIK Y MO3aKJIITHHHOMY, TaK i BHYT-
PIIIHBOKITITHHHOMY cepefoBumax. O0’em cepen-
HBOTO 32 pO3MipaMy epUTPONUTA CTAHOBUTH 9,791 X
x 1077 m*® [9], 06’eM BCiX €pPUTPOLHUTIB Y EPHUTPO-
koureHTpari — 0,85 x 10° M*, a 06’eM mo3aKiIi-
THHHOTO cepemopuia — 1,15 x 1071 m3. 3 mux na-
HUX BUIUIMBAE, IO 3arajibHa KUTBKICTh EPUTPOLIUTIB
y cycnensii ckinagae 8,68144214 x 10° knitun. Bpa-
XOBYIOUM 00’€M TIO3aKIITHHHOTO CepeloBHINA Ta
3arajibHy KUIBKICTh EPUTPOLIUTIB, OTPUMYEMO 00’ €M
MO3aKJIITHHHOTO CEPEeJOBUINA, KM NpUIagae Ha
oquH eputporut 1,32466471 x 107 ™3, TOOTO
00’€M MO3aKJIITHHHOTO CEPEAOBHILA Ha OAUH EPUT-
pouut € Onu3bkuM 10 00’emy epurpouuTta. llo-
YaTKOBa KOHIIGHTpAIlisl KpiompoTeKTopa B Kpio-
IIPOTEKTOPHOMY PO3UMHI, SIKMH TOAAETHCA OO E€PUT-
POKOHIIEHTpary, CTaHOBUTH IM. OCKiTbKH 00’eM
MO3aKJIITHHHOTO PO3YMHY 30UTBIIYETHCS 3a paxy-
HOK MDKKJIITHHHOTO CEpellOBHINA E€PUTPOKOHIICHT-
pary B 1,15 pa3za, TO KOHIIEHTpaIlisl KPiOMPOTEKTOpa
B KiHIEeBiH cycnensii craHoBuTh 0,87M.

Po3paxyHkn BHKOHYEMO 3 OIIsiAy Ha Te, IO
y Mo3a- 1 BHYTPIIIHbOKIITHHHOMY CEpeIOBHUINAX
3MIHIOETBCSl TUIBKU KiJBKICTH 10HIB XJIOPY, @ KiJib-
KICTh 10OHIB KaJlil0 1 HATPi0 3aJUIIAETHCS IOCTIH-
Hotw. lle 00ymMOBI€HO TMM, IO B YacCOBUX MAacCIl-
Tabax TMpOIECiB, MO PO3MIAJAIOTHCS, MEeMOpaH!
CpUTPOLUTIB MOXKHA BBa)XKaTH HENPOHUKHUMH [UIs
i0HIB Kaifo i Harpifo. [locTiifHa KiTBKICTh KaTiOHIB
y 30BHIIIHBOMY 1 BHYTPIIIIHBOMY CEpPEIOBHUINAX Bpa-
XOBYETHCSl JUISS BU3HAYCHHs KOHIICHTpAIiil BOIH,
KpiOIIPOTEKTOpa Ta aHIOHIB XJIOPY.

B ycix BUMagkax MOYaTKOBUH E€NEKTPUYHUH TO-
TEHIia] MeMOpaHH €pUTPOLHMTA CTAaHOBUTH —9,11 X
x 107 B.

Hns monemioBanHs Oynu BuUOpaHi KpiompOTeK-
topu: minepus (I71), mumermicynspokeun (JAMCO),
aneramin (AA), 1,2-npomangion (1,2-I1/1), ernnen-
rrikonb (ED). Jlns po3paxyHKiB BHKOPHCTOBYBAIN
HacTymHI KOe(DIMiEHTH TPOHUKHOCTI OCMOTHYHO
aKTUBHHUX PEYOBHH KpPi3b MEMOpaHy EpUTPOIHTA:
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media in human erythrocytes and determine the
transmembrane electric potential. Calculations were
made when the erythrocyte concentrate with a
hematocrit of 85% in a volume of 1 ml (10 m?)
was mixed at a temperature of 20°C with an equal
volume of 1M cryoprotectant. At the same time,
a homogenous concentration of the cryoprotectant
is considered to be achieved instantly, the concentra-
tion of the components of the solution is uni-
form throughout the volume in both the extracel-
lular and intracellular media. The volume of the
average size of the erythrocyte is 9.791 x 1077 m?
[9], the volume of all erythrocytes in the erythro-
concentrate is 0.85 x 10° m?, and the volume of
the extracellular medium is 1.15 x 10 m3. These
data demonstrate that the total number of erythro-
cytes in the suspension is 8.68144214 x 10° cells.
Taking into account the volume of the extracellular
medium and the total number of erythrocytes,
we get the volume of the extracellular medium,
which per erythrocyte is 1.32466471 x 107 m?,
that is, the volume of the extracellular medium
per erythrocyte is close to the erythrocyte volume.
The initial concentration of the cryoprotectant in
the cryoprotective solution, which is added to the
erythroconcentrate, is 1M. Since the volume of
the extracellular solution increases by 1.15 times
due to the intercellular medium of the erythro-
concentrate, the concentration of the cryoprotectant
in the final suspension is 0.87M.

We perform the calculations taking into account
the fact that only the amount of chlorine ions changes
in the extracellular and intracellular media, while the
amount of potassium and sodium ions remains
constant. This is due to the fact that in the time scales
of the considered processes, the membranes of
erythrocytes can be considered impermeable to
potassium and sodium ions. The constant amount of
cations in the external and internal media is consi-
dered to determine the concentrations of water,
cryoprotectant and chlorine anions.

In all cases, the initial electrical potential of the
erythrocyte membrane is —9.11 x 103 V.

The following cryoprotectants were selected
for modeling: glycerol, dimethylsulfoxide (DMSO),
acetamide (AA), 1,2-propanediol (1,2-PD), ethylene
glycol (EG). The following permeability coefficients
of osmotically active substances through the
erythrocyte membrane were used for calculations:
water - 5.3 x 10° m/s [1], DMSO - 1.37 x 10° m/s
[2, AA - 2.66 x 10° m/s [6], glycerol -
3.8 x 10® m/s, 1,2-PD - 1.6 x 10° m/s, EG -
1.98 x 10° m/s [7], chlorine - 1.42 x 10 m/s [3].
Quantitative composition of ions outside/inside
the erythrocyte: chlorine - 116/78.8 mM [§],
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Boma — 5,3 x 107° m/c [1], AMCO — 1,37 x 10° m/c
[2], AA — 2,66 x 10° m/c [6], I'm — 3,8 x 10* m/c,
1L2-ITA — 1,6 x 10° m/c, ET' — 1,98 x 10°¢ m/c
[7], xm0p — 1,42 x 10° m/c [3]. KinbkicHuit ckman
10HIB 330BHI/BcepenuHi epuTpormTa: xjiop — 116/
78,8 MM [8], marpiit — 150,1/12,9 MM, xamiit —
5,47/136,08 MM [15].

Pe3yabTaTu T2 00rOBOpEeHHA

Ha puc. 1 HaBeneHO NUHAMIKY 3MiHH BiJHOCHOTO
00’eMy epUTpOLUTA MiJ Yac ekcro3umii B 1M po3s-
gunax AA, EIL 1,2-I11, AMCO i I'1. 3 po3paxys-
KiB OfIep’KaHO MiHIMaJbHUH 00’€M, SIKOro Jocsrae
epuTpouuT y posumHax: Im — 56,6% uyepe3 1 c,
AMCO — 83,1% uepes 0,4 c, 1,2-IT1 — 84,4% ue-
pe3 0,4 ¢, EI' — 85,9% uepe3 0,3 c i AA — 87,8%
yepes 0,3 c.

Ha pwuc. 2 HaBemeHO 3aJIe)KHOCTI MEMOpPaHHOTO
€JICKTPUYHOTO TIOTEHITIaly EPUTPOIHUTIB BiJ Hacy
ekcriosuntii B po3umnax [n, JMCO, 1,2-I11, EI
1 AA. 3rizHo 3 po3paxyHKaMH i 9ac €KCIO3HIIil
TPaHCMEMOpPaHHHUH EJEKTPUYHUN TOTEHILIaNl epHT-
POLIUTIB MIBHUIKO 3MEHIIYEThCS 32 aAOCOIIOTHOIO
BENUYMHOI, a B po3uuHax [, JIMCO Ta 1,2-I1/]
3MiHIOE 3HaK. JlOCSATHYBIIM CBOTO MakCHUMyMYy, TO-
TEHI[laJI TIOYMHAE TajaTd, HaOyBae MiHIMAIIbHO-
rO 3HAYCHHS 1 3HOB IOBOJI MiJBUILYETHCS Ta 3Mi-
HIOE 3HAaK BXe y BCix Bumaakax. OTxke, MpOTIroMm
eKCTO3HIIii BiIOYBAEThCA TEPEToNApU3aIliss MemMO-
panu, nmpudoMy B pozumHax [, IMCO i 1,2-I1/]
me mporec BimOyBaeThcs Tpuui. Hampukiman,
y po3umHi [ TpancMeMOpaHHUN eJIEKTPUIHUN
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Puc. 1. 3anexHicTb BigHOCHOro ob’emy epuTpouuTa Bif,
yacy eksiniopadii B 1M posunHax kpionpotekTopis: 'n (1),
AMCO (2), 1,2-NA (3), ET (4), AA (5).
Fig. 1. Dependence of the erythrocyte relative volume
on equilibration time in 1M solutions of cryoprotectants:
glycerol (1), DMSO (2), 1,2-PD (3), EG (4), AA (5).
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Fig. 2. Dependence of the erythrocyte membrane
electric potential on equilibration time in 1M solutions of
cryoprotectants: glycerol (1), DMSO (2), 1,2-PD (3), EG
(4), AA (5).

sodium - 150.1/12.9 mM, potassium - 5.47/
136.08 mM [15].

Results and discussion

Fig. 1 shows the dynamics of changes of the
relative volume in erythrocytes during exposure
to 1M solutions of AA, EG, 1,2-PD, DMSO and
glycerol. From the calculations, the minimum
volume reached by an erythrocyte in solutions was
obtained: glycerol - 56.6% after 1 s, DMSO - 83.1%
after 0.4 s, 1,2-PD - 84.4% after 0.4 s, EG -
85.9% after 0.3 s and AA - 87.8% after 0.3 s.

Fig. 2 demonstrates the dependence of the
membrane electric potential of erythrocytes on
the exposure time in solutions of glycerol, DMSO,
1,2-PD, EG and AA. By our computations during
exposure, the transmembrane electric potential of
erythrocytes rapidly decreases in absolute value,
and changes its sign in glycerol, DMSO, and 1,2-
PD solutions. Having reached its maximum, the
potential begins to fall, acquires a minimum value
and again slowly rises and changes its sign already
in all cases. Therefore, during exposure, the mem-
brane repolarizes, and in solutions of glycerol,
DMSO, and 1,2-PD, this process occurs thrice.
For example, in glycerol solution, the transmem-
brane electric potential changes from —9.11 x 107
to 25.4 x 102V in 1.1 s, after 125 s it changes
to —5.24 x 1072 V, and after 975 s it changes its
sign again and reaches 3.9 x 102 V after 1,800 s.
Table 1 shows the extreme values of the electric
potential of the erythrocyte membrane and the
time to reach them during exposure of the erythro-
cyte to 1M solutions of various cryoprotectants.
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Tabnuusa 1. EkcTpeMarnbHi 3Ha4YeHHS1 eNEeKTPUYHOro NnoTeHuiany MeMopanu
eputpoumTa i Hac ix 4OCArHeHHS B npoLeci eksinidpaduii

B 1M po34vmHax KpionpoTekTopis

Table 1. Extreme values of electric potential of erythrocyte membrane and
the time of their achievement during equilibration

in 1M solutions of cryoprotectants

The Fig. 3 presents the calculated
graphs of the concentration of
chlorine ions inside the erythrocyte
during exposure in solutions of
various cryoprotectants. The initial
concentration of chlorine ions in

Makcumym noTeHuiany MiHiMym noTeHuiany . .
KpionpoTektop Maximum potential Minimum potential 1%%Tg'::",“a; ?%R?"é the erythrocyte Cytoplasm is 78.8
Cryoprotectant [ 0% 0 Gae o <107 B Yae o 18P5>éemial1aét§rv mM. In all cases, the concent-

_ L _ Y s, X110~ . . .
x10°V | Time, s x10°V | Time, s ration of chlorine ions first
Et‘::rg'f +25.4 1.1 _5.24 125 +3.,822 quickly reaches a maximum, thep
decreases to an intermediate mi-
aveo +1,46 05 -4,982 24 +4,671 nimum, and then gradually in-
- creases. In no case did the con-
1'2-PD +0,551 0.5 -4,978 23 +4,678 centrations of chlorine ions in
e the cytoplasm equal their initial
~0,44 0,4 ~4,975 21 +4,684

EG value. The extreme values of the
AA . 0.4 4976 19 4,693 §0ncentrat10n of chlorine ions
in the erythrocyte cytoplasm and

moTeHIian 3MiHeTbes Bix —9,11 x 1073g0 25,4 x
x 102 B 3a 1,1 ¢, gepe3 125 ¢ 3MIiHIOETBCS [0
—5,24 x 103 B, ayepe3 975 ¢ 3HOBY MiHsI€ 3HAK i CsITa€
3,9 x 10° B uepe3 1800 c. ¥ T1abn. 1 HaBemeHo
eKCTpEMaTbHI 3HAYCHHS €ICKTPUYHOTO TOTCHITIATY
MeMOpaHU epUTPOLIUTA 1 Yac iX JOCATHEHHS B MPO-
neci excrio3uiii epurporura B 1M po3unHax pisHHX
KpiOIIPOTEKTOPIB.

Po3paxynkoBi rpadiku KOHUEHTpalii 10HIB XJO-
pY BCepeauHi epUTpoLuTa IIifi Yac eKCHO3WMil
B PO3YMHAX PI3HUX KPIOMPOTEKTOPiB HABEACHO Ha
puc. 3. IlouaTkoBa KOHIIEHTpaIllisi 10HIB XJIOPY B
UTOIIa3Mi EpUTPOLMTA CTaHOBUTH 78,8 MM.
B ycix Bumagkax KOHIEHTpAIlis 10HIB XJIOpY CITO-
YaTKy IIBUAKO JOCSTAa€E MaKCUMyMy, IIOTIM 3HHU-
JKYETBCSI 10 TTPOMDKHOTO MIHIMYyMY, a Jaji IOCTY-
MOBO IMiJBHUINYEThCSA. B KOJHOMY BHIIQJIKy KOH-
LIEHTpAallii 10HIB XJIOPY B LMTOILIA3Mi HE 3pPiBHIOBA-
mics 3 1X TIOYaTKOBMM 3HAuYeHHsIM. EkcTpemanbHi
3HAUEHHA KOHICHTpALlii 10HIB XJOpY B LUTOILIa3Mi
epUTpOLHUTA 1 Yac iX JOCATHEHHS B MPOLECI EKCIOo-
3ulii epuTpounTa B 1M po3zunHax KpiompoTEeKTOpiB
IOJaHO B Ta0I. 2.

3 tabn. 1 i 2 BUAHO, IO €KCTpeMalibHI 3HAYCH-
HSl TPaHCMEMOPAaHHOIO EJIEKTPUYHOTO MOTEHLiamy
1 KOHIIEHTpAIlil 10HIB XJIOpY [OCSTalOThCS Maiike
OZIHOYaCHO, OCOOJIMBO [JIsl HEPIIOTO E€KCTPEMYyMY,
pO301XKHICTE sSKOTO 3a WacoMm He mepeBumrye 0,1 c,
a JUIl Ipyroro eKCTpeMyMmy BOHA jgocsrae 1-3 ¢
JUISL PI3HUX KPIOMIPOTEKTOPIB.

Y poGoTi My He HaBOIMIM IpadiKk 3MiHA KOHIICHT-
paiiiii 10HIB HaTPIirO 1 KaJIit0, OCKUTBKY TXHSI KiJIBKICTh
BBA)KAETHCS TIOCTIHHOIO, a KOHIICHTPALIiSl 3MIHIOEThCS
3BOPOTHO MPOMOPLIKHO 3MiHI 00’ €My €pUTPOLIHTA.

Ha puc. 4, 5 nomano rpadiku 3MiHM KOHLEHT-
pauiii I'm ta JIMCO y no3a- i BHyTpilIHbOKJIITHH-
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the time of their achievement

during the exposure of the erythrocyte to 1M
solutions of cryoprotectants are presented in
Table 2. Tables 1 and 2 illustrate that the
extreme values of the transmembrane electric
potential and concentrations of chlorine ions are
reached almost simultaneously, especially for the
first extremum, the time difference of which
does not exceed 0.1 s, and for the second extre-
mum it reaches 1-3 s. for various cryoprotectants.

In our research we did not show the graphs
of changes of the concentration of sodium and
potassium ions, since their number was conside-
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Puc. 3. 3anexHicTb KOHLEHTpAaLii iOHIB Xnopy B LMTONnasmi
epuTpoumTa Bif Yacy eksinidopadii B 1M po3umHax kpionpo-
TekTopis: 'n (1), AMCO (2), 1,2-MA (3), ET (4), AA (5).
Fig. 3. Dependence of the concentration of chlorine ions
in the erythrocyte cytoplasm on the equilibration time to 1M
solutions of cryoprotectants: glycerol (1), DMSO (2), 1,2-
PD (3), EG (4), AA (5).
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Tabnuusa 2. EkcTpeMarnbHi 3Ha4eHHs1 KOHLEHTpaLi iOHIB Xopy B LMTONa3Mi epuTpoumTa i Yac ix 4OCArHEeHHs!
B npoueci eksinidbpauii B 1M pos4mHax kpionpoTekTopis

Table 2. Extreme values of chlorine ions’ concentration in erythrocyte cytoplasm and time to reach them
during equilibration in 1M solutions of cryoprotectants

Makcrumym KoHueHTpauii MiHiMyM KOHUEHTpaUii
KpionpoTektop Maximum concentration Minimum concentration KoHueHTpaLia yepes 1800 ¢
Cryoprotectant Concentration after 1800 s
MM _I‘_-!ac, c MM ‘-!ac, c
ime, s Time, s
I nivepur 232,96 1 86,69 122 111,63
Glycerol
OMCO
DMSO 105,45 0,4 87,42 22 113,62
1,2-N4
12-PD 102,64 0,4 87,43 21 113,54
G 99,66 0,3 87,44 20 113,56
AA 96,04 0,3 87,44 18 113,58

HOMY CEpeIOBHILAX EPUTPOLUTIB 3aJI€KHO BiJ dacy
EKCTO3HIIi B PO3YMHAX KPIiOMPOTEKTOpiB (Tpadiku
s EI, 1,2-I1J1 Ta AA anamoriuni rpadiky ms
JAMCO). 3 pesynbraTiB po3paxyHKiB BHILUIMBAE, 10
KOHIICHTpAIlii KpiOMPOTEKTOPIiB 330BHI 1 BCepeauHi
KJIITHHA BHPIBHIOIOTHCS TOBOJI IIBHAKO. Tak, ITif
Yac eKCITO3UIi] epUTPOIUTIB Y po3uuHi [ 71 Horo KOH-
LIEHTpAIlisl BCEPEANHI epUTpoIMTa csiraia 586,65 MM
yepe3 200 ¢ ekcnosuiii, a 330BHI — 587,67 MM.
B iHmUMX KpionpoTeKTopax BUPIBHIOBAHHS KOHIICH-
Tpauiii Oyno Habararo mBUAMMM. Tak, BKe depes
20 ¢ ekcno3uuii epurpouutiB y posuuni JMCO
BHYTPIIIHS/30BHIIHA  KOHLEHTpALii KpionmpoTek-
Topa Oynu 587,07/587,5 MM, y po3umuni 1,2-11]] —
587,11/587,48 MM, a B po3umHax EI' ta AA BoHHM
nopisHroBamu  587,16/587,59 1 587,2/587,44 MM
BiAmoBimHO. B ycix Bmmanmkax depe3 1800 c¢ ekc-
MTO3UIII{ KOHIIEHTpAIlil BcepeAawHi 1 330BHI KIITH-
HU TIOBHICTIO HE 3piBHIOBAJNCH, PI3HHUIA Oyna Bif
KIJIBKOX JECSITUX J0 KUIBKOX COTHX MITIMOJIA.

Jiist monaneuioro aHamizy AOCHIKyBaHUX Xa-
pakrepucTUK Oyno BHOpaHO pemepHi TOUYKH, Iic-
751 JOCSTHEHHS SIKUX EKBUTIOpamis epUTpOLUTIB
y PO3UMHAaX KpiOMPOTEKTOPIB MOXE OyTH MNpHIIHU-
Hena (tabm. 3): 1 — BenuunHa TpaHcMeMOpaH-
HOTO EJICKTPUYHOIO MOTeHLiamy A¢ micis eramy
3HEBOJHEHHS EpUTPOIUTa, sKa HAWUOUThII HaO-
JIMKEHA 10 TIoYaTKoBoro 3HadeHus (9,11 x 107 B);
2 — dYac JOCATHEHHS BIIHOCHOI PI3HHUIN € MiX
KOHIICHTPAIIISIMH  KPIOMPOTEKTOpa BCEPEIWHI Ta
330BHI EPHUTPOINTA, KA Ha KO)KHOMY TIOJAJIBIIO-
My aHaJIOT1YHOMY YaCOBOMY IHTEpBaJi 3MiHIOETHCS
meniie Hix Ha 0,0001% s BCiX KpiOHpPOTEK-

_C.
TOpiB: £ = —2—P2 %100 (C
cpout

pauii KpiompoTeKTopa 330BHI 1 BCEpEOHMHI €pUTPO-

1 C  — KOHIEHT-
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red constant, and the concentration changed in-
versely proportional to that of the erythrocyte vo-
lume.

Fig. 4, 5 show the graphs of changes in concentra-
tions of glycerol and DMSO in the extracellular
and intracellular media of erythrocytes depending
on the exposure time in cryoprotective solutions
(the graphs for EG, 1,2-PD and AA are similar
to the graph for DMSO). The results of the calcula-
tions demonstrate that the concentrations of cryo-
protectants outside and inside the cell equalize
quite quickly. Thus, during the exposure of erythro-
cytes in the glycerol solution, its concentration
inside the erythrocyte reached 586.65 mM after
200 s of exposure, and 587.67 mM outside. In other
cryoprotectants, the leveling of concentrations
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Fig. 4. Dependence of glycerol concentrations outside (1)
and inside (2) the erythrocyte on equilibration time.
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Puc. 5. 3anexHictb koHueHTpauin OMCO 330BHi (1) Ta
BCepeauHi (2) epuTpouuTa Bif Yacy eksinibpaduii.
Fig. 5. Dependence of DMSO concentrations outside
(1) and inside (2) of the erythrocyte on equilibration
time.

[IATa BIAMOBIMHO); 3 — dYac JOCSITHEHHS EPUTPO-
uTOM modatkoBoro 00’emy (100%); 4 — gac excmo-
3WLIT EPUTPOLUTIB y PO3YMHAX KPIOMPOTEKTOPIB
30 xB (1800 ¢) [13].

AHani3 JaHMX TOKa3aB, 10 IMij 4Yac eKBiIiOpa-
uii epurpoumtiB B 1M pozumHi Im mowaTkoBHiA
00’€eM epuTpoIHTa JocsATaeThes uepe3 1254 ¢ (maiike
21 xB). Ilpu upomy KoHIeHTpamis |71 BcepemuHi
eputpouuTa € MeHImow Hixk depe3 1800 ¢ (30 xB)
excrrosutii Ha 0,014 MM (sume Ha 0,024%), a Bin-
HOCHA PI3HUIT MDK KOHIIGHTpAIIIMH KpiOIpo-
TEKTOpa BCEpEAWHI Ta 330BHI EPHUTPOIUTA OiTbINa
mume Ha 0,0028%. Jlns iHmIUX KpiOTpPOTEKTOpiB
ug pisHung € e MeHmor. OTxke, eKBUTOPY-
BaTW EPUTPOLUTH 3 IIUMH KPIOMPOTEKTOPaMH MpPO-
sirom 30 xB Hemae cency. Hawite msa [, xoedi-
LIEHT MPOHUKHOCTI SIKOTO € CYTTEBO HIKYUM 3a
Koe(iLi€eHTH NPOHUKHOCTI Ui IHIOMX KPiompo-
TEKTOpiB, Yac eKBimiOpamii Moke HE IepeBHLILY-
BatH 21 XB, JUIS IHIIMX KPiOMPOTEKTOpiB — 18 XB.

3 po3paxyHKiB BHJIHO, 10 MOYMHAIOYH 3 MEBHO-
rO 4acy eKCIO3WIi 3MiHU KOHIIEHTpAIliii Kpiompo-
TEKTOPIB BCEpEOWHI 1 330BHI EPUTPONHTA BilIl-
OyBaroThCS Ty)K€ MOBUTBHO 1 HECyTTEBO (puc. 4, 5).
Takok HECYTTEBO 3MIHIOETHCS 1 BITHOCHA Pi3HUIIS
KOHIICHTpAII KPiOMPOTEKTOpa 330BHI 1 BCepeauHi
eputpouuta. g 1M pozunny [ BenmunHa 3MiHH
BIJIHOCHOI PI3HMII MIX KOHIICHTPAI[ISIMH KPiOTPO-
TEKTOpa 330BHI Ta BCEPEAMHI EPUTPOLUTA € Csrae
0,14106% wuyepe3 328 ¢ i 0,141009% uepe3 329 ¢
eKCIMOo3uIlii, TOOTO Ha YacOBOMY IHTEpBalli, SIKHH
ckiagae 1 ¢, pisHULS MK 3HAUCHHSMH € € MEHILOIO
3a 0,0001% 1 mpomoBXKye 3MEHILYBATHCS Ha KOXK-
HOMY HAcTymHOMY iHTepBam. Jlns pemTu Kpio-
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was much faster. Thus, after 20 s of exposure of
erythrocytes in the DMSO solution, the internal/
external concentrations of the cryoprotectant we-
re 587.07/587.5 mM, in the 1,2-PD solution -
587.11/587.48 mM, and in the EG and AA solu-
tions they were equal to 587.16/587.59 and
587.2/587.44 mM, respectively. In all cases, after
1,800 s of exposure, the concentrations inside
and outside the cells were not completely equalized,
the difference was from a few tenths to a few hund-
redths of a millimol.

For further analysis of the studied characteristics,
the reference points have been selected, after
reaching which the equilibration of erythrocytes
in cryoprotectant solutions can be stopped (Table
3): 1 - the value of transmembrane -electric
potential A¢ after the stage of dehydration of
the erythrocyte, which is closest to the initial
value (-9.11 x 103 V); 2 - the time to reach the
relative difference & between the concentrations
of the cryoprotectant inside and outside the erythro-
cyte, which at each subsequent similar time inter-
val changes by less than 0.0001% for all cryo-

and C

cpout cpin -

protectants: E=MXIOO (C
cpout

the concentrations of the cryoprotectant outside and

inside erythrocyte, respectively); 3 - time for the

erythrocyte to reach the initial volume (100%);

4 - exposure time of erythrocytes in cryoprotectant

solutions 30 min (1,800 s) [13].

Data analysis showed that during the equilibration
of erythrocytes in a IM solution of glycerol,
the initial volume of erythrocyte is reached
after 1,254 s (almost 21 min). At the same time,
the glycerol concentration inside the erythrocyte
is lower than after 1,800 s (30 min) of exposure
by 0.014 mM (only by 0.024%), and the relative
difference between concentrations of cryoprotectant
inside and outside the erythrocyte is only 0.0028%
higher. For other cryoprotectants, this difference
is even smaller. Therefore, it makes no sense to
equilibrate erythrocytes with these cryoprotectants
for 30 min. Even for glycerol, the permeability
coefficient of which is significantly lower than
the permeability coefficients for other cryoprotec-
tants, the equilibration time may not exceed 21 min,
for other cryoprotectants it does 18 min. The calcu-
lations give an idea that starting from a certain
time of exposure, changes in the concentrations
of cryoprotectants inside and outside the erythro-
cyte occur very slowly and slightly (Figs. 4, 5).
Also, the relative difference in cryoprotectant
concentrations outside and inside the erythrocyte
also changes insignificantly. For a 1M glycerol
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Tabnuusa 3. PenepHi Toukmn yacy ekBinibpaLii epuTpounTiB Y po3ymnHax KpionpoTekTopiB
Table 3. Benchmark time points of erythrocyte equilibration in cryoprotectant solutions

PenepHa BinHocHuiA 06’'em
KpionpoTtektop TouKa ‘-!ac, c eputpouuTa, % Ccpin, MM Ccpom, MM g, % Ad, x10° B
1 125 92,578 585,312 588,202 0,491461 -5,236
2 329 94,32 586,788 587,617 0,141009 -3,956
niuepuH
Glycerol
3 1254 100 586,923 587,586 0,112789 +1,436
4 1800 102,93 586,937 587,583 0,109942 +3,922
1 24 93,463 587,19 587,44 0,043123 -4,982
2 45 93,66 587,302 587.,4 0,016823 -4,861
OMCO
DMSO
3 1053 100 587,32 587,4 0,012718 +1,295
4 1800 104,04 587,33 587,39 0,010951 +4,671
1 19 93,46 587,21 587,44 0,039978 -4,976
2 39 93,66 587,301 587,4 0,016904 -4,865
AA
3 1047 100 587,32 587,39 0,01268 +1,293
4 1800 104,69 587,33 587,39 0,010912 +4,694
1 21 93,46 587,20 587,44 0,042196 -4,975
er 2 40 93,65 587,3 587,4 0,017102 -4,872
EG
3 1049 100 587,32 587,40 0,012687 +1,291
4 1800 104,06 587,33 587,39 0,010916 +4,684
1 23 93,47 587,2 587,44 0,04036 -4,978
2 43 93,66 587,302 587.,4 0,016739 -4,863
1,2-Na
1,2-PD
3 1051 100 587,32 587,4 0,0126 +1,294
4 1800 104,05 587,33 587,39 0,01093 +4,678

MIPOTEKTOPIB Yac EKCIO3UIlii, MICHS SKOTO 3MiHU
KOHIICHTPAII KPiOMPOTEKTOPIB BCEpEaUHI 1 330B-
Hi €pUTPOLUTA CTAIOTh HECYTTEBUMM, € MEHILUM 3a
50 c. Pi3Hnng xonmentpamiii Inm Bcepeamni epu-
TpouuTa Tmichs excnosuiii mpotsrom 1800 1 329 ¢
craHoButh 0,149 MM (abo 0,025%). Jns iHmmx
KpIOIPOTEKTOPIB BOHA € IIe MEHIOo. [Ipuuomy
TpaHCMEMOpPaHHHUH EJIEKTPUYHUN TOTEHLIaN epuT-
pouuTa y pemepHii Todumi 2 3aJMIIa€ThCcS Hera-
TUBHUM JUIS BCiX JOCHIDKEHHX KPIOMPOTEKTOPIB.
VY Toli cammii 4ac BiTHOCHUHM 00’€M epUTpoLUTa
HE BCTHra€ AOCSAITH IOYaTKOBOI BEJIMYMHH, 1 KIIi-
TUHM 3aJIMLIAIOTBCS JEII0 3HEBOAHEHUMH (5,7—
6,35%). Takuii piBeHb 3HEBOJHEHHS HE Ma€ BIUIH-
HYTH Ha >KUTTE3[ATHICTh KIITHH, aje€ MOXE 3MEH-
IIUTH WMOBIPHICTh BUHHKHEHHS BHYTPIIIHBOKII-
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solution, the amount of change in the relative dif-
ference between the concentrations of cryoprotectant
outside and inside the erythrocyte & reaches
0.14106% after 328 s and 0.141009% after 329 s
of exposure, i. e. at a time interval of 1 s, the diffe-
rence between the values of € is smaller by 0.0001%
and continues to decrease at each subsequent in-
terval. For the rest of the cryoprotectants, the expo-
sure time, after which changes in the concentrations
of cryoprotectants inside and outside the erythro-
cyte become insignificant, is less than 50 s. The
difference in concentrations of glycerol inside the
erythrocyte after exposure for 1800 and 329 s is
0.149 mM (or 0.025%). For other cryoprotectants,
it i1s even smaller. Moreover, the transmembrane
electric potential of the erythrocyte at reference
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TUHHOTO JIbOAY, @ MeMOpaHU KIITHH € HEHampy-
KECHUMH.

Hdnst BCix JOCHIKEHUX KpPIONPOTEKTOPiB  3a
yac JOCATHEHHS IIOYaTKOBOTO 00’€My epUTpOLU-
ToM (pemepHa Touka 3), a Takox depe3 1800 c exc-
rmo3uIii (perepHa Touka 4) TpaHCMeMOpaHHUH eIeK-
TPUYIHHUHA TIOTEHINAJI 3MiHIOE€ CBIilf 3HAK 3 HETaTUB-
HOTO Ha TO3WUTHUBHUMN, TOOTO BiAOyBaeTbCs Tepe-
nossgpuzamnis memopanu, a g [, 1,2-11J] i IMCO
Taka 3MiHa BinOyBaeTbcs Tpuui. lle Moxe maru
HETaTUBHI HACTIIKH JUIs KIiTuH. Tomy ofHi€w 3
pEmepHUX TOYOK OOpaHo Yac AOCSTHEHHS eJeKTpHY-
HHUM IIOTEHIIaJI0M 3HA4YeHHs, sIKe HaHOLIbII HaOIu-
JKEHEe JI0 TIEPBMHHOTO Ha eTami BiJHOBJIECHHS 00’e-
My eputporuTa (penepHa touka 1). Tak, y po3unHi
I'm  TpaHcMeMOpaHHMIA e€NEKTPUYHUN TOTEHINal
csirae —5,2358 x 103 B uepe3 125 c¢. Jlns peruru
KpIOIIPOTEKTOPIB HYac IOCATHEHHS HAHOUTBII Ha-
OMMKEHOTO 10 TIEPBHHHOTO 3HAYCHHSI TpaHCMEMO-
paHHOTO TMOTeHIiany € MeHmmM 3a 25 c. Ilpu
LIbOMY PI3HHISI MK KOHIIEHTpamissMu [71 BcepeanHi
epuTponuTa Tichs ekcnosumii mpotsrom 1800 ¢
i 125 ¢ cranoButs 1,625 MM (0,277%). Jns iHmmx
KpIOIIPOTEKTOPIB L PI3HHLS € CYTTEBO MEHIIOIO,
a TpaHcMeMOpaHHUM eJEeKTPUYHIM MoTeHmian 3a-
JIMIIAETHCSI HETaTUBHUM IS BCIX KPiOIPOTEKTOPIB.

BigHocHuit 00’eM epuTpouuTa B PEHEPHHX
Toukax 1 1 2 He Jocsra€ MOYaTKOBOi BEIMYHMHH
M 9ac eKBUTOpamii y BCIX pPO3NISHYTHX Kpio-
MPOTEKTOPaX, 1 KIITHHU 3aUIIAIOTHCS OCIIO 3He-
BonmHeHUMH (Ha 5,5-7,5%).

Pesympratén  po3paxyHKiB IIOKa3aid, IO Haii-
OUTBII NMPUIHATHOO JIsi TIPUITMHEHHS eKBimiOparii
EPUTPOLIUTIB Y PO3UUHI KPIOMPOTEKTOpa € pernep-
Ha Touka 2. Y Iii Touli TpaHCMEeMOpaHHHI €JIeKT-
PUYHHMI MOTEHIIaN 3aJUIIAETHCS HETaTHBHUM IS
BCIX PO3IISIHYTUX KPIOMPOTEKTOPiB, a KIITHHU €
JIel0 3HEBOJAHEHMMH, TOOTO iX MeMmMOpaHU He Ha-
npyxeHi. Jlo TOro * pi3HHI MK KOHLEHTpAIiIMU
KpIOTIPOTEKTOPiB 330BHI Ta BCEpPEeNWHI KIITHH €
HE3HAYHOIO, 1 MPOTATOM TOAANBIIOI iX eKBimiOpa-
mii B PO3YMHI KPIiOMPOTEKTOpa 3MEHINYETHCS He-
CyTT€BO, HABITh y TIOPIBHAHHI 3 PEMEPHOIO TOY-
KO0 4, B AKiM 4Jac eKcIo3ulil Hanouipmuii. Takum
YUHOM MO)XHa CYTTEBO CKOPOTHUTH dYac EKBLIiOpa-
1ii epUTPOLUTIB MOPIBHSIHO 3 TepeadaueHuM y 3a-
raapHONPUHHATOMY MpoTOKoMi [13] 1 He momycTUTH
JI0/IaTKOBO1 Mepenosipu3anii MeMOpaHu.

BucnoBkn

Haii6inem npuidHATHEM U1 TIOAAIBIIOrO Kpio-
KOHCEPBYBaHHSI CPUTPOIUTIB 3 TOYKU 30py JOCST-
HEHHS TIOKa3HWKIiB, SKi HAOMKEHI O PiBHOBaXK-
HOTO CcTaHy, B 1M po3umHI TIiNEepuHy € iX eKBi-
miopamiss  mpoTsaroM 5,5 XB (BimHOCHUE 00’eM
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point 2 remains negative for all the inves-
tigated cryoprotectants. At the same time, the
relative volume of the erythrocyte does not
have time to reach the initial value, and the cells
remain somewhat dehydrated (5.7-6.35%). This
level of dehydration should not affect cell via-
bility, but may reduce the likelihood of intracel-

lular ice formation and cell membranes are
relaxed.
For all investigated cryoprotectants, during

the time when the erythrocyte reaches its initial
volume (reference point 3), as well as after 1,800 s
of exposure (reference point 4), the transmembrane
electric potential changes its sign from negative
to positive, i. e., membrane repolarization occurs,
and for glycerol, 1,2-PD and DMSO, this change
occurs thrice. This can have negative consequences
for the cells. Therefore, one of the reference points
was chosen as the time when the electric potential
reached the value closest to the initial value at the
stage of erythrocyte volume recovery (reference
point 1). Thus, in glycerol solution, the transmem-
brane electric potential reaches —5.2358 x 103 V
after 125 s. For the rest of the cryoprotectants, the
time to reach the transmembrane potential closest
to the initial value is less than 25 seconds. At the
same time, the difference between the concentra-
tions of glycerol inside the erythrocyte after ex-
posure to 1,800 s and 125 s is 1.625 mM (0.277%).
For other cryoprotectants, this difference is signifi-
cantly smaller, and the transmembrane electric po-
tential remains negative for all cryoprotectants.
The relative volume of erythrocyte at reference
points 1 and 2 does not reach the initial value
during equilibration in all considered cryoprotectants,
and the cells remain slightly dehydrated (by 5.5-
7.5%).

The results of the calculations showed that re-
ference point 2 was the most appropriate for stopping
the equilibration of erythrocytes in cryoprotective
solution. At this point, the transmembrane electric
potential remains negative for all considered cryo-
protectants, and the cells are somewhat dehydrated,
that is, their membranes are not stressed. In
addition, the difference between the concentra-
tions of cryoprotectants outside and inside the cells
is insignificant, and during their further equilibra-
tion in the cryoprotectant solution, it decreases
slightly, even in comparison with reference point
4, at which the exposure time is the longest. In this
way, it is possible to significantly reduce the
equilibration time of erythrocytes compared to that
provided for in the generally accepted protocol
[13] and prevent additional repolarization of mem-
brane.
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V/V0 = 94,3%, TpaHCMEMOpaHHUN TOTEHINA
Ap = -3,956 mMB), a y pozumnax JAMCO, arme-
Taminy, eTwieHnikomo i 1,2-nmponangiony — 1 xB
(BimHOCHMI 00’em V/V = 93,7%, TpancmeMO-
panHmii morenmian Ag = —4,86 mB). Ilpu mpomy
KIITUHU 3QJIMIIAIOTHCS HE3HAYHO 3HEBOIHEHHMH,
TpaHCMEMOpPAHHHN EJICKTPUIHUNA TTOTEHITIANT € Hera-
TUBHHM, a pPI3HUIT MK KOHIIGHTpAIiIMUA Kpio-
MPOTEKTOPIB  BCEPEIMHI EPUTPOLUTIB Yy MOpIiB-
HSHHI 3 KOHIEHTPALSIMU TMPH OUIBII TPUBAIOMY
yaci ekBUTiOpamii y KpiOMpOTEKTOPHOMY pO3UMHI
ve nepesuinye 0,025% s moinepuny ta 0,005%
JUISL PELITH KPiOTIPOTEKTOPIB.

Nitepatypa

1. Benga G. Water transport in red blood cell membranes. Progr
Biophys Mol Biol. 1988; 51: 193-245.

2. Best BP. Cryoprotectant toxicity: facts, issues, and questions.
Rejuvenation research. 2015; 18(5): 422—42.

3. Brahm J. The permeability of red blood cells to chloride, urea
and water. J Exp Biol. 2013; 216(12): 2238—46.

4. Chervy P, Petcut C, Rault D, at al. Organic nanoscrolls from
electrostatic interactions between peptides and lipids: assembly
steps and structure. Langmuir. 2019; 35: 10648-57.

5. Ciana A, Achilli C, Balduini C, Minetti G. On the association
of lipid rafts to the spectrin skeleton in human erythrocytes.
Biochim Biophys Acta. 2011; 1808: 183-90.

6. Gordiyenko OIl, Gordiyenko YuE, Linnik TP, Gordiyenko EO.
Experimental determination of human erythrocyte membrane
permeability coefficients for a series of amides. CryolLetters.
2005; 26(1): 65-72.

7. Gordiyenko Ol, Linnik TP, Gordiyenko EO. Erythrocyte membrane
permeability for a series of diols. Bioelectrochemistry. 2004; 62:
115-8.

8. Funder J, Wieth JO. Chloride and hydrogen ion distribution
between human red cells and plasma. Acta Physiol Scand.
1966; 68: 234-45.

9. Fung YC, Winston CO, Tsang WSO, Pacitucci P. High resolution
data on the geometry of red blood cells. Biorheology. 1981;
18(2): 369-85.

10.Kahana E, Streichman S, Silver BL. The role of electrostatic
forces in the interaction between the membrane and
cytoskeleton of human erythrocytes. Biochim Biophys Acta.
1991; 1066(1): 1-5.

11.Murray D, Ben-Tal N, Honig B, McLaughlin S. Electrostatic
interaction of myristoylated proteins with membranes: simple
physics, complicated biology. Structure. 1997; 5(8): 985-
9.

12.Samuel E Lux IV. Anatomy of the red cell membrane
skeleton: unanswered questions. Blood. 2016; 127(2): 187-99.

13.Sputtek A. Cryopreservation of red blood cells and platelets.
Methods Mol Biol. 2007; 368: 283-301.

14.Todrin AF, Timofeyeva OV, Smolyaninova Yel et al.
Physicalmathematical model of substance redistribution
between the cell and its hypertonic solution environment of
penetrating cryoprotectants with relevance to membrane
potential. CryolLetters. 2020; 41(4): 209-15.

npob6nemu Kpiobionorii i KpiomeanumHm
problems of cryobiology and cryomedicine

Tom/volume 33, N/issue 2, 2023

Conclusions

The most acceptable for further cryopreser-
vation of erythrocytes from the point of view of
achieving the values close to the equilibrium state
is their equilibration in a 1M glycerol solution for
5.5 min (relative volume V/V = 94.3%, trans-
membrane potential A¢ = -3.956 mV), and
in solutions of DMSO, acetamide, ethylene glycol

and 1,2-propanediol — 1 min (relative vo-
lume V/V, = 93.7%, transmembrane potential
Ap = 486 mV). At the same time, the
cells remain slightly dehydrated, the trans-

membrane electric potential is negative, and the
difference between the concentrations of cryopro-
tectants inside erythrocytes in comparison with
those during longer equilibration time in the
cryoprotectant solution does not exceed 0.025%
for glycerol and 0.005% for the rest of the cryo-
protectants.
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