Probl Cryobiol Cryomed 2023; 33(3):177
https://doi.org/10.15407/cryo33.03.177

YIIK 612.613.1:57.086.13
T.O. KOpuyk'**, M.I. NeTpyLwko'?

PesynbraTtn 25-piyHoro aocBiay KpiokoHcepByBaHHSA
OOLUMTIB NIOANHN MEeTOAOM BiTpudikauil.
Yoro mu gocarnu i wo gani?

UDC 612.613.1:57.086.13
T. O. Yurchuk'**, M.P. Petrushko'?

Quarter-Century Experience in Cryopreservation
of Human Oocytes by Vitrification.
What Has Been Achieved and What is Next?

Pecpepat: KpiokoHcepByBaHHA OOUMTIB MIOAMHU METOAOM BiTpMdiKauii yBIMWNO B LOAEHHY MPaKTUKYy AOMOMDKHUX penpogyk-
TUBHUX TexHomorin y 60opoTb6i 3 6e3nniaasm Ta 36epexxeHHi penpoayKTUBHOMO MoTeHuiany xiHku. Ornag nitepatypy BMICTUB pesyrib-
TaTu OOCHimKeHb, BUKOHAHMX NPEACTaBHUKAMM Pi3HMX HAYKOBUMX LLUKIN MPOTSAroM OCTaHHiX 25 pokiB; iCTOpUYHI nepeayMoBU po3pobku
TEXHOMOorii KPIOKOHCEPBYBaHHSI OOLMTIB MIOAMHM 3a OMOMOrok BiTpudikauii; ocobnmMBoCTi Ta cknafHoLi, siki BUHUKaTb nig vac i
peanisauii; MeaunyHi Ta coujianbHi NokasHuku 36epexxeHHs depTunbHocTi. OcobnuBy yBary NpuAinieHo NUTaHHAM reHeTUYHOT Ge3neku
BKa3aHOro MeToAy Woao 36epexeHHst 300pOB’s HallaakiB. Y cTaTTi BUKNaAeHo Mornsia Ha po3s’sidaHHs npobnem BiTpudikauii oouuTis
TNIOOMHU Ta BU3HAYEHO LUNSXM iX NOAOMAaHHS.

KntouoBi cnoBa: BiTpuikaLis, oounTn nOgnHKM, OCMOTMYHA peakuisi, OKCUAATUBHUIA CTPEC, MENOTUYHE BEPEeTEHO, enireHeTUYHI
3MiHW, aHeynnoifis, KPioNPOTEKTOPU, aBTOMaTUYHa BiTpUdikauis.

Abstract: Cryopreservation of human oocytes by the vitrification has become a part of the daily practice of assisted repro-
ductive technologies to fight an infertility and to preserve the woman’s reproductive potential. This literature review covers the results
of the studies performed by various scientific schools during 25 years; historical prerequisites for the development of cryopreser-
vation of human oocytes by vitrification; medical and social indices to apply this method, features and complications arising
during vitrification of human oocytes. Special attention has been paid to the issues regarding the genetic safety of the method men-
tioned in respect of the health of future descendants. The paper presents the insight on unsolved tasks in vitrification of oocytes

and that of identified ways to overcome the challenges.

Key words: Vvitrification, human oocytes, osmotic reaction, oxidative stress, meiotic spindle, epigenetic changes, aneuploidy,

cryoprotective agents, automated vitrification.

IcTopisi po3podku TexHOOrii KpioKOHCEpPBY-
BAHHS OOIUTIB JIIOMUHU METOAOM BiTpudikamii

3acHOBHUKOM BiTpu(iKaIlii IPUAHATO BBaXKaTH
Basil J. Luyet — npodecopa Oiostorii YHiBepcuTe-
1y Cenr-Jlyica, sikuit y 1938 p. Bmepiie omyOmiky-
BaB Pe3yJbTaTd JOCITIDKEHb 3 MEPEOXOTOIKEHUMH
pPO3YMHAMH, LIO YTBOPIOBAIM MPO30PUN CKISHUI
crad. [lponec ckiyBaHHs mi3Hime OyB Ha3BaHHN
«BiTpudikauiero». B #oro excrnepumeHTax CKIy-
BaHHS PO3YHMHIB JOCATAJIOCSd BHUKJIIOYHO ITOHAI-
BHUCOKHMHU NIBHJIKOCTSIMH OXOJOIKeHHsI. Ha po3B’si-
3aHHAM TpoOneMu BiTpudikarii eMOpioHIB MHUIIII
MOHaJ1 AecsaTh pokiB mpairoBaiu G. Fahy ta B. Rall,
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History of the development of the technique
to cryopreserve human oocytes by vitrification

Basil J. Luyet, professor of biology at the
University of St. Louis, is considered the founder
of vitrification, in 1938 he for first time published
the results of research with supercooled solutions
that formed a transparent glass state. The glass
forming process was later called ‘vitrification’.
In his experiments, vitrification of the solutions
was achieved exclusively by extremely high
cooling rates. For more than ten years, G. Fahy and
B. Rall worked on solving the problem of vitrifi-
cation of mouse embryos, and using cryomicro-
scopyhe established the fact that the viscosity of
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(hakT MIABUIIEHHS B’S3KOCTI IUTOIUIA3MH KIIITHH
MicNsl JOAaBaHHA Yy CEPEAOBHILE KPiOMpPOTEKTOPiB
(KIT) y BHCOKiil KOHIEHTpauii Ta 3aCTOCYBaHHS
TTOHAJABUCOKHUX MIBUIKOCTEH OXOJIOIKCHHS [26].

3 "acoM yIOCKOHAJIOBAJINCS HAyKOB1 ITiIXOMH,
PO3pOOJISUTMCSA HOBI  METOAM KPIOKOHCEPBYBAaHHS
PI3HUX THUIIB KIITHH, TKAaHWH, ¢MOpIOHIB JIOMUHU
i TBapuH [2, 11, 16, 40, 62]. 3 1990 p. po3noganmcs
TOCITIDKEHHSI Y HANpsSMKY OCBOEHHS METOAY BIT-
pudikanii. OcobnuBy yBary HayKOBLI NPHIUTSIIH
MUTAHHIO 3HIKCHHS IIUTOTOKCHMYHOCTI BUCOKHX
konneHTpanid KII. Bymo 3’scoBaHo, 1mo CKOpoYeH-
HSl TPUBAJIOCTI €KCTIO3MLIi PO3YMHIB AJISI CKITyBaHHS
3MEHIIIY€ IXHIO TOKCHYHICTB [66], Ta 3aIIpOroHOBaHO
Bukopuctannsa cymimn KII, sika mo3Bomsie 30epertu
BHCOKY KoHmeHTpariito KII y 3axucHOoMy po3umHi,
aje ICTOTHO 3HIDKYE IXHIM TOKCHYHHA e]ekT Ha
KiIituHA [35].

IIpore MOXJIMBICTH KPIOKOHCEPBYBAHHS OOIIUTIB
JIONWHU BUKJIMKANA Yy JOCTIIHUKIB BEIUKUN CyM-
HiB. OCHOBHa IpoOJieMa HH3BKOTEMIIEPATyPHOTO
KOHCEPBYBAaHHSI OOLIUTIB 3yMOBJICHA OCOOIUBOCTIMH
ixHpoi OymoBH, a came: BEIMKHM PO3MipOM, BHCO-
KM BMIiCTOM BOIM, HAsBHICTIO IIIKONPOTEIHOBOI
obononku Zona pellucida (ZP) Ta HU3BKUM CIIiB-
BiJHOIIEHHSIM IUIOLII TMOBEPXHi A0 00’€My KIITHHH
[4].

3HaYHUM TIPOPHBOM y PO3BHUTKY TEXHOJOTIl
KpIOKOHCEPBYBaHHS OOIIUTIB JIIOMWHHA CTaja pobo-
Ta Bijmomoi BueHOi, ykpainku Jlimii Kynemosoi [41],
sika BIIEPINE YCITIIHO BITpHQiKyBajga OOIUTH JIO-
muan B 1-2 MKa cepenoBumia 3 40% eTHIISHTITIKOIIO
(ET") Ta 0,6 Mob/11 caxapo3u y BIAKPUTHX BUTSATHY-
TUX coloMHuHKax. OHAK MMPOTATOM HACTYITHHX POKiB
JOCII/PKEHHS 3 BITpUQIKAIl OOIUTIB JIOMUHU Je-
MOHCTPYBaJIM CyTIEPEWINB] pe3ynbTaTi moAo0 eek-
TUBHOCTI Ta OE€3MEKH JaHOTO METOAdY, Iepen ycim
TeHETHYHO1, 10 CTaJO0 OCHOBHUM OOMEKECHHSIM JUIS
LIMPOKOTO KIITHIYHOTO BUKOpUCTaHHS [57].

IIpore curyamis 3MiHWIacs 3aBOJKH HaIpa-
moBaHHAM M. Kuwayama Ta cmiBasr., ski y 2005 p.
3asIBHJIM [IPO CTBOPEHHS MeTony BiTpudikarii «Cryo-
top» [42]: micna 10-xBHIMHHOT eKBUTIOpariii 0oITH-
TiB y po3umHi, mo MictuB 7,5% 00./06. E[' Ta
7,5% 00./06. IMCO, ix mepemilryBajin y BIiTpH-
¢ikaniiiauit pozunH i3 15% 06./06. EI' Ta 15% 06./
06. IMCO 3 pomaBanusiM 0,5 Monb/n caxaposw.
[Ticnst 1LOTO OOIUTH Yy MIHIMAIBHO MOXIIUBOMY
00’emi cepemoBuma (1o 1 MKI) mepeHOCHWIN Ha
CHeUiabHUI KpPIOHOCIH BIAKPUTOTO THUIy Ta 3a-
HypIoBaiu B piakuii a3or. Came Takuii NPOTOKOIN
BiTpuikallii CTaB IIUPOKOBKUBAHMM B 1HIYCTpIil
TOTIOMDKHUX PENpomyKTUBHUX TexHojori (/PT)
3 OISy HAa KPiOOAHKIHT OOIMTIB i BHKOPHUCTAHHS
Y CBITOBIY TIPAKTHIT.
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the cell cytoplasm increases after the addition
of cryoprotectants (CPAs) in a high concentration
to the medium and the use of extremely high
cooling rates [26].

Over time, scientific approaches were improved,
new cryopreservation methods for various types
of human and animal cells, tissues, and embryos
were developed [2, 11, 16, 40, 62]. Since 1990,
the studies were targeted to mastering the vitrifi-
cation. Scientists paid special attention to the issue
of reducing the cytotoxicity of high concentra-
tions of CPA. It was found that reducing the
duration of exposure to vitrification solutions
decreased their toxicity [66], and the use of a CPA
mixture was proposed, that enabled maintaining a
high concentration of CPA in protective solution,
but significantly reduced their toxic effect on cells
[35].

However, the possibility of cryopreservation
of human oocytes caused a great doubt among
researchers. The main problem of low-tempera-
ture preservation of oocytes is caused by the
peculiarities of their structure, namely: large size,
high water content, the presence of a Zona pel-
lucida (ZP) glycoprotein shell, and a low ratio
of surface area to cell volume [4].

A significant breakthrough in the development
of the cryopreservation technique for human
oocytes was done with the research of a well-known
scientist, our compatriot and colleague Dr. Lilia
Kuleshova [41], she for the first time successfully
vitrified human oocytes in 1-2 pl of medium with
40% ethylene glycol (EG) and 0.6 mol/l sucrose
in open drawn straws. However, during the fol-
lowing years, the studies on vitrification of human
oocytes demonstrated conflicting results regarding
its effectiveness and safety, primarily genetic, which
became the main limitation for the wide clinical
use of this method [57].

However, M. Kuwayama et al. has changed the
situation, in 2005 he announced the creation of the
‘Cryotop’ vitrification [42]: after 10-min equilibration
of oocytes in a solution containing 7.5% vol./vol.
EG and 7.5% vol./vol. DMSO, they were removed
into a vitrification solution with 15% v/v. EG and
15% vol./vol. DMSO with the addition of 0.5 mol/l
sucrose. Afterwards, oocytes in the minimum pos-
sible medium volume (up to 1 pl) were transferred
to a special open-type cryocarrier and immersed
in liquid nitrogen. This vitrification protocol be-
came widely used in the industry of assisted
reproductive technologies (ART) in view of cryo-
banking oocytes and their use in global practice.

In 2012, the American Society of Reproductive
Medicine, after a thorough meta-analysis of rando-
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VY 2012 p. AMepukaHCbKE TOBapHCTBO PENpPO-
JTYKTUBHOT METUIMHHU TICJIS PETEIHHOTO METaaHai-
3y paHOOMi30BaHUX OaraTOLEHTPOBUX MOCIHiHKEHb
MPUIHAIO PIMICHHS 3HATH 3 TEXHOJOTIi KPIOKOH-
CEpBYBAHHA OOIMTIB CTATyC «EKCIIEPUMEHTAIBHOI.
Ile mo3BommiIO 1i BHKOPHCTOBYBAaTH B KIIIHIKax
3 JiKyBaHHs Oe3mtiaas meronamu JIPT [64].

Iloxa3anHsi 1WOA0 HHM3BKOTEMIIEPATYPHOIO
O0aHKIHTy OOLMTIB
CporomHi KpiOKOHCEpBYBaHHS — HEBiJ €eMHa

YacTUHA TEXHOJIOTII, CIpsSMOBaHOI Ha 30epeKeHHS
(deptunpHOCTI JroaMHU. Ha mouyarky ABOXTHCSY-
HUX POKIB KPiOKOHCEPBYBaHHS BHUKOPHUCTOBYBAJIOCS
B NPOTOKOJaX JIiKyBaHHS OHKOJIOTIYHMX NAalli€HTiB
BHKJIIOYHO UYEpe3 PHU3WK BTPATH OBapiaibHOI (DyHK-
mii Mmcis MpOMEHeBoi, pamio- abo XiMmioTeparrii.
[isuime cdepa 3acTocyBaHHS KPiOKOHCEPBYBAaHHS
OOIIMTIB JIIOMWHK TONIMPHIACH HAa MPOTpaMu JIio-
HOpPCTBa TaMeT, SKi TapaHTyBalH BHKIIOUCHHS
iHdixyBaras BLJI, rematutoM Ta iHmMMAMH iH(DEK-
IIHHUMH areHTaMH, SKi TePeAaroThCs CTaTEBUM
LUISIXOM, 3aBASKH BUTPUMI y OKPEMOMY pETo3u-
Tapii mpoTsAroMm 6 wmicAuiB. Y pasi migTBEpIKESHHS
HETaTUBHOI peakiii Ha aHTUTUIA A0 O’ijoi Tpe-
nmoHemH, antutina kinacy M, G, BUI 1, BIJI 2 a6o
BipyciB remarutiB B Ta C moHOpchKMil Marepian
JI03BOJICHO 3aCTOCOBYBATH.

3aBmSIKM  BIPOBADKCHHIO METOIIB MOJIEKYIISAp-
HO1 Oiomorii y mpaktuky JIPT posmmpuBcs meperik
MOKa3aHb 100 30epeXKeHHS (EPTHILHOCTI ILISIXOM
KpIOKOHCEPBYBaHHS OOLMTIB. Tak, y pa3i BHSBICHHS
y TAIl€HTIB TOMMOPGHUX BapiaHTIB IESKUX TCHIB,
30KkpeMa MyTauii reHa-cynpecopa nyxiuH (BRCA),
IO AacoLiiOBaHi 3 BHCOKHM PH3HKOM PO3BUTKY
paxy s€YHUKIB, IOKa3aHO KPiOKOHCEPBYBAaHHS OOLH-
TiB mepen NpOoQiTaKTUYHOIO CaBIIHI00(POPEKTO-
Miero [15].

CyuacHi KpiOTEXHONOTIi 1 MOJEKYISpPHO-TeHe-
THYHI METOAW TepemiMIIaHTaIiiHO-TeHETHIHOT
TIaTHOCTHKHU TO3BOJSIIOTH 30€PErTH OOIMTH KIHOK
3 METOIO ITONAJIBINIOL CEJICKIlli Ta YHUKHEHHS TaKUX
MopyIlIeHb, K Mo3aiuHa ¢opma curapomy Illepe-
meBchKoTO-TepHepa, menemii X XpOMOCOMH, IIpe-
myTariii X mamkoi xpomocomu Ta iH. [30]. Kpio-
KOHCEPBYBaHHS CTAaTeBUX KIITHH TOKa3aHO >KiHKaM
3 BHCH@)XCHHSM OBapiallbHOTO pe3epBy Ta Mepel-
YaCHOIO HETOCTATHICTIO S€YHUKIB [12].

B ocranHi gecaTWIITTS 4epe3 MiABUINEHHS ce-
pPEOHBOrO BiKYy JKIHOK Ha MOMEHT IIEpIIoi BariT-
HOCTI BEJHMKOI MOMYJISPHOCTI HaOynda KOHLIEIIIis
«age banking». BincytHicTe mapTHepa, (iHaH-
COBI TIPUYMHM, TIParHEHHs A0 caMmopeamizamii Ta
Kap’€pHOTO 3pocCTaHHS — (aKTOpH, SKi CIIOHY-
KaloTh *KIHOK BIJIKJIaJIaTH HAPOJHKECHHS JJUTHHU, TOMY
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mized multicenter studies, decided to withdraw
the oocyte cryopreservation technique from the
‘experimental’ status. This allowed it to be used
in infertility treatment clinics using ART methods
[64].

Indications for low-temperature banking
of oocytes
Today, cryopreservation is an integral part

of technology aimed at preserving human fertility.
At the beginning of the 2000s, cryopreservation
was used in the treatment protocols for oncology
patients exclusively at a risk of ovarian function
loss after radiation, radio-, or chemotherapies.
Later, the application field of cryopreservation
of human oocytes expanded to gamete donation
programs, that guaranteed the exclusion of infec-
tion with HIV, hepatitis and other sexually trans-
mitted infectious agents because of aging in a
separate repository for 6 months. In case of confirmed
negative reaction to antibodies to pale trepo-
nema, class M, G antibodies to HIV 1, HIV 2 or
hepatitis B and C viruses the donor material is al-
lowed to be used.

Due to the implementation of molecular biology
in the practice of ART, the list of indications
for preserving fertility by cryopreservation of
oocytes has expanded. Thus, when detecting the
polymorphic variants of some genes in patients,
in particular mutations of the tumor suppressor
gene (BRCA), associated with a high risk of
developing ovarian cancer, cryopreservation of
oocytes before prophylactic salpingo-oophorec-
tomy is indicated [15].

Modern cryotechniques and molecular genetics
methods of pre-implantation genetic diagnosis
make it possible to preserve the oocytes of women
for further selection and avoidance of such disor-
ders as the mosaic form of Shereshevsky-Turner
syndrome, deletion of the X chromosome, pre-
mutation of the fragile X chromosome, efc. [30].
Cryopreservation of asexual cells is indicated for
women with depleted ovarian reserve and prema-
ture ovarian failure [12].

In recent decades, with a rise in the average
age of women at the time of their first pregnancy,
the concept of ‘age banking’ has gained great
popularity. The lack of a partner, financial reasons,
the desire for self-realization and career growth
are factors that encourage women to postpone
the birth of a child, so only banking cells can pro-
vide an opportunity to conceive their own genetic
offspring in future [72].

In European countries, wherein a moratorium
on embryo freezing has been introduced, or if
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TIIBKH OAHKIHT OOLMTIB MOJKE HamaTH MOXKJIMBICTH
3a4aTH BJaCHE TEHETHYHE IOTOMCTBO y MaiiOyT-
HbOMY [72].

YV eBponeHChKUX KpaiHax, Ie BBEACHO MOPATOPIii
Ha 3aMOpPOKYBaHHS eMOpiOHIB, a00 SKIIO I TIPOIIe-
Iypa He MOXe OyTH 3IiHiCHEHa 3 PeNridHuX, eTHU-
HUX YH IHIIUX TPUYUH €JMHOI0 allbTePHATHBOIO
30epekeHHs (PEePTHIBLHOCTI € KPiOKOHCEPBYBAaHHS
0OIINTIB [6].

[Mompu mmpoke BIpOBaKEHHS KPiOTEXHOJIOTiH
y TpaKkTUKy MEIUYHUX 3aKJIajiB, sKi 3aiiMaroThbCA
mikyBaHHsM Oesrutigas 3a pomnomororo JIPT, nay-
KOBLII HPOJOBXYIOTH (yHAaMEHTaJbHI JOCIiHKEH-
HSl HACHIJKIB MOTY>XHOTO ()i3MKO-XIMIiYHOTO HaBaH-
TOKCHHS KIITHHHUX CTPYKTYp Ta TEHETHYHOI ITi-
JICHOCTI OONMTIB MICHI iX HHU3BKOTEMIIEpATyp-
HOTO KOHCEPBYBAaHHS METOMOM BiTpudikaiii [46,
60].

Iinxonm Ta NPUHUMNU KPiOKOHCepPBYBaHHS
0OLIMTIB MeTOI0M BiTpHuikaii

OcHOBHMMHU TIpoOJieMaM¥  KPiOKOHCEPBYBaHHS
PI3HUX THITIB KIITHH (30KpeMa, OOIIUTIB) € YTBOPEH-
HSl KPUCTATIB JhOAY Ta TOKCHYHHUHA BIUIMB BUCOKHX
konneHTpanid KII. Jlns ycmimHOTO KpioKOHCEp-
BYBaHHS OJ[HA YaCTWHA MOJICKYJ BOIU IUTOILIA3MHU
oonurta Mae OyTu 3amiHena Ha monekynu KII, Toai
SK iHIma — nepeOyBae y 3B’S3aHOMY CTaHi 3 iH-
IIMMHA OpPTaHIYHMMH MOJeKylamMu. Taka cucrema
MPUBOAXUTH IO 3HWKEHHSA TeMmIeparypu (a3oBo-
ro Tepexody Ta 3MEHINCHHS BHYTPIIIHbOKIIITHH-
HOI KpHCTami3allii I 9ac HA3BKOTEMIIEPATypHOTO
oxonomkeHHsa [55]. Crymine zgerimparamii oommra
3aJIeKUTh BiJ MPOHUKHOCTI HOTro KIIITHHHOI MeM-
Opanu s monekyn Boau ta KII. Crnix 3a3Hauntw,
0 JaHWH TIOKa3HUK y OKPEMHX OOIIUTIB, SKi
nepeOyBatoTh Ha crazaii Meradaszu 11 (MII), moxe
Bifpi3HATHCA B 7 pasiB [25]. Y mpoueci KpiokoH-
CEpBYBaHHA METOJOM BiTpH(iKalii KpUCTaIH JIbO-
Iy HE YTBOPIOIOTHCS, a KIITHHHA Ta TO3aKJIITHHHA
piMHa oapa3y IEePEXOAMTh Y CKIIOMOMIOHHI CTaH.
Ile nmocsraeTbcss KOMOIHAIIEID BHCOKHX KOHIICH-
Tpaiit (4-8 monw/n) KII ta magsucokumu (10000—
30000 °C/xB) MBUAKOCTIMH OXOJIOMKEHHS [21].

BaxxiuBo 3a3HauMTH, IO IiF 4ac BiTpudikarii
U1 JKATTE3OATHOCTI KINTHH BHHUKAE ITOTEHINIH-
HUN PHU3HMK 4Yepe3 BUKOPUCTAHHS BHCOKUX KOHIICH-
Tpauiii pozumHiB KII, siki MoxyTh OyTH TOKCHY-
Humu. 3mimyBanHs pizHux KII nosBomnsie 3meHIn-
TH BiJHOCHY KOHIICHTPAIlil0 KOXXHOI PEUOBHHH Ta
CKOPOTHTH TPHUBAJIICTh €KCIIO3UIIiT OOIMTIB JI0 MiHi-
MajbHOI. [l BiTpudikailii OOLMUTIB JIIOAUHU BH-
kopuctoBytorh mnponmkHi (EI, JAMCO, 1,2-mpo-
maHmion) Tta HemponmkHi KII (caxaposza, Tpera-
71033, TOJIIETHUIICHIIIIKONb, (DIKOJ, IOJiBIHLIITIPOITi-
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this procedure cannot be performed because of
religious, ethical or other reasons, the only alterna-
tive to preserving fertility is cryopreservation of
oocytes [6].

Despite the wide implementation of cryotech-
niques in the practice of medical institutions en-
gaged in treating an nfertility with the help of
ART, scientists continue fundamental research
into the consequences of powerful physical and
chemical stress on cell structures and the genetic
integrity of oocytes after their low-temperature
preservation by vitrification [46, 60].

Approaches and principles of cryopreservation
of oocytes by vitrification

The main problems of cryopreservation of
various types of cells (in particular, oocytes) are
the formation of ice crystals and the toxic effect
of high concentrations of CPA. For successful
cryopreservation, part of the water molecules
of the cytoplasm of the oocyte must be replaced by
CPA molecules, while the rest part is in a bound
state with other organic molecules. This leads
to a decrease in the temperature of the phase tran-
sition and a decrease in intracellular crystalliza-
tion during low-temperature cooling [55]. The
rate of oocyte dehydration depends on the permea-
bility of its cell membrane to water molecules and
CPA. It should be noted that this index of indi-
vidual oocytes that are at the stage of metaphase
II (MII) can differ by 7 times [25]. During cryo-
preservation using the vitrification, ice crystals
are not formed, but cellular and extracellular
liquids immediately turn into a glassy state. This
is achieved by a combination of high concent-
rations (4-8 mol/l) of CPA and ultrahigh
(10,000-30,000°C/min) cooling rates [21].

It is important to note that during vitrifi-
cation, there is a potential risk for the cell via-
bility because of the use of high concentrations
of CPA solutions, which can be toxic. Mixing
different CPAs allows you to reduce the relative
concentration of each substance and decrease the
duration of oocyte exposure to a minimum. For
vitrification of human oocytes, permeable (EG,
DMSO, 1,2-propanediol and impermeable CPAs
(sucrose, trehalose, polyethylene glycol, ficol or
polyvinylpyrrolidone, etc.) are used) [44]. Another
condition for successful vitrification of oocytes
is a minimum volume (0.1-2 pl) of vitrification
solution [19]. With this aim, special carriers have
been developed, i. e. microstraws, copper meshes,
polypropylene plates [72]. Open-type carriers are
elongated straws [34], ‘Cryoloops’ [27], ‘Cryotops’
[42] a very thin film on which the oocyte is
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JIoH Ta iH.) [44]. llle omHi€r0 yYMOBOK YCIINIHOI
BiTpu(ikanii oouurtiBe € MiHiManbHulA 00’em (0,1—
2 wMka) BiTpudikamiiHoro po3uuny [19]. s
IIOTO PO3pOOJICHO CIIemianbHI HOCI(: MIKpOCo-
JIOMWHKH, MiTHI CITKH, IOJIIPOIIJICHOBI IUTACTH-
HU [72]. Hocii BiZKpUTOTO THITy — BHUTATHYTI CO-
nomuHKH [34], «Cryoloops» [27], «Cryotops» [42]
3 JOy)X€ TOHKOIO IUTIBKOIO, Ha SIKy PO3MIITYIOTh
oonut. Taki COJOMWHKH 3a0€3MeuyloTh ITOHAIBH-
COKy UWIBHIKICTb OXOJIOMKEHHS TPH 3aHypIOBaHHI
y pigkuii a3or. TpuBanuii yac KIiHIOUCTH Binja-
BaJM TEpeBary camMe BHUKOPHUCTAHHIO TakuUX Kpio-
HOCiiB, ane BUMOTH 0i00€3MEeKH HU3BKOTEMIIEpa-
TYpHOTO 30epiraHHsi pPernponyKTUBHUX KIITHH 0O0y-
MOBMJIM HEOOXiTHICTH PO3POOJIEHHS ACENTUYHUX
HOCIiB 3aKpUTOTO THITY, SIKI 3/IaTHI 3a0€3MEYUTH I10-
HAJBHUCOKI IBHIKOCTI OXOJOMKCHHS Ta BIiIITpPiBY
[50]. 3ammst 1mporo Oymm 3arpoOTIOHOBAHI 3aKpHUTI
cuctemu [13], omHak pe3ylapTaTH KpPiOKOHCEPBY-
BaHHS BWSBWIMCA HIDKYMMHU 32 OTpPHUMaHi IpH
BHKOPHCTAaHHI BIAKpUTHX HOCIiB [70].

JocsrHeHHsI BHCOKHMX TIOKa3HHWKIB BIKHBAaHHS
BITpH(IKOBaHMX OOLMTIB MOXJIMBE JHIIE IIISIXOM
JOTPUMAaHHSl ONTHMAJIFHOI IIBUAKOCTI HarpiBaHHA
Ta TIOCTYHNOBOIO BHJAJEHHS KpiO3aXHUCHOTO pO3-
yuHy. Jlnga 3amobiraHHs yTBOPEHHIO BHYTpIII-
HBOKJIITHHHOI ~ peKpHcTaiizamii BakJIMBO, LI00
MIBUIKICTh HarpiBaHHsS Oyma OUTHII BHCOKOIO 3a
MIBUIKICTE oxoyomkeHHs [22]. [Ipu mbomMy piBeHB
OCMOTHYHOTO CTPECy OONHWTIB Npu BumaneHHi KII
HEOOXITHO pEryJaioBaTd IOCTYIIOBUM 3MEHIICH-
HAM KoHIeHTpamii Henponukaux KII y cepemoumi
[63].

3a ocTanHi 25 POKiB MiABUIIUIACH €()EKTUBHICTD
MeTony BiTpudikamii i BiIKpUIUCh HOBI MpakTHYHI
nepcnektuBu B cepi APT, omnak mist doro cras-
napTu3alii TOTPiOHO BHUPIIIUTH HU3KY NMHUTaHb, SKi
OymyTb PO3DISIHYTI Y HACTYITHHUX PO3JiIax.

BruinB BiTpugikanii Ha cTpyKTYpHO-pyHKITiO-
HAJIbHI XapaKTePUCTUKHU OOIUTIB

KpiokoHCepBYBaHHS MOXKE MIPU3BECTH 110 BiATep-
MIHOBaHUX CyOJeTaIbHUX TOPYIICHB: CTPYKTYPHI
Ta (PYyHKIIOHAJIBHI 3MIHM IIJIa3MaTHYHUX MeMOpaH,
MOIIKO/DKEHHST BHYTPIMTHBOKIITHHHUX OpraHeN Ta
armapaTty MEMOTHYHOTO BEpeTeHa, IepenvyacHe 3a-
TBepainHsa ZP, ¢parmenrauis JHK, mapreHorenes,
MOPYIICHHS. eKCIIpecii TeHiB, eIMireHeTHYHI Hac-
JIJKYU, CTAPIHHS in Vitro (pPUCYHOK).

[Tna3marryni MeMOpaHU OOLUTIB € CTPYKTYpaMH,
SIKi 3a3HAIOTh MEXAHIYHOTO TIOIIKO/DKEHHS, CIIPH-
YMHEHOTO OCMOTHYHUMH 3MiHAMH Ta BTPaTOIO
IDIMHHOCTI JIIITHUX KOMIIOHEHTIB [65]. Ha pi3-
HUX eTanax KpiOKOHCEpPBYBaHHS, B pe3ylbTari il
BuCcOKHX KoHIeHTpamiii KII ma memOpani ooruta
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placed. Such straws provide an extremely high
cooling rate when immersed in liquid nitrogen.
For a long time, clinicians preferred the use of
such cryocarriers, but the biosafety requirements
of low-temperature storage of reproductive cells
necessitated the development of closed aseptic
carriers capable of providing extremely high
cooling and rewarming rates [50]. For this pur-
pose, closed systems were proposed [13], howe-
ver, the results of cryopreservation turned out to be
lower than those obtained when using open media
[70].

Achieving high survival rates of vitrified
oocytes is possible only by observing the optimal
heating rate and gradual removal of cryoprotective
solution. To prevent the formation of intracellular
recrystallization, it is important that the rate of
heating is higher than the one of cooling [22]. At
the same time, the level of osmotic stress for
cells during the CPA removal must be regulated
by a gradual decrease in the concentration of
impermeable CPA in the medium [63].

Over the past 25 years, the vitrification method
has achieved significant success and opened new
practical prospects in the field of ART, however, for
its standardization, a number of issues need to be
resolved, which will be discussed in the following
sections.

Effect of vitrification on structure and func-
tions of oocytes

Cryopreservation can lead to delayed sublethal
disorders: structural and functional changes in
plasma membranes, damage to intracellular or-
ganelles and the meiotic spindle apparatus, pre-
mature hardening of the ZP, DNA fragmentation,

parthenogenesis, disruption of gene expres-
sion, epigenetic consequences, aging in vitro (Fi-
gure).

Plasma membranes of oocytes are structures
that undergo mechanical damage caused by
osmotic changes and loss of fluidity of lipid compo-
nents [65]. At different stages of cryopreservation,
as a result of the action of high concentrations
of CPA, the concentration gradients on the oocyte
membrane alter, and as a consequence, the struc-
tural and functional characteristics of the cell
change.

In addition, the oolemma contains proteins in
which, under the influence of sufficiently high
concentrations of cytotoxic CPAs, stability may
decrease and denaturation may occur, that leads to
the loss of their functional properties. Also, some
membrane proteins are associated with cytoske-
leton proteins, namely microtubule proteins,
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Structural and functional changes after cryopreservation of oocytes by vitrification.

3MIHIOIOTbCS KOHIEHTpALiliHI TpaJieHTH, a BHacIi-
JOK — CTPYKTYpHO-(YHKIIOHAJIBHI XapakTepHc-
TUKH KJIITHHH.

Kpim Toro, mmasmonema MICTUTB OUTKH, Yy SKHX
miJi BIUIMBOM JIOCUTh BEJIHMKUX KOHIICHTpAIil
nutotokcnyanx KII Moke 3HIKYBaruch cTadiib-
HICTh Ta BiJOyBaTUCs JeHATypailis, [0 IPH3BO-
JUTH JI0 BTPATH iX (YHKIIOHAIGHUX BIACTHBOCTEH.
Kpim TorO, nesiki MeMOpaHHi OiTkW 3B’s3aHi 3 Oil-
KaMU IMTOCKENeTa, a caMe 3 OUIKaMHu MIKpOTpy-
OOUOK, fIKi, SIK BiJIOMO, BIIIrpalOTh TOJIOBHY pPOJIb
y dopmyBanni meiioruanoro BepereHa [28]. Tomy
CIOpPUYMHEHI BiTpUQIKali€lo 3MIHA CTPYKTYPHU MEM-
OpaHHMX OIIKIB MOXYTb BHKJIMKAaTH MOPYIICHHS
BEPETCHA TMONUTY Ta OMOCEPEAKOBAHO 30UTBIIMTH
piBEHb XPOMOCOMHHMX aHEYIUIOimiii micis 3aBep-
meHHs Merosy [31, 43].

Jlokamizariisi BepeTeHa TMOJUTy B  OOIUIA3MI,
eKCTPY3isl Jpyroro TOJNSPHOTO TiJbIlsd, Mirpa-
il TIPOHYKIIEYCIB Ta JpoONieHHsS OiacToMepiB 3a-
nexarb BiJl (YHKIIOHAJIBHOTO CTaHy F-akTuny.
[Micns  BiTpudikamii KiTBKICTh OOIHUTIB 3 HOro
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which are known to play a major role in the meiotic
spindle formation [28]. Therefore, changes in the
structure of membrane proteins caused by vitrifi-
cation can cause disruption of the division
spindle and indirectly increase the level of chro-
mosomal aneuploidy after the meiosis completion
[31,43].

The localization of the division spindle in
ooplasm, extrusion of the second polar body,
migration of pronuclei and fragmentation of blasto-
meres depend on functional state of F-actin. After
vitrification, the number of oocytes with its normal
distribution decreases by nearly twice, that can
eventually disrupt the segregation of chromosomes
and increase the frequency of chromosomal
aneuploidy embryos [7].

Cryopreservation factors are able to cause
ultrastructural modification of mitochondria and
smooth endoplasmic reticulum, which are invol-
ved in the Ca*" signaling mechanism, after sperm
penetration [49]. Premature release of Ca*
after vitrification can cause parthenogenetic acti-
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HOPMaJbHUM DPO3MOAIIOM 3HUKYETBCS Maike Y
2 pas3u, IO BPEWITI MOXXE HOPYIIUTH CErperario
XpOMOCOM Ta 30UIBIINTH YacTOTy XPOMOCOMHHX
aHeyIUIoimii eMOpioHiB [7].

®dakTopu KpIOKOHCEPBYBaHHS 37aTHI BUKIIH-
KaTh YABTPACTPYKTYPHY MOIU(DIKAINII0 MITOXOHII-
pifi Ta TMAgKOTO EHJOIIa3MATUYHOTO PETHKYIYMY,
sIKI OepyTh y4acTh Yy MEXaHi3Mi Iepenadi CHTHaJiB
Ca?" , micas mpoHMKHEHHS criepmaro3oina [49]. Tle-
penuacHe BuBUIbHeHHs Ca’* micnst BiTpudikarii
MOXXE BHKIWKATH TApTEHOTCHETUYHY aKTHUBAIlII0
OOIIMTA, II0 YHEMOXIJIMBIIOE HOTO IMOJANbIIE 3all-
JIAHEHHS CIIepMaro30iaoM [56].

Hedizionoriune BUBINBHEHHS KOPTUKAJIBHUX Ipa-
HYJ pa3oM i3 3aTBepAiHHAM ZP BHACHIIJOK KPiOKOH-
CepBYBaHHA MOXKE€ 3HU3UTH YaCTOTy 3aIlIiIHEHHS
[46]. Hapa3i mane TWTaHHA BHUPIIMICHO, OCKIIBKU
3aIDTiIHEHHS [UIIXOM  1HTPAIUTOILUIa3MaTHYHOTO
BBeICeHHA criepMmaro3oiga B oorut (ICSI) mo3Bomsie
OMHUHYTHU 0ap’ep, SIKHUil CTBOPIOE 3aTBepaiia ZP.

IlutanHs BIIIMBY KpiOKOHCEPBYBaHHS Ha (par-
menTarnito JIHK oomutie Hapasi He 3’scoBaHO,
OCKIJIBKU Pe3ylbTaTH JOCIHiPKEHb ITOCUTh OOMe-
JKCHI, a JIaHi, Kl OTPUMaHi Ha MOJIETHHUX 00’ €KTaX,
€ cynepeunuBumH [49, 58].

[lokazano, mo BiTpuQikamis CyTTeBO HE BIUIU-
Ba€ Ha 3arajbHy EKCIIPECcilo I'eHiB, MOMpPH i€, BOHA
MO)KE BIUIUBATH Ha TPAHCKPHUIINIO OKpeMHX (DyHK-
mioHadpHUX TeHiB [78]. Tak, pe3yapTaTd CEKBEHY-
BaHHS TPAHCKPHUIITOMIB IOKAa3aJiy, 110 BiTpudiKallis
301IBIIYE SKCIPECII0 MPOAoNTOTHYHOrO reHa Bax,
Ta BIAMOBIMHO 3HIWKYE EKCIPECII0 aHTHAIOITO-
tnuHoro rteHa Bcl-2 [22, 32, 37, 74]; 3umKye
EKCIIPECio TeHiB, OB’ I3aHMX i3 paHHIM eMOpiOHaJb-
HUM PO3BUTKOM [29] Ta 3MIiHIOE EKCIIPECil0 AESKUX
IMIPUHTOBaHUX TeHIB 4Yepe3 30iIbLICHHS METH-
moBanns JJHK [24, 48].

Hani cywacHoi mitepaTypu cBigyare HOpo Te,
IO eMireHeTHYHI Ta TPaHCKPUNTOMIuHI mpodini
OOIIUTIB Ta OTPUMAHHMX 13 HUX €MOpIOHIB UyTIWBI
no ¢akropiB kpiokoHcepByBauHus [S5, 17, 73]. Ho-
BEIICHO, IO y TOTOMCTBA TEpINoi reHeparii diHil
MUIIICH, OTPUMAHMX 3 BITPU(PIKOBAHUX OOIIMTIB,
ITiIBUIILyBaBCS PiBEHb TPUTIIICPUIIB 1 T1aCTONIIHUI
aprepianbHUH THCK [33].

Kpim Toro, BaxkMBO BpaxoByBaTh BiKOBUH (hak-
TOp, KU BIJIMBAaE Ha €(DEKTUBHICTH KPiOTEXHOJO-
riii. Hacammepen 1i¢ moB’si3aHO 3 BaJaMH EHEpre-
TUYHOTO METa0O0Mi3My MITOXOHAPIH Ta 301MbIICHHSIM
XPOMOCOMHUX aHOMAaJii, SIKi BUHHKAIOTh MPOTITOM
no3piBaHHs ramer [76]. KinbkicTh XpoMOCOMHEX
eyIioimiii eMOpioHIB, OTpUMaHUX 13  BITpHUQIKO-
BaHMX OOIIUTIB JKIHOK TI3HBOTO PEIPOTYKTHBHOTO
BiKy, OUTBbIIa 3a KUTBKICTh Y HATHBHUX KIIITHHAX
(31,2 mpotu 24,4%, p < 0,05), npu 1BOMY KiJb-
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vation of the oocyte, making its further fertili-
zation by sperm impossible [56].

Non-physiological release of cortical granules
together with hardening of ZP as a result of
cryopreservation can reduce the frequency of
fertilization [46]. Currently, this issue has been
resolved, as fertilization by intracytoplasmic
sperm injection into the oocyte (ICSI) allows
bypassing the barrier created by the hardened ZP.

The question of the effect of cryopreserva-
tion on DNA fragmentation of oocytes has not
yet been clarified, since the results of research
are quite limited, and the data obtained in model
objects are contradictory [49, 58].

Vitrification has been shown not to significantly
affect the general expression of genes, however,
it may do he transcription of individual func-
tional genes [78]. Thus, the results of transcriptome
sequencing showed that vitrification increased
the expression of the pro-apoptotic gene Bax, and
accordingly decreased the expression of the anti-
apoptotic gene Bcl-2 [22, 32, 37, 74]; reduced
the expression of genes associated with early
embryonic development [29] and altered the
expression of some imprinted genes through in-
creased DNA methylation [24, 48].

Current published data demonstrate that the
epigenetic and transcriptomic profiles of oocytes
and embryos obtained from them are sensitive to
cryopreservation factors [5, 17, 73]. It has been
proven that the level of triglycerides and diastolic
blood pressure increased in the offspring of the
first generation of the line of mice obtained from
vitrified oocytes [33].

In addition, it is important to consider the
age factor, which affects the effectiveness of
cryotechniques. This is primarily due to defects
in the energy metabolism of mitochondria and
an increase in chromosomal abnormalities that
occur during the maturation of gametes [76]. The
number of chromosomal euploidy of embryos
obtained from vitrified oocytes of women of
late reproductive age is higher than the number
in native cells (31.2 versus 24, 4%, p < 0.05),
while the number of embryos with a euploid set
of chromosomes per patient was 0.8 + 0.1, which
is too few to obtain high pregnancy rates. This is
due to the low rate of survival of oocytes, so the
number of gametes available for fertilization and
development is significantly reduced in patients
of this group [10].

Age-related changes in female gametes also
occur as a result of ‘mitochondrial aging’. Therefore,
in order to reduce an oxidative stress and to in-
crease the energy potential of oocytes, modern
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KicTh eMOpiOHIB 3 €yII0igHUM HAaObOpOM XpOMOCOM
Ha marlienTky cranoswia 0,8 £ 0,1, mo € 3aHanTO
Majo A1 OTPUMAaHHS BHUCOKHX IOKa3HUWKIB BariT-
HOCTi. lle 3yMOBIIEHO HU3BKOIO YacCTOTOIO BHIKH-
BaHHS OOIUTIB, TOMY KUIBKICTh TaMeT, MOCTYITHUX
JUTSA 3aIUTiTHEHHS Ta PO3BHUTKY, CYTTEBO 3MEHIIIYETh-
s y MaIi€HTOK 3a3HadeHoi rpymu [10].

BikoBi 3MiHM B XIHOYHX TamMeTaX BiIOyBalOTHCS
TaKOXK BHACIHIIOK «CTapiHHSA MIiTOXOHApPiH». Tomy
JUI 3HIDKCHHS OKCHIIaTHBHOTO CTpPECy Ta IIi/IBH-
IICHHS SHEPTeTUYHOIO TOTCHINAy OOLMUTIB Cydac-
Hi METOIU PENpPOAYKTUBHOI MEIWIMHU BKIIOYA-
I0Th Pi3HI criocobu ix peroBiHatii [76]. [Ipote cimif
BBOKATH Ha PEKOMEHJAI] MDKHApOTHUX Tai-
JAWHIB IMOM0 JOUUIBHOCTI  KPiOKOHCEPBYBAaHHS
raMeT JKiHOK BikoM 10 35 pokiB [20]. Baxkmuso
3a3HAYNTH, IO PINIEHHS BiIHOCHO KpIOKOHCEP-
ByBaHHS OOIIMTIB MAI[IEHTOK CTapIIOTO PEMPOTyK-
THBHOTO BIKy Ma€ TIPUAMATHUCSA 1HIWBIIyaIbHO
3 ypaxyBaHHAM NEpPCHEKTUB OTPUMaHHS IOBHO-
IIHHUX eMOpIOHIB, IIAHCIB Ha HACTaHHS BariTHOCTI
Ta HapOJKEHHS 3710pOBO1 nUTHHM [38].

Jlesiki 3 ONMMCaHUX BHINE YIBTPACTPYKTYPHHUX,
MOJICKYJISIPHO-TCHETUYHUX Ta CMIreHeTUYHUX I10-
pyLIeHb MOXYTh OyTH TUMYacoBUMH. YacTkoBe
a0o0 TOBHE iXHE BiTHOBJICHHS MOXE BiAOyTHCS ITic-
JIsl 3aIUTITHEHHS a00 TMPOTSATOM PaHHBOTO PO3BUTKY
eMOpioHa BHACTIZOK peMapaTHBHUX TIPOIECIB Ta
peMonenoBaHHa opraHen. [li 3MiHM MOXyTh MaTu
MPUXOBAHUI XapakTep Ta BiANOBimaTH 3a Ae(EKTH,
SIKI CTAlOTh BHJMMHMH JIUIIE TIiJ] 9aC BHYTPIITHBO-
YTPOOHOTO Ta IOCTHATAJIBHOTO JKHUTTS, TOMY He-
0o0XiHe TMomaNbIIe CIOCTepeKeHHS 3a HUMH [39].
Kpim Toro, mepen KIiHILIKMCTaM MOCTalOTh BaXKJIMBI
MUTAHHS: 91 MOXXHA PEe3yJbTaTH, OTPUMaHI Ha TBa-
PUHHHX MOJICNIAX, CKCTPAIONIOBAaTH HA €MOpIOHH
JIOOVHU 1 YM MOXYThH 3MiHH, CIIPHYMHEH1 KPiOKOH-
CEpBYBAaHHSM, MaTW JIOBITOCTPOKOBI HACIHIJIKU JIJIs
3JI0OPOB’ sl MAaHOyTHHOTO TTOKOJTiHHS.

Maii0yTHi TeXHOJIOTii HU3bKOTEMIIEPATYPHOI0
0aHKYBaHHS KiHOYMX ramer

Kpioxoncepsysanus mespinux ooyumis. OmHI€IO
3 BROXIMBUX HEBUPIMICHUX MPOOIEM 3aJIUIIAETHCS
BH3HAYEHHS MOXJIMBOCTI HH3BKOTEMIIEPATypHOTO
KOHCEPBYBaHHS HE3pUIMX OOIMTIB. JIMCKyCiHHUM
3aJIUIIAETHCS MUTAHHS: KPiOKOHCEPBYBaTU HE3pii
OOLIMTH 3 MOAAJBIIMM X JO3piBaHHSAM Micis Bifi-
IpiBy YM, HAaBMaKW, CIOYATKy IOCITTH JIO3piBaH-
HS OOLMTIB in Vitro 1 micis KpiOKOHCEpBYBaru?
Bitpudikarist oonuTiB caMe Ha CTauisX, SKi Mepey-
10T MII, Mae 1iTy HU3KY ITepeBar, OCKIBKH € BapiaH-
TOM 30epexkeHHs (ePTUIIBHOCTI JIiBYAT, sSIKi HE T0CHT-
A PEenpOmyKTUBHOTO BiKy [75]. IlepceKTHBHICTH
3aCTOCYBaHHS BITPU(DIKOBAHMX HE3PIINX OOILHUTIB
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methods of reproductive medicine comprise various
methods for their rejuvination [76]. However,
the recommendations of international guidelines
regarding the feasibility of cryopreservation of
gametes for women under the age of 35 [20]
should be considered. It is important to note
that the decision regarding cryopreservation of
oocytes of the patients of older reproductive age
should be taken individually, taking into account
the prospects of obtaining full-fledged embryos,
the chances of pregnancy and the birth of a healthy
child [38].

Some of the ultrastructural, molecular-genetic,
and epigenetic disorders described above may be
temporary. Partial or complete recovery may occur
after fertilization or during early embryo develop-
ment as a result of reparative processes and
remodeling of organelles. These changes may have
a hidden nature and be responsible for defects
that become visible only during intrauterine and
postnatal life, therefore further observation of
them is necessary [39]. As well the vital questions
for clinicians are whether the results obtained in
animal models can be extrapolated to human em-
bryos and whether the changes caused by
cryopreservation may have long-term consequen-
ces for the health of future generations.

Future techniques of low-temperature banking
of female gametes

Cryopreservation of immature oocytes. There is
one of the important unsolved tasks, i. e. determina-
tion of possible low-temperature preservation of
immature oocytes. The question is still debatable:
to cryopreserve immature oocytes, followed by
their maturation after rewarming, or, on the
contrary, first mature oocytes in vitro and then to
cryopreserve? Vitrification of oocytes precisely
at the stages that preceded by MI, has a number
of advantages, as it is an option to preserve the
fertility of girls who have not reached reproduc-
tive age [75]. The perspective of using vitrified
immature oocytes also lies in the fact that impor-
tant subcellular compartments (cortical granules,
endoplasmic reticulum, mitochondria), which have
not strongly been damaged after heating, have
time to recover before fertilization, which cannot
be achieved in mature oocytes at the MII stage
[61]. For the first time, the birth of a child after
in vitro maturation and vitrification of an oocyte
was reported in 2013 [18]. This occurred 14 years
after the birth of a baby from a vitrified mature
oocyte at the stage of metaphase II, confirming
the complexity of oocyte maturation in vitro.
Currently, there are single reports on effective
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MOJISIrae 1ie B TOMY, IO Ba)KJIMBI CYOKJIITUHHI KOM-
MapTMEHTH (KOPTHKAJNbHI TpaHylIH, EHIOoIIa3Ma-
TUYHUN PETUKYIIyM, MITOXOHApil), IO HE 3a3HAIU
3HAYHUX TOMIKO/KCHB IIICIISl BiIrpiBy, MAarOTh 4ac
Ha BIiJHOBJICHHS Tiepel 3alUliTHEHHSM, YOTO He
MOXKHa JOCSATTH y 3pUIMX ooruTax Ha cramii MII
[61]. Bmepme mpo HapOHKCHHS MUTHHHA ITICIIS
TO3piBaHHA in vitro Ta BITpHUbIKaIii 00OIHMTA TOBiA0-
mumu y 2013 p. [18]. e BixOymocs depe3 14 po-
KiB MICNA HApOMKEHHS Malioka 3 BiTpUQiKOBaHO-
ro 3pijoro oonuta Ha crafii meradasu I, mo min-
TBEPIKYE CKIIQHICTh JO3PiBaHHS OOIUTIB B yMOBaX
in vitro. Hapa3i iCHyIOTh TOOIMHOKI ITOBiOMIICHHS
mpo eeKTUBHE 03piBaHHS OOLMUTIB, MOYWHAIOUU
31 crazii repminanbsHOro Besukyilny (GV) ta BexeTh-
CsA NHUCKYCiS IOAO ONTHMAJbHOI CTajmii 3pijocTi
OOIIMTIB, HAa SKIH TOTPIOHO MPOBOTUTH BiTpH(DiKa-
uito [8, 52, 74, 77].

Ha Bigminy Big oomutiB MII He3pini KIiTHHH
cranii GV He MaTh MEHOTHYHOTO BEPETCHA, Mi-
KpOTPYOOUKH SKOTO ITOCHUTh YYTIMBI JO TeMIiepa-
TypHHX KoJMBaHb. Ha mincTaBi uporo ¢akty moxxHa
BBRXKATH, WO TCHCTUYHUH Marepias He3piLImx
OOILIMTIB XapaKTEePU3y€eThCsl OLMBLIOID KpiocTadib-
HicTo. OnHaK Ha MPOTHBAry LbOMY TBEPHKEHHIO
ICHYIOTh JIaHi IOAO MOPYIIEHb PO3XOHKEHHS XPO-
MOCOM Ta 3MiHH CTPYKTYPH MEHOTHYHOTO Bepe-
TEHa ICIIA BIIHOBJICHHS MEHO3y B IMX KIIITHHAX
[46].

[icas BiTpudikalii AO3pLIHUX in Vitro OOLUTIB
301IbIIyBAJIaCh YacTOTa EMOPIOHIB 3 aHEYILUIOITHUM
HabopoM xpomocoMm [36]. Lleii ¢akT MoB’sI3yI0Th
31 30UTBIICHHSAM KiHETOXOPOBOi BIACTaHI MiX Ce-
CTPUHCHKAMH XpOMAaTUIaMH, SKa BHUHHUKA€E BHACITi-
JoK BiTpugikamii, 10, B CBOIO Yepry, MOXe BIUIU-
BaTl HAa MIUIBHICTH 3B 53Ky MDK XpOMaTHAaMHu.
Cxoxwuii edekr Oyao BinMmiueHO micus BiTpudikamii
3pUIMX OOLMUTIB JIIOMWHHU: 30UTBIIEHHS KUTBKOCTI
BUMNAJKIB TOPYUICHHS PO3XOMKCHHS aKPOLCHT-
pUYHHX XpOMOCOM. Take HECHMETPUYHE pO3Ta-
NIYBaHHS CECTPHHCHKUX XPOMATHJ Ta HETaTUBHUMA
BIUTUB KPiOKOHCEPBYBAaHHS Ha iXHI KOTE3WBHI 3B’s3-
KM BPEIITI MPU3BOAATH A0 HEPIBHOMIPHOTO PO3XOII-
keHHsT xpoMocoM [9]. OCKUIBKM HaBiTh HE3HAYHI
TEMIIepaTypHi KOJWBAaHHS, MOXYTh BUKJIUKATH Je-
MOJIMEpH3aLil0 MIKPOTpYyOOUOK LUTOCKeNeTa, Oylo
3alpOMOHOBAaHO MiABUIIUTH CTaHAAPTHY TeMIIe-
parypy ekBiiOpauii He3pinuX OOLMTIB y Kpio3axuc-
HOoMy po3uunHi 110 37°C [45].

Inma mpobnemMa KpiOKOHCEPBYBAaHHS HE3PLINX
OOLIMTIB TmoJsirae y BHOOpi cTparerii MiAroToB-
KM KIITHH J0 KPiOKOHCEPBYBAaHHS: IOBHA JCHY/IA-
Iisl 91 HEAOTOPKAHHWHA OOIUT-KOPOHA-KyMYITFOCHUH
KOMIUIEKC, 3aBISIKH SIKOMY PETYIIOEThCS BiTHOBJICH-
Hs Meio3y Ta BiZOyBaeThCsl OOMIH C€HEPreTHYHHMU
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maturation of oocytes starting from the germinal
vesicle (GV) stage, and there is a debate about
the optimal stage of oocyte maturity, at which
vitrification should be carried out [8, 52, 74,
77].

Unlike MII oocytes, immature GV stage cells
do not have a meiotic spindle, the microtubules
of which are quite sensitive to temperature fluc-
tuations. Based on this fact, it can be assumed
that the genetic material of immature oocytes is
characterized by higher cryostability. However,
contrary to this statement, there are data on disor-
dered chromosome separation and changes in the
structure of the meiotic spindle after the resto-
ration of meiosis in these cells [46].

After vitrification of mature in vitro oocytes,
the frequency of embryos with an aneuploid set
of chromosomes increased [36]. This fact is as-
sociated with a rise in the kinetochore distance
between sister chromatids, which occurs as a
result of vitrification, that, in turn, can affect the
density of the connection between chromatids.
A similar effect was noted after vitrification of
mature human oocytes: an increase in the number
of cases of acrocentric chromosome separation.
Such asymmetric arrangement of sister chromatids
and the negative effect of cryopreservation on
their cohesive bonds ultimately lead to uneven
separation of chromosomes [9]. Since even slight
temperature fluctuations can cause depolymeri-
zation of microtubules of the cytoskeleton, it was
proposed to increase the standard temperature
of equilibration of immature oocytes in cryoprotec-
tive solution to 37°C [45].

Another problem of cryopreservation of im-
mature oocytes is the choice of strategy for pre-
paring cells for cryopreservation: complete denu-
dation or an intact oocyte-corona-cumulus complex,
thanks to which the restoration of meiosis is
regulated and the exchange of energy metabolites
and signaling molecules takes place [68]. Cryo-
preservation of mature and immature non-denuded
oocytes leads to a low frequency survival and
significant damage to somatic cells, tha enables them
to participate in the further maturation of gametes
[59]. Damage to cumulus cells and their DNA,
in particular, occurs already at the stage of
equilibration with cryoprotective solutions, which,
in turn, negatively affects the fertilization rate
of oocytes and further development of embryos [47,
67]. Vitrification of immature oocyte-corona-cu-
mulus complexes causes disruption not only of
gap junctions [14], but also to damage of transzonal
protrusions of the oocyte membrane [69, 71].
Assuming an important role of cumulus cells in
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MeTa0oNiTaMd Ta CHUTHAIBHUMHU MoOJIeKynamu [68].
KpiokoHcepByBaHHS 3pimUX Ta HE3pUIMX Hexe-
HYJOBaHUX OOIUTIB MPU3BOAUTH 0 HU3BKOI YaCTOTH
BIDKUBAHHSI Ta 3HAYHOTO TOIIKOKEHHSI COMAaTHYHUX
KIIITHH, 10 YHEMOXIIUBIIIOE iX y9acTh Y MOJANbBIIO-
My mo3piBaHHI rameT [59]. IlomkomkeHHS KIITHH
kymymocy Ta ixapoi JJHK BimOyBaeThcs, 30kpema,
BXKE Ha erami eKBiTiOparii 3 Kpio3aXWMCHHUMH PO3-
YHMHAMH, [0, B CBOIO Yepry, HETaTUBHO BILIMBAE
Ha YacTOTy 3aIUTiTHCHHS OOIUTIB Ta IOAAJbINNN
po3BuTOK emOpioHiB [47, 67]. Bitpudikamis He3pi-
JIUX OOIMT-KOPOHO-KYMYITFOCHUX KOMIUICKCIB BHK-
JIUKAE TIOPYIIEHHS HE TiIBKU IIIJTMHHAX KOHTAaK-
TiB [14], ane ¥ 10 MOIIKOMKEHHS TPAaHC30HAILHUX
BHCTYIIiB MeMOpanu oorwmra [69, 71]. BpaxoByroun
BOXJIMBY POJIb KIITHH KyMYIIIOCY Y JO3piBaHHI Ta
3aIUTiTHEHHI TaMeT, X TOMIKOMKCHHS, CIPUINHEHE
BiTpuiKalli€ro, BpemTi KoMnpoMeTye (i3ioaorivxi
MPOIIECH, IO BIUIMBAE€ HAa YACTOTY 3aIUliTHEHHSA Ta
Mopdokine3 emOpioHiB [59].

IMoBipHO, TOmANBIIMIA yCmiX BiTpUdiKamii He-
3pilIMX OOLUMUTIB OOYMOBIIEHHH PO3POOKOIO TEXHO-
JIOT11 KPIOKOHCEPBYBAaHHS KIITHH KyMYJIIOCY Ta CHC-
TEMU BIJHOBICHHS KOHTAKTIB MDK KIITHHAMHU,
a TaKOXK BJIOCKOHAJICHHSM METOMIB JO3piBaHHS
OOITUTIB in Vitro.

Ilepconigixosanuti  nioxio 0o KpiokoHcepsy-
sannsi ooyumis. CydacHUH HampsiM y 30epexeHHI
OOIINTIB JTFOMWHH TIOB’ SI3aHUH 3 TiABUIICHHIM e]ek-
THBHOCTI Ta O€3MEKH IIPOTOKOJIIB KPIOKOHCEPBY-
BaHHA. Hampukian, iHAMBITyaTsHAMA MOP(OIIOTIY-
HAMH Ta (YHKIIOHAUTBHAMH XapaKTePUCTHKAMHU
OOIINTIB, HABITh y MEXaX ONHIE] KOTOPTH, 3aJICKHUTh
BiJ iXHBOI YYTJIMBOCTI 10 KpiOKOHcepByBaHHs. Lle
MPU3BOJUTH J0 3HIDKECHHS TMOKA3HUKIB BU)KMBAHHS
OOLIMTIB Ta 3MiH MOPQOKIHETHYHHX XapaKTepHUC-
TUK YTBOpEHHUX 13 HuUX eMOpioniB. Ha xanp, meto-
IWYHI MAXOOW OLIHKMA BHUXIJIHUX BJIACTUBOCTEH
KJIITHH OOMEXKEHI, OCKIIbKHM OINBIIICThL 13 METOIB,
SIKI 3aCTOCOBYIOTBCS, € I1HBa3UBHHMH. ToMy TIO-
IIyK ajJbTEPHATUBHUX Ta iH(QOPMATHBHHUX CIIOCOO0IB
OIIHKY OOIIMTIB JUIsl BU3HAYCHHS IOpora iX Kpio-
qyTAUBOCTI TpuBae. OMHUM i3 TaKUX MPIKUTTEBHX
METOJIIB € OIlIHIOBAaHHS TYypropy OOJEMH Kpio-
KOHCEPBOBAaHMX OOIMUTIB TIiJ dYac 3ariIigHCHHS
metonoMm ICSI [63]. KniTuHU 3 HU3BKUM TYpropom
00JIEMH MAIOTh 3HUKCHI MOKA3HUKH JKUTTE3IATHOCTI
Ta TOTPeOyIOTh PO3pPOOKH 1HAMBiTyadbHUX IIPO-
TOKOJIIB KPIOKOHCEPBYBAaHHS, a caMe — €eTaliB, Ha
SKHX JiI0Th OCMOTHYHI (hPaKTOpH.

BuxkopucranHs npwKUTTEBOrO OapBHHMKA Jlia-
MaHTOBOTO KpPE3WJIy CHHBOTO JO3BOJIIE€ BHSBHUTU
HaWO1TBIIT KOMITETEHTHI OOITUTH B YMOBAax JTO3piBaH-
HA in vitro [51] Ta TIpOBECTH CENEKITiI0 HAHOUTBII
PE3UCTCHTHHX 10 (HaKTOPiB KpPiOKOHCEPBYBAHHS
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gamete maturation and fertilization, the vitri-
fication-induced damage to them ultimately
compromises physiological processes, affecting
fertilization rates and embryo morphokinesis
[59].

Presumably, the further successful vitri-
fication of immature oocytes is stipulated by
the development of the cryopreservation tech-
nique for cumulus cells and the approach of resto-
ration of contacts between cells, as well as the
improvement of oocyte in vitro maturation
methods.

Personalized approach to cryopreservation of
oocytes. The modern direction in the preservation
of human oocytes is related to increasing the
efficiency and safety of cryopreservation protocols.
For example, individual morphological and func-
tional characteristics of oocytes, even within one
cohort, depend on their sensitivity to cryopreser-
vation. This leads to a decrease in oocyte survival
rates and changes in the morphokinetic characte-
ristics of embryos formed from them. Unfortu-
nately, methodical approaches to the evaluation
of initial cell properties are limited, since most
of the methods used are invasive. Therefore, the
search for alternative and informative methods
of evaluating oocytes to determine the threshold
of their cryosensitivity continues. One of these
supravital methods is the evaluation of the turgor
of oolemma cryopreserved oocytes during ferti-
lization by the ICSI method [63]. Cells with low
olemma turgor have reduced viability and require
the development of individual cryopreservation
protocols, namely, the stages at which osmotic
factors act.

The use of the supravital dye diamond cresyl
blue allows to identify the most competent oocytes
for in vitro maturation [51] and to select the most
resistant to oocyte cryopreservation factors [53].
The safety of using this dye has been proven
on cumulus cells, which can be useful for assessing
the development potential of immature oocyte-
crown-cumulus complexes [1].

Polarization microscopy is a powerful tool for
determining the state of the chromosomal apparatus
as a predictor of fertilization efficiency and
development of embryos obtained from cryopre-
served female gametes [9]. Using this method, before
the start of cryopreservation, it is possible to deter-
mine the phase of meiotic division. It is interesting
that the morphological features of the spindle and
its location in relation to the first polar body are
also related to its cryoresistance. Therefore, the
criteria for evaluating the meiotic spindle state
are helpful in the selection of competent oocytes.
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oonutiB [53]. Be3neka BUKOpHCTaHHA LBOrO OapB-
HUKa JIOBEJeHa Ha KIITHHAX KyMYJIOCY, IO MOXKe
OyTH KOPHCHHUM JUIS OLIIHKH IMOTEHILIaly PO3BUTKY
HE3PUTUX OOIHUT-KOPOHA-KYMYIIOCHHX KOMILICKCIB
[1].

ITomsipu3ariiiina MIKpPOCKOIiST € TOTY>KHUM 1H-
CTPyMEHTOM BH3HAU€HHS CTaHy XPOMOCOMHOIO
armapary sSK Npeaukropa e()eKTHBHOCTI 3aIlIigHEH-
HSI Ta PO3BUTKY €MOpiOHIB, OTPUMAaHUX 13 KPiOKOH-
CepBOBaHUX JKiHOYMX TameT [9]. 3a nomoMororo
OBOr0 METONy JO TMO0YaTKy KpiOKOHCEpBYBaHHS
MOXHa BH3HAUUTH (azy MEHOTHYHOTO TOMIiTY.
HikaBo, mo mopdomnoriuni 0cobnuBOCTI BepeTeHa
Ta HOro po3TamryBaHHs 3a BiAHOLICHHSM 0 Mep-
LIOT0 TOJSIPHOTO Tijla TaKoX TMOB’A3aHi 3 HOro
KpiocridikicTio. OTXe, KpuUTepil OIHIOBAHHS CTa-
HY MEHOTHYHOTO BepeTeHa AO0IOMAararmTh y Bigoopi
KOMITETEHTHHX OOIIUTIB.

Asmomamusayis  KpiOKOHCePB8YBAHHS  OOYUMIE
memooom gimpughikayii. OmHAM 3 CydacHUX Ha-
MIPSIMIB TIOKPAIIEHHS €(PEKTUBHOCTI KPIOTEXHOIOTIH
€ CTBOPECHHSl aBTOMAaTWYHUX IMPHUCTPOiB. 3a 25-piu-
Hy icTOpito icHyBaHHA BiTpudikauii Oyno He myxke
Oararo cmpo0 ii aBromarusyBaru. Tak, po3pOOHUKH
npuctporo «Gaviy, B3sIBIIU 32 0cHOBY MeToa «Kpio-
TOI», MAIWIIIM BUCHOBKY, IO YacTOTa HacTaHHSI
BariTHOCTI HE 3aJICKHUTh BiJl 3aCTOCYBaHHS aBTO-
MaTHYHOIO YM PYYHOTO CIocoOy BiTpudikarii [23].
[Hmmii  mpuCTpiii 3 MIKPOTOTOKaMH, sKi Iepe-
MIIIYIOTh OOLIMTH Y PI3HUX BiTpudiKalidHUX
pPO3YHMHAX, TAKOXK ITOKa3aB CBOIO €(hEeKTUBHICTH [54].
CrnutbHUMH 3YyCWUIIMH  BUeHUX [3paimio, Itanii,
Kutato Ta AmMepuku Oyino po3poOJIeHO TMpHUCTpiit
«Sarahy», npUHIMI POOOTH SKOTO MOJISITAE Yy TOMY,
IO OOIUT, PO3MIMIEHUH Y TUIACTHKOBIH COJOMUH-
i, yepe3 MEeBHUH MPOMDKOK 4acy MEpeHOCUTHCS Y
BiTpu(ikaLiiiHi cepeqoBUIIA 31 3POCTAIOY0I0 KOH-
uentpaunito KII ta 3anyproerbcst B pinkuit azor [3].
[Ipu upoMy BinirpiB BiOyBaeThCsl TAKOXK aBTOMAaTH-
30BaHO. ABTOpPH BHHAXOAY 3asBISIOTH MPO BHCOKY
e(exTuBHICTS maHoro mpucTporo. Ciim 3a3HAYNTH,
10 eMOpIOH Yy COJIOMHHIII PO3Milllye eMOpioJIor.
MMoBipHO, 10 aBTOMarm3amisi BiTpubikamii Moxe
MaTu OiNBIN IHTCHCHBHHM Ta MacCIITaOHHHA PO3BHU-
TOK TUTBKH 3a BIPOBADKEHHS ITYYHOTO I1HTEICK-
Ty Ta poboTm3auii emOpionoriuaux npouenyp. [lpu
OBOMY JUIS JTOCSITHEHHS! BHCOKOE(EKTUBHOI po0o-
TH aBTOMaTHYHUX METOJIB HEOOXiJIHO CTBOPIOBATH
IHAWBIAyaJlbHI TIPOTOKONM KpPIOKOHCEpPBYBaHHS Ta-
MET Ta eMOpIOHIB 13 ypaxyBaHHSM iX BUXITHOTO CTaHy.

[ornubneni  ¢yHmaMeHTaN bHI  JOCTIIXKEHHS
CIIPUSIOTh TIIBUINICHHIO pPE3yibTaTiB  BiTpudika-
ii OOIMTIB, IO € OCHOBHOIO YMOBOIO 30UIBITICHHS
KyMYJISITUBHOI YaCTOTH HACTAaHHS BariTHOCTI, 0C00-
JINBO Yy TIAIII€EHTOK 3 MIHIMaJILHUMH IIIAaHCAMH.
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Automated cryopreservation of oocytes by
vitrification. One of the modern ways of improving
the efficiency of cryotechniques is the creation
of automated devices. During the 25-year history
of vitrification, there have not been many attempts
to automate it. Thus, the developers of the ‘Gavi’
device, based on the ‘Cryotop’, came to the conclu-
sion that the frequency of pregnancy did not
depend on the use of an automated or manual
vitrification [23]. Another device with microflows,
which move oocytes in different vitrification
solutions, also showed its effectiveness [54].
With the mutual efforts of scientists from Israel,
Italy, China and USA, the device ‘Sarah’ was
developed, the operating principle of which con-
sists in placing the oocyte into a plastic straw,
after a certain period of time, is transferred to
vitrification media with an increasing concentra-
tion of CPA and immersed in liquid nitrogen [3].
At the same time, heating is also automated. The
authors of the invention claim this device high
efficiency. It should be noted that an embryologist
places an embryo in a straw. The automated
vitrification can likely have a more intensive and
large-scale development only with the involvement
of artificial intelligence and robotics into embryo-
logical procedures. At the same time, for achieving
the highly efficient automation, it is necessary
to create the individual protocols for cryopreser-
vation of gametes and embryos, taking into account
their initial state.

In-depth basic research contributes to improving
the results of vitrification of oocytes, that is the main
condition to enhance the cumulative frequency of
pregnancy, especially in the patients with minimal
chances.

Conclusions

1. Cryopreservation of oocytes by vitrification
has become a routine practice in ART. Before it
becomes a standardized procedure, it is necessary
to solve the problems associated with the occur-
rence of structural changes of hardening membranes,
cytoskeleton and meiotic spindle, ZP solidification,
parthenogenetic activation, genetic and epigenetic
changes.

2. Cryopreservation of oocytes of those stages of
development that precede MII requires convincing
data on the possibility and conditions of maturation
of oocytes in vitro, as well as determination of the
optimal stage of maturity of oocytes for their low-
temperature banking.

3. In future, for the wide implementation of
the oocyte vitrification, its automation with the
involvement of artificial intelligence is needed.
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BucHoBKH

1. KpiokoHCepByBaHHSI OOLIUTIB METOJOM BiTpU-
¢ikanii crano pyrunHoro npaktukoio y JAPT. Ilepm
HDDK BOHA CTaHE CTaHAAapPTH30BAHOIO IMPOILEAYPOIO,
HEOOX1THO pO3B’s3aTH MpoOieMu, IOB’sI3aHI 3 BU-
HUKHEHHSM CTPYKTYPHUX 3MIiH MeMOpaH, IIUTOCKE-
JIeTa Ta MEHOTUYIHOTO BEPETCHA, 3aTBEPIIHHAM ZP,
MapTEeHOTEHETUYHOI0 aKTHBALI0, TEHETHYHUMH Ta
eNireHeTHYHNMH 3MiHAMH.

2. KpiokoHcepByBaHHS OOLUTIB THX CTaaii po-
3BUTKY, sKi mepenyioTs MII, morpelye mepexoHIu-
BUX JAHHUX LION0 MOXJIMBOCTI Ta YMOB J103piBaHHA
OOLIMTIB in Vitro, a TAKOK BU3HAYCHHS ONTUMAIBHOT
CTaii 3pUTOCTI OOIMTIB I IXHROTO HU3BKOTEMIIC-
parypHOro OaHKyBaHHSI.

3. YV wMailOyTHbOMY [UIsS IIMPOKOIO BIPOBA/I-
JKEHHS METOMy BIiTpH(DIKaIlii OOIWTIB y MPaKTUKY
HeoOXigHa WOTro aBTOMAaTH3AIis 13 3aIydCHHSIM
MITYYHOTO 1HTEJICKTY.
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