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Ponb da3zoBux nepetBopeHb pignHa-pignHa
B MeXaHi3Mi 3aXuUcTy epuTpoLMUTIB Nif Yac OXONOMKEHHS
3 KpiokoHcepBaHToM LIHAIMMK-11,
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Role of Liquid-Liquid Phase Transitions in Mechanism of Erythrocyte
Protection During Cooling with CRIHBT-11, Cryopreservative Agent

Pedepar: Metogom nonspusauiiHoi Mmikpockonii Ta dikcauii SBuLLa KPUTUYHOI onanecueHuii B KOHLUEHTpaTi eputpouuTis
3 KkpiokoHcepsaHToMm LIHAIMMIK-11, (pospobnenuit y LleHTparnbHoMy HayKoBO-AOCMIAHOMY iHCTUTYTI rematonorii Ta nepervsaHHs
kpoBi (Pocist)), sakui BMillye rmiLepuH, nig4ac OXONOMKEHHS BCTAHOBMEHO HAsBHICTb B CUCTEMi KPUTUYHOTO hasoBoro neperso-
peHHs (®I1) Tuny pignHa-piguHa 3a MexaHi3aMOoM, Lo NpM3BOAWUTb A0 YTBOPEHHS AMCNEPCHOI CUCTEMW — BUCOKOKOHLIEHTPOBAHOI
emynbcii. O3Hak kpuctanisauii B AOCHiAXYBaHin KpiobionoriyHni cuctemi He BusiBneHo. Bueyanmacs ¢as3osa nosediHka B LMKII
OXOMNOMKEHHSI-HarpiBaHHS KpiOKOHCepBaHTa Ta Hapgocapdy. [poBedeHa NopiBHAMbHA AKICHA OLjiHKa 3MiHW 06’€My KpiOKOHCepBaHTa Ta
E€PUTPOKOHLIEHTPATy Y MpoLEeci OXONOMKEHHs. BuaHayeHO MexaHi3amM 3axMcHOI Aii KpiOKOHCEepBYHYOro po3ynHy. BctaHoBneHo cxo-
XiCTb (Di3MKO-XIMIYHMX NPOLIECIB MPY OXONOMKEHHI-HArpiBaHHi B LUTOMMa3Mi epUTPOLMTIB Ta KNiTUH MEPUCTEMU YacHWKY (3apOoaKoBil
POCIMUWHHIN TKaHWHI) Nif Yac nepexopy A0 CTaHy XOrnoAoBOro aHabiosy.

KniouoBi cnoBa: ¢a3oBi nepeTBOpeHHs TUMy piguHa-pianHa, Kpuctanisalis, CKIyBaHHs, AUCMNEepPCHi CUCTEMU, KPiIOKOHCEPBYBaHHS,
KPIiOYLLKOIKEHHS, KPiOMPOTEKTOPU, EpUTPOLIMTYI, Monspu3aaLliiHa MikpOCKOMisi.

Abstract: The presence in the system of critical liquid-liquid phase transition (PT) by the mechanism, resulting in formation
of dispersion system, namely high-concentrated emulsion, has been established here during cooling when using polarized light micro-
scopy and fixation of critical opalescence phenomenon in erythrocyte concentrate with glycerol-containing cryopreservative agent,
designed at the Central Research Institute of Haematology and Blood Transfusion (Russia) (CRIHBT-11,). The studied cryobio-
logical system displayed no signs of crystallization. A phase behaviour of cryopreservative and supernatant has been studied
during cooling-warming cycle. Changes in the volume of cryopreservative and erythrocyte concentrate were comparatively and
qualitatively evaluated during cooling. The mechanism of protective action of cryopreservation solution has been determined.
The similarity between physical and chemical processes during cooling-warming of erythrocyte cytoplasm and garlic meristem cells

(germinal plant tissue) when entering cold anabiosis has been established.
Key words: liquid-liquid phase transitions, crystallization, vitrification, dispersed systems, cryopreservation, cryoinjury, cryopro-

tectants, erythrocytes, polarized light microscopy.

HuszpkoTemiieparypHe KOHCEpBYBaHHS — KIIITHH
KpOBI Ta KICTKOBOTO MO3KYy 3 METOI KIIIHIYHOTO
3aCTOCYBaHHsS € OJHUM 13 TPIOPUTETHHX 3aBAaHb
kpio6Oionorii. Came TpaHCQy3is KPIOKOHCEPBOBaHUX
epuTpouuTiB Oyla BIEpIIe 3aCTOCOBaHA B MIPAKTUY-
Hil MeauiuHi [39].

Crorozmni B ramysi KpiobGiomorii i kpiomenumm-
HU HalOUIBII MOIIUPEHUMHU 3 TOYKH 30pY HMPUPOIU
(hazoBux meperBoperp (PII) y xkpiobiomorigaux
cucreMax (IiATOTOBIEHUA 10 KpPIOKOHCEPBYBAaHHS
KOMITJIEKC, STKUH CKITaaeThes 3 01000 €kTa, Pi3NIHUX,
XIMIYHUX Ta IHIIKX 32CO01B 3aXUCTY) T/ 9ac OXOJIOI-
JKEHHS € YSABJICHHS MPO KPHUCTAI3AIlI0 — IEePETBO-
penns tumy pimmaa-kpuctan (LCPT) [10, 18, 32].
Pazom 3 tum 3 (izmunoi Ximii pO3UMHIB BiTOMO,

mo B Hux MoxiamBi aBa tunu PII — LCPT 1 ®II
|
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Low-temperature preservation of blood and bone
marrow cells for clinical application is among the
priority tasks in cryobiology. Namely the transfusion
of cryopreserved erythrocytes was first used in prac-
tical medicine [28].

To date, the idea of crystallization as the liquid-
crystal phase transition (LCPT) is the most common
in cryobiology and cryomedicine in terms of nature
of phase transitions (PH) in cryobiological systems
(that are a complex, including biological object,
physical, chemical and other protective means, pre-
pared for cryopreservation) during cooling [43, 32,
14]. However, as is well known from physical
chemistry of solutions, the two types of PT, namely
LCPT and liquid-liquid phase transition (LLPT)

are common in it [30, 33, 3]. Herewith, the initially
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pimuna-pinmaa (LLPT) [16, 19, 26]. [lpu upo-
My TMEpBUHHO OAHOPIAHUI PO3YMH PO3MATAETh-
cs Ha JBi abo nekipka piakux Qas, sSKi Biapi3-
HAIOTHCA 3a XIMIYHMM ckiaagoM. Takuii tun DI
XapaKTepHUH NIl CHCTEM TONiMep-pO3UNHHUK [16,
19]. Bimpmiocti momiMepiB i3 po3raimyXeHWM JIaH-
IIOTOM dYepe3 CTepudHi (TIPOCTOPOBi) OOMEKEHHS
B PO3YMHEHOMY CTaHI HE BIACTUBHUU MikpodasHuit
IO — MITeIoyTBOpeHH . [li cucTeMu MOmiIAIOTE-
csl 3a Makpo(a3HUM MEXaHi3MOM 3 YTBOPEHHSIM I'py-
00ANCIIEPCHUX CHUCTEM — eMYNbCid. 3a YMOB 3MiHHU
rapaMeTpiB CTaHy 3TiJTHO 3 TEOPIEK PO3UUHIB TOJI-
MepiB Dropi-'arrinca OUIbII BUCOKA WMOBIPHICTB
(a3oBoro MOAIMY BIACTHBA PO3UYMHAM TONIMEPIB,
HIK pO3YMHAM HHU3bKOMOJIEKYJISpHUX piguH. Lle o0y-
MOBJICHO MEHILIOIO 3MIHOIO EHTPOINi 3MilIyBaHHS
B MOJIMEPHHUX PO3YMHAX B MOPIBHSAHHI 3 TPOCTUMH
pinuaamu [33].

CyuacHa (i3MKa KOHJIEHCOBAHOTO CTaHy IHTEH-
CHUBHO BHBYA€ TaK 3BaHy MKy Marepiio: Ioiime-
PH, KOJIOiAM, PO3UMHM MPOTEiHIB, Y TOMY YMCII LHU-
ToIuIa3My. B3aeMonisi MK 4YacTMHKaMM B TaKuX
CHCTEMax OIUCYEThCS CKJIAIHUMHU aHi30TPOINHUMHU
roTeHIiaramMu, (a3oBa TOBEMIHKA SIKUX 3a 3MIHU
rmapaMeTpiB CTaHy Habararo CKIJIagHiIIa, HiX Y 3pil-
JKEHUX IHepTHHUX Ta3iB. Da3oBa MOBEMIHKA OCTaHHIX
00pe OMHUCYETHCA 3a TOTIOMOTOIO 130TPOMHUX e(ek-
TUBHUX IIOTEHI[IA/IiB, 30KpeMa MoTeHiajgom Jlen-
Hapaa-Jlxonca. Takuii Xapakrep B3aeMomii TakoX
YCKIIQIHIOE 1 (ha30Bi JiarpaMu, Ha KX MOXYTb 3 si-
BUTHCS MHOXHMHHI KpHcTanivyi (as3u, BogonoaioHi
aHoMaJii, mepexoJu TUMY piAWHA-piIuHA Ta iHII
(henomenu [19].

B. Wowk [43] BKka3ye Ha MOXJIHBICTH (ha30BOro
po3maay 3a CHIHONAIBHUM MEXaHi3MOM B AESIKHX
piAKuX cucTeMmax, aje Oe3IiJICTaBHO Bij3Ha4ae, 1o
Taki SBUIIA B KpPioOioNorii MpakTUYHO HE PO3IIIsi-
JArOTHCSI.

[Ipomec kpucTamzaiiii B po3dnMHAX MOXE MaTH
BTOPMHHHN XapakTep, TOOTO TpoIecy HyKiIeamil
3aponKa KPUCTATIYHOI (a3 Mmepeaye Moail pO3UnHy
Ha amopdui ¢azu [1, 16, 42]. Takuii THTI yTBOPEHHS
3apOJIKIB JIeSKi aBTOPU HA3WBAIOTh «HEKIACHYHA HY-
Kirearisi» [30].

[Moxin 3a TMNIOM piMHA-piAMHA B PO3YHHI TEPMO-
JUHAMIYHO OULTBII IMOBIpPHHWH, HIX piMHA-KPUCTAI,
OCKIJIbKM BUMarae Jimiie (IIyKTyarlil 3a KOHIIEHTpa-
Hiero 6e3 TPUBUMIPHOT BIIOPSAKOBAHOCTI, HEOOX1IHOT
JUIsL YTBOpPEHHSI KpucTaniunoi ¢asu. fxmo mBun-
KicTh (pOpMyBaHHs KPHCTATIYHOTO 3apojka (iHayK-
WidHUK TepioA) MEHIIa MOPIBHSHO 31 MIBHIKICTIO
3MiHH ITapameTpa CTaHy, TO KpHCTami3allis B KiHIIEBI
TEPMIiHU EKCIIEPUMEHTY MOXe He BilOyTHCS, 1 CHC-
Tema Oyne ckiajgatucs TUTBKH 3 aMopdHux ¢a3
[16].
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homogeneous solution decomposes into two or more
liquid phases, differing by chemical composition.
This type of PT is specific for polymer-solvent
systems [30, 33]. Most polymers with a branched
chain due to steric (spatial) limitations in dissolved
state are not characterized by microphase separation,
i. e. the micelle formation. These systems are sepa-
rated by macrophase mechanism with formation of
poor-dispersed systems: emulsions. According to
Flory-Huggins solution theory, the polymer solutions
demonstrate a higher probability of phase separation,
than the low molecular weight liquids under state
parameter alteration. This is due to less altered
entropy of mixing in polymer solutions VS. ordinary
liquids [18].

Modern condensed matter physics is intensively
studying the so-called soft matter, i. e. polymers,
colloids, protein solutions, including cytoplasm. The
interaction between particles in these systems is
described by complex anisotropic potentials, the
phase behaviour of which is much more complicated
when changing state parameters if compared with
liquefied inert gases. The phase behaviour of the latter
is well described by isotropic effective potentials, in
particular the Lennard-Jones one. A complex nature
of interaction makes the phase diagrams difficult as
well, wherein the multiple crystal phases, water-like
anomalies, liquid-liquid transitions, and other phe-
nomena may appear [19].

V. Wowk [41] indicated a possible phase separa-
tion by spinodal mechanism in some liquid sys-
tems, but unreasonably stated these phenomena not
to be usually considered in cryobiology.

Crystallization in solutions may be secondary,
i. e. the crystalline phase nucleation is preceded by
solution separation into amorphous phases [4, 30,
38]. Some authors designated this type of nucleation
as ‘nonclassical’ [11].

The liquid-liquid separation in the solution is
thermodynamically more likely than the liquid-crystal
one, because only concentration fluctuations without
three-dimensional ordering, necessary for crystal-
line phase formation, are needed. If nucleation rate
of crystalline nucleus formation (induction period)
is lower than that of state parameter change, the crys-
tallization may not occur at the end of experiment, and
the system will consist of amorphous phases only [30].

It is difficult to distinguish between LLPT and
LCPT if using the common in cryobiology methods
of thermal analysis (dilatometry and differential
scanning calorimetry (DSC)). Both these PT are first-
order ones, and therefore have thermal and volu-
metric effects [17, 34]. The critical state, accompa-
nying LLPT by nucleation and growth mechanism
can not be recorded with DSC [2].
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[Mommpenumu B KpioOionorii MmeTogaMu Tepmiy-
HOTO aHai3y (IUIaTOMETpi€ero 1 nudepeHIiaIbHO0
ckanyBasipHOIO Kanmopumetpieto (HICK)) ckmanHo
pospizautu LLPT i LCPT. Bkazani ®II BinHOCSATH-
Cs JI0 TIEpIIOTO POAY i, OTXKE, MAKOTh TEIUIOBUH W
00’emunit edextn [9, 20]. Kpurnunmii cras, mo cy-
npoBokye LLPT 3a mexani3amMoMm HyKJjeamii-pocry,
He Moke OyTH 3apeectpoBanuii JJCK [25].

st eeKTUBHOTO SKICHOTO aHali3y CHCTEMH
Ha npeaMeT Bu3HaueHHd Tuny DIl Bukopucro-
BYIOTh onTu4HiI Meronu [7]. Ha mpaktumi Tepmid-
Hi ¥ ONTUYHI METOAM aHaJi3y JOMOBHIOIOTH OIHMH
omHoro. [IpoBelneHHsS PEHTIEHOCTPYKTYPHOTO aHa-
J3y, SIKUM TEX € ONTUYHHM, MOTpedye Oararo
yacy [6], a peecTpaiis IIMM METOJOM MeTacTa-
OlTBHMX, ICHYIOUMX OOMEXeHHI Yac (a3 Moxe OyTH
YTPYIHEHOIO.

VY pesynbTari CHOCTEPEKEHHS 338 KPUTUYHOIO
OTAJIECLECHIIEI0 i Yac OXOJOMKEHHs )KUBUX POC-
JUHHUX TKaHWH 1 BUAUIEHUX 3 HUX PiAWH OyB BHSB-
neruit LLPT [36]. Takum camum @I geski mocmin-
HUKH TIOSICHIOIOTh iICHYBaHHS B IIUTOILIa3Mi POCIIHH-
HHUX 1 TBapUHHHUX KIITHH Oe3MeMOpaHHUX OpTaHel
[2, 24, 27-29, 34, 35, 37]. 3Ha4Hy JAOMIOMOTY y BUB-
4geHHI (Da30BOrO CTaHy CHCTEMH MOXKE HAJIaTH METOT
MTOJISIPHU3AIIIIHOT MIKPOCKOITii, 3aCHOBaHWN Ha 31aT-
HOCTI BHOpPSAKOBaHOI (ha3u o0epTaTH TIJIOUIHHY
MOJIIpU3aIlii CBITIA 3aBOSKH BIACTHUBIN s Hel
ONTUYHIN aHizoTpomii [31].

®.P. Binorpaja-®uHkens Ta CIiBaBT. [6] METOIOM
PEHTIeHOCTPYKTYPHOTO aHalli3y MoKa3ala 3HaqyHe I1e-
peBaxkaHHs1 aMOpQHO1 (a3u B epUTPOLUTAPHIN Maci,
sKa Oyna OXOJOIKeHa 3 JoAaBaHHIM KpiOKOHCep-
BaHTa Ha OCHOBI IUTIIICPUHY.

Mera poOoTr — imeHTHdIKyBaHHS THIIB (ha3oBHX
MIEPETBOPEHB ITi]T YaC OXOJIO/PKEHHS HATHBHOTO EPUTPO-
KOHIIEHTPATy JJOHOPCHKOI KPOBi, EpUTPOKOHIIEHTPATY
3 nmomaBaHHsIM KpiokoHcepBanta L[HJITTIK-11 5 @
TAKO)K BHM3Hau€HHA poji (a30BHX NEPETBOPEHb Y
MeXaHi3MaX KpiOTpOTEeKTUBHOT Jii.

Marepiaau Ta MeTOaH

Y po6OTi BUKOPUCTOBYBAIM METO HU3BKOTEMIIC-
paTypHOTO KOHCEpPBYBaHHS €PUTPOINTIB 3 KPiOKOH-
cepsantom [THIIITIK-11 (po3pobnennii y Llent-
paIbHOMY HayKOBO-JIOCIIIHOMY IHCTHTYTi TeMaro-
norii Ta nepenuBaHHs Kposi (Pocis)) [8] Ha erami
eKBLTIOpalii KIITHH 3 KPIOKOHCEPBAHTOM, OXOJIOJ-
JKCHHSI 1 BiIirpiBaHHSI.

ExcriepuMeHTH BUKOHYBalIW Ha I'STH 3pa3Kax
kposi A (II) Rh*, orpumanux Big JOHOPIB-4OJIOBIKIB.
3pa3ku KpoBi Oys0 Ha/JaHO «XapKiBCHKUM IIEHTPOM
ciryx0m kpoBi» (Ykpaina).

Kpioxoncepsant ITHIIITIK-11, mae wnHactyn-
Huk cxmam: MaHit — 40,0 T; Harpito xmopug — 7,0 T

For efficient qualitative analysis of the system
one uses the optical methods to determine the PT
type [15]. In practice, thermal and optical methods
of analysis are complementary. The X-ray diffraction
analysis, being an optical technique as well, is time-
consuming [39], and such recording of metastable
phases, existing for limited time, would be difficult.

When observing a critical opalescence during
cooling of living plant tissues and isolated from
them liquids, the LLPT was detected [23]. By this
transition, some researchers explained the existence
of membraneless organelles in plant and animal cell
cytoplasm [1, 5, 6, 9, 10, 19, 20, 25]. Polarized light
microscopy, based on the ability of ordered phase to
rotate the plane of light polarization due to its inherent
optical anisotropy may be very helpful in studying
the phase state of the system [13].

F.R. Vinograd-Finkel et al. [39] using X-ray dif-
fraction analysis showed a significant predominance
of amorphous phase in erythrocyte mass, cooled with
a supplement of glycerol-based cryopreservative.

The research aim was to identify the types of phase
transition during cooling of native erythrocyte con-
centrate derived from donated blood, supplemented
with cryopreservative agent, designed at the Central
Research Institute of Haematology and Blood Trans-
fusion (Russia) (CRIHBT-11,), as well as to determine
the role of phase transitions in cryoprotective me-
chanisms.

Materials and methods

Here, we used the method of low-temperature
preservation of erythrocytes using the CRIHBT-11,
cryopreservative [16] at the stages of cell equilibra-
tion with cryopreservative, cooling and heating.

Experiments were performed in five specimens
of A(Il) Rh* blood type, procured from man donors.
Blood samples were provided by the Kharkiv Blood
Service Center (Ukraine).

The CRIHBT-11, cryopreservative has the follo-
wing composition: 40.0 g mannitol; 7.0 g sodium
chloride or 3.0 g Na, EDTA; 0.3 g disubstituted so-
dium phosphate; 400 ml glycerol; water for injections
up to 1,000 ml.

Erythrocyte concentrate was obtained by a 10-min
centrifugation of donated blood at 1,900g. A sample
of 2-3 ml volume was placed into a test tube,
gradually supplemented with a cryopreservative in
1:1 ratio during stirring [16].

After 10-min equilibration, a cell suspension was
centrifuged at 1,900g for 10 min under constant
stirring. The supernatant was then taken from the
system and placed into another container.

A 25 pl drop of precipitate, being a highly con-
centrated cell suspension, was applied to the silica
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a6o EJITA Na, — 3,0 r; narpiro docdar aso3amire-
uuit — 0,3 T; mrinepud — 400 Mi1; Boga IS iH’€KIT —
1o 1000,0 1.

Eputpokonuenrpar orpumyBaiu 10-XBUIMHHUM
nentpudyryBanasM npu 1900g noHOpPCHKOI KpOBI.
[Ipoby 06’emom 2-3 M momimanu B MpoOipKy, B
SIKy TIOCTYIIOBO TIPH TOMIITYBaHHI JTOfaBalid Kpio-
KOHCEpBaHT y criBBimHOMIEeHH] 1:1 [8].

Kimituany 3aBich micns 10-XBUIHMHHOI ekBiTiOpa-
1ii 3a yMOB TOCTIMfHOTO TepeMilryBaHHsS IEHTPH-
¢yrysamu npu 1900g npotsarom 10 xB. Ilicns mporo
3 CUCTEMH B1JIOMpAIX HAZ0CA]] B 1HIIY EMHICTb.

Kpamutio ocany o6’emom 25 MK, siKa € BHCOKO-
KOHIIEHTPOBAHOIO KIIITHHHOIO 3aBHCCIO, HAHOCHIIN Ha
noBepxHio yamku [lerpi (giamerpom 60 Mm) i3 cuiti-
KaTHOTO CKJIA 1 PO3MOJUISIM HOCHKOM MIMETKH st
3MEHILIEHHS TOBIIMHY LIapy.

[Ipoby oxonmomKyBanu OOAYBaHHSIM CTPYMEHEM
napu pigkoro asory (LN,) 3 ropnoeuHM nocynuHu
Hproapa, sxy posmimanm Ha Bimctani 30-35 wmwm,
a TakoXK HAJIMBAHHSAM PIJKOTO a30Ty Ha JOCIIJKY-
BaHy CHUCTEMY O€3I0CEepPEIHbO Il 00 €KTHBOM Mi-
KpOCKOIIA.

Mikpockonito B MOJISPU30BAHOMY CBITJII MPOBO-
IUIM Ha mofsipusaniiinoMy Mikpockori «MIH-8»
(«JIOMOw, Pocis).

Merton Bu3HadeHHS (Pa3o0BOro CTaHy CHUCTEMH
3aCHOBAaHMH Ha BJIACTUBOCTI ONTHUYHOI aKTUBHOCTI,
MpUTAMaHHIl OUIBIIOCTI KPUCTANIYHUX aHi30TPOII-
HuX (a3, 30KpemMa reKcaroHajJbHOMY Jibony. Haid-
O1ITBII BUPA)KEHUM TIPOSBOM ITi€1 BIACTHBOCTI € 371aT-
HICTh PEYOBHHHU OO0epTaTd IUIONIMHY TOJSpU3alii
CBITJA, SIKE MPOXOANTH [4].

VY cxpeleHOMY CTaHi IMOJSIpU3aTopa i aHali3aro-
pa CBITJIO IPAKTUYHO HE MPOXOIUTH Yepe3 ONTUUHY
CHUCTEMY MIKpOCKoma. SIKII0 MiXK HUMH IIOMICTH-
TH ONTUYHO aHI30TPOITHE (HAIPUKIIA], KPUCTATIUHE)
TiJIO, TO BIZTHOBUTBHCS TIPOXO/PKEHHS YACTHHHU CBITIIO-
BOTO TIOTOKY 4uepe3 cucremy. Lli 06’extn OyayTh CBi-
TUTHCS Ha (POHI TEMHOTO TOJIsi Mikpockona. J{ist e-
SIKUX TOJIIMEPIB W aMOp(HUX TUI y HaNpyKESHOMY
CTaHI TAaKOXK XapaKTepHa ONTHUYHA aHi30TPOIIisl, SIKY
HEoOX11HO BpaxoBYBAaTH 1]l Yac IPOBEACHHS JOCTi -
JKeHb [4].

dikcarliro MIKpOCKOTIIYHOTO 300pa)KCHHS MPOBO-
i 1udposoro  dortorpadiuHoi kameporo «Sony
DSC W-55» («Sony Corpy», Kurait).

SIkicHy TIOpIBHSUIBHY OIIIHKY 3MiHH 00’€My Kpio-
Oionoriyanx cucteM y MomeHT DI1 mpoBoamim 3 oxo-
JIOIPKEHHSM JTOCTIHKYBAHOTO 3pa3ka B CKIITHUX Karli-
JIsIpax JJ1sl BU3HAYEHHS TEMATOKPUTY JIOBKHUHOIO 75 MM
1 BHYTpimHIM giameTpoMm 1 mMm («Minimeny, Pocis).
MexaHiuHe pyHHYBaHHS Kamijisipa CBIIYHIO IIPO
CYTT€Be 30UIbIICHHS 00’€My CHCTEeMH TIiJi 4Yac
OII.
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glass Petri dish (60 mm diameter) surface and spread
with pipette tip to reduce the layer thickness.

The specimen was cooled by blowing with a jet
of liquid nitrogen (LN,) vapour from the Dewar
vessel neck, placed at a distance of 30—35 mm, as well
as by pouring of liquid nitrogen on the test system
directly under objective of microscope.

Polarized light microscopy was performed using
‘MIN-8’ microscope (LOMO, Russia).

The method for system phase state determination
is based on the property of optical activity inherent in
most crystalline anisotropic phases, in particular,
hexagonal ice. This property is mostly pronounced
in the substance ability to rotate the plane of po-
larization of transmitted light [37].

In a crossed state of polarizer and analyzer, the
light does not virtually pass through the microscope
optical system. If an optically anisotropic (€. g. crys-
talline) body is placed between them, a part of light
flux through the system will resume. These objects
will glow against the dark field of microscope.
Some polymers and amorphous bodies in a stressed
state are also characterized by optical anisotropy,
which should be taken into account in research
performance [37].

Microscopic image was taken with Sony DSC
W-55 digital photo camera (Sony Corp, China).

A change in the volume of cryobiological systems
during PT was qualitatively and comparatively as-
sessed by test sample cooling in 75 mm glass hema-
tocrit tubes with 1 mm inner diameter (Minimed,
Russia). Mechanical destruction of the tube indicated
a significant increase in the system volume during PT.

The PT temperature was determined in during
cooling the cryovial (SPL Life Sciences, Korea)
filled with a solution or cell suspension at 3°C/min
rate using a programmable freezer ZP-10 (Special
Designing and Technical Bureau with Experimental
Unit at the Institute for Problems of Cryobiology
and Cryomedicine of the NAS of Ukraine).

Results and discussion

A drop of CRIHBT-11,, cooled on Petri dish sur-
face with liquid nitrogen vapours, showed the ap-
pearance of dendritic structures, not transmitting
light at crossed position of polarizers (Fig. 1). This
effect indicated the absence of crystalline phases,
ice in particular, in the system. After pouring liquid
nitrogen directly over a drop of the solution (to
achieve a higher cooling rate), the light passage
was also absent both in cooling and warming.

The cooling of cryopreservative agent in liquid
nitrogen vapours or glass tube immersion directly
into liquid nitrogen (3—4 ml) showed the PT, as
a result of which a milky-white product with gel-




Temneparypy ¢a3oBoro mnepeTBOpeHHsT BU3Ha-
Yany Wi 4Yac OXOJOMKeHs KpiompoOipku («SPL
Life Sciences», Kopest) 3 po3unHom a00 KJIITHHHOIO
cycriensiero 3i mBuakicTio 3 °C/XB 3a JOITOMOTOIO
nporpamHoro 3amopokyBada 3I1-10 (CKTb 3 [IB
IIIKiK HAH VYkpainmn).

Pe3yabTaTn Ta 06roBopeHHs

V xpami xpiokoncepsanra HHIAIITIK-11,, sxy
OXOJIO/KYBAJIM Ha TMoBepxHi vamiku [leTpi mapamwu
piAKoro aszory, croctepiranacsl MmosiBa JEHIPUTHHX
CTPYKTYP, SIKi B CXPEIICHOMY MOJIOKEHHI MOJIsIpU3a-
TOpiB He mpomyckanu cBitio (puc. 1). Januit epexr
BKa3yBaB Ha BIJICYTHICTh y CHCTEMi KPHUCTaIIYHUX
(a3, 30kpema nboy. [licis HanMBaHHS PiJIKOTO a30Ty
Oe3nocepeHbO HA KPaIuTio PO3YMHY (IJ1s1 JOCSTHEH-
Hs1 OUTBIII BUCOKOT IIBUJIKICTI OXOJIOPKEHHS ) TPOXO/-
JKECHHS CBITJIa TAaKOXK OYyJIO BIJICYTHE SK I 4ac 0XO-
JIOJDKEHHS, TaK W BiJirpiBaHHS.

[Tig yac oXonomKeHHsI KPIOKOHCEpBaHTa B Iapax
piakoro a3oty abo 3aHypeHHI CKISTHOT mpoOipKu 6e3-
MOCEPeHbO B piakwii a30T (3—4 M) criocTepiranocs
®II, y pe3ynsTari sIKOTO YTBOPIOBABCS MOJIOYHO-Oi-
JIUA TIPOMYKT 13 TeJIe0noai0HOK KOHCUCTEHIIIEKO, 1
HaOyBaB TBEPIOro CTaHy IMPHU TEMIEPaTypi PiIKOro
azory. BaxmuBo Bim3naunth, mo OII pozunHy He
MPU3BOUTH J0 MEXaHIYHOTO PyHHYBaHHs MpoOip-
KH, sIKe B OUIBIIOCTI BUIIAJIKIB CIIOCTEPIra€ThCs MpH
3aMOPOXKYBaHHI BOJM B aHAJOrIYHUX ymoBax. Ilij
yac BiJirpiBaHHS OTPUMaHUU MPOAYKT CIUIMBAB Ha
MOBEPXHIO BJIACHOTO PO3IUIABY, L0 BKa3ye Ha HOro
MEHIIY MLIIBHICT, TOOTO Ha 301IbLICHHS 00’eMy
cucremu npu OII.

Omnucani (akTé JO3BONSIOTH 3pOOMTH HACTYI-
HUM BMCHOBOK: B KpiokoHcepsanti LIHIITIK-11,
IO JOCHIIKYBaBCs B PO3YMHI MOJEKYISIPHOI JHcC-
nepcHocTi (iCTHHHOMY PO3YMHI), pealli3oByBaBCs
LLPT, y pe3ynbrari SIKOTO yTBOPIOBAJIACS BHUCOKO-
KOHIICHTPOBaHa eMYJIbCisl — TceBaorens [7].

JenapuTHa MOIYNIbOBaHA CTPYKTypa eMyJbCil
(puc. 1) miaTBepmaKye criHOAANBHUN MeXaHi3M (¢a-
30BOro posnany poszuuHy. CTpYKTYpH 3 peryssp-
HHUM YepTyBaHHSM JIITHOK BUCOKOT Ta HU3BKOT IIiJb-
HOCTI 320€31e4yI0Th MiHIMaJIbHY CyMY XiMI9HOT BiJTb-
HOI eHeprii Ta eHeprii BHYTPIIIHIX MeXaHIYHHX
HanpykeHb y cucreMi [17]. BnopsiakoBaHicTh cucte-
MH € TIPOSIBOM TIPOIIECY CaMOOpTaHizarlii, B pe3yybTaTi
SIKOTO YTBOPIOIOTHCS MPOTSDKHI PO3TalyKeHi CTPYK-
TypHI €JIEMEHTH, OPIEHTOBaHI B HANpPSMKy MaKCH-
MaJIbHUX KOMITOHEHT TeH30pa 30BHIIIHBOTO MEXaHiu-
Horo noJist. [1oiOHOI0 CTPYKTYPHOIO OYIOBOIO TMOSIC-
HIOETBCS [UIACTUYHICTD JESKUX aMOpP(QHHX CILUIABiB,
SIK1 32 CBOEIO MPUPOJIOIO € TBEPAMMH po3urHamu [11].

[IpoOy epuTpOKOHLEHTpATy AOHOPCHKOI KPOBi
00’eMoM 2-3 M 3MilIyBaJu 3 KPiIOKOHCEPBAHTOM
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Puc. 1. aaoB I'IepOpHFl y posqwi KpiOKOHce-
BaHTa LIHAOITTIK-11,.
Fig. 1. Phase transition in CRIHBT-11, solution.

like consistency was formed, becoming solid at
liquid nitrogen temperature. Noteworthy, that the
solution PT entailed no mechanical destruction of the
tube, mostly observed during water freezing under
similar conditions. During warming, the obtained
product floated on surface of its own melt, thereby
indicating its lower density, i. €. an increased volume
of the system during PT.

The above facts enable drawing the following
conclusion: in cryopreservative agent CRIHBT-11,
studied in molecular dispersion solution (true solu-
tion), there was realized the LLPT, as a result of which
the highly concentrated emulsion, i. e. pseudogel
was formed [15].

Dendritic modulated structure of the emulsion
(Fig. 1) confirmed the spinodal decomposition mecha-
nism of the solution. Structures with regular alter-
nation of high and low density areas provided a
minimum amount of chemical free energy and that
of internal mechanical stresses in the system [31].
Its regularity was a manifestation of self-organiza-
tion, as a result of which the long branched struc-
tural elements (microbands, shear bands), oriented
towards the maximum components of the external
mechanical field tensor, were formed. Such a struc-
ture explained the plasticity of some amorphous
alloys, being solid solutions by nature [42].

A specimen of donated blood erythrocyte concent-
rate of 2-3 ml volume was mixed with CRIHBT-11,
cryopreservative and centrifuged. After that, the system
was separated into supernatant and erythrocyte con-
centrate. When a supernatant drop of 25 ul volume
was cooled in liquid nitrogen vapours, the translucen-
ce of dendritic structures was observed in crossed
polarizers, that implied the crystallization (Fig. 2).
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Puc. 2. MpocBidvyBaHHSA y CXpeLLeHnX nonspusaropax nbo-
Oy B Hagocag,.

Fig. 2. Translucence in crossed polarizers of ice in super-
natant.

HHAITTIK-11, i nentpudyrysamu. ITicns uporo cuc-
TEeMy TONULIM Ha HAag0CaJOBY DPIOAUHY 1 €pHTpPO-
KOHLCHTPAT.

[lix 9ac OXOJOMKEHHS MapaMu PiIKOro a3oTy
Kparuti Haj0caaoBOi pimuHU 00’eMoM 25 MKI Yy
CXPELICHUX IMOJISIPU3aTOPax CIIOCTEPIranocs Npocsi-
YyBaHHSA JEHIPUTHUX CTPYKTYp, L0 CBIIYUTH HPO
Tporiec KpucTazariii (puc. 2).

B eputpokonnenTpari, o6podreHoMy KpiOKOH-
CEpBAaHTOM 1 OXOJIOJDKEHOMY B aHAJIOTIYHUX YMO-
Bax, mix yac ®II yTBoproBanucs TeMHI 30HHU, Xapak-
TEpH1 711 MPOIECy KPUTHUIHOI omayiecteHii [7, 25]
(puc. 3, 4). YV cxpeleHux Mojsipu3aropax i 30HH
HE TPOCBIUYBAJIMCS SK Y MPOLECT OXOIOIKEHHSI, TaK
1 BINIrpiBaHHS, IO CBIYMJIO PO BiJCYTHICTH OII-
TUYHO aKTHBHOI ()a3W y JOCHIKYBaHOMY 3pa3Ky.
[Ticns HarpiBaHHs 3pa3ka 10 KIMHATHOI TEMIIEpaTypH
O3HaK IeMoJlizy, 30KpeMa, eeKTy «IaKOBOI KPOBi»,
He OyJI0 BUSIBIICHO.

CrioctepexyBaHi e(hekTH BKa3yIOTh Ha HasBHICTh
y cucrteMi kputuaHoro LLPT, skuii peamizyerbcs
3a MeXaHi3MOM HyKJearlii-pocty 3apoakis [5]. Kpu-
TUYHUN CTaH XapaKTEPHU3YETHCSA PI3KUM 30UTBIICH-
HAM (pryKTyariii mapamerpa IopsaKy, SIKAM y BUTIATKY
po3unHiB € KoHmeHtpamis [38]. dmykryamii KOH-
LEHTpalii HAaBKOJIO KPUTHYHOI TOYKH PI3KO MOCH-
JIOIOTh PO3CIIOBAaHHS CBITJIA CHCTEMOIO, 1HIHUKAT-
puca SIKOTO pi3Ko BUTATHYTA B OiK JKepera 30ymKy-
Bajbro ceitia [21].

Temneparypa (a30Boro nepeTBOpeHHs B HaJI0-
caz0Boi pinmuHu Bimnoigana —9°C, a B epUTPOKOH-
neHTpari ckiranana —12°C.
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In the erythrocyte concentrate, processed with
cryopreservative agent and cooled under similar
conditions, the dark zones specific for critical opa-
lescence were formed during PT [2, 15] (Figs. 3, 4).
In crossed polarizers, these zones were not translu-
cent both during cooling and warming, testifying
thereby to the absence of optically active phase in
the studied sample. After sample’s warming up to
room temperature, no signs of hemolysis, ‘laked
blood’ effect in particular, were detected.

The observed effects indicated the critical LLPT
presence in the system, implemented via nuclea-
tion and growth mechanism [40]. The critical state
was characterized by a sharp increase in fluctuations
of order parameter, which in case of solutions was
the concentration [26]. Concentration fluctuations
near critical point sharply enhanced the light scat-
tering by the system, the indicatrix of which was
sharply extended towards the source of exciting
light [12].

Temperature of phase transition in supernatant
liquid and erythrocyte concentrate was —9 and —12°C,
respectively.

The CRIHBT-11, — treated erythrocyte concent-
rate was cooled by liquid nitrogen pouring directly
onto the test sample, that was a model of its immer-
sion into liquid nitrogen [16]. In this case, no light
passage in crossed position of polarizers was ob-
served, thereby implying no ordered phase in the
system, similar to crystalline one.

Basic concepts of crystallization evidence that
if under relatively slow change of state parameter
(temperature) no crystallization is realized in the
system, it is less likely expected under more rapid
cooling. First, the supercooling increases the for-
mation frequency and growth rate of critical size

200pm

Puc. 3. KputnuHe chasoBe nepeTBOpEHHS y 3pasky epuTpo-
KOHLEeHTpaTy 3 KkpiokoHcepsaHTom LIHAITIK-11, nig yac
OXOMOOKEHHS.

Fig. 3. Critical phase transition in erythrocyte concent-
rate specimen with CRIHBT-11, during cooling.
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EputpoxonueHTpar, 00podneHnii KpioKoHCEepBaH-
TOM, OXOJIOJDKYBAJIM IUIIXOM HAJMBAHHS PIiJIKOTO
azoTy Oe3nocepeqHbO Ha JOCITIHKYBaHUH 3pa3ok,
0 € MOJIEJITI0 HOTO 3aHypeHHs B pigkuil azor [8].
VY 1poMy BUMNAAKy TaKOK HE CIIOCTEPIirayocst mpo-
XO[DKEHHSI CBITJa B CXPELICHOMY MOJIOKEHHI IO-
JSPU3ATOPIB, MO0 BKAa3yBajo Ha BIJICYTHICTh Yy CHC-
TeMi BIOpsIKOBaHOI (ha3u, TOMIOHOT O KpHUCTaTid-
HOI.

I3 3aranbHUX YSBIEHBb MPO TPOILECH KpPUCTATIi-
3arii BUIUIMBAE, SKIIO KPUCTATI3aIlis B CUCTEMI HE
pearizyeThCcsl 32 YMOB BiTHOCHO TOBUTHHOI 3MIHU
napamerpa CTaHy (TemIieparypH), To il MEHII iMo-
BIPHO OYiKYBaTH 3a OUIBII MIBUIKOTO OXOJOIKECHHSI.
[TepeoxosomKeHHs CIIOYaTKy 30UIbIIYE 4acTOTy (Gop-
MYBaHHS 1 HIBHJKICTb POCTY 3apOAKIB KPUTHYHOTO
pO3Mipy KpHUCTali4HOI (pa3u, a MOTIM Pi3KO 3HH-
KY€ X BHACHIJOK YNOBUIbHEHHS TPaHCISLIHHOI MO-
JCKYJSIPHOI PYXJIMBOCTI Ta 30UIbILEHHS B’SI3KOCTI
cucremu [3, 26]. Came 3 1iei npuunHu HOPMYIOTHCS
YHUCIIEHHI CHCTEMHU, sIKi 3[aTHI 0 CKIyBaHHS. BoHu
y IPOLIEC] OXOJIOKEHHS PO3UNHIB EPEX0OIsTh 13 Tep-
MOJWHAMIYHO CTaOUTEHOTO PiIKOTO B MeTacTabdillb-
HAW TBepauid amopdumit crtaH. CKIO BiTHOCHUTHCS
JI0 TaK 3BaHUX HEEProJMYHHUX CHCTEM. BracTuBocCTi
CKJIa BU3HAYAIOTHCA HE TIJIHKM 30BHINIHIMH IMapameT-
pamu craHy (Temmeparypa, THCK), ajle il Tepmoda-
pUYHOIO TepeaicTopiero Horo ¢gopmyBanus [3, 41].
Hanuii pakt BayKIMBO BpaxoByBaTH I1iJ] 4ac KPiOKOH-
cepByBaHHI 01000 €KTIB.

3BepHEMO yBary, 10 KJIITHHH KPOBIi JIO IEHTPH-
(dyryBaHHSI IPECTABISIOTh Y Wil CHCTEMi AUCIEpC-
Hy (hazy, 3HaXOAATHCS MOPIBHSIHO B Majiil KOHIEHT-
pauii B nucnepciiinomy cepemoBui (Hanocan). Taka
(haza 31aTHA KPUCTATi3yBaTHCS TiJl Yac OXOJIOIKEH-
Hs. SIk Oyino IOKa3aHO BHUILE, Y BUCOKOKOHIIEHTPO-
BaHil KIIITUHHIN CycIeH3il quctepciiiHe cepeioBuIe
BHPOJKYETHCS B TOHKI MPOIIAPKHA MK KIITHHAMH.
dazoBa TMOBEIIHKA PEUYOBHHU B KOHCOJIIJOBAHOMY
1 JUCTIEPTrOBAaHOMY CTaHI MOXKE CHJIBLHO PI3HHTHCS
BHACIIZIOK NI€PEBAXKAHHS [I0BEPXHEBO PO3TAIIOBAHUX
MOJIEKYJI, SIKi 1HaKIIe B3a€EMOMIIOTH 3 HaBKPYKHUMHU
CTOPOHHIMHU MOJIEKYJIaMH, HI’)K MOJIEKYJIM B TJIHOWHI
¢asu [7]. PeyoBunm y Mixk(hazHOMY ITPOCTOPI MAIOTh
BJIACTUBOCTI ¥ OCOONMBOCTI, BiAMIHHI Bil TAKUX B
00’emuux ¢azax [12]. Came neit paxrop HaWOIIbII
IMOBIPHO TOSICHIOE BiJCYTHICTh IPOILIECY KpUCTai-
3ailii B KOHIICHTPOBaHii 3aBUCI epuTpouuTiB. [Joope
Bigomo, mo M. @apaneil npunyckaB iCHyBaHHsS Ha
MTOBEPXHI JILOY ICEBAOPIAMHHOTO Tiapy Boxu [13].
IMOBipHICTH YTBOpPEHHS LUISXOM TOMOTCHHOI HY-
KJlear(ii 3apo/ika KPpUTUYHOTO pO3Mipy HOBOI (asu
B MaJIOPO3MIPHUX 00’ €KTaX TAKOXK 3HHKYETHCS.

Bigznaunmo, 1o nuTomniiasMa KIiTHHH IPOHHU3a-
Ha IIMTOCKEIIETOM 1 PO3iieHa BHYTPIITHIMH MeMO-
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Puc. 4. KputnyHe dpasoBe nepeTBOPEHHSs y 3pasky eputpo-
KOHLEHTpaTy 3 kpiokoHcepsaHTom LIHOIMMIK-11, mig vac
OXONOMKEHHS (MapanenbHUn eKCriepuMeHT).

Fig. 4. Critical phase transition in erythrocyte concentrate
specimen with CRIHBT-11, during cooling (parallel expe-
riment).

nuclei of crystalline phase, and then sharply re-
duces them due to slowing down the translational
molecular mobility and augmenting system visco-
sity [3, 7,]. It is very due to this reason that nume-
rous systems capable of vitrification are formed.
They pass from a thermodynamically stable liquid
state to metastabe solid amorphous one during so-
lutions’ cooling. Glass belongs to the so-called non-
ergodic systems. The glass properties are determined
not only by external parameters of the state (tem-
perature, pressure) but thermobaric prehistory of its
formation as well [7, 36]. This fact should be con-
sidered when cryopreserving biological objects.

Notably, that blood cells prior to centrifugation
represent a dispersed phase in this system, being
relatively low concentrated in dispersion medium
(supernatant). This phase is able to crystallize during
cooling. As shown above, in a highly concentrated
cell suspension the dispersion medium degenerates
into thin layers between cells. Phase behaviour of the
substance in consolidated and dispersed states may
differ greatly due to the predominance of superficial
molecules, that interact differently with surrounding
outside molecules than those being deep in phase
[15]. Substances in interfacial region have properties
and features different from those in volumetric phases
[21]. Namely this factor most likely explains the
crystallization absence in concentrated suspension
of erythrocytes. It is well known that M. Faraday
assumed the existence of a quasi-liquid water layer
on ice surface [24]. The probability of new phase
critical nucleus formation in small-sized objects via
homogeneous nucleation is also reduced.

The cell cytoplasm is noteworthy to be pierced
with cytoskeleton and separated by inner membranes
into compartments, being therefore a kind of dis-
persion system as well [35].
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paHamMy Ha KOMIAPTMEHTH, BHACIIJIOK IIbOI'O BOHA
€ TaKOXK CBOEPITHOKO TUCTIEPCHOIO cucTemoro [40].

Binomo, o posnaa piKoro po3dyuHy MOXKE Mpo-
TIKaTH 3a JIBOMa MeXaHi3MaMH — HYKIIeallii-pocTy
3apojKiB i cmiHomambHUM [5]. B ocraHHROMY BH-
MajKy CTYIHb TUCTIEPCHOCTI HOBOI (pa3u HIKYE, i,
BiJIMTOBI/THO, TiIBUIIY€THCS MOXIIMBICTh KpUCTAIi3a-
mii gepe3 OUTbITY WMOBIPHICTE YTBOPEHHS IUIIXOM
TOMOTEHHOI HYyKJIearii 3apoaka KpHUCTally KPUTHY-
HOTO po3Mipy. CaMe MM MOXKITUBO ITOSICHUTH JICH-
JIPUTHY CTPYKTYpYy KpucTamiuHux (a3, ska xapakx-
TEpHa JJIsl CIHOJAIIBHOTO MeXaHi3My po3mnaay pif-
KHX PO34HHIB (IuB. puc. 2) [5].

Y po6orti [.O. Heko3 ta cmiBaBT. [15] mis 3MeH-
LICHHS! ONTHYHOI IIUIHOCTI CHCTEMH BUKOPUCTOBY-
BaJil CWJIBHO PO30aBJICHI 3aBHCI EPUTPOLUTIB, IO
TOJIETIIIYBAJIO Bi3yalbHE CIIOCTEPEKEHHS 3a Mpoleca-
Mmu. ®a3oBa NoBeAiHKA MIPH 3MiHI TapaMeTpiB CTaHy
B p030aBIEeHUX 1 KOHIEHTPOBAHUX IUCIIEPCHUX CHC-
TeMaX, HaBiTh MPH OJHAKOBOMY XIMIYHOMY CKJIaJi,
MOXKE pO3pi3HATHCS. EKcTpamonsiiss pe3ysbTaris,
OTPUMAaHHUX Ha HU3BKOKOHIICHTPOBAHUX MOJEITHHHX
CUCTeMaX, Ha O1JTBII KOHIIEHTPOBAHI peasibHi Kpiobio-
JIOTIYHI CHCTEMH MOKE BUSBUTHCS HE KOPEKTHOIO.

3 MeTOI0 TOJINIIEeHHsI Bi3yasisaii mporecy ¢a-

30BOTO IEPEXO/y KPAILIi0 €PUTPOKOHIICHTPATY, SKY
HAaHOCWJIM Ha TIOBEPXHIO CKJIA, YaCTKOBO BHJIAJIsI-
T QUIBTPYBAILHUM ManepoM. Y IbOMY BHIQJIKY
TOBIIMHA APy CyCHeHsii i, BIAMOBiAHO, 1 onTHYHA
HIUIBHICTh 3MCHIIYBAJIUCS TMPH 30EPEeKSHHI BUCO-
KOT KJIITUHHOI KOHIIEHTpAIlii, 1[0 JO3BOJISUIO OiIbII
JeTalbHO crioctepiratu 3a etamamu OI1. YV Takii
CUCTEMi CTAa€ TOMITHUM XaOTHYHE TEePEMIIICHHS
KIIITUH, OOyMOBJICHE KOHBEKTHBHUMH TOTOKAMH Ta
OpoyHiBchbkuUM pyxoM. Ha puc. 5, A npoimtoctpoBa-
HO BHHUKHEHHS JIEHAPWUTHHUX CTPYKTYp, XapakTep-
HUX IS €TaIly CIiHOAAILHOTO PO3Maay pO3UNHY IIpH
LLPT, na puc. 5, B BifoOpaxeHO HACTYIHY CTaIit0
MIpOIIeCy po3Many, Ka peari3yeThes 3a MEXaHi3-
MOM HyKJIeamii-pocty 3apozkis. Lleit eram, sk i
B TIOBHOIIIAPOBOMY 3pa3Ky KOHIIEHTPATy epUTPO-
IIATIB, CYIIPOBOIKYBABCS Pi3KUM 301TBIIICHHIM
pO3CitoBaHHS CBITJIa — KPUTUYHOIO OTIAJIECIICH-
mi€r0. Y CXpPEIeHOMY TOJOXKCHHI TOJspHu3a-
TOPIB HE CIIOCTEPITranocsi MPOXOKEHHs CBITIa,
10 BKa3y€ Ha BiICYTHICTh y CHCTEMI BIIOPSIAKO-
BaHOI Kpucraniunol ¢azu. B 3paskax Oinbiiol
TOBILMHYU CTaisl CIIIHOJAJIBHOTO PO3IAy MOXKE
Oyt abo BiZICYTHBOIO, a00 HE CIIOCTEpiraTucs
yepes iX 3HaYHY ONTUYHY IIJIBHICTb.

da3oBa NOBEAIHKA MIPHU OXOJIODKEHHI Kparuti
€PUTPOKOHIIEHTPATY 1 TOHKOIIAPOBOI MOAEIHHOT
CUCTEeMH B JaHOMY BHUNAJKy SKICHO IOJIOHA,
OJTHAK TIEPEHECEHHS PEe3yNIbTaTiB, OJEeP’KaHUX
Ha TOHKOIIIAPOBOMY IIperiapari Ha peajbHy CHC-
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Puc. 5. KputnuHe ha3oBe nepeTrBOpPEHHSA Yy TOHKOMY Liapi
€pUTPOKOHLIEHTpaTy 3 KpiokoHcepsaHToM LIHAITTIK-11, npu
oxonomkeHHi napamu LN,: A — cTagia posnagy posduHy 3a
cniHoganbHMM MexaHiamoM; B — HacTynHa cTagia npouecy
po3najgy po3dMHy 3a MexaHi3MOM HyKreauii-poCcTy 3apoakKiB.

Fig. 5. Critical phase transition in thin layer of erythrocyte
concentrate with CRIHBT-11, under cooling with LN, vapours:
A is spinodal decomposition mechanism; B is nucleation
and growth decomposition mechanism.

It is of common knowledge that liquid solution
may decompose via two mechanisms, namely
nucleation and growth and spinodal ones [40]. In
the latter case, the dispersion degree of new phase
is lower, and hence the possibility of crystallization
increases due to the greater probability of critical
nucleus formation via homogeneous nucleation. This
explains a dendritic structure of crystalline phases,
being specific for spinodal decomposition mecha-
nism in liquid solutions (see Fig. 2) [40].

1.O. Nekoz et al. [29] have used highly diluted
erythrocyte suspensions in order to reduce an optical
density of the system, thereby facilitating visual
observation of processes. The phase behaviour when
changing the state parameters in diluted and concent-
rated dispersed systems, even with the same chemical
composition, may be different. Extrapolating the
results obtained in low-concentrated model systems
to more concentrated real cryobiological systems
may be incorrect.

In order to improve the phase transition visuali-
zation, a drop of erythrocyte concentrate, applied to
glass surface, was partially removed with filter paper.
In this case, the thickness of suspension layer and,
consequently, its optical density decreased while
maintaining a high cell concentration, ensuring the-
reby more detailed observation of PT stages. In
such a system, a chaotic movement of cells due to
convective flows and Brownian motion became
noticeable. The Fig. 5A illustrated the occurrence
of dendritic structures specific for spinodal decom-
position in LLPT. The Fig. 5B showed the next stage
of decomposition, implementing via nucleation and
growth mechanism. This stage was accompanied
by a sharp increase in light scattering, i. e. critical
opalescence, just as in a full-layer sample of eryth-
rocyte concentrate. When the polarizers were in the
crossed position, no light transmission was obser-
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TeMy, MO)ke OyTH HEKOpeKTHUM. KoHTakT 3 (imbr-
PYBIBHUM MarnepoM MOXe IOpPYIIyBaTH CIiBBiJ-
HOIICHHS MIX JUCIIEPCHOIO (Pa3010 Ta TUCTIEPCIHHIM
CEepeIOBHILEM y KIITHHHIH 3aBici.

VY pob6oti O.T. Xoxpko [22] Oyi0 mokazaHo, IO
MIPUYUHOIO TEMOJI3y TPH OXOJOKEHHI KOHIIEHT-
pary AOHOPCHKUX epUTPOIUTIB Oe3 A0aBaHHS Kpio-
rxorcepBanTa € LLPT, ockinpku LCPT mig gac oxo-
JIOJUKEHHS TAKOi CHCTEMH HE PEECTPYBABCSL.

3 BHKJIAJICHOTO BHIIE BUIUIMBAE, MO (azosa mo-
BeJIiHKa y MPOILIECI OXOJOMKEHHS K HATUBHOTO, TaK
i MOIU(IKOBAHOTO JOJAaBaHHSM KPIOKOHCEPBaHTa
KOHIIEHTPATy EpUTPOLMUTIB sIKicHO mojiOHa. Kinie-
BUH pe3ynabTar MPOLECY OXOJIOKCHHS-HArpiBaHHsI
KIIITHHHOI 3aBHUCI, SIKMI BUPa)XXaeThCs B 30epekeHHI
LTICHOCTI KJIITUH TUIBKM 32 MPUCYTHOCTI B CHCTEMI
KPIOKOHCEPBaHTa 1 3aJEXKUTh Bijl KUIbKICHUX Xapak-
tepucTtuk edekriB DII.

Jliis OpiBHSIBHOI OILIHKK 3MiHA 00’ €MY CHCTEM
y 0ik 30inbenns npu @I ekcnepumenTanbHi 3pas-
KM TIOMIIIajdl B CKIISHI KaIliJIspy 1 OXOJOKYBaIIN
B IIEHOIUIACTOBIM BaHHI, PO3MIIIEHNH Ha TOBEPXHI
piaxoro azory. Ha HacTymHOMY eTarti 10CIiKyBaIH
KOHIICHTPAT HATUBHUX €PUTPOLIMTIB, HOTO TeMOoi3ar,
OTPUMaHHUH NUIIXOM MONEPEJHBOTO 3aMOPOXKYBaH-
HA, 1 KOHIICHTPAT €PUTPOITUTIB 3 JOJaBaHHSIM Kpio-
KOHCEPBAHTA.

MexaHiyHe pyHHYBaHHS KaIlisipiB BHACIIJIOK
30inmpmieHHsT 00’emy cucremu npu DIl crnocrepi-
rajnocs TiJBKH Yy 3pa3kax, [0 He MICTHJIM KPiOKOH-
cepanra. Kamimsipu, siki Oynmm 3a-
MTOBHEHI TOTEePEeTHHO TeMOJTI30BaHIM
CpUTPOKOHIIEHTPATOM, TAKOXK PYHHY-
BaJIMCS TiJ] 9aC OXOJIOMKEHHS (puc. 6,
A). Ile Bkazye Ha iACHTUYHICTH (a-
30BOi MOBEIHKHM IIMTOIUIA3MH EPUT-
POLIUTIB TIPU OXOJIOKEHHI SIK IIUTO-
IUTa3MU BCEPEAMHI KIITHH, Tak H Y
BIJIbHOMY CTaHi.

Kaminsipu, 3amoBHEHI KpikOHCep-
By&JIbHAM  PO3YHHOM L[H%'Hl" TIK-11;
y BUIBHOMY CTaHi, HE pyHHYBaJIUCS
y mporieci oxonomkeHHs (puc. 6, B).

3a CyKyTHICTIO OIepKAHUX PEe3yITh-
TaTiB MOXKHA IIWTH BUCHOBKY, IO
TOJIOBHOIO IIPHYMHOIO TEMOJI3y epH-
TPOLIUTIB € 30iIbIIEHHS 00’eMy ix
IUTOIUIA3MH TIiJ] 9aC OXOJOKEHHS
BHacIifok peanizamii LLPT.

3axucHa 10 BiIHOLICHHIO 70 CPUT-
POLIUTIB [isi KpiOKOHCEpBAaHTa TOJIs-
ra€ B 3MEHIICHH] CTyIeHs! 301IbIICHHS
00’emy nipu DI ix ruTomIa3Mu, Ximiy-
HO MOAM(]IKOBAHOI UISIXOM J0/1aBaH-
HSl KPIOKOHCEPBYBAJIBHOTO PO3UHHY.
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ved, thus indicating the absence of ordered crystal-
line phase in the system. In thicker specimens, the
stage of spinodal decomposition may be neither
present nor observed due to their significant optical
density.

The phase behaviour when cooling a drop of
erythrocyte concentrate and a thin-layer model system
is here qualitatively similar, but it may be incorrect
to translate the results obtained in a thin-layer
preparation onto the real system. Contact with filter
paper can disrupt the relationship between disper-
sed phase and dispersion medium in cell suspension.

The own investigations showed the hemolysis
during donor erythrocyte concentrate cooling with
no cryopreservative supplement to result from the
LLPT, since no LCPT was recorded during such
a system cooling [22].

Hence followed, that the phase behaviour during
cooling of both native erythrocyte concentrate and
the one modified with cryopreservative supplement
was qualitatively similar. The final result of coo-
ling-warming of cell suspension, manifested in cell
integrity preservation only with a cryopreservative
agent presence in the system, depended on quantita-
tive characteristics of PT effects.

In order to comparatively assess a change in sys-
tem volume towards increase during PT, the expe-
rimental specimens were placed into glass tubes
and cooled in a foam bath placed on surface of
liquid nitrogen. The next step was to investigate the

Puc. 6. PyiHyBaHHS CKNSHUX KaninspiB NpoTAroM Mpouecy OXonop-
XeHHs-HarpiBaHHa (A). Kaninspu 3i cTikepamy 3anoBHEHI remorisoBa-
HUM epiTPOKOHLEHTpaToM, a 6e3 cTikepa — HaTUBHUM EPUTPOKOHLIEHT-
patoM; B — BigcyTHICTb npouecy pyrHYBaHHS Kaninspis 3 poO34MHOM
LHOIMTIK-11, nicns oxonomkeHHs.

Fig. 6. Destruction of glass tubes during cooling-warming (A). Tubes
with stickers are filled with hemolyzed erythrocyte concentrate, and
those without sticker are filled with native one; B is no destroyed tubes
with CRIHBT-11, solution after cooling.
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Bimomo, mo LLPT € 3BOpOTHMUM MpOIECOM IO
BiJHOIICHHIO JI0 3MillyBaHHA [5], SKOMy 9acTo He
BJAaCTHBA aJUTUBHICTb. O0’€M OTPUMAHOTO PO34H-
HY, 4acTillIe 3a BCe, HE JIOPIBHIOE 3aralbHOMY 00’ eMy
BHXIJTHUX KOMIIOHEHTIB. 3MEHIIIEHHS 00’€My B TIPO-
1eci 3MilTyBaHHS KOMIIOHEHTIB OTPUMAlI0 Ha3By —
«KOHTpakiis». O4eBHIHO, CTYIiHb KOHTPAKIIi 3ae-
JKUTH BiJl XIMIYHOTO CKJIaay. Briepire 1ie sBHIe 10-
ximagHo Oymo BuBdeHo JI.I. Menneneesum y 1865 p.
[14].

PozunHN € HEBU3HAYCHWMH XIMIYHHMH CITOJTY-
KaMH, B SIKHX HUISIXOM (IYKTyaliil yTBOPIOIOTHCS
KJIacTepu onHO- a0o0 pi3HOpigHMX MoJiekya. Kia-
CTepH3allis MPY OJHAKOBUX KOHLEHTPAIIAX Yy CIHp-
TOBO-BOJHHMX pO3YMHAX (TIILEPUH € TPUATOMHUM
CIHMPTOM) 30UIBIIYETHCS 3 TMOHMKCHHSIM TeMIlepa-
Typu [23].

Mopaudikaiiiss XiMiYHOTO CKJIaay IUTOIUIA3MHU
MOXKe BifOyBaTHCS HE TIIBKH IIIJISIXOM JOJaBaHHS
[IPOHUKHUX 1 HEMPOHHKHHUX KPIOMPOTEKTOPIB, aie
W IIUTSIXOM BHITAPOBYBAHHS YaCTUHH BOIU 3 KpioOio-
norignoi cucremu. Tak, O.T. Xonbko Ta cmiBaBT. [36]
OMHCAN CIOCI0 KPIOKOHCEPBYBaHHS MEPHCTEMHU
JacHUKY 0e3 BHUKOPHUCTAHHS KpiompoTeKTopiB. Ekc-
MEPUMEHTH 3 III€I0 POCIMHHOIO TKAHMHOIO TIPO-
BOJIMITUCST B 3MMOBHI TEpioJl, KOJIM YaCTHHA BOJIH
MIPUPOJHIM YHHOM BUIIApOBYBaiacs B Iporieci 30e-
piranHsa MUOYIMHN POCIHHU.

OxonomxeHHs 61000’ €KTIB BUKOPUCTOBYETBCS SIK
3 METOIO 1X KOHCEpBYBaHHs, TaK i pyiiHyBaHHs. Ha-
SIBHI TEOPETUYHI TIlOTE3H IIOJI0 MPOIECIB Kpiojec-
TPYKLil NaToJIOTiYHO 3MIHEHHX TKaHWH y KpioXipyp-
rii uinkom noOyaoBaHI Ha YSBICHHI MPO MPOLECH
KpHcTajizalii, ajile BOHU HE BPaXOBYIOTh MOKJIHBICTb
sniticienns @11 tuny pinuna-pinuna [18].

Buxonsiuu 3 oTprMaHUX JaHUX Ha TMPAKTHUI MOX-
Ha PEKOMEHyBaTH MaKCHMAalIbHO 301IbITyBaTH KOH-
LIEHTPAIif0 KIITHHOI 3aBici Mepes] OXOJIOKEHHSIM.

OTxe, OOUITBHE IMomaibiine BUBYEHHS poii DII
TUTTy pigUHA-piTuHA 3a YMOB 3MIiHH IapamMeTpiB
CcTaHy OIOJIOTIYHHX CHCTEM, 3 METOIO OUIBIN HiTKO-
ro pO3yMiHHA (DI3UKO-XIMIYHHUX TPOIECIB TIPU Kpio-
KOHCEPBYBaHHI Ta KpPIOACCTPYKINii, IO JO3BOJIUTH
CIPOCTUTH 1 IPUCKOPUTH PO3POOKY TEXHOJIOTIUHUX
MPOIIECIB.

BucHoBku

1. Pesynmbrati OLIHKM KOHCHUCTEHILII Ta MOJISpH3a-
LiifHOT MIKpOCKOMii B MpPOLECi OXONOLKEHHsI-HATPi-
BaHHA KpiOoKOHCepByrodoro poszumy LTHJIITIK-11,
MoKa3zany HasiBHiCTH y cuctemi @Il tumy piguna-
piavHa, 10 MPUBOIUTH 10 YTBOPEHHS BHUCOKOKOH-
LIEHTPOBAHOI eMYIIbCii, MIUIBHICTH SKOi HIDKYA 3a
LIUTBHICTh PO3YMHY, 3 SIKOTO BOHA yTBOpeHa. O3HaK
KpHCTaJTi3amii B IOCIIHKyBaHii CHCTeMI He BUSIBJICHO.
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concentrate of native erythrocytes, its hemolysate,
procured by preliminary freezing, and erythrocy-
te concentrate, supplemented with cryopreservative
agent.

Mechanical destruction of glass tubes due to an
increase in system volume at PT was observed in
cryopreservative-free samples only. The glass tubes,
filled with pre-hemolyzed erythrocyte concentrate,
were also destroyed during cooling (Fig. 6A).
This indicated the identity of phase behaviour
of erythrocyte cytoplasm during cooling both inside
and outside the cells.

The glass tubes filled with CRIHBT-11, cryo-
preservative were not destroyed during cooling
(Fig. 6B).

When summarized, these results suggest an in-
creased volume of erythrocyte cytoplasm during
cooling as a result of LLPT implementation to be
the main cause of their hemolysis.

Protective action of cryopreservative agent for
erythrocytes is to reduce the surplus increase of their
cytoplasm during PT, when it is chemically modi-
fied with supplement of cryopreservative solution.

The LLPT is known to be a reverse process as
for mixing [40], to which the additivity is not often
inherent. The volume of the resulting solution is
usually not equal to the total volume of original
components. The reduction in volume during compo-
nent mixing was called contraction. Obviously, the
contraction degree depends on chemical composition.
For the first time this phenomenon was studied
in detail by D.I. Mendeleyev in 1865 [27].

Solutions are unspecified chemical compounds,
where the clusters of homo- or heterogeneous mo-
lecules are formed by fluctuations. Clustering in
alcohol-aqueous solutions (glycerol is a triatomic al-
cohol) at the same concentrations is increased with
temperature reduction [8].

Modification of chemical composition of cyto-
plasm may occur not only by adding permeable and
impermeable cryoprotectants, but if evaporating
some water from cryobiological system as well. For
example, O.T. Khodko et al. [23] described the
cryoprotectant-free technique for garlic meris-
tem cryopreservation. Experiments with this plant
tissue were carried out in winter, when some water
was naturally evaporated during plant bulb sto-
rage.

Cooling of biological objects is used both for their
preservation and destruction. Existing theoretical
hypotheses about cryodestruction of pathologically
altered tissues in cryosurgery are entirely based
on ideas about crystallization processes, but they
do not take into account a possible implementation
of liquid-liquid PT [32].
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2. Pe3ynbTartu CrioCTepekeHHs 3a MPOLIECOM KPH-
TUYHOI OMaJICCIEHIlii Ta JaHi MOJSAPU3AMIHNHOT MiK-
pOCKomii TMoKa3aid, M0 B IPOIECi OXOJOMKEHHS-
HarpiBaHHSI KOHIIGHTPAaTy EpPHUTPOIHUTIB JOHOPCHKOI
KpoBi B cymii 3 kpiokoncepsantom LTHJIIITIK-11,
peamizyerscst kputnyae DIl Tumy pinnHa-pinuHa
3a MEXaHI3MOM HyKJIeallii-pocTy 3apoaki. O3Hak
KpHCTali3amii B JOCHTIDKYBaHI CHUCTeMi HE BCTa-
HOBJICHO.

3. MeTromoM TOJNSPHU3AIIHHOT MIKPOCKOTIi BCTa-
HOBJICHO KpPHUCTAaJi3allif0 HaJ0caay KIITHHHOI 3aBici
y MPOILECi OXOJIOJKCHHS B aHAJIOTIYHHMX EKCIIepH-
MEHTAJIbHUX YMOBaX.

4. BcraHOBIE€HO, L0 3axHMCHA JMdiS PO3YHHY
HAITTIK-11, nonsrae B sMeHIeHHi mig gac DI
CTymeHs 301UIBIICHHS 00’€My ITUTOIUIa3MH EpHT-
pOLMTIB, XIMIYHUH CKIaJl SKOI 3MIHEHHH IUISXOM
JOZaBaHHS JI0 KIITHHHOI 3aBUCI PO3YMHY 3aXUCHHX
CTIOJYK.

5. ®i3uKO-XIMIYHI TIPOIECH B EPUTPOIUTAX Y
Tporieci KpPiOKOHCEPBYBaHHS 3a OIMMCAHOIO METO-
JIUKOFO CXO’Ki 3 TAKUMH, ITI0 PaHIIle BUBYAIKCS B pOC-
JIUHHIA TKAaHWHA — MEPUCTEMI YaCHUKY TIiJ] Jac Iie-
pEXOy 0 CTaHy XOJIOJOBOrO aHabio3y.

Aemop 8ucnosnioe enuboKy noosKy cnispooimuuysm 8iooiny
HanoCmMpykmypHux mamepianie Incmumymy CcyunmuasyiiHux
mamepianie HAH Yxpainu, c. n. c. 1abopamopii kpionpomex-
mopig k. 0. H. [laxomosiii 10.C. ma npogiouiii inxcenepyi Yepnu-
wenxo JI.I'. 3a mexuiuny 0onomozy 6 npogedenii ekcnepumenmie
ma 06pooYi 00epIHcanux Oanux.
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Proceeding from our findings, a maximum in-
crease in cell suspension concentration prior to coo-
ling may be recommended in practice.

Thus, further study of contribution of liquid-liquid
PT when changing state parameters of biological
systems is expedient for a better understanding of
physical and chemical processes in cryopreserva-
tion and cryodestruction, that would facilitate and
accelerate the technology development.

Conclusions

1. The results on consistency assessment and
polarized light microscopy data during cooling-
warming of cryopreservative solution CRIHBT-11,
showed the presence in the system of the liquid-liquid
PT, resulting in formation of highly concentrated
emulsion, the density of which was lower vs. the one
of solution, from which this emulsion was formed. The
studied system exhibited no signs of crystallization.

2. The observation of critical opalescence and
data of polarized light microscopy demonstrated
the implementation of critical liquid-liquid PT by
nucleation and growth mechanism during cooling-
warming of donated blood erythrocyte concentrate in
a mixture with CRIHBT-11, cryopreservative agent.
No signs of crystallization were found in the studied
system.

3. Polarized light microscopy detected the crys-
tallization of cell suspension supernatant during
cooling under similar experimental conditions.

4. A protective effect of CRIHBT-11, solution
was found to reduce the surplus increase in vo-
lume of erythrocyte cytoplasm during fluid-liquid
PT, the chemical composition of which was chan-
ged with supplement of protective compounds to
cell suspension.

5. Physical and chemical processes in erythro-
cytes during cryopreservation by the described
technique are similar to those previously studied
in plant tissue, namely garlic meristem during ente-
ring the cold anabiosis.
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