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Pecpepar: Y ornsgi po3msgaeTbcsi MOXKIMBICTb BUMKOPUCTAHHSI CyYaCHUX HaHOTEXHOSOFYHMX PO3poOOK 3 METOK [AOCATHEHHS
ansTepHaTMBHUX KpiobionoriyHmx uinen. 3 ogHoro GOKy, 3acTOCyBaHHS HaHOMatepianis [03BONMUTL NIABULMTU (DYHKLLIOHANbHY MOB-
HOLiHHICTb AEKOHCEPBOBAHMX KIITUH 3aBASKN TaKMM YHIKaNbHUM XapakTePUCTUKAM HaHOYACTUHOK, SIK po3mip, oopmMa, NoOBEpPXHEBUI 3a-
pSiA, XiMiYHWUI cknag Towo. HaHomaTepiany MoXyTb BUKOPUCTOBYBaTUCS Y AIKOCTi HAHOKOHTENHEPIB A5t HENMPOHMKAaIbHMX KPiONpPOTEKTOpPIB
Ta BUKIMKaTW CYTTEBI 3MiHW KPUCTaNOYTBOPEHHS, TENMONPOBIAHOCTI Ta iHWMX BMACTMBOCTEW KMIiTVWH, TKAHWH i OpraHis, IO NiABULLYE
edeKTUBHICTb iX KpioOKOHCepBYBaHHSA. 3 iHLWOro 60Ky, NoegHaHe 3acToCyBaHHS HaHOMaTepianis i akTopiB HU3bKOTEMMNEPATYPHOIO 3aMo-
POXYBaHHSA BBaXa€TbCA MEPCNEKTMBHUM METOAOM [AECTPYKLii NaTonoriyHO 3MIHEHWMX KNiTWH | TKaHWH, OCKIMbKU MIHIMI3ye PpU3NK
BVIHVKHEHHS PeLAMBIB OHKOMATOMOrii NiCNsi HeAOCTaTHLOrO MPOMOPOXYBaHHS MyXJIMHHOTO CanTy.

KntouoBi cnoBa: kpiobionorisi, HAHOTEXHOMOTii, HAHOYACTUHKM, HAHOBIAIrPiB, Kpioabnavis.

Abstract: The review considers the possibility of using modern nanotechnological developments aimed to achieve alter-
native cryobiological goals. On the one hand, the use of nanomaterials will increase the functional value of thawed cells due to such
unique characteristics of nanoparticles as size, shape, surface charge, chemical composition, etc. Nanomaterials can be used as
nanocontainers for impermeable cryoprotective agents (CPAs) and cause significant changes in crystal formation, thermal con-
ductivity and other properties of cells, tissues and organs, that increases the efficiency of their cryopreservation. On the other
hand, the combined use of nanomaterials and low-temperature freezing factors is considered a promising method of destruction
of pathologically altered cells and tissues, as it minimizes the risk of recurrence of oncopathology after insufficient freezing-out

of the tumor site.
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Po3BUTOK HAHOTEXHOJIOTIH 1 MOJAJIBIIE BIOCKOHA-
JICHHS] CHHTE€30BaHUX HaHOMAaTepialiB — MPIOPUTETHI
3aBmaHHs Haykw i1 TexHikn XXI cropiuus. Ha cwo-
TOJHIIIHIN J€Hb €JUHOTO BU3HAYCHHS MOHATTS «HA-
HOTEXHOJIOTi{» He icHye. Hapasi melt TepMiH BKITIO-
9a€ <«JIOCTIKeHHS, BUMIPIOBAHHS Ta MaHITYJIAIT 3
00’eKTaMH Ha PiBHI aTOMIB i MOJIEKYJ pO3MIipOM HE
oinpmie 100 HanomerpiB (to6to 107 M) i BHKOpH-
CTaHHsI HOBHX BJIACTUBOCTEH 11X 00’ ekTiBY [8]. [1ep-
LIMM BYCHUM, SIKUH 3alIPOIIOHYBaB HAHOMETP SIK OfIU-
HULIO BUMIipY, OyB AnbsbOept Eitnmreiin. ¥ 1905 p.
BiH TEOPETHYHO JIOBIB, IIO PO3MIpP MOJEKYIH LyKpPY
JOPIBHIOE OTHOMY HAaHOMETPY.

VY 1959 p. mpodecop Kamidopriiicbkkoro TexHo-
moriyHoro iHcTHTYTy Piwapnm ®eitHnman, mnaypear
Ho6emniBeokoi mpemii (1965 p.), y nmekmii «Sk Oara-
TO MICILISl TaM, YHU3Y» BUCIIOBUB NPUITYLICHHS LI00
CHUHTE3y HOBHX MaTepiaiiB HUIIXOM aTOMHOTO 30W-
panss. Lleil BUCTYy BUEHOI'O BBa)KAETHCS MOYATKOM
HAHOTEXHOJIOTIYHOI PEBONIOLIT B HAyIll Ta TEXHIII.
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Development of nanotechnologies and further
improvement of synthesized nanomaterials are
priority tasks of science and technology of the
XXI century. To date, there is no clear definition
of ‘nanotechnology’. Currently, this term includes
‘research, measurement and manipulation of objects
at the level of atoms and molecules no larger than
100 nanometers (i. e. 107 m) and the use of new
properties of these objects’ [3]. The first scientist
who proposed a nanometer as a unit of measure-
ment was Albert Einstein. In 1905, he theoretically
proved that the size of a sugar molecule is equal
to one nanometer.

In 1959, Richard Feynman, a Nobel Laureate,
professor at the California Institute of Technology
(1965), suggested the synthesis of new materials
by means of atomic-scale assembly in a lecture en-
titled ‘There’s plenty of room at the bottom’. This
speech of the scientist is considered to be the begin-
ning of the nanotechnological revolution in science
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OnHak TepMiH «HAHOTEXHOJIOTI» Brepiie OyB 3ampo-
noHoBaHu# y 1974 p. smoncekum BuenuM Hopi Tawi-
IyTi Uil OMKCY Ipolecy MOOyZOBU HOBHX 00 €KTIB
1 MarepiaiiB 3a JOTIOMOTOK MAaHIITYJIAI]l 3 OKPEMUMHU
aTOMaMH.

CuHTe30BaHI HaHOMATepiaau BOJOMIIOTH SKICHO
HOBUMH (Di3UKO-XIMITHUMH, O107TOTIIHUMHE, (papMma-
KOJIOTIYHUMH BIIACTUBOCTSIMHU, SIKI CYTTEBO BiIpi3-
HSIIOTBCS BiJl BIACTHMBOCTEH THX CAaMHUX PEUOBHH Y
MacuBHOMY craHi. Cdepa 3acTocyBaHHsS HaHOMa-
TepialiB y Cy4acHii 0i0JIorii Ta MEIUITUHI JOCTATHHO
LIMPOKA: BiJi BUKOPHCTAHHSA y SKOCTI KOHTPACTHHX
areHTiB 13 METOI0 AIarHOCTHYHOI Bizyanizawii maro-
JOTIYHUX TporieciB [46] 10 po3poOKH cUCTEM alipec-
HOI JIOCTaBKH JIKapChKHX 3ac00iB Oe3rmocepeaHbo
B 30HY ypaxeHb [61].

s GioMenuaHOTO 3aCTOCYBaHHS HAaWOINBIN OIT-
TUMaTsHUMHU € HaHnodacTuHkH (HY) po3mipom Bifg 5
1o 60 uM [28]. BBaskaeThCs, 10 KOH IOTaTH JIIKApCh-
kux 3aco0iB 13 HY Takux po3MipiB 37aTHI HAKOTIHYY-
BaTHUCS TIEPEBAYXKHO B YPAKEHUX TKaHMHAX (30Kpema,
y TpaHC(OPMOBAaHUX) 3aBASKH €(PEKTy «IOCHUIICHHS
npoHukHOCTI Ta yrpumysanus (EITY) [10, 16]. 3a-
rajgbHe MOSICHEHHS! JAHOTO SIBUILA TOJISITAE B TOMY,
IO aKTHBHA Mpodjidepalis MyXIMHHUX KIITHH CTHU-
MYJIO€ IOCHJICHUH aHriOTeHe3 HOBOYTBOPEHHS 3a
paxyHOK WiABHMINEHHS TPOAYKIi (akTopa pocTy
€HJIOTEIII0 CY[IUH Ta iHIIWX YMHHHKIB pocTy. HoBo-
CTBOpEHI MyXJIMHHI CyIVHH 3a3BUYall € aOHOpMAaIIb-
HAMH 32 (OPMOIO Ta apXiTEKTyporo, IO IMOPYIIye
(hiziomoTiyHNH MEXaHI3M TMPOHUKHEHHS MOJCKYIT
1 pimmH, go3Boistoun HY abo HaHOKOHTEHHEpam
i3 JKapChKUMH 3aC00aMH BHOIPKOBO TPOHHUKATH 1
HAKOMMYYBATHCS BCEPEIUHI MYyXJIUHHOTO CaHTYy.

EdexTuBHICTS BUKOHAHHS alBTEPHATHBHUX KPio-
010JIOT1YHUX 1 KPIOMEAMYHUX 3aBJaHb HE MOMKIIH-
Be 0e3 BUKOPHUCTaHHS OCTaHHIX JOCSTHEHb (yHHa-
MEHTAJIBHOT HAayKW 1 HOBHX I1H)KEHEPHUX ITiJIXO/IiB
0 peamizaliii TpoIecy 3aMOpOKyBaHHS-BiIITPiBY,
BIIPOBA/DKEHHSI Cy4aCHMX HAaHOTEXHOJOrid. 3 on-
HOro OOKy, BHKOPHCTAaHHS HaHOMATEpialliB MOXKe
CIIPHUATH 30€pPEeKEHHIO JKUTTE3NATHUX 1 (YHK-
[IOHATHHO TIOBHOIIIHHUX 01000’€KTIB TIPU HAI-
HU3BKUX TEMIIeparypax, a 3 iHII0To, — IoTepeHs 00-
poOKa MyXJIMHHOTO CalTy HaHoMarepialaMu Tepe]
MPOBEJICHHSAM KpioalOmariii 3a0e3nednTth e(peKTUBHE
pYHHYBaHHS MaTOJIOTYHO 3MIHEHUX KJIITHH 1 TKAaHHH.

Opnniero 3 3aranpHUX MpobieM KpioOiosorii €
MOLIYK HOBUX OIOCYMICHMX 1 HETOKCHYHHX Kpio-
MIPOTEKTOPIB, €(PEKTUBHICTh SAKUX HE IOCTYHAETHCS
TPagULiIHHUM KPiO3aXHMCHUM PEYOBHHAM — JUMETHII-
cynmbokcuny (AMCO) Ta mminepuny, ane BOHH He
MaroTh CUCTEMHOT'0 TOKCHYHOI'O BIIMBY HA OPraHi3m
permmienta [17, 55]. IlepcneKTHBHAM y IBOMY Bij-
HOIIICHH] € BUKOPUCTAHHS TPEralio3H — JHCAXapHILy

and technology. However, the term ‘nanotechno-
logy’ was first proposed in 1974 by Japanese scientist
Nori Taniguti to describe the process of building
new objects and materials by manipulating indi-
vidual atoms.

The synthesized nanomaterials have qualitati-
vely new physicochemical, biological, pharmaco-
logical properties, which differ significantly from
the ones of the same substances in a massive state.
The scope of nanomaterials in modern biology and
medicine is quite wide: from the use as contrast
agents for diagnostic visualization of pathologies
[45] to the development of the targeted drug deli-
very directly to the affected area [61].

Nanoparticles (NPs) with a size of 5 to 60 nm
are the most optimal for biomedical application [26].
It is believed that conjugates of drugs with NPs of
this size are able to be mainly accumulated in the
affected tissues (in particular, in transformed ones) due
to the effect of enhanced permeability and retention
(EPR) [5, I1]. The general explanation for this
phenomenon is that the active proliferation of tumor
cells stimulates an enhanced angiogenesis of tumor
by increasing the production of vascular endothelial
growth factor and other growth factors. Newly for-
med tumor vessels are usually abnormal in shape
and architecture, that disrupts the physiological
mechanism of penetration of molecules and fluids,
allowing NPs or nanocontainers for drugs to
selectively penetrate and accumulate within the
tumor site.

The efficiency of alternative cryobiological and
cryomedical tasks is not possible without the invol-
vement of the latest achievements of basic science
and new engineering approaches to the implemen-
tation of freezing-thawing, the introduction of mo-
dern nanotechnologies. On the one hand, the use
of nanomaterials can help to preserve viable and
functionally complete bioobjects at ultra-low tempe-
ratures, and on the other hand, pre-treatment of the
tumor site with nanomaterials prior to cryoablation
will ensure effective destruction of pathologically
altered cells and tissues.

One of the common problems of cryobiology
is the search for new biocompatible and non-toxic
CPAs, the effectiveness of which is not inferior to
traditional cryoprotective substances, i. e. dimethyl
sulfoxide (DMSO) and glycerol, but which do not
have systemic toxic effects on a recipient [12, 55].
Promising in this regard is the use of trehalose, that
is glucose disaccharide, which has high cryopro-
tective properties, but is not able to penetrate via
cell membrane. Since the mammalian cells are
not capable of endogenous trehalose synthesis, a va-
riety of biotechnological approaches have been de-
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IJIFOKO3H, sIKa BOJIOJI€ BHCOKMMH KPiOMPOTEKTOPHU-
MU BJIACTHBOCTSIMH, aJie HE 3[aTHa J0 NPOHUKHEHHS
Kpi3b KJIITHHHY MeMOpany. OCKUJIbKH KIIITHHU CCaB-
L(iB HE CPOMOXKHI /10 €HIOTEHHOTO CHHTE3Y Tperajo-
31, Oy10 po3poOIeHO Pi3HOMaHITHI 010TEXHOJIOTIYHI
MIAXOMU AJISt JOCTaBKU TPErajo3U BCEPEOUHY KIITHU-
HA: Mikpoin’exiis [14], enexkrpomoparis [72], piau-
HOodazamit eHaonuTo3 [47]. Ciix 3a3HAUNTH, 10 BKa-
3aHl MiAX0IM MAIOTh ICTOTHI 0OMEKEHHS 1 HEIOIIKH,
TOMY BHKOpUCTaHHS moiimepaux HY s iHKamcy-
JIALIT Ta JOCTABKU TPErajo3u BCEPEIUHY KIIITHHH €
JIOCHUTB TiepcriekTuBHUM. Rao W. Ta cmiBasr. [50, 70]
PO3pOOHIN TEPMOUYTIUBY MOJIMEPHY HAHOKAIICYITy
Pluronic F127-PEI, mo cknamaerses 3 ampidinbHOTO
TPHOXOJIOYHOTO COTIOIIMEPY MOJIIOKCHETHUIICHY, OJOK-
TTOJIIOKCHIIPOTTiJIeHy 1 Onokmomniokcuernieny (PEOx-
PPOy-PEQOz), a Takox nmomietmneniminy (PEI), B axy
Oy BMIIIIEHI MOJIEKYJH Tperano3n. Hanokarcymm
mpu 37°C Oynu cTabinbHI, MaJIM HEBEITUKHH PO3MIp
(95 uM), 3aBASIKM YOMY BOHHM JIETKO MPOHUKAIN BCE-
penuny ¢iobpoonactie (miHis NIH 3T3) nwisixom
CHJIOIUTO3Y, iX MOJiMEepHa O0OJIOHKA Majia HU3bKY
MPOHMKHICTh JAJsl Tperano3u. [lo3uTUBHUI 3apsij
HaHOKArcyn 3abe3rneuyBaB iX BUCOKY aiHHICTH 110
HETaTHBHO 3apsi/UKeHOi KIITHMHHOI MeMOpaHH BHa-
CIIIZIOK €JIEKTPOCTATUYHOT B3a€MOIi. 3HMKEHHS TEM-
neparypu A0 22°C BUKJIUKAJIO IIBUAKE BUBIIbHEHHS
Tperajgo3u 4epe3 MeXaHidHe PyHHyBaHHS OOOJIOHKH
HAHOKAIICYJ, IO CIIPHUSIIO ITiIBUIICHHIO ii BHYTPIII-
HBOKJTITUHHOT KoHIIeHTpaIlii 10 0,3 M. Takum urHOM,
BHYTPIITHHOKIITHHHA KOHIICHTPAIiSl TPETajao3u H0-
csirana puoauzao 0,1-0,3 M, mo moctaTHRO TS 3a-
XHUCTY KJIITHH CCaBI[iB BiJl XOJIO[IOBOTO CTPECY Iij] 4ac
KpiOKOHCEepBYBaHH:I /200 siodimizarii.

Hapmani aBTOpM BIOCKOHAIMIM JaHY HaHOKOHC-
TPYKLIIO HIISXOM BHUKOPUCTAHHS XiTO3aHy SIK areH-
Ta, IO 3IMBae OOOJNIOHKH HaHOKaricyn [69]. OO6-
IPYHTYBaHHAM Takoi Moxaudikamii € ii BiaMiHHa
010CYyMICHICTb, 3aBISKH TPUPOMAL JBOX CKIIaJJOBHX
HaHoKaricyn nomimepiB: Pluronic F127, sxuii Oys
cxBanennii FDA (Food and Drug Administration) amst
BUKOPHUCTAHHS B SKOCTI XapuoBOi JOMIIIIKH i apma-
[IEBTUYHOTO 1HTPEMIEHTA, Ta XiTO3aHy — TOJIicaxapu-
Jly TIPUPOJTHOTO TTOXOJIKEHHSI, 10 3a3BHYail MICTHTh-
csl 'y Mopenpoaykrax. [IpogoBKyrUH JOCHTiKEHHS
B JaHOMy HampsiMKy, W. Rao Ta cmiBaBt. [50] 3a-
CTOCYBQJIU TEHIMIH — NPUPOJHHUN areHT POCIUHHO-
ro TMOXOMKEHHs JUIS 3LIMBAHHS XiTO3aHY B CKJIafi
HaHokaricyn Pluronic F127-xito3an 1 Hagamu a0 mi€i
KOHCTPYKLIii CHCTEMY KOHTPOJIbOBAHOTO BHBiJIb-
HEHHA Tperano3u npu 3MmiHi pH cepemoBuia.
OpneprkaHi pe3yibTaTH CBiAYaTh TPO MOXKIUBICTH
YCITIITHOTO KPIOKOHCEPBYBAHHS JTIFONCHKUX CTOB-
OypoBHX KJITHH >XHPOBOTO IMoXomkeHHs (human
adipose tissue-derived stem cell — hADSC) 3 Buko-
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veloped to deliver trehalose to the cell: microinjec-
tion [19], electroporation [72], and liquid-phase en-
docytosis [46]. It should be noted that these approa-
ches have significant limitations and disadvantages,
so the use of polymeric NPs for encapsulation and
delivery of trehalose into a cell is quite encouraging.
W. Rao et al [49, 70] developed a heat-sensi-
tive polymer Pluronic F127-PEI nanocapsule, consis-
ting of an amphiphilic three-block copolymer of po-
lyoxyethylene, block polyoxypropylene and block
polyoxyethylene (PEOx-PPOy-PEQz), as well as po-
lyethylenimine (PEI), wherein the trahalose mole-
cules were placed. Nanocapsules at 37°C were stable,
small in size (95 nm), so they easily penetrated
into the fibroblasts (NIH 3T3) by endocytosis,
and their polymer shell had low permeability to
trehalose. The positive charge of the nanocapsules
ensured their high affinity for the negatively charged
cell membrane due to -electrostatic interaction.
The decrease in temperature to 22°C caused the
rapid release of trehalose due to mechanical des-
truction of the shell of nanocapsules, which in-
creased its intracellular concentration up to 0.3 M.
Thus, the intracellular concentration of trehalose rea-
ched approximately 0.1-0.3 M, which was suffi-
cient to protect the mammalian cells against a cold
stress during cryopreservation and / or lyophiliza-
tion.

The authors further improved this nanostruc-
ture by using chitosan as a crosslinking agent for
nanocapsules [69]. The rationale for this modifi-
cation is its excellent biocompatibility, due to the
nature of the two constituent nanocapsules of poly-
mers: Pluronic F127, which was approved by the
FDA (Food and Drug Administration) to be used
as a food impurity and pharmaceutical ingredient,
and chitosan being a polysaccharide of natural origin,
usually contained in the seafood. Continuing research in
this direction, W. Rao et al. [49] used genipin, a na-
tural agent of plant origin for crosslinking chito-
san in the Pluronic F127-chitosan nanocapsules
and provided this design a system of controlled release
of trehalose when changing the pH of the medium.
The obtained results indicate the possibility of suc-
cessful cryopreservation of human adipose tissue-
derived stem cells (hADSC) with the use of nanotre-
halose. For this purpose, hADSC were incubated
with pH-sensitive nanocapsules before cryopreser-
vation. Cumulative release of trehalose from these
nanocapsules after their accumulation in late endo-
somes was revealed. This process was initiated by
low pH values of endosomes and cell lysosomes
(pH = 5), which provided rapid intracellular ac-
cumulation of trehalose after the natural disinteg-
ration of endosomes [49].
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pucTaHHsIM HaHOTperanosu. 3 wiero meroro hADSC
iHKyOyBanmu 3 pH-uyTnuBMMH HaHOKamcyaamu Iie-
pell KpiOKOHCEpBYBaHHSM. BUSBIIEHO KyMyJISITUBHE
BUBIJIbHEHHSI TPETANO3U 3 JaHUX HAHOKAICYJI Micys
HaKOMMYEHHS Yy Mi3HIX eHpocomMax. Lleit mporec OyB
IHIIHOBaHWY HU3bKUMH 3HaUYeHHAMH pH eHmocoMm i
nizocoM kmitaH (pH = 5), mo 3abe3neuyBaio mBHIKe
BHYTPIITHBOKJIITHHHE HAKOMUYEHHS TPETaJI03H TiCIIs
MIPUPOTHOTO po3maxy eamocom [50].

Ha nymxy po3poOHMKIB, NaHMH MiAXiJg MOXKe
MOBHICTIO BHKIIIOYUTH BUKOPHUCTAHHS BUCOKOTOK-
cHYHKX KpionpoTekropiB Tuy JAMCO mix vac 3amo-
poxyBanHss hADSC 3aBasiku JJOCSTHEHHIO BUCOKHUX
BHYTPIIIHBOKIITUHHUX KOHLEHTpaWildl Tperanosu,
TOOTO BHKOHYBaTH (PyHKIIiIO OJHOKOMIIOHEHTHOTO
e(heKTUBHOTO BHYTPINIHBOKIITHHHOTO KPiOMPOTEK-
Topa. BimcyTHicTh TOKCHYHOI Mii HaHOKArCyn Ha
hADSC miarBepKyIOTh TOKa3HUKHA 1X Tpodide-
parttii, HaBiTH micnsa 3-geHHoi iHkyoamii [50]. Ilicms
KpiOoKOHCepBYBaHHs kuTTe3narHicth hADSC, Ha-
BaHT)KCHUX HAHOTPErajio3010, HE BIAPI3HSIIACS BiJl
AHaJIOT1YHOTO MOKAa3HMWKA CTAHIAPTHO 3aMOPOKECHUX
kiituH 13 JIMCO ((91,2 + 3,4) i (88,2 £ 2,2)% Bia-
noBinHO). Kpim Toro, micnst IeKoHCepByBaHHS TaKi
KIIITHHY 30epiraiu MyIbTUTiHIHHAN TudepeHIiHHIHA
norennian. CyTTeBOI pi3HULI 32 CTYHEHEM eKcrpecii
YOTHPBHOX «CTOBOYPOBUX» T'€HIB, BKIItOUatoun Nanog,
Sox2, Klf4 i Oct4, Mi» KOHCEpPBOBaHUMH 3 HAHOTpE-
rayio3oro 1 HatuBHUMA hADSC He Oys0 BUSABIECHO.

TakuM 4MHOM, JIOCTaBIEHHS TPETano3u Bcepe-
IUHY KIITAH 32 TOTIOMOTOI0 mojiiMepanx HY — mep-
CHEKTUBHHH 1 €(heKTUBHUH MiAX1A 10 KPIOKOHCEPBY-
BanHsg MCK, sikuii He moTpedye BiIMUBAHHS KIIITHH
BiJl KpiOIIPOTEKTOpA.

MOXJIMBUMH OOMEXEHHSIMH BHKOPUCTaHHS Ja-
HOTO METOy MOXke OyTH uyac iHKyOauii, HeoOXiTHUH
JUIs  CTBOPEHHS JOCTaTHbOI BHYTPIIIHBOKIITHH-
HO{ KOHIIeHTpauii Tperano3u. Y gocmimpkeHai W. Rao
ta criBaBT. [50] hADSC inkyOyBanu 3 HaHOTpera-
JI03010 MPOTATOM 24 TOAMH 10 KPIOKOHCEPBYBAaHHSI.
Bukopucranus HY anaruty sik cucteMu ajpecHOl
JOCTaBKU TPErajio3u 103BOJIMIO CKOPOTUTH 4Hac iH-
KyOartii in vitro no 6 ronun ipu 37°C [56]. Ha kiitu-
Hax INAJIKAX M’SI31B CYIUH in vitro Oyjno MOKa3aHo,
o Bukopucranus HY anaruty 3a0e3neuye BHyTpil-
HBOKJIITUHHE HAKOMUYCHHS BEJIMKUX KOHIICHTpPAIiN
Tperanosu ((no 237 + 8,5) MM) mpoTIroM KOpOTKO-
ro yacy. Bimomo, 1o Gimrap MeMOpaHU KIITHH s
HY amaruty € HENpOHUKHHMM, OIHAK BOHM 37aTHI
3MIHIOBaTH MEMOpaHHUI MOTEHI[iaN KJIITHH, CIIPH-
s104M  (pOpMYBaHHIO TOp, IIO JO3BOJISIE Tperanosi
MIPOHUKATH Beepenuny kiituau [54]. HomaBanns HY
arnaTuTy A0 TPErajo3d Nepei KPiOKOHCEpBYBAaHHIM
AOPTAIBHUX TJIAJKOM s130BUX KiiTHH Ha 30% 30111b-
IIMJIO TIOKA3HMK X JKUTTE3MATHOCTI MICHIS BIAITPiBY

The developers believe this approach can comp-
letely eliminate the use of highly toxic CPAs such
as DMSO during hADSC freezing by achieving
high intracellular concentrations of trehalose, i. e.
to perform the function of a one-component effec-
tive intracellular CPA. The absence of toxic ef-
fects of nanocapsules on hADSC is confirmed by
their proliferation indices even after 3-day incuba-
tion [49]. After cryopreservation, the viability of
hADSCs loaded with nanotrehalose did not differ
from that for the cells tradiotinally frozen with DMSO
(91.2 £ 3.4) and (88.2 £ 2.2)%, respectively).
In addition, after thawing such cells retained a
multilinear differential potential. There was no sig-
nificant difference in the expression rate of the
four ‘stem’ genes, including Nanog, Sox2, KIf4 and
Oct4, between preserved with nanotrehalose and
native hADSC.

Thus, the delivery of trehalose into cells by means
of polymeric NPs is a promising and effective ap-
proach to cryopreservation of MSCs, which does not
require washing the cells from the CPA.

Possible limitations of the use of this method
may be the incubation time required to create a
sufficient intracellular concentration of trehalose.
W. Rao et al. [49] incubated hADSC with nano-
trehalose for 24 hours before cryopreservation. The
use of apatite NPs as a targeted delivery system of
trehalose reduced the incubation time in vitro to
6 hours at 37°C [56]. In vitro vascular smooth
muscle cells have been shown to use apatite NPs
to provide intracellular accumulation of high con-
centrations of trehalose (up to 237 £ 8.5) mm)
over a short period of time. It is known that the
bilayer of cell membranes for apatite NPs is im-
permeable, but they are able to change the mem-
brane potential of cells, promoting the formation
of pores, which allows trehalose to penetrate
into the cell [54]. The addition of apatite NPs to
trehalose prior to cryopreservation of aortic smooth
muscle cells increased their viability after hea-
ting by 30% if compared to the non-NPs group.
Moreover, the viability of the thawed cells when
using NP with trehalose did not significantly differ
from the same index when using DMSO [56]. The
advantage of apatite NPs is their slight cytotoxi-
city. The above allows us to consider the use of
NPs as a perspective way to improve the cryopre-
servation efficiency for aortic cells.

Thus, currently the experiments on nanoencapsu-
lation of trehalose are at the initial stages of the
study and its effectiveness is being tested for dif-
ferent cell types. However, the results allow us to
recommend this approach for wider application
in cryobiological practice.
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MOPIBHSHHO 3 rpymoto 0e3 Bukopuctands HY. Bimbin
TOTO, >KUTTE3IATHICTD JICKOHCEPBOBAHUX KIITHH MHPH
BukopuctanHi HY pasom i3 Tperano3or He mana cra-
TUCTHUYHO 3HAYYIIMX BiIMiHHOCTEH BiJ aHAIOTIYHOTO
nokazHuka Tnpu Bukopuctandi JIMCO [56]. Bpaxo-
BYIOYM BUILIEHABE/ICHI PE3yNIbTaTH Ta HE3HAYHY IUTO-
TokcmuHicTh HY amaruTy iCHye MOMXJIHMBICTH OiTBIIT
IIMPOKOTO iX BUKOPUCTAHHS JUIS TiBUINEHHS e(eK-
THBHOCTI KPIOKOHCEPBYBAaHHS a0PTATBHUX KJITHH.

TakyuMm 4YMHOM, Ha JJ@HUM 4Yac EKCIEPUMEHTH 3
HAHOKAICYJTIOBaHHS TPEerajo3u Ui 3aCTOCYBaHH:I
B Kpi0O10JIOTiUHIN MpaKTHLi 3HAXOAATHCS Ha MoYar-
KOBHMX eTamax JIOCIHi/DKeHHS, a e()eKTUBHICTh I[LOTO
MiAX0My NepeBipA€ThCA A PI3HUX THITIB KITITHH.

JKutTe3narHicTh KpiOKOHCEPBOBAaHUX KJIITHH 0Oa-
raro B 4YOMY 3JICKHUTh BiJI MIBUIKOCTI KPUCTAIIOYT-
BOPEHHS Ta TUIY KPUCTAJIIB JIbOMY, 5IKi (HOPMYIOTHCH.

Bucoki 3HaueHHS TEIUIOMPOBITHOCTI PSAIY MeETa-
JIeBUX, HeMeTajeBux 1 momiMepHux HY o00ymoB-
JIIOIOTH CYTTEBI 3MiHM KPHUCTAJIOYTBOPEHHS Y KIIITH-
Hax, JI0 CKJIaly SIKHX BOHH MOTPAIUIAIOTH [58]. Brep-
i€ TOCWJICHHS TETUIONPOBIAHOCTI PiJUH IIISXOM
JI0/1aBaHHS KOJIOIIHUX YACTHHOK 13 BUCOKOIO TEIIO-
MPOBIAHICTIO OyJa TEOPETHYHO 3ampOIOHOBaHA Y
1881 p. dx. C. Makcsemiom [45]. Tlepenbauanocs,
IO TEIUIONPOBIAHICTh CYCHEH3iH, sKi MIicTATh cde-
pUYHI YaCTHHKH, IiJIBUIIYEThCS HA T 301IBIICHHS
00’€MHOT YacTKH TBEepAWX 4YacTHHOK. OnHaK Tpoo-
JIeMH, OOYMOBJEHI BiJIHOCHO BEITUKHMH pPO3Mipa-
MH KOJIOITHUX YaCTHHOK (OCaKeHHS, 3aCMIYCHHS 1
CTHUPAHHS), TIEPEITKOKAIIN peaizamii 1iel KOHIIeT-
uii Ha mpaktuii. s BupimeHHs BKa3aHuX MpooieM
S. Choi ta cniBasr. [11] Brepiie BUKOpUCTaH J107a-
BaHHS JI0 PI3HUX PIIUH HAHOPO3MIPHUX METaJIEBUX
YaCTHUHOK 13 BUCOKOIO TeIuIonpoBignicTio. Cycrnensii,
J0 CKIIany SIKMX BXOAWIM HaHOCTPYKTYpOBaHI Ma-
Tepialii, OTPUMAITH HA3By «HAHOPIIUHUY.

TeronpoBiHICTh Y PO3YUHAX ITICIS JTOJABAHHSI
HY migBuiyeTbes 3a HACTYITHUX YMOB:

- TIPSIMOMY TIEPEHOCI TeTuTa BiJl OMHIE] YaCTHHKH
110 1HMIO1 IpK OpoyHIBChKOMY pyci [34];

- TIEPEHOC1 TEeTUTa BiJl TBEPIOI PEUOBUHU 10 PiaH-
HU TIiJ] 9ac 11 po3mapyBaHHs Ha MEXKi PO3UTy pianHa/
gacTUHKA [62];

- BUHMKHEHHI OUIbIII HU3BKOTO TEILIOBOTO OIMOpY
1 3HAYHOTO ITiJIBUIIICHHS TEIUIOMPOBITHOCTI MTPH KJia-
crepuzanii HY [34].

PesynbraT exkcrnepuMeHTaJbHUX AOCIHIKCHb
MiATBEPIUIN 3MiHY TEIUIONPOBIAHOCTI BOAN a00 BOJI-
HOTO PO3YUHY KPIOMPOTEKTOpA IicIs JI0IaBaHHS Pi3-
Horo turry HY. Tak, nonasanns 0,3% 3a 06’emom HY
MiJi 30UTBIIYBAIO TEIIONPOBITHICTh Bomu 110 80%
[30], a momaBanus 0,005% HY 30mota — Ha 10% [48].
S. Jana ta cmiBrast. [30] MOBIIOMIISIFOTE TIPO TIiIBH-
IICHHS TEIUTOTPOBIAHOCTI Bogu Ha 35% Ticis o-
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The wviability of cryopreserved cells mostly
depends on crystal formation rate and types of formed
ice cryostals.

The high values of thermal conductivity of
a number of metallic, non-metallic and polymeric
NPs cause significant changes in crystal formation
in the cells to which they fall [58]. The first increase
in the thermal conductivity of liquids by adding
colloidal particles with high thermal conductivity,
was theoretically proposed in 1881 by J.S. Max-
well [44]. It was assumed that the thermal conduc-
tivity of suspensions containing spherical particles
increased with a rise in the volume share of solid
particles. However, problems due to the relatively
large size of colloidal particles (deposition, clogging
and abrasion) prevented the implementation of
this concept in practice. To solve these problems,
S. Choi et al. [6] was the first who added the
nanosized metal particles with high thermal conduc-
tivity to various liquids. Such suspensions, which
included nanostructured materials, were called
‘nanofluids’.

Thermal conductivity in solutions after the ad-
dition of NPs increases under the following condi-
tions:

- direct heat transfer from one particle to another
during Brownian motion [33];

- heat transfer from the solid to the liquid du-
ring its stratification at the liquid / particle interface
[62];

- emergence of lower thermal resistance and
a significant increase in thermal conductivity du-
ring the NPs clustering [33].

The results of experimental studies confirmed
the change in thermal conductivity of water or
aqueous solution of CPA after the addition of dif-
ferent types of NPs. Thus, the addition of 0.3% (v/v)
copper NPs increased the thermal conductivity of
water to 80% [29], and the addition of 0.005% NPs
of gold did by 10% [47]. S. Jana ef al. [29] reported
an increase in water thermal conductivity of 35%
after the addition of 0.8% (v/v) carbon nanotubes.
The addition of a 1% solution of diamond NPs to
ethylene glycol allowed the enhancement of its
thermal conductivity up to 70% by increasing the
heat transfer coefficient [32].

In addition, when comparing the thermal pro-
perties of nanofluids with the addition of NPs of
identical nature, it is necessary to take into account
such factors as the size and shape of the NPs,
which affect the Brownian motion and interfacial
properties of the dispersion. The measurement re-
sults of P. Warrier et al. [60] the thermal conduc-
tivity of nanofluids containing 0.3% silver NPs
of three sizes (20, 40 and 80 nm) dispersed in an
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naBanHs 0,8% 3a 00’eMOM ByIICLICBUX HAHOTPYOOK.
Honasannst 1% pozunny HY anmasy B eTHJICHITIKOIb
JIO3BOJIMJIO TIOCHJIMTHA HOTO TeruonpoBiiHIiCTh 10 70%
3a paxyHOK 30UTbIIeHHsI KoediltieHTa Tervonepernadi [33].

Kpim TOrO, Npm TOpIBHSHHI TEPMIYHUX BIACTH-
BOCTel HaHOPIAWH i3 momaBaHHsM HY imeHTHuHOI
MIPUPOAN HEOOXiTHO BpPaxOBYBaTH Taki (aKTOpH, SK
po3Mip 1 popma HY, mo BrumBamTh Ha OPOYHIBCH-
KU pyX i Mix(a3Hi BIaCTUBOCTI Jucrepcii. Pe3yib-
taTi BuMiproBaHHs P. Warrier Ta cniiBaBr. [60] Teruio-
MIPOBITHOCTI HAHOPIUH, 110 MicTsATh 0,3% HY cpibia
TphoX po3mipiB (20, 40 i 80 HM), AUCIIEPrOBaHUX Y
BOJHOMY PpO3YHMHI MOJNIBIHUIMIPOMiJOHY, MiATBEPI-
KYIOTb 11 3HW)KEHHHS 31 3MEHIICHHSIM PO3Mipy YacTu-
HOK. ¥ poOoti M.S. Liu Ta cmiBaBr. [41] moka3aHa 3a-
JISKHICTh TEIUIOMPOBITHOCTI HAHOPIIUH Mijb-BOJIA BijT
topmu i posmipy HY. Ilokazano, mo MakcumaibHE
ITiIBMIIIEHHST TETUIOPOBIHOCTI THi€el cuctemn (23,8%)
BimOyBasocs pu BukopucTanHi cheprmaanx HY mimi
(50-100 a™m) y 06’ emniit wactmi 0,1%. 3mina Gpopmu
HY wmini Big chepuunoi go rogactoi (250 HM) 3HU-
xyBana Ha 11% TernnonpoBiAHICTh HAHOPI/HH.

Binbimicte AOCHiKEHD 13 BUBYCHHS TEILIONPO-
BiTHOCTI HAHOPIAMH TPOBOIMIIMCS TIPH KiMHATHIH
Temneparypi. PoOoTH, siKi IPUCBSAYCHI BU3HAYCHHIO
TETJIOBHUX NapaMeTpiB HAHOPIAUH HUXKUYE TEMIIEpaTy-
pH iXHBOTO (ha30BOTO TIEPEXO/Ty, HEUUCIeHHi [23, 26,
27]. llokaszaHo, 110 MEPCHEKTUBHUM Y LbOMY ITUIaHi
€ Bukopuctanasg HY anMasy i kpeMHito, AKi 3aBISKH
BHCOKIM TimpodiIBHOCTI Ta HEBEIWKHM pPO3Mipam,
MAalOTh BEJIMKUI MOTEHLIaN AJs [IOCUJICHHS HyKJIe-
arii B KpIONPOTEKTOpHUX po3unHax [26]. Hanoua-
CTHHKH 30JI0Ta MalOTh KOMIUICKCHHI BIUTUB HA TEM-
neparypy Hykiearii Ta a3oBoro nepexoay po3uuHy
JAMCO [23]. loBeieHa epeKTUBHICTh BUKOPUCTAHHS
HY rigpoxcianatuty 3 METOIO 3HW)KEHHSI TEMIIEpaTy-
pPH CKITyBaHHsI, TeMIepaTypu AeBiTpudikamii Ta nu-
TOMOI TEINIOEMHOCTI BOJHHUX PO3YHHIB KPiOMPOTEK-
TOPIB, 110 MMOKPAIIYE X TEIUIONPOBiAHICTH [27].

BuriezaznaveHi poOOTH CTBOPHIIM TeOpETHIHY 0a3y
st 3actocyBanHs HY 'y kpioGiomorivniii mpakrwaii. 3a
JIOTIOMOTOIO METOIY CKaHYyIO4Ol eJIeKTPOHHOI MiKpo-
ckorii Oymo mokazano, mo HY rigpokciamaruTy 3marHi
NpUKpirUoBarycs 10 MeMOpan kiithH Hela sik xnac-
TepH 1 ajcopOOByBaTH MOJISKYIM BOJM Ha CBOiH IO-
BEpXHI, B pe3yJbTaTi 4YOro 4YacTka BIJIBHOI BOIU B
MO3aKJIITHHHOMY PO3YMHI 3MEHILIYETHCS, 3MIHIOIOUH
Horo ocMospHicTh [67]. Kpim Toro BcTaHOBIIEHO, 110
HY rigpokcianaruty poOnsTh po34MH OB B’SI3KHM,
10 3ano0irae 3HEBOTHEHHIO KIIITHH 1 CIIpHsE iHiianii
HYyKJIeallii i1 yac KpiOKOHCEepBYBaHHs [66].

Iammit Tun HY, ski 3gaTHI epenIkomKarn Hal-
MIpHOMY POCTY KPUCTAIIB JIbOAY TIPH 3aMOPOKYBaH-
Hi, — 1I€ HAHOOKCHIY, OCHOBHMI MeXaHi3M il SIKUX
MoJIsATa€ y 3B’sI3yBaHHI BOJM 1 pa3ymopsAKyBaHHI ii
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aqueous solution of polyvinylpyrrolidone, confirm
its reduction with decreasing particle size. M.S. Liu
et al. [40] reported about the dependence of the
thermal conductivity of copper-water nanofluids
on the NPs shape and size. It has been shown
that the maximum increase in the thermal con-
ductivity of this system (23.8%) is observed when
the spherical copper NPs (50-100 nm) in a vo-
lume share 0 0.1% are used. Changing the shape of the
copper NPs from spherical to needle (250 nm) re-
duced the thermal conductivity of nanofluids by 11%.

Thermal conductivity of nanofluids was mostly
studied at room temperature. There are few works
on determining the thermal parameters of nano-
fluids below their phase transition temperature
[19, 24, 25]. It is shown that optimistic in this re-
gard is the use of diamond and silicon NPs, which
due to a high hydrophilicity and small size, have
great potential to enhance nucleation in cryopro-
tective solutions [24]. Gold nanoparticles have a
complex effect on the nucleation temperature
and phase transition of DMSO solution [19]. The
efficiency of using hydroxyapatite NPs to reduce
the glass transition temperature, devitrification tem-
perature and specific heat of aqueous solutions
of CPAs, which improves their thermal conducti-
vity has been proven [25].

The above works have created a theoretical
basis of using the NPs for cryopreservation of
cells. Microscopic analysis showed that hydroxy-
apatite NPs were able to attach to the mem-
branes of Hela cells as clusters and adsorb water
molecules on their surface, resulting in a decrease
in the proportion of free water in extracellular
solution, changing its osmolarity [67]. In addition,
hydroxyapatite NPs have been shown to make
the solution more viscous, preventing cell dehyd-
ration and promoting nucleation initiation during
cryopreservation [66].

Another type of NPs that can prevent exces-
sive growth of ice crystals during freezing are
nanooxides, the basic principle of which is to bind
water and disrupt its structure to prevent the forma-
tion of elongated ice crystals at low temperatu-
res [22]. It is advisable to use complex nano-oxides
(ALO, / SiO, and TiO, / SiO,) with a maximum
specific surface area to enhance disturbances in
the structure of the H-bond networks of water mole-
cules, as it is known that the distances between ad-
jacent adsorption centers (OH groups) on the sur-
face of aluminum silicon and titanium oxides (0.31-
0.35 nm) exceed the ones between the oxygen atoms
of neighboring water molecules (0.27-0.28 nm)in
the network of H-bonds. In addition, the orien-
tation of water molecules in clusters, interacting
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CTPYKTYPH 3 METOIO 3armo0iraHHsl yTBOPEHHS TOI0B-
KEHUX KPHUCTAJIB JIbOAY NPU HU3BKUX TEMIIEpaTy-
pax [3]. JouinbHO BUKOPHCTOBYBAaTH CKJIaJHI HAHO-
okerau (Al0,/Si0, i TiO,/Si0,) 3 MakcUMalIbHOIO
MIUTOMOIO TIOBEPXHEIO MAJsl MOCHJICHHS HOPYILEHb
y CTPYKTYpi ciTok H-3B’513KiB MOJEKYIT BOH, OCKiIb-
KM BIJJOMO, IIIO BiJICTaHI MK CYCIIHIMH aJICOpOITiii-
HuMu neHTpamu (OH-rpynamu) Ha MOBEpXHI OKCH-
IiB anfoMiHito, kpemHito i tutany (0,31-0,35 Hwm)
MEPEBUIIYIOTh BIJICTaHI MiX aTOMaMH KHUCHIO CYCi-
Hix monekyn Bonu (0,27-0,28 um) y citui H-3B’s13-
kiB. KpiM Toro, opieHTanisi MojieKya BOAH B KiacTe-
pax, siki B3aemopirote i3 OH-rpynamu Ha moBepxHi
HY, BiapizHseTbCs Bif OpieHTAL] CYCiIHIX MOJICKYI
Bomu B sbomy. Lli dakTopu 0OyMOBIIOIOTH pa3yrio-
PAOKYBaHHSl IIapy BOIMW, SKUU IOB’S3aHUM 3 1O-
BEPXHEIO0 OKCHJIB, B TIOPIBHSIHHI 31 CTPYKTYPOIO SIK
«BITBHOI» BOAM, TaK 1 Jh0Y. [Ipy 1IbOMY «3B’sI3aHaY
BOAa 3anHIaeTsess pyxomoro npu T < 273 K, mpu
SKif 3a3BUYail BUTbHA BOA 3amep3ac [4, 24].

[punyrenns, o ciuigosi kinbkocti HU oxcuay
samiza Fe,O, € notyxxumu iH)Z[YI.(TOpaMI/I reTeporeH-
HOTO 3apOJIKOYTBOPEHHSI KPHCTANIB JILOLY, OTPUMAIIO
CKCIICPUMEHTAJIBHE ITIATBEPIDKECHHS. B JIOCIIPKSHHSIX
A. Kobayashi Ta criBabr. [38]. Tak, goqaBaHHSI TaKUX
HY posmipom 50-100 HM y 3pa3ku HagIUCTOI BOOH
MPaKTUYHO BUKIIOUAJIO Tepeoxonomkens. Lleit daxr
JOBO/INTH, 110 MarHiTHI HY € edexTnBHEMEU TIeHTpa-
MH 3apOZIKOYTBOPEHHS, SIKi 3a0€311eUyI0Th IeTePOreHHY
KpHUCTaJi3aIiio JTHOMy 1 3MEHIICHHS HOro 00’€eMHOTrO
PO3IIMPEHHS.

TaxuM 9HHOM, CTYTIIHB TIEPEOXOIOKEHHS, TiIpa-
Tallii Ta B’SI3KOCTI BOJHOIO PO3YHMHY KPiOIPOTEKTOPA
€ OCHOBHUMH TIapaMeTpaMu, sIKi MOXKYTb OyTH 3Mi-
HeHl nuisxoMm nonaBanHs HY 3a paxyHok iHTiOInii
(hopMyBaHHS 1 TOJANBIIOTO POCTY KPHUCTAIB JHOILY
i Yac 3aMOPOXKYBaHHS 1 peKpucTanizauii npu Bisi-
rpiBi. 3nataicte HY noTeHI1itoBaTH 1OCATHEHHS KPio-
3aXUCHUM PO3YMHOM KPHCTAJIIYHOTO 1 CKJIIOIMOMiO-
HOTO CTaHy MiJ 4ac 3aMOPOKYBaHHS KJIITHH JI03BO-
JISI€ TIABUIIUATH TOKA3HUKHA X KUTTE3MATHOCTI MICIA
JEKOHCEPBYBAaHHSI.

ATNBTepHATUBHUM ITiTXOIOM IO pealtizamii mporre-
CY 3aMOpPOXKYBaHHS-BIIITPIBY, 32 SIKOTO MOXKYTh OyTH
YCIINIHO BUKOPUCTAHI Cy4acHi JOCSTHEHHS HAHOTEX-
HoJiorii, € BiTpudikaris. Ha cborouimHii JeHb e
MAX11 3MaTHUH 320€3MeYnTH yCITilIHe KPIOKOHCEPBY-
BaHHS KJIITUH 1 TKAHWH, OCKUIbKU TIOBHICTIO BUKJIFO-
Yae TMOIIKOMKEHHS, 00yMOBIIeHE (i3UKO-XIMIYHUMH
(akTopamu, SiKi CynpOBOIKYIOTH (ha30BHH mepexin
«Boma-mi». Hespaxkatoun Ha Oararo mepeBar BiTpH-
(bikartii B MOpiBHSIHHI 3 BUKOPUCTAHHSAM ITOBITHHHUX
IIBUIKOCTEH OXOJO/KEHHS, ICHye HH3Ka IMpoOiieM
TIpH 11 BUKOPUCTAHHI TSI 3aMOPOXKYBaHHS 01000’ €K-
TiB. OHI€I0 3 HUX € PEKPUCTAII3AIliS IHOY B BITPH-
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with OH groups on the NP surface, differs from
that of neighboring water molecules in ice. These
factors cause the disorder of the water layer,
which is associated with the surface of the oxides,
in comparison with the structure of both ‘free’
water and ice. In this case, the ‘bound’ water remains
mobile at T < 273 K, at which free water usually
freezes [20, 21].

The assumption that trace amounts of iron oxide
(Fe,O0,) NPs are the potent inducers of hetero-
genous ice-crystal nucleation has been experimen-
tally confirmed in the studies of A. Kobayashi
et al. [37]. Thus, also adding such NPs with a size
of 50-100 nm to the samples of ultrapure water
virtually eliminated supercooling. This fact proves
that magnetic NPs are effective nucleation centers
that provide heterogeneous crystallization of ice
and reduction of its volumetric expansion.

Thus, the degree of supercooling, hydration and
viscosity of the aqueous CPA solution are the main
parameters that can be changed when the NPs are
added, by inhibiting the formation and subsequent
growth of ice crystals during freezing and recry-
stallization during heating. The ability of NPs to
potentiate the achieving by cryoprotective solution
of the crystalline and vitreous state during free-
zing of cells allows their increased viability after
thawing.

An alternative approach to the implementation
of the freeze-warming, which can successfully
use modern advances in nanotechnology, is vitrifi-
cation. To date, this approach is able to ensure the
successful cryopreservation of cells and tissues,
as it completely eliminates the damage caused by
physicochemical factors that accompany the ‘wa-
ter-ice’ phase transition. Despite the many advan-
tages of vitrification over the use of slow cooling
rates, there are numerous problems with its appli-
cation for freezing of cells. One of them is
the recrystallization of ice in vitrified samples
during heating, because the crystals formed can
mechanically damage the cell. Among the ways
to reduce the impact of these negative processes
is a very encouraging use of NPs. This approach
is called ‘nanowarming’ [2]. The effectiveness of
this process is determined by the CPA nature, con-
centration and size of the NPs introduced into the
solution.

The most significant decrease (by 40%) in
the amount of free water during heating was
found after adding 0.1% hydroxyapatite NPs si-
zed of 60 nm to glycerol compared to the solution
without NPs [41]. This property of hydroxya-
patite NPs is the justification for their use to pre-
vent recrystallization and growth of ice crystals
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(hiKoBaHMX 3pa3Kax MiJl yac BiJirpiBy, OCKITbKH KpHUC-
TaJH, IO YTBOPIOIOTHCS, MOKYTh MEXaHI4HO MTOIIKOI-
KyBaru KiaiTuny. Cepel cioco0iB 3HMKEHHS BIUTUBY
LUX HETaTUBHUX IPOLECIB TOCUTh NIEPCHIEKTUBHE BU-
xopuctanas HY. Lleit miaxin orpumMaB Ha3By «HaHO-
BimirpiB» [7]. E(peKTHBHICTH TaKOTO MpOIIeCY BU3HA-
JAETHCS TIPUPOJOI0 KPIOMPOTEKTOPA, KOHIICHTPAIIIEIO
Ta po3MipaMu BHeceHUX y po3dunH HY.

Haii0inpm 3Hauyme 3HwkeHHs (Ha 40%) Kilb-
KOCTI BUIbHOT BOJIM B MPOILIECI BIIIIPIBY BCTAHOBJICHO
micist gopasanHs o riinepuny 0,1% HY rigpoxcia-
natuty posmipom 60 HM y MOPIBHSIHHI 3 PO3YHHOM
6e3 HY [42]. g Bnactuicts HY rimpokciamatury
€ OOrpYHTYBaHHSIM X 3aCTOCYBaHHS JUIsl 3amo0ira-
Hs PeKpHUCTami3alii Ta poCTy KPHUCTAIIB JIBOMY ITiJl
yac BiATaBaHHA TpH AeBiTpudikamii 0i000’€KTiB.
X. Zhou Ta cmiBabr. [71] mosenn, mo HY rigpokcia-
natuty B KoHneHtpamii 0,05% makcumansHO 3armo-
Oiramm pekpucTalizamii po3unHy IMicis BiTpudikamii
(bocharuuii Oydep, mo mictuts 15% JAMCO, 15%
eTriieHnTiKoNo 1 0,5 M caxapo3u) mijJ yac po3mMopo-
JKYBaHHsI OOLUTIB CBUHI. [loka3aHo, 1110 J07aBaHHS
0,01, 0,02, 0,05 i 0,1% HY rizpokcianatuty 10 po3-
YUHY 17151 BITpU]iKaLii CIpHSIIO MiBUILECHHIO BUKHU-
BaHOCTI oomuTiB 110 25,9-35,4%, mo Oyio 3HAYHO
BUIIMM 32 MOKAa3HUKU KOHTPOJbHOI rpynu (14,7%).
Amnanoriuni pe3ynbrarn Oynu orpumani W. Li Tta
criBagt. [39]. Byiio BCTaHOBEHO, IO KIJIBKICTB JKUTTE-
3IaTHUX OOIMTIB MIC)IS BiTpHQIKaIlii B pO34HHI KPio-
mporekropiB (15% AMCO + 15% erunenmikomo +
0,5 momnb/n caxaposn) 3 nogasanusm 0,1% HY rigpok-
clamatuTy 1 HOAANBIIOTO KyJAbTUBYBaHHS (42 roguHm)
Oya B 1Ba pa3u BHILIE, HIK Y KOHTPOJI.

[HImOI0 cTparerieto JJist MOAOIaHHs PpodIeM, Mo-
B’SI3aHMX 13 JeBiTpUQIKaIi€lo, € eNeKTPOMarHiTHUH
BiZirpiB 01000 €KTIB i3 BUKOPHUCTaHHSM MarHiTHHUX
HY. lannii metox 3abe3mneuye OUIbII BUCOKY LIBHI-
KicTh 1 OUIbII PIBHOMIpHHI HarpiB, HiX 3BHYaliHE
PO3MOPOXKYBaHHS Ha BOJSHIN 0OaHi 3a paxyHOK BH-
minennss terwta HY mpum 30y/pkeHHI B pajiodac-
TOTHOMY TT0Mi [59].

3a J0ITOMOT 00 METOIY KpiOMiKpOCKOITii Oyria mpo-
JIEMOHCTpPOBaHa 3[aTHICTh cynepnapamaraitnux HY
Ferrotec EMG308 nmiamerpom (10 £ 2,5) um 3aro0i-
rati K (OpMYyBaHHIO 3apOJIKIB JIbOMY, TaK i POCTY
KpHUCTaJTIB MPH BiJIrpiBi po3unHy Juis BiTpudikarii,
sikrii MictuB 3,1 M JIMCO, 2,2 M npoOrniJIeHIJTiKOIO
13,1 M dpopmaminy [63]. V iHmux nocmimxennsx HY
Fe,O, Oymu BUKOpUCTaHi ISl MAarHiTHO-IHTYKOBAHO!
neBiTprdikarii Me3eHXIMaTbHUX CTOBOYPOBHX KIIITHH
KOPZIOBOT KPOBI JIFOOMHU, KOHCEPBOBAHUX y MPUCYT-
HocTi Tperanosu. J. Wang Ta cniBasr. [57] nokasanu,
mo Takud miaxin go Bixirpisy MCK crpusie 36epe-
xernro HnMu CD44*CD317-¢deHoTuny i 31aTHOCTI 710
MYJIBTIITIHIHHOTO nrudepeHIlitoBaHHS Ha piBHI HATUB-

during thawing in devitrification of cells. X. Zhou
et al. [71] proved that hydroxyapatite NPs at a
concentration of 0.05% maximally prevented
the recrystallization of the solution after vitri-
fication (phosphate buffer containing 15% DMSO,
15% ethylene glycol and 0.5 M sucrose) during
thawing of pig oocytes. It has been shown that
when 0.01, 0.02, 0.05 and 0.1% hydroxyapatite
NPs were added into vitrification solution, the
survival of oocytes after in vitro maturation ranged
from 25.9 to 35.4%, that is significantly higher than
in the group without hydroxyapatite NPs (14.7 %).
Similar results were obtained by W. Li et al. [38].
The authors found that the number of viable oocy-
tes after vitrification in a solution of CPAs (15%
DMSO + 15% ethylene glycol +0.5% sucrose)
with adding 0.1% hydroxyapatite NPs and sub-
sequent cultivation (42 hours) was twice as high,
than in the control.

Another strategy to overcome the problems as-
sociated with devitrification is the electromagnetic
heating of biological objects using magnetic NPs.
This method provides a higher speed and more
uniform heating than conventional thawing in a
water bath due to the release of NPs heat when ex-
cited in a radio frequency field [59].

With cryomicroscopy there was demonstrated
the ability of superparamagnetic Ferrotec EMG308
NPs with a diameter of (10 £ 2.5) nm to prevent
both the formation of ice nuclei and the growth
of crystals when heating the solution for witrifi-
cation: 3.1 M DMSO, 2.2 M propylene glycol
and 3.1 M formamide [63]. In other studies, Fe,O,
NPs were used for magnetically induced devitrifi-
cation of MSCs of human cord blood preserved
with trehalose. J. Wang et al. [57] showed that
this approach to MSC heating helped to preserve
the CD44* CD31" phenotype and the ability to mul-
tilinear differentiation at the level of native
control. The authors found that Fe,O, NPs had
minimal toxicity to mesenchymal stem cells (MSCs)
and themselves (in the absence of an external
alternating current magnetic field) did not affect
the viability of cells after heating.

In addition, a significant obstacle during the
vitrification of large volume tissue samples is their
significant heat resistance. The conditions for suc-
cessful thawing of such samples are the use of the
maximum possible heating rates, which avoid the
recrystallization of the samples, and these rates
are usually an order of magnitude higher than the
corresponding cooling rate [10]. In addition, the
heating rate should be applied evenly throug-
hout the sample to prevent temperature gradients
that cause a thermal stress on tissue, leading to
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HOTO KOHTpOJio. [Ipy boMy aBTOpH BCTaHOBHJIH, IO
HY Fe,O, maroth MiHIMAIbHY TOKCHYHICTb 110 BiJHO-
menHro 10 MCK Ta cawmi (3a BiZIcyTHOCTI 30BHIIITHHOTO
MAarHiTHOTO IIOJsI 3MIHHOTO CTPyMy) HE BILUIMBAaIOThH
Ha KHUTTE3/IATHICTh KIITHH TICHA 1X BiJrpiBY.

KpiM Toro, icTOTHa Ieperikoa Imij] 9ac BiTpugikarii
3pa3KiB TKAaHWHHU BEJTUKOTO 00’eMy — I1¢ 1X 3HaYHa Tep-
MOCTIHKICTh. YMOBaMH YCHIIITHOTO JEKOHCEPBYBAHHS
TaKHX 3pa3KiB € BUKOPUCTAHHSI MAKCUMAaJIbHO MOYKIIU-
BUX IIBUKOCTEH HATPIBY, SIKi 1O3BOJISIOTH YHUKHYTH
pekpucTaiizaiii 3pa3kiB, 1 I MIBHJIKOCTI 3a3BUYaii
Ha TOPSI0OK BHIIE, HIXK BIJMIOBIHA IIBUJIKICTh OXO-
aomxenHs [15]. Kpim Toro, mBHAKICTH BimirpiBy
MOBUHHA pEali30ByBaTUCS PIBHOMIPHO MO BCHOMY
00’eMy 3pa3Kka 3 METOI0 3armo0iraHHs BHHUKHEHHS
TEeMIEepaTypPHUX TPATI€HTIB, IKi BUKIUKAIOTh TEPMO-
Hanpy>KeHHS TKaHWHH, IPUBOASIYN 110 1 PO3TPICKY-
BaHHs. 3a JOMOMOTO0 TPAIUIIMHOTO KOHBEKIIIHHO-
TO BIZITPIBY IIi YMOBH MOXYTh OYTH BUKOHAHI JIUIIIE
JUTSL 3paskiB HeBennkoro 00’ emy (1-3 mm®) [9], ane ms
3paskiB 06’emom Bim 1 mo 80 MM® MOXKIHBO J0-
CATTH 32 PaxXyHOK BUKOPHUCTaHHs BigmoBigHumx HY
y TMeBHIiN KoHIeHTpallii. [TokazaHo, 110 BiAIrpiB BiT-
PUQIKOBaHUX KOPOHAPHUX apTepiid 1 CTYNOK KJiama-
Ha cepus aopTH CBUHI LUIAXOM paaioyacTOTHOTO
30ymkenass HY okcumy 3amiza, BKPUTHX KpeMHe-
3€MHOI0 OOOJIOHKOIO, 3HAYHO MOKpAILy€e iX >KUTTE-
3MIATHICTh TIOPIBHSAHO 3 KOHBEKIIHHWUM BiIrpiBOM
3a BIJICYTHOCTI 3HAYHUX 3MiH OiOMEXaHIYHHX BJac-
THBOCTEH opraHis [43].

BukopucraHHs HAaHOCTPMIKHIB 30JI0Ta IIpH JIa-
3epHOMY BIiJITpiBi BiTpH(iKOBaHUX eMOpiOHIB pHO
Danio rerio [36] 3a0e3neumsio iX BHCOKY BHIKH-
BaHICTh 32 paxyHOK 3amo0iraHHsi BHYTPIIITHHOKJIi-
TUHHOI pekpucTamizauii. BomHodac 3acTocyBaHHS
TPaJULiHHOTO KOHBEKIIMHOTO BigirpiBy 0OyMOBHIIO
BHCOKI TIOKa3HUKH 3arudesi eMOpioHiB. 301IbIICHHS
LIBUJKOCTI BiAIrpiBy 3a YMOB 3aCTOCYBaHHS Jia3epa
3aCHOBAHO HA 37]aTHOCTI HAHOCTPHMIKHIB 30710Ta e(eK-
TUBHO TE€HEPYBaTH TEIUIO IPH BiJMOBIIHOCTI JOB-
JKUHU XBUJI1 JJa3epa eHeprii MOBepXHEBOTO TIa3MOH-
HoOTO pe3oHancy HY. Y cyKymHOCTI 11l pe3yasTaTy Jie-
MOHCTPYIOTh MOXUIHBICTF HY 3HAYHO TiABUIITYBAaTH
e(eKTHBHICTH BiTpHDiKaIlil KIITHH 1 TKAaHWH.

Kpiozaxucna mis HY nHa wmituHE MOxe OyTH
OIoCepe/IkoBaHa iX BIUIMBOM HE TIJIbKM Ha KpH-
CTaJIOyTBOPEHHSI 1 TEIJIONMPOBIAHICTh KPiOMPOTEK-
TOpiB, aje W iHmWMMH BracTHBOCTAMU. A.V. Isaac
Ta CIiBaBT. [29] Mmoka3aay 3HWKEHHS PiBHS MOIIKO-
KEHHSI XpOMaTHHY B CIIEPMisX 1 3MEHILIECHHS BMICTy
MaJOHOBOTO JHaJbJETiy B EAKYJIATI YOJIOBIKIB i3
HOPMO300CIEPMIEF0 TICIS KPIOKOCEPBYBaHHS B Kpio-
3aXUCHOMY cepenoBwii 3 gomaBaHHsM HY oxcumy
IWHKY, HDK y 3pa3kax ©Oe3 BukopuctanHs HY.
MamnonoBui mianpaeriy — OioMapkep MEePEKHCHOTO
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cracking. With the help of traditional convection
heating, these conditions can be met only for samples
of small volume (1-3 mm?®) [4], but for those with
a volume of 1 to 80 mm? this can be achieved by
using the appropriate NPs in appropriate concent-
ration. It has been shown that heating of vitrified
coronary arteries and leaflets of the porcine aortic
heart valve by radiofrequency excitation of silica-
coated iron oxide NPs significantly improves their
viability compared to convection heating in the
absence of significant changes in organ biomecha-
nical properties [43].

The use of gold nanorods in the laser heating
of vitrified fish embryos Danio rerio [35] ensured
their high survival by preventing intracellular re-
crystallization. At the same time, the use of tradi-
tional convection heating has led to high rates of
embryo death. The increase in the heating rate at
laser application is based on the ability of gold
nanorods to efficiently generate heat when the la-
ser wavelength corresponds to the NPs surface
plasmon resonance energy. Taken together, these
results demonstrate the ability of NPs to signifi-
cantly improve the vitrification results for cells and
tissues.

Cryoprotective effect of NPs on cells can be
mediated by their influence not only on crystal
formation and thermal conductivity of CPAs, but
also other properties. A.V. Isaac et al. [28] showed
a decreased damage of chromatin in sperm and
the amount of malonic dialdehyde in the ejaculate
of men with normozoospermia after cryopreser-
vation in a cryoprotective medium with the ad-
dition of zinc oxide if compared to the samples
without NPs. Malonic dialdehyde is a biomarker
of membrane lipid peroxidation, in particular ome-
ga-3 and omega-6 fatty acids. The notably lower
level of malonic dialdehyde in the group with
zinc oxide NPs indicates their ability to neutralize
the harmful effects of reactive oxygen species
(ROS) generated during the freeze-warming. Unique
feature of zinc oxide NPs is the presence of electron-
hole excitonic pairs (e-, h+), which are able to ini-
tiate redox reactions [52]. Electrons in the zinc
oxide NPs, being in an excited state, have a high
energy, which allows them to effectively remove
ROS, protecting cell membranes against the destruc-
tive influence of oxidative stress.

Moreover the protective effect of NPs may be
stipulated with their participation in redox pro-
cesses. In particular, cerium NPs, due to their che-
mical structure, are able to perform the catalase
function of chemical degradation of H,O, [10]. This
property of cerium NPs has been used to improve
the storage results of algae cells under low positive
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OKHMCHEHHs JiMiAiB MeMOpaH, 30KpemMa omera-3 i
oMera-6 KUPHUX KUCIOT. BUsBIeHMIT 3HAYHO HIK-
YUl piBEHb MAaJIOHOBOTO MiajJblETiAy y TIpymi 3
nonaBaHHsM HY okcuay HHMHKY CBIT4HTH PO iX
3MIATHICTh HEHTpai3yBaTH IIKIUIHBY AIF0 aKTHBHHX
dhopm xucHio (ADK), Mo reHepyroThes Mia 9ac mpo-
Iecy 3aMOpOKyBaHHS-BIAIrpiBy. YHIKaIbHA 0COOIH-
Bicth HY okculy IIMHKY TOJISITa€ B HASIBHOCTI Y HUX
€JIEKTPOHHO-IIPKOBUX €KCUTOHHUX map (e-, h*), sxi
3JIaTHI 1HIIIFOBATH OKHCHO-BIJIHOBIIIOBAJIbHI peakKilii
[53]. Enextponu B HY okcuay 1uHKy, nepeOyBarodn
B 30y/PKEHOMY CTaHi, BOJIOJIIOTh BUCOKOIO €HEPTIEIO,
mo no3Bossie iM edexktuBHO iHakTHBYBaTH ADK,
3axXHIIAl0Y MEMOpaHHW KIITHH BiJ pyHHIBHUX Ha-
CJIIJIKiB OKCHIALIIHHOTO CTPECYy.

Kpim toro, 3axucHuii epext HY moxe Oytu 00y-
MOBJIEHHH iX y4acTIO B OKHCHO-BiJTHOBIIOBaJLHHIX
nporecax. 3okpema, HY mepito, 3aBASKH CBOiM XiMid-
Hil CTPYKTYpi, 37aTHI BUKOHYBAaTH KaTana3Hy (QyHK-
Iif0 3 XIMIYHOT Aerpamarmii H202 [5]. g BracTuBicTH
HY nepito Oyma BUKOpHCcTaHa IS TOJIMIIEHHS pe-
3yJbTariB 30epiraHHsi KIITHH BOIOPOCTEH 3a yMOB
HU3BKUX TO3UTUBHUX Temmeparyp [2]. ABTopamu
MOKa3aHO, W0 Tics TPbOX THXKHIB TiMOTEPMiYHO-
ro 30epiranHs B po3umHi 3 pomaBaHHsMm 0,02 1/n
HY pmiokcuay mepito >KUTTE3NATHUMU 3aTHIIHIINACS
80-90% kmitun Spirulina platensis, a B KOHTPOJb-
Hill Tpymi 6e3 HY »uBUX KIIITHH BUABIEHO He OyIIO.

S. Safa Ta cmiBaBT. [52] nmpogeMOHCTpPYBaH, IO
KoMOiHOBaHEe nofaBaHHs 5 Mr/mut Bitaminy E 1 1%
HY cenmeny mo ciepMaTo30i/iB MiBHSI Ma€ Kpio3axuc-
HUH eQeKT 1 3HaYHO MiABHUIIYE AKICTh CTIEpMH, 30171b-
IIYIOYM PYXJIUBICTh, JKATTE3NATHICTH 1 IITICHICTH
MeMOpaHU CHEepMaTo30iliB 32 PaxyHOK 3HMKECHHSI
IHTEHCUBHOCTI MEPEKUCHOTO OKHMCIICHHSI JIIITIJIIB IMic-
7Sl 3aMOPOXKYBaHHS-BiITaBaHHSI. MOXIUBO, 1€ TIO-
B’S13aHO 3 THM, LIO CEJICH € CKJIAZO0BOIO (hEPMEHTY
[Ty TaTIOHMIEPOKCHUIA3H, SIKUH BiJlirpa€e Ba)IJIMBY POJIb
B AHTHOKCHJAHTHOMY 3aXHUCTi JIIiJiB KIITHHHUX
meMOpaH [35]. KpiMm TOro, CelneHoBi JOMIIIKH -
BHIIYIOTh aKTUBHICTH afieHo3uHTpUbochar (ATD)-
yTumizyrounx i AT®O-perenepyrodunx hepMeHTIB criep-
MaTo30i/liB, SKi TOKPAITYIOTh PYyXJUBICTH 1 CITOXKHU-
BaHHS KUCHIO criepmaro3oinamu [44].

[lepcneKTHBHUMH B TUIAHI CTUMYJISIT aHTHOK-
cujanTHoro 3axucty € HY 3osota. Y mociimpkeHH1
G. Kirdaite Ta cmiBapr. [37] Oyna nmoka3aHa 3JaTHICTh
HY 30710Ta 3MeHIIyBaTH MNPOAYKIiI0O MaJIOHOBOTO
JUaJbJIerily 3a 3HAYHOTO ITi/IBUIICHHS aKTUBHOCTI Ka-
Taja3u, sika BBAXKAETHCSI OCHOBHUM (DePMEHTOM aHTH-
OKCHJIAHTHOTO 3aXHUCTY 1 3M1HCHIOE IPSMY eJTliMiHAIIiF0
ADK. AatnokcunganTai Biactusocti HY 30moTa mo-
JKYTh OOYMOBIIIOBaTH iXHi Kpi03aXHCHI BIIACTHBOCTI.
binemr Toro, E.V. Pavlovich Ta cmiBaBr. [49] Oyna Bin-
3HaYeHa CTUMYIALIS TpomidepaTrnBHOT aKTHBHOCTI

temperatures [27]. The authors showed that after
three weeks of hypothermic storage in solution
with the addition of 0.02 g/l of NP cerium
dioxide, 80-90% of Spirulina platensis cells re-
mained viable, and in the control group no living
cells were found without NPs.

S. Safa et al. [51] demonstrated that the com-
bined addition of 5 mg/ml vitamin E and 1%
selenium NPs to rooster sperm had a cryoprotective
effect and remarkably improved sperm quality,
increasing the motility, viability and integrity of the
sperm membrane by reducing the intensity of pe-
roxidation after freeze-thawing. This may be due
to the fact that selenium is a component of the
enzyme glutathione peroxidase, which plays an im-
portant role in the antioxidant protection of cell
membrane lipids [34]. In addition, selenium im-
purities increase the activity of adenosine triphos-
phate (ATP)-utilizing and ATP-regenerating sperm
enzymes, which boost sperm motility and oxygen
consumption [43].

Gold NPs are favorable in terms of stimulating
antioxidant protection. In the research by G. Kir-
daite et al. [36] there was shown the ability of
gold NPs to reduce the production of malonic
dialdehyde with a significant rise in the activity of
catalase, which was considered the main enzyme
of antioxidant protection and directly eliminated
ROS. The antioxidant properties of gold NPs can
determine their cryoprotective properties. E.V. Pav-
lovich et al. [48] noted a slight stimulation of
the proliferative activity of human fibroblasts, pre-
frozen with the addition of 1.5 pg / ml gold NPs,
after further cultivation in vitro for 5 days. At
the same time, high concentrations of gold NPs (3
and 6 pg / ml) reduced the proliferative potential
of these cells, especially when cultured for 5-7 days
in vitro.

Thus, some types of NPs have properties that
allow them to be used to increase the efficiency
of cryopreservation of cells. These properties are
largely determined by the chemical composition
of the NPs, their size, shape, surface charge and
so on. In this case, the cryoprotective effect of
the NPs, depending on their characteristics, will
be implemented by different mechanisms.

Nanoparticles are actively used not only to freeze
cell suspensions, but also to perform cryoablation
of pathological foci due to the ability of some types
of NPs to increase the likelihood of intracellular
ice formation in situ. The active development of
this method of treatment is associated with the
development of closed cryoprobes, in which li-
quid nitrogen circulates, causing the destruction
of the focus of pathologically altered tissue [7].
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¢$i0pobnacTiB JIOAMHYU, MONEPEIHBO 3aMOPOKEHUX
13 momaBanHsaMm 1,5 Mmkr/ma HY 3omora, micis mo-
JANBIIOrO KYJIBTUBYBAaHHS i1 Vitro TPOTATOM S5-TH
ni6. Ilpu npomy Benuki koHneHTpanii HY 3omora (3
1 6 MKT/MIT) 3HIDKYBaIIH TIPOJTiepaTHBHIMA TTOTSHITI Al
JaHUX KJIITHH, 0COOJIMBO 3a KYyJIBTHBYBAaHHS HPOTS-
roM 5-7 mi6 in vitro.

Takum umHoM, neski tunu HY BonoairoTh Bia-
CTHBOCTSIMH, SIKi JIO3BOJISIFOTh BHKOPHCTOBYBATH iX
JUISL T IBUIIEHHS €(DeKTUBHOCTI KPIOKOHCEPBYBaHHSI
kiiTuH. Lli BracTuBOCTI 6arato B YoMy BU3HAYarOTh-
cs ximiunum ckiagom HY, ix posmipoM, ¢opmoro,
MOBEpPXHEBUM 3apsnoM Tomo. Ilpu npomy kpioza-
xucHui edext HY 3amexno Bix iX XapaKTEepUCTHK
Oyzie pealri3oByBaTHCS 32 Pi3HUMU MEXaHi3MaMHU.

HaHnouacTHHKN aKTUBHO 3aCTOCOBYIOTHCS HE TiJlb-
KA 3 METOI0 3aMOpOXYBaHHS KJIITUHHUX CYCIICH-
3iff, aje 1 MpW TPOBEIEHHI Kpioalmamii mMmaToio-
TIYHUX OCEpPEeIKiB 3a PaxyHOK 3IaTHOCTI JESKHUX
BuaiB HY 30inpmryBati WMOBIpPHICTE BHYTPIIIHBO-
KIIITHHHOTO YTBOPEHHS JIbONY in Sifu. AKTHBHUI
PO3BHTOK JaHOTO cHocoOy JIKyBaHHSI TIOB’SI3YIOTh
i3 pO3pOOKOI0 3aKPUTHUX KPiO30H[IB, B SIKUX IHP-
KyJIOE DPIIKWAH a30T, 3aCTOCYBaHHs SKOTO BHKIIHU-
Ka€ pyHHYBaHHs BOTHHILNA MATOJOTIYHO 3MIiHEHOI
TkaHuHU [12]. ABTOpaMu Oyao MOKa3aHo, IIO BHU-
TPUMKa Kpio30HIAa B TKaHMHI NpOTAroM 1-2 XB
ipu Temrieparypi —20°C Oyna gocTaTHboI0 Ui Gop-
MyBaHHS 30HH HEKPO3y B MO3KY TMAIli€HTIB, SKi
cTpakmaroTb Ha XBopoOy Ilapkincona. Ilomamprri
JOCITIDKEHHS TTOKa3alid, 10 KIITHHAM Pi3HOTO TI0-
XO/DKEHHS TpUTaMaHHa 3aru0elb y [IHPOKOMY
TemreparypaoMy mianazoni (—2...—70°C) [18]. Lle
BU3HAYAETHCS HE TIJIBKU OCOOJIIMBOCTSIMH Oy/lI0BH
KJIITHH, a ¥ IIBUAKICTIO OXOJOMKEHHS TKAHUHU, 4a-
COM BUTPHUMKHM KpiO30HJAA MpH KiHIEBI Temmepa-
TYpi OXOJIOJPKEHHS, INBUAKICTIO BiITABaHHS TOIIIO.

CyTTeBOorO TIPOOIEMOI TIPH TPOBEICHHI Kpio-
abnamiifHo1 Teparii € HepiBHOMIpHE MpOMEp3aHHs
TKaHWHU BcepeluHi Ta Ha nepudepii 30HM Kpio-
abnamii. SIkmo B HEHTpanmbHINA 30HI BHYTPINTHBO-
KJIITHHHE (DOPMYBaHHS KPHUCTATIB JHOAY IPU3BO-
JIUTH O MEXaHIYHOI TpaBMH 1 JeTiapaTariii KIiTHH
13 HACTYITHUM X OCMOTHYHHM TIOIIKO/PKEHHSIM 1 3aru-
OeIUTI0 IIUTSIXOM HEKpo3y, TO B mepudepiiHiid 30Hi
Kpioabnaiii BHYTPIIIHBOKIIITHHHE KPHCTAIO0yTBOPECH-
HSl BIJICYTHE, 1 3arv0eib MyXJIMHHUX KIITHH BiIOy-
BA€THCA MEPEBAKHO 32 TUIIOM aronTo3y [51].

3aru0enp MyXJIMHHUX KIITHH LUIIXOM HEKPO3y
BUKJIMKA€ BUBUIBHEHHS X BHYTPIIIHBOKIITHHHOIO
BMmicty, 30kpema JIHK, PHK i cnenungiunmnx Oinkis
myxiuH [31]. Lli aHTUTeHn MOXYTh PO3TMi3HABATUCS
IMyHHOIO CHCTEMOIO, IHIIIIOI0YH crennudidyHy IMpo-
TUMTYXJIMHHY IMYHHY BiAmoBink. KpiMm Toro, BaXkiu-
BHM € BUBUIbHEHHS OinKiB TerioBoro moky (BTIL)
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The authors showed that the exposure of the cryo-
probe in the tissue for 1-2 minutes at a tempera-
ture of —20°C was sufficient to form a necrosis
zone in the brain of patients with Parkinson’s di-
sease. Subsequent studies have shown that cells
of various origins are characterized by a death
in a wide temperature range (-2...—70°C) [13].
This is determined not only by the peculiarities
of cell structure, but also by the rate of the tissue
cooling, the time of exposure of the cryoprobe
at the final cooling temperature, the rate of tha-
wing, etc.

A significant problem in cryoablation therapy
is the uneven freezing of tissue inside and on the
periphery of the cryoablation zone. If in the central
zone the intracellular formation of ice crystals leads
to a mechanical trauma and dehydration of cells
followed by their osmotic damage and death by
necrosis, then in the peripheral zone of cryoablation
intracellular crystal formation is absent and tumor
cell death occurs mainly by apoptosis [51].

An important advantage of cryoablation is that
the death of tumor cells by necrosis causes the re-
lease of their intracellular contents, in particular
DNA, RNA and specific tumor proteins [30]. These
antigens can be recognized by the immune system,
initiating a specific antitumor immune response.
In addition, it is important to release heat shock
proteins (HSP) in the case of cell death by necrosis
after cryotherapy. Since HSP70 is able to stimulate
the maturation of dendritic cells with subsequent
activation of T cells and the development of a
specific immune response [1], maximum cell death
by necrosis will contribute to the effectiveness
of cryoablation therapy.

One of the significant problems is that the cells
of the peripheral zone of cryoablation die by
apoptosis without the release of DNA, RNA and
HSP. In the absence of these signals, dendritic cells
remain immature, maintaining the immunosuppres-
sed state of the tumor carrier with the development
of T cell anergy. Therefore, cryoablation, depen-
ding on the completeness of freezing of the pa-
thological focus can have both stimulating and sup-
pressive effects on the immune system of the tumor
carrier.

The efficiency of cryoablation (in the sense of
achieving the maximum number of necrotic cells)
will be determined by a number of conditions,
namely: cooling and heating rates, duration and
final temperature of the cryoprobe, the number
of freeze-warm cycles, and design features of
the cryoprobe.

A perspective strategy to increase the effective-
ness of cryoablation is the use of combination the-




B pas3i 3aru0eni KIITHH LUIIXOM HEKPO3y Micis
KpioBmmBy. 3 omusiny Ha Te, o BTUI70 3marnuii
CTUMYIIIOBAaTH J03piBaHHS JACHIAPUTHUX KIITHH 13
HACTYITHOIO aKTWBaIliero T-KIITHH i PO3BUTKOM CIIe-
nugigHoi iMyHHOI BiAMOBimI [6], MakcHMaibHA
3aru0eb KINTHH IUIIXOM HEKPO3y CIPHIATHME eeK-
THUBHOCTI Kpioabmartiiinoi Teparrii.

OpHiero 3 CyTTEBUX MpoOIEM € Te, M0 KIITUHU
nepudepiiiHoi 30HM Kpioadiamii TMHYTh ILISXOM
aroniro3y Oe3 BuBinpHenHs JJHK, PHK i BTIHI. 3a
BIJICYTHOCTI I[UX CHUTHAJIB JCHJIPHUTHI KJIITUHU 3a-
JIUIIAIOTHCS. HE3PUIMMH, MIATPUMYIOUH iMyHOAEIpe-
CHBHMH CTaH OpraHi3my MyXJMHOHOCIS 3 PO3BUTKOM
aneprii T-xmituH. OTXKe, KpioaOnallisi 3a1eKHO BiJ
MMOBHOTH TPOMEpP3aHHS IMaTOJOTIYHOTO BOTHUINA
MOXKE MaTH SIK CTHUMYJIIOIOYHU, TaK i CynpecHBHUN
BILTMB Ha IMyHHY CHCTEMY ITyXJIMHOHOCIS.

EdexTuBHicTs Kpioabnarii (B po3yMiHHI IOCST-
HEHHSI MaKCHMAaJIbHOI KITBKOCTI HEKPOTHIHHX KITi-
THH) Oy7ie BU3HAYATHUCS PSIIOM YMOB, a CaMe: IIBH/I-
KICTIO OXOJIOJDKEHHSI 1 BIIITPiBY, TPHBAIIICTIO 1 KIHIIEBOO
TEMIIepaTypoI0 BUTPUMKH KPi030H1a, HOro KOHCTPYK-
TUBHUMM OCOOJIMBOCTIAMU Ta KUIBKICTIO LIMKIIIB 3aMO-
POKYBaHHS-BIIITPIBY.

[epcrieKTHBHOIO CTpaTeri€ero MiABUILICHHS e()eKTHB-
HOCTI KpioaOnarii € BAKOpUCTaHHsI KOMOIHOBaHOI Tepa-
mii. 3okpema, Oy/u BU3HA4EHI aj] TOBAaHTH, SKI MOXYTb
MTOCWIJINTH JIECTPYKTUBHHUN €(DEKT KPIiOBILIMBY B IEpPH-
(hepiitHiil 30Hi, 110 TO3BOJSIE 3HU3UTH KIHIIEBY TEMIIe-
parypy oxonomkerHs 10 — 20°C [19]. Ha ceoromHimmHIH
JICHb B SIKOCTI TaKWX aJl FOBAHTIB MOXKYTh BHCTYIIATH
aHTU(PU3HI OUTKH, Pi3HI CONBOBI PO3YMHHM, XiMiOTepa-
NeBTUYHI 3acobu (OneomituH, S-propypanmi, dakrop
HEKpO3y MyXJIMHHU-alIb(a Tomo) [25, 32].

[lepcnekTrBHUM B LOMY IUIaHi MOXe OyTH JIO-
kaibHe BBeneHHd HY y nyximumHHUN calT mepen
MPOBEACHHAM KpioabnarniitHoi nporenypu [40, 64].
Boxe orpumaHi ekcriepHMEHTaNbHI JaHi, sKi CBif-
4arh PO YHIKaAIBHI TETIONPOBiHI BiactuBocTi HY,
ToMy e(heKTHBHICTh KOMOIHOBaHOT KpioaOmartii 3 BH-
xopuctanasM HY 3a3Buyaii mepesepinrye 3BHYAliHI
KpioxipypriuHi omepartii [13, 65].

OcHOBHI TIepeBaru HaHOKPIOXipyprii:

- 30UIbLICHHS CTYNEHsA IMPOMEp3aHHS TKaHWHH,
IO JIO3BOJISIE MiJBUIIMTHA €()DEKTUBHICThH eJiMIiHAIli
TapreTHUX MyXJIMHHUX KITITHH;

- 3ano0iranHs IMOBIPHOCTI HEOCTaTHHOTO MPO-
MEp3aHHS TKAaHWHH MDK JEKiJIbKOMa KpPiO30HAaMu
1111 yac a0uallii BeMKOI My XJIHMHH;

- peryisilis HanpsMKy pOCTy 1 OpieHTalii Kpu-
YKaHOI KyJIi, IO € TePeIyMOBOI0 «CIIYXHSHOD» Kpio-
abramii y BUMAJIKy CKIIQIHHUX ITyXJIUH;

- 3MEHIIEHHS BIUIMBY HU3BKHX TeMIleparyp Ha
MIPUIIETITI O MyXJWHU 3M0POBI TKAHWHH, IO 3aIi0-
Oirae X TpaBMyBaHHIO.

rapy. In particular, adjuvants have been identified
that can enhance the destructive effect of cryothe-
rapy in the peripheral zone, which allows the re-
duction of final cooling temperature to —20°C [14].
To date, such adjuvants can be antifreeze proteins,
various saline solutions, chemotherapeutic agents
(bleomycin, 5-fluorouracil, tumor necrosis factor-
alpha) [23, 31].

Encouraging in this regard may be the local
introduction of NPs into the tumor site before the
cryoablation [39, 64]. Experimental data have al-
ready been obtained that indicate the unique ther-
mally conductive properties of NPs, so the effi-
ciency of combination cryoablation using NPs is
usually superior to conventional cryosurgery [8,
65].

The main advantages of nanocryosurgery:

- increasing the degree of tissue freezing-out,
which enhances the efficiency of elimination of target
cancer cells;

- preventing the possibility of insufficient free-
zing of tissue between several cryoprobes during
ablation of a large tumor;

- regulation of the direction of growth and
orientation of the ice ball, which is a prerequisite
for ‘manageable’ cryoablation in the case of comp-
lex tumors;

- reducing the impact of low temperatures on
healthy tissues adjacent to the tumor, which pre-
vents their injury.

The probability of intracellular ice formation
can be enhanced by using NPs with high ther-
mal conductivity of Fe,O,, TiO,, AL,O,, which are
able to increase the rate of ice ball formation in
situ, thereby significantly increasing the efficiency
of tissue freezing [8, 65, 68]. Thus, previous stu-
dies in cubic blocks of pig muscle tissue mea-
suring 100 x 80 x 50 mm have shown that the
injection of aluminum NPs into pig tissue led
to a local decrease in temperature to —115°C at a
distance of 5 mm from the cryoprobe wall [68].
At the same time, cryoexposure without NPs injec-
tion reduced the temperature only to —75°C at the
same distance from the probe under similar
freezing conditions. In addition, when using the
NPs, there was a larger ‘scale’ of freezing, esti-
mated by the size of the ice ball. This is due
to the increased thermal conductivity of the tissue
becouse of the addition of NPs.

Similar in vivo studies have shown that lo-
cally injected magnesium oxide (MgO) NPs into
the rabbit muscle significantly enhances tissue ther-
mal conductivity, increases the rate of freezing,
and gets bigger the volume of the ice ball compa-
red to control cryoblation without the use of NPs.
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IMOBipHICTh BHYTPIIIHBOKIITHHHOTO YTBOPEHHS
JBOLy MOKE OyTH MOCHJICHA LUISIXOM BUKOPHCTAHHS
HY i3 Bucokoro Temnonposianictio, a came: Fe O,
TiOz, A1203, AKi 37aTHI 3017IBIINTH MIBHIKICTH YT-
BOPEHHS KPWXaHOI Kyl in Situ, THUM CaMUM iCTOTHO
MIBUITATH €(EKTUBHICTh MPOMEp3aHHSI TKAHUHHU
[13, 65, 68]. Tak, momepenHi AOCIIHKEHHS Ha Ky0o-
BHIHUX OJIOKaxX M’sI30BOI TKAHWHH CBHHI PO3MipOM
100 x 80 x 50 MM mokazanu, mo in’exmist HY airo-
MIiHiIO B TKAHWHY CBHHI ITPHUBEJIa JI0 JIOKAILHOTO 3HHU-
xeHHs Temneparypu 10 —115°C Ha Bijcrani 5 mMm
BiJ cTiHKM Kpio3oHzaa [68]. [Ipu npomy KpioBIIIHB
0e3 in’ekuii HY 3MeHmyBaB TemiiepaTtypy JHiie 10
—75°C na Ti# caMili BiJICTaHI BiJ 30H/1a 3a aHAJIOTIY-
HUX YMOB 3aMOpOXKyBaHHsS. Kpim Toro, mpu BUKO-
puctarni HY cnocrepiraBcst Oimbimii «Macmirady»
3aMep3aHHs, OI[iHeHUH 3a pO3MipOM KpHKAHOI KYIIi.
Ile moB’s3aHO 3 MIABUINCHHSIM TEILIOTPOBITHOCTI
TKaHWHU 3a paxyHoOK gojaBanHs HY.

ITomiOHI mOCHiKEHHS in Vivo TIPOJEMOHCTPYBa-
11, 1110 JIoKaisHe BBeneHns HY okcnay marairo (MgO)
y M’S30By TKaHUHY EKCIIEPUMCHTAIBHUX TBapUH
3HAUHO TTOCHIIIOBAIO TETUIONPOBIAHICTh TKAaHHWHH,
MiABHUIIYBAJIO IIBUIKICTH MPOMOPOKYBaHHS 1 00’ €M
KpHIKaHOI KyJli B OPIBHSIHHI 3 KpioOnanieto 6e3 BU-
xopuctandst HY. Lle npu3Bomuino 1o Oiuibmioro Kpio-
YIIKO/DKEHHST TKaHMHU. Mexanizm Takoi aii HY oro-
CEepeIKOBaHW 1IHIIAI€I0 TeTepOreHHO HyKIIearli,
sika 3a0e31edye OLTbIT BUCOKY HMOBIPHICTD YTBOPEHHS
BHYTPIIIHBOKIIITHHHOTO JILOAY 1 TAKMM YHHOM ITiJICH-
JIIO€ HEKPO3 TKAHWHW IIICIIA KpIOBIUIMBY. BomHowac
BCT@HOBJICHO, 10 HaHOoYacTWHKaM MgO mnpurTaMaH-
Ha HE TUIbKH BHCOKa TEILUIONPOBIAHICTh, ajie U Oio-
CYMICHICTb 1 3AaTHICTB 10 Olomectpykuii. Llei ¢axr
JI03BOJISIE TIPUIMTYCTUTHU 1X BHCOKY €(DEKTUBHICTH MPH
MpoBeICHHI KpioHaHoabnamii myxuuH [13].

EdexruBHicTs 11p0TO Migxomy Oyma migTBepIKe-
Ha in Vitro Ipy KPiIOKOHCEPBYBaHHI CYCHEH311 KIIITHH
paky monounoi 3ano3u niHii MCF-7 [65]. TlokasaHo,
o nroxasanns HY Fe O, 301IbIITy€ HIMOBIPHICTH BHY-
TPILIHBOKIITHHHOTO YTBOPEHHS JIbOAY B IpoLeci 3a-
MOPOXKYBAaHHS 1 MIJCUITIOE PEKPUCTAITI3AIliI0 KITITHH,
IO BUKJIMKAE iX 3aru0enb. ABTOPH OXOJOIKYBajH
cycnensito kiriTiH MCF-7 Bin KiMHaTHOT TeMIiepary-
pu 10 — 40°C 3i WBUAKICTIO 5 rpaj/XB, BUTPUMYBa-
JIM TIpH KIHLEBil Temrmeparypi npotsroM 1 XB 1 OTiM
BiIirpiBaJiK 10 KIMHATHOI TEMIIepaTypH 31 IIBUIKICTIO
100 rpan/xB. YBech IpoIeC KOHTPOJIFOBAIU 32 JIOIO-
Moroto Kpiomikpockomii. [Tokasano, mo oOpoOka myX-
mvHHEX kit HY y konnenTpanii 100 1 1000 Mxr/mn
JI0303aJIeXKHO 301IbIITyBaJIa HMOBIPHICT BHYTPIIIHBO-
KJIITUHHOTO JIbOIOYTBOPEHHS, 110 € OCHOBHOIO IIPH-
yrHOO 3arubeni xmithH. [Ipn pomy HY y koHIEH-
Tpamii 10 MKr/Mj, HaBMAKW, 3MCEHIITYBAJH HMOBIp-
HICTh YTBOPCHHS BHYTPIIIHROKIITHHHUX KPHUCTAIB

npo6nemu Kpiobionorii i kpiomeaULMHN

problems of cryobiology and cryomedicine
Tom/volume 30, Ne/issue 4, 2020

This led to greater cryodamage to the tissue. The
mechanism of this action of NPs is mediated by
the initiation of heterogeneous nucleation, which
provides a higher probability of intracellular ice
formation and thus enhances tissue necrosis after
cryopreservation. At the same time, it has been found
that MgO nanoparticles have not only high thermal
conductivity, but also biocompatibility and biode-
gradation ability. This fact suggests their high
efficiency in cryonanoablation of tumors [8].

The effectiveness of this approach has been
confirmed in vitro in the cryopreservation of a
suspension of the MCF-7 breast cancer cells [65].
It is shown that the addition of Fe,O, NPs increa-
ses the probability of intracellular ice formation
during freezing and enhances the recrystallization
of cells, that causes their death. The authors cooled
the suspension of MCF-7 cells from room tempe-
rature down to —40°C at a rate of 5 deg/min, kept
at a final temperature for 1 min, and then war-
med to room temperature at a rate of 100 deg/min.
The whole process was monitored by cryomicros-
copy. It was shown that the treatment of tumor cells
with NPs at a concentration of 100 and 1,000 pg/ml
dose-dependently increased the likelihood of in-
tracellular ice formation, which is the main cause
of cell death. At the same time, NPs at a concent-
ration of 10 pg/ml, on the contrary, reduced the
probability of formation of intracellular crystals
in comparison with the control, increasing the
viability of cryopreserved tumor cells [65]. Thus, the
authors suggest when rising the NPs concentration,
their clustering occurs, which enlarges the volume
and surface area of the NPs and reduces the inter-
facial energy. Such changes increase the proba-
bility of intracellular crystal formation by adsorp-
tion of H,O molecules on the surface of these
clusters, which enhanced the destruction of cells
during their heating due to recrystallization of the-
se crystals.

Nanoparticles of non-metallic nature, on the
contrary, are able to reduce the thermal conduc-
tivity of the tissue, so they can also be used in cryo-
surgery. However, their function is not to strengthen,
but to weaken the heat transfer in a particular area
of tissue, which prevents the freezing of healthy
tissues surrounding the target tumor during cryo-
ablation [39]. Such non-metallic NPs are introduced
along the edges of a solid tumor to ‘protect’ normal
tissues.

Thus, nanocryosurgery is able to provide fle-
xible control of the cryosurgical process, poten-
tiating the freezing of pathologically altered tissue
and preventing damage to normal.
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y TOpIBHSHHI 3 KOHTPOJEM, MiJBUIIYIOUH >KUTTE-
3[0aTHICTh KPIOKOHCEPBOBAHUX ITyXJIMHHUX KIITHH
[65]. Takum YMHOM, aBTOPU HPUILYCKAIOThb, IO 3a
yMOB TifBHUIeHHs KoHIeHTpanii HY BinOyBaeTh-
cs IX Kiacrepwsarlisi, Mo 301IbIIye 00CAT 1 TUIONTY
noBepxai HY Tta 3umxye mixdasny enepriro. Taxki
3MIHH ITiIBHUIIYIOTh WMOBIPHICTh BHYTPIIIHBbOKIII-
TUHHOTO KpPHCTAJOYTBOPEHHS MUIAXOM aicopOIii
MOJIEKYJI HZO Ha TOBEPXHI NAaHWUX KJIACTEpiB, IO
MOCHJTIOBANIO PYWHYBaHHsI KJIITHH TpHW iX BiJirpisi
3a paxyHOK peKpHCTali3alii.

HanouacTHHKM HeMeTaleBOl NPUPOAU, HABIIAKH,
3[aTHI 3HIKYBATH TEIJIONPOBIAHICTh TKAHUHHU, TOMY
TaKO’K MOXKYTh BUKOPHCTOBYBATHCS B KPIOHAHOXIpyp-
rii. OqHak X QyHKIIis moisrae He B TOCHIICHH], a B 0C-
nabJIeHHI TIepeHeCeHHs TeTlIa B KOHKPETHI 30Hi TKa-
HUHH, 10 3a1100irae mpoMep3aHHIO 3J0POBUX TKaHWH,
SIKI OTOUYIOTh ITyXJIMHY-MIIIICHb ITiJT 9ac IPOBEICHHS
kpioabmarii [40]. Taki HU memeraneBoi mpupomu
BBOJISITHCS IO KpasiX COMIMHOI MyXJIMHHU JUIsL «3a-
XHCTY» HOPMaITbHUX TKaHHH.

Takum 4rHOM, HaHOKpIOXipypris 3qaTHa 3abe3rie-
YUTH THYYKHH KOHTPOJb KPiOXipypriyHOro MpOIecy,
MOTEHLIIIOI0YM TPOMOPOKYBAHHS! TATOJOTYHO 3MiHEHOT
TKAaHVHH 1 3ar00iratody MOIIKOKEHHIO HOPMAJTBHOI.

OpHak MiATPYHTSAM JI0 3IIHCHEHHS KpiOHAHOXI-
PYPTiYHHX BTpy4YaHb € MPOBEICHHS ITHOOKUX EKCIIe-
PUMEHTATEHUX JOCTipkeHb. Kpiobiomorini mgocmia-
JKCHHSI, BUKOHAHI 3 BUKOPUCTAHHSIM CYCITCH311 Ty XJIFH-
HUX KIITHH, HE BHU3HAYAOTh yCi 3aKOHOMIPHOCTI
KpioaOmaniiHOTO BIUIMBY HA TKAHWHU IyXJIUHH, aje
came CYyCHEH3IMHI KyIbTypd MOXYTh JIaTH 3araib-
HE YSBJICHHS MPO OCOOJMBOCTI BIIIOBII IMyXJIMHHUX
(30xpemMa, CTOBOYpOBHX PaKOBHX) KIITHH Ha (i3HKO-
XiMiuHi (aKTOpH, SIKi peai3yloThCs B MPOLECi HU3b-
KOTEMIIepaTypHOTO 3aMOPOKYBaHHsL. BB TOTO, OIliHKA
(YHKLIOHANBHOTO CTaHy KIITUH MICHIs KPiOBIUIMBY,
BKJIFOYAIOYH 1X 37aTHICTH 10 Tpomideparii mcis exc-
TpeMaJbHUX (HI3UKO-XIMIYHMX YMHHHUKIB, HEMOXIINBA
IIPY BUKOPUCTAaHHI COJIIHUX MOJIETIeH Iy XJIHHH.

3pyIHOIO MOJICIUTIO IJIST TIPOBEICHHS ITOMIOHOTO
POy EKCIIEpUMEHTAJIbHUX JOCIIJDKEHb € acIUTHA
¢dopma anenoxapruaomu Epriixa (AKE), sika Oyma
OTpHMaHa 3i CIIOHTAHHOTO PaKy MOJIOYHOT 3aJl03H
muii. JloBenena moxinusicth HU Ha ocHOBI opro-
BaHAJATIB PIiJKICHO3EMEJIbHUX EJIEMEHTIB TPUTHI-
4qyBaTu picT myxJauHu in vivo [1, 21, 22]. Otpumani
pe3yJIbTaTH CBiAYaTh MPO 3aJISKHICTh TUITY 3arudeni
kiituH AKE, 3minn iX peHOTUIIOBUX XapaKTepUCTHK
1 (DyHKIIIOHATBHOTO TOTEHINANY Bifl KIHIEBOI TeM-
nieparypu oxonomkeras [20]. JlocmimkeHHs Toea-
HaHoro 3actocyBaHHs HY i dakTopiB Hu3BKOTEMITEpA-
TYpHOTO 3aMOPOXKYBaHHS € HOBHM TIE€PCTIEKTHBHUM
HAINPSIMKOM €KCTIEPUMEHTATHHOT HAHOOHKOJIOTI.
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However, the basis for the implementation of
cryosurgical interventions is the performance of pro-
found experimental studies. Cryobiological studies
carried-out using a suspension of tumor cells do
not determine all the patterns of cryoablation on
tumor tissues, but suspension cultures can give
a general idea of the response of tumor cells, in-
cluding stem cells, to physicochemical factors that
are implemented during low-temperature freezing.
Moreover, the assessment of functional state of cells
after cryoexposure, including their ability to proli-
ferate after extreme physicochemical factors, is im-
possible when using solid tumor models.

A convenient model for this kind of experi-
mental research is the Ehrlich ascites carcinoma
(EAC) cell line, which was obtained from spon-
taneous mouse breast cancer. The possibility of
NPs based on orthovanadates of rare earth elements
to inhibit tumor growth in vivo has been proven
[16—-18]. The obtained results indicate the depen-
dence of the type of EAC cell death, changes
in their phenotypic characteristics and functional
potential on the final temperature of cooling [15].
The study of the combined use of NPs and low-
temperature freezing is a new optimistic area of
experimental nanooncology.

In the main, there are all prerequisites to believe
that modern nanocryobiological approaches will
occupy a worthy place in the general list of tech-
nologies used in cryobiology and cryomedicine
to successfully solve the tasks.
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VY ninoMy iCHYIOTh yci IEpeAyMOBH BBaKATH, 1110
Cy4acHi HAHOKP10010I0T1UHI ITiIXOAH MOCSIYTh T1THE
MiCIIe B 3araJlHOMY NepeJtiKy TeXHOJIOT1H, SKi BUKO-
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