Probl Cryobiol Cryomed 2023; 33(4):227-249
https://doi.org/10.15407/cryo33.04.227

ornsgoBa CTaTTA review articlele

YK 611.018.5:618.48]:57.086.132
A.M. Tonbues*, O.0. JlyueHko, J1.B. OctaHkoa, M.O. boHaapoBuy,
M.B. OctaHkos, J1.B. Cokin, I.I". I'puwa, J1.I. YepHuweHko

CyuacHi nigxoau i nepcnektueu metoAiB niodinisauii
AAepHUX KIiTUH KOpAOBOI KPOBi NHOAUHMU

UDC 611.018.5:618.48]:57.086.132
A.M. Goltsev*, O.D. Lutsenko, L.V. Ostankova, M.O. Bondarovych,
M.V. Ostankov, L.V. Sokil, I.H. Grisha, L.G. Chernyshenko

Modern Approaches and Perspectives of Human Cord Blood
Nucleated Cells’ Freeze-Drying

Pedbepar: B ornsgi ysaranbHeHO AaHi LIOAO NepCcrnekTMB 3acToCcyBaHHA niodinisauii Sk mMeToauMyHoro nigxopy Ao 36epexeHHs
CTPYKTYPHO-PYHKLIIOHANBbHNX XapakTEePUCTUK 3 METOK JOBrOCTPOKOBOrO 36epiraHHsi NENKOKOHLUEeHTpaTy kopaoBoi kposi noaunHn (JTIKKIT).
lMokaszaHo nepesarn meTopy niodiniauii MOPIBHAHO 3 HM3bKOTEMNepaTypHUM 36epiraHHaM, NpUpPoAdHiM abo TennoBUM BUCYLLY-
BaHHAM. PO3rnsHyTO MUTaHHSA BRNMBY (Di3MKO-XIMIYHMX (haKTopiB, ki peanidyloTbCcs Ha eTani niodinisauii, Ha CTPyKTypHO-(yHKLIO-
HanbHi xapaktepuctukm KnitnH JIKKI1. OBroBoploeTbCS BaXKIUBICTb TaKMX YMHHWKIB, SIK-OT KOHLEHTpAUisi KNiTWH, YMOBMK 30epiraHHs,
3anuvLIKoBa BOSOrICTb Y 3abesneveHHi 36epexeHHs niodinisoBaHoro marepiany. Y poboTi npoaHanizoBaHO AaHi O[O0 BUKOPUCTAHHS
nioNpoTeKTOPIB Ta aHTUOKCUMAAHTIB B yMOBax Niodinidauii Ta 0broBoproloTbCA NMUTaHHSA Ge3nekn BUKOPUCTAHHSA METOAIB AOCTaBMEHHS
NiONPOTEKTOPIB BiAHOCHO FEHOMHOIO NPOMIN0 KMiTUH.

Knio4yoBi crnoBa: nenkokoHLEeHTpaT KOPAOBOI KPOBi NoAMHN, NiodinisaLis, MionpoTekTopyn, aHTUOKCUAAHTH.

Abstract: The review summarizes data on the prospects of using lyophilization as a methodical approach to preserve structure
and functions for a long-term storage of human cord blood leukoconcentrate (HCBL). The advantages of the freeze-drying compared
to low-temperature storage, natural or thermal drying have been shown. The question of the impact of physical and chemical
factors, which are implemented at the stage of lyophilization, on structure and functions of HCBL cells has been considered.
The importance of such factors as cell concentration, storage conditions, residual moisture in ensuring the preservation of
lyophilized material was disputed. The paper analyzes the data on the use of lyoprotectants and antioxidants during freeze-drying

as well as discusses the safety of using lyoprotectant delivery methods in relation to the genomic profile of cells.
Key words: leukoconcentrate of human cord blood, freeze-drying, lyoprotectants, antioxidants.

Kopnosa (mynoBunna) xpoB mromuHu (KKIJI)
3aBISKH CBOIM YHIKaJIbHHM BIACTHBOCTSIM 3HAWIILIA
ITAPOKE 3aCTOCYBaHHS B KJIIHIYHIN MPaKTHIN ITifT
yac JIiKyBaHHSI Oararbox 3axBopioBanb [7, 99]. Ic-
Hye aymka, mo KKIJI 3a cBoiMu cTpykTypHO-(DYHK-
[IOHATBHUMH ~ XapaKTEPUCTUKAMH € TPOMIKHOIO
JIAHKOK MK Mpoaykramu emOpioderorianeHrap-
HOTO KOMIUIEKCY 1 KOMIIOHEHTaMH JOPOCIOro op-
ranizmy sroauan [7]. Jus KKJI BrnactuBa miHOpHa
IMYHOTEHHICTb, BUCOKHI BMICT CTOBOYPOBUX KIIITHH
PI3HOTO CTyHeHs TOTEHTHOCTI (CTOBOYpOBI Kpo-
BotBipHi KiIiTHHH (CKK), Me3enxiManbHUX cTOBOY-
poeux xiitmH (MCK) TOmO) Ta KOMITOBaHUX
KJTITHH-TTOTIEPETHUITS [59], HasBHICTH 30aIaHCOBAHO-
TO KOMILIEKCY 010J10TiUHO akTUBHUX pedoBuH (bAP).
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Due to its unique properties, human cord
(umbilical) blood has been widely used in
clinical practice during the treatment of many
diseases [30, 99]. There is an opinion that human
cord blood (HCB) by its structural and functional
traits, is an intermediate link between the products
of the embryo-fetoplacental complex and the
adult human body component [30]. HCB is
characterized by minor immunogenicity, a high
content of stem cells of various potency degrees
(hematopoietic stem cells (HSCs), mesenchymal
stem cells (MSCs), efc.) and committed pro-
genitor cells [54], the presence of a balanced
combination of biologically active substances
(BAS). An important issue is the absence of ethical
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BaxnuBoro xapakrepuctuxoro KKJI e BigcyTHicTb
SeTUYHMX IPOoOJIeM Mij yac OTpUMaHHS LBOro Oioma-
Tepiany. Y KIiHIYHIA NPaKTHLi BUKOPUCTOBYIOTh SIK
uinpHy KKJL, Tak i BuaineHi 3 Hei epuTponuT, KIiTH-
HU niM(DOiTHOTO psty, GhOpMEHi eeMEeHTH CTOBOYpO-
BOIO KOMIIAPTMEHTA, a TAKOXK IUIa3My Ta CUPOBATKY
[70]. Bimomo, o 3actocyBarss KKJI Ta ii xomro-
HEHTIB 7151 KOPEeKIIii iIMyHO3aMa bHUX MPOIIECIB MPH-
BOJAWTH JI0 3HIDKEHHS 1X BHPAXCHHS Ta HOpMaTizamii
MOKa3HUKIB IMyHHOTO crarycy [5, 13, 92]. Iloka3za-
HO, 110 JeiikokoHuenTpar KKJI (JIKKIJI), 306arauennii
CKK Ta KOMITOBaHUMH KJIITHHAMHU-TIONICPEAHULISIMH,
aKTHBI3y€E MpOIlecH pereHepaiii B yMoBax TKAaHUHHOT
riMoKcii, BUKJIMKAHOT MOPYHICHHSIM MIiKPOLMPKYIIsi-
uii [42], mokpariye yTUTI3aIil0 KUCHIO Ta CIpPUSE
BiTHOBJICHHIO CHCTEMH aHTHOKCHJAHTHOIO 3aXHUCTY
ITiJ] 9ac JIIKyBaHHS irmeMigHoro iHcynbTy [14]. YV ne-
sIKUX pobortax [1, 51] HaBomATHCS maHi MPO Te, IO
BuniieHi 3 KKJI cToBOypoBi KpOBOTBIpHI KITITH-
HU 3aCTOCOBYIOTh K JIOBIOXKHBYYI TPaHCIUIAHTATH
y MAIEHTIB Micisl TPOMEHEBOI Ta XiMioTepalrii.

BaxmBol0 yMOBOIO YCIIIIHOTO 3aCTOCYBaHHSI
KKJI ta i KOMHOHEHTIB B €KCIIEpUMEHTAIBHIN po-
00Ti Ta KIiHIUHIN TpakTHLi € 3a0e3Me4yeHHs] YMOB
TpuBajoro 30epiranHs Oiomarepialy y >KUTTe€3Jar-
HOMY CTaHi Ta MOMJIHMBOCTI HOr0 BHKOPHUCTAaHHS 3a
HeoOxigHocTi. Hapasi s 11boro BUKOPUCTOBYIOTHCS
Pi3HI METOIWYHI MiJAXOAW — HU3BKOTEMIEpaTypHe
30epiranHs, Tiodinmizaris, TpUPOIHE i TETIIOBE BUCY-
LITyBaHHS.

st ctBopenHs 3amaciB 3amopoxkeroi KKJI Ta ii
KOMIIOHCHTIB Yy CBITi ICHYIOTh HH3BKOTEMIIEPATYpP-
Hi OaHKH 11bOro Marepiany [6, 27, 45]. IIpobaemoro
30epiranns KKJI y Hu3bKOTEMHIeparypHOMy OaH-
Ky 3a YMOB yabTpaHM3bKux Temneparyp (—196°C)
€ HeOOXITHICTh BUKOPUCTAHHS JIOPOTOT0 00JIaIHAHHS
Ta pinkoro asory. [Ipn nboMy BHHHMKaIOTh CTPHUOKH
TEMIIEpaTypyl Ta PUBHK MEpPeXpecHOi KOHTaMiHamii
[23, 82].

B ocranHe pecsaTuniTTa y HayKOBil JiTeparypi
AKTUBHO OOTOBOPIOEThCA Tema Jiodimzarnii 06io-
noriganx 00’ekTiB [38], 30kpema i KKJI [17]. Jlio-
¢dimizamiss Moxe OyTH TEepPCIEKTUBHUM METOIOM
JIOBTOCTPOKOBOTO Ta €KOHOMIYHOTO 30epiranas 6io-
Marepiaiy, 30kpema kmituHHOT cycnensii JIKKJI.
s TexHomorist m03BoJisse 30epiraT Jiodini3oBaHi
3pa3Kd B YMOBax XooauiasHuKa rnpu 4—8°C, a Takox
HETpUBAJIUI MPOMIKOK 4Yacy 3a KIMHATHOI Temrie-
parypu (no 25°C), mo MoXke COpOCTUTH 30epiraHHs
1 TpaHCIOPTYBaHHS 3pa3KiB, 3HU3UTH MarepiajbHi
BUTpaTH. BoaHouac 3acTocyBaHHs L€l TEXHOJOTri{
BHMara€ TIeperiisiay HasBHHX IPOTOKOIIB Jiodi-
mizamii JIKKJI 3 meroro mifBuIeHHS 30epekeH-
HS KIITHH. J{JIg mboro HeoOXigHe OLIbII TIIHOOKE
pPO3YyMIHHS TIPOTECIiB, sIKi 3a0e3MedyroTh 30epe-
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problems when obtaining this biomaterial. In
clinical practice, both whole HCB and erythro-
cytes isolated from it, the lymphoid cells, formed
elements of the stem compartment, as well as
plasma and serum are used [66]. The use of HCB
and its components to correct immune inflam-
mation is known to decrease their expression
and normalization of immune status indices [34, 53,
91]. It has been shown that HCB leukoconcentrate
(HCBL), enriched with HSCs and committed
progenitor cells, activates regeneration under
tissue hypoxia caused by microcirculation distur-
bance [29], improves oxygen utilization and
promotes restoration of the antioxidant defense
system during the ischemic stroke treatment [55].
Some publications [2, 45] provide the data that
hematopoietic stem cells isolated from HCB are
used as long-lived transplants in the patients after
radiation and chemotherapy.

An important condition for the successful use
of HCB and its components in experiments and
clinical practice is to ensure the conditions for
long-term storage of biomaterial in a viable state
and the possibility of its usage if necessary. Currently,
various methodical approaches are applied with
this purpose, namely, low-temperature storage,
freeze-drying, natural and thermal drying.

To create the stocks of frozen HCB and its
components, there are low-temperature banks of
this material in the world [35, 14, 39]. The problem
of the HCB storage at a low-temperature bank
at ultra-low temperatures (—196°) is the need to
use expensive equipment and liquid nitrogen.
At the same time, there are temperature jumps
and the risk of cross-contamination [10, 80].

In the last decade, the topic of freeze-drying of
biological objects [25], in particular HCB [89], has
been actively discussed in the scientific literature.
Lyophilization can be a promising method of
long-term and economic storage of biomaterial, in
particular, cell suspension for HCBL. This technique
enables to store the frozen-dried samples in a freezer
at 4-8°C, as well as for a short period of time
at room temperature (up to 25°C), that can simplify
the storage and transportation of samples, reduce
material costs. At the same time, the application
of this technique requires a revision of the existing
protocols of HCBL lyophilization to improve the
cell preservation. With this aim, there is a need
in a deeper understanding of the processes that
ensure the preservation of the structure and functions
of the HCBL cells in freeze-drying during their
dehydration, as well as during the long-term storage
in a lyophilized form, taking into account the terms
and conditions.
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KEHHSI CTPYKTYPHO-(QYHKLIOHAJIbHUX XapaKTepHuc-
tuk kiaitiH JIKKJL B ymoBax miodinizanii mig gac ix
3HEBOJHEHHS, a TAKOX y MPOLECi TpUBaJIOro 30epi-
ra"ds y JioQiTi30BaHOMY BHIVISAL 3 ypaxyBaHHSM
TEPMIHIB Ta YMOB.

BukopucranHs MeTOIiB NPUPOAHOIO Ta TEIJIO-
BOT'0 BUCYIIIYBaHHS IPU3BOAUT 10 3HAYHUX CTPECOP-
HHUX BIUIMBIB Ha KIITHHH, IO ITOB’SI3aHO 31 3MIHOKO
iX 00’€My, OCMOTHYHHUM THCKOM, 3MOPIIYyBaHHAM
MeMOpaHHUX OpraHej, 3MIiHOK AaKTHBHOCTI ¢ep-
MEHTIB, 30UIBIICHHSIM KOHIICHTpAIlil COJeH, 3Mi-
HOIO B’SI3KOCTI KJITHH Ta CHHTE30M CTpec-OiIKiB
[19]. Tomy 3actocyBaHHS HaHHX MiIXOIIB 3yMOB-
JI0€ HEOOXiTHICTh MPOBEACHHS JOAATKOBHX EKC-
MEPUMEHTAIBHUX JOCIHIIKeHb Tepe] iX MOXIUBUM
MPAKTUYHUM 3aCTOCYBAHHSM.

Kopomxkuii ananiz cywacnux cnocobig nepegeden-

us krimun KKJI 6 aneiopo6ios winsxom aioginizayii

abo npupoonoi ma mennogoi deziopamayii

Bucokwuii (yHKIIOHATBHUN TOTEHIaN 1 3aTpe-
Oysanicte KKJI y 0ioTeXHONOTISX 1 KIITHHHINA Te-
pamii nepeabauae HasBHICTh MOCTIHHUX 11 3amacis,
mo Moxke OyTu 3abesleueHe 3a paxyHOK BHKO-
pUCTaHHs KJIITHH Y CTaHi aHrigpo0io3y MHUISIXOM
NepeBeieHHsT iX B 3HEBOAHEHWH cTaH. [na 1po-
r0 MOXJIMBE 3aCTOCYBAaHHS DPI3HUX TEXHOJOTIYHUX
ITiIXO/IB BUCYIIYBaHHS — 13 3aMOPOKEHOTO CTaHy
(mmiodimizaris) a60 MIIAXOM MPUPOTHOT YU TEIIIOBOT
Jieriapararii.

Jliodimizamis 3mMIHCHIOETBCS B JIBa €TaId: IIep-
BHHHA CymIka (cyOmimaris) i3 3aMOpPOXKEHOTO CTaHy
Ta BTOPUHHA CyIIKa (JIOCYITyBaHHS).

[lepBuHHa CcylIKa TNPOXOAUTH y CEPEIOBHILI,
OJHM3BKOMY IO BaKyyMmy, IICJIs 3aMOPOXKYBaHHs 0io-
o0’ekta nipu —10...—70°C [2]. Leit TexHONOTIYHUN
eTarl J103BOJIs€ CTaOUIi3yBaT CTPYKTYpy KIITHH Ta
CYTT€BO 301IBIINTH TEPMiH iX 30epiranns. Buganenus
BoaM 3 01000’exkTa Ha LBOMY eTami BinOyBaeTbCs
B Kamepi cyOiimaropa 3a Temrmeparypu U THCKY
HWK4e 11 TOTpiHOT (HOHBapiaHTHOi) TOYKH, TOOTO
0,0098°C Ta 4,6 mm pt. ct. (610,6 Ila). CyOmima-
Iisl TTOYMHAETHCS IIICIS TOTO, SK 3pa30oK Tepeinme
y CKJIONOAIOHWMH CTaH 3a paxyHOK ITiJIBEJICHHS
10 01000’€kTa eHeprii i KOMIICHCAILlli IMHUTOMOI
TEIUIOTH IUIaBJIeHHs. PyImiiiHOIO cuio cyomiMa-
LUIHHOTO CYIIiHHS € PI3HUI TaplialbHUX THCKIB
napy y MoBEpXHi Marepialy Ta HaBKOJHIIHbOMY Ce-
penosui [79].

ETan BTOpHHHOI CYIIKM XapaKTepH3YETbCS CKO-
pPOYCHHSIM I1HTEHCUBHOCTI BOJOTOBUAUIeHHS. [lei
eTan MoJiUIATh Ha 1Bi ¢as3u. [lepma — 1e Buma-
POBYBaHHS HE3aMOpPOXXEHOI BOJAM, KOJM IIE BECh
mig cyOmimyBaBcs B Matepiani. [pyra daza moun-
Ha€THCS 3 MOMEHTY BHIAJICHHS BCi€i 3aMOpOKEHOT
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The use of natural and thermal drying methods
leads to significant stressful effects on cells, that
is associated with a change in their volume, os-
motic pressure, shrinkage of membrane organelles,
a change in the activity of enzymes, a rise in the
concentration of salts, a change in the viscosity
of cells and the synthesis of stress proteins [4].
Therefore, the use of these approaches neces-
sitates additional experimental studies before their
possible practical application.

Brief analysis of modern methods of transferring
HCB cells to anhydrobiosis by Ilyophilization or
natural and thermal dehydration

The high functional potential and demand
of HCB in biotechnologies and cell therapy
presupposes the availability of its constant reserves,
that can be ensured by using cells in a state of
anhydrobiosis by transferring them to a dehydrated
state. For this purpose, it is possible to use different
technological approaches of drying, i. e from
a frozen state (lyophilization) or by natural or
thermal dehydration.

Lyophilization is carried out in two stages:
primary drying (sublimation) from the frozen
state and secondary drying (drying itself). Primary
drying takes place in an environment close to
vacuum, after freezing the biological object at
—10...=70°C [3]. This technological stage allows
the stabilization of the cell structure and signifi-
cantly increase their shelf life. At this stage
water is removed from the biological object in the
sublimator chamber at a temperature and pressure
below its triple (nonvariant) point, i. e. 0.0098°C
and 4.6 mmHg (610.6 Pa). Sublimation begins
after the sample changes to a vitreous state due
to the energy supply to the bioobject to compen-
sate for the specific heat of fusion. The driving
force of sublimation drying is the difference
in the partial pressures of the steam at the ma-
terial surface and the surrounding environment
[76].

The stage of secondary drying is characterized
by a reduced intensity of moisture release. This
stage is divided into two phases. The first is the
evaporation of unfrozen water, when all the ice
was sublimated in the material. The second phase
begins with the removal of all frozen and un-
frozen water. Up to this point, the product is
a material with the pores released of ice and a
highly branched structure of the dry skeleton
[9].

A specific value in freeze-drying of cell
suspensions is attributed to the drying temperature.
S.S. Buchanan et al. [15] reported that the tempe-



Ta He3aMopoxeHoi Boau. Jlo IIbOro MOMEHTY MpO-
IOYKT sIBJIsIe cO000 MaTepias 3 HOpaMu, 110 3BiIbHU-
JICA BifI JIBOZY, 1 Iy’Ke PO3TaIyKEHOIO CTPYKTYPOIO
cyxoro ckenera [4].

BaxnmBe 3HaueHHs B yMoBax Jriodimizarii
KIITHUHHUX CYCIEH3IH TPHUIUIIETHCS TeMIeparypi
mocymryBaHHS. Y pobOoti S.S. Buchanan Ta cmiBabT.
[28] mokazaHo, IO TeMrepaTypa, 3a SKOi MPOBOIH-
JIOCh JIOCYIIYBaHHS, CYTTE€BO BIUIMHYJIA Ha KOJIO-
HieyTBOprorouy aktuBHicTh KiiTnH KKJI. Tak, Oymno
BCTaHOBJICHO, M0 3aCTOCYBAaHHS JIOCYIIyBaHH:I
KKIJI npu 5°C npu3Bonuio 10 3HMKEHHS MOKa3HH-
ka GopmyBanHs koioHii — BFU-E (burst-forming
unit-erythroid, OypcTyTBOpIOIOYa OAMHUILS EPHT-
pouutis) i CFU-GM (colony-forming unit — Granu-
locyte Monocyte, KOOHIEYTBOPIOIOYa OAMHULIS Tpa-
HYJIOIUTIB 1 MOHOIUTIB) y 1,86 Ta 1,22 pa3u Biamo-
BIIHO TIOPIBHSHO 31 CBDKOBHAUICHUMH KIIITHHAMHU.
IIpu OUTBIT BHUCOKMX TeMIlepaTypax TOCYITyBaHHS
(10, 15 i 20°C), crocTepiraerscsi OUTBII BHpaXKe-
HE 3HIDKEHHs KitbkocTi konowiit: BFU-E y 1,87—
1,9 paza, CFU-GM —y 1,57-1,86 pa3za.

[MopyuieHHst CTPYKTYpHO-(QYHKIIIOHATIBHOTO TIO-
termiany kmituH JIKKJL micns miogimizamii oOy-
MOBJIIOE HEOOXIJHICTh YIOCKOHAJIEHHS caMoi Me-
TOMOJIOTIT Ta METOAUYHUX TMIAXOMIB peaizamii
mo(inbHOI CyIIKH. Y LBOMYy MOXE JOIOMOITH
JETANBHIIIIA PO3IVISA BUPOOIEHHUX Y TPOIECi eBo-
JIOLIMHOTO PO3BUTKY JKMBOI NPHUPOAM 3aXHUCHO-
aJanTamifHuX peakiii opraHi3aMiB B yMoBax aedi-
LUTY BoAW. Bigomo, 1o B TakUX yMOBax y POCIHMH
Ta HIDKYUX TBapWUH PO3BUBAETHCS CTaH AaHTIIPO-
0103y, 110 TPaKTyeThcs K (opMa CHOKOI TBApHH,
3a SKOi THMYacoBO BIJICYyTHI 30BHIIIHI TPOSBH
JKUTTS, 3MCHIIYEThCS METa0O0MI3M, 3aTPUMYEThCS
po3sutok. Taki opraHi3mu moBepTaroThcs y (izio-
JOTIYHUKA CTaH TPOTATOM KiJIBKOX XBWJIMH YH TO-
JIUH TICJIsSI TIOSIBH y CepeloBHI Boau [56]. 3mat-
HICTb 1O aHrigpoOiozy Oyna BHSBICHA B PI3HUX
TaKCOHAX, BKIIOYalO4M OakrTepii, ApiLKIKi, Oe3xpe-
OetHux TBapwH Ta pociuH [31]. ¥V mux 61000’ €KTiB
y TIpoleci TIepexoy 0 CTaHy aHTiIpo0io3y Bim3Ha-
Ya€eThCsl HAKOIMYEHHS TAaKUX LYKPIB, SK Tperaaosa
abo caxaposa [24]. YV cyxomy cTaHi I IyKpH yTBO-
PIOIOTH BHCOKOB’SI3KY CKJIOMOAIOHY Macy, sika HeoO-
XijiHa JuIs crabumizamii KITHHHUX MeMOpaH [37].
[lokazano, mo aHriapodioTH Ans TepeOyBaHHS
y BHCYLICHOMY CTaHi BHUKOPHUCTOBYIOTH pi3HiI 3a-
XUCHI OLIKM, HANpWKiaa, OUTKA MI3HBOTO eMOpio-
rene3y (LEA-Ginku, Bin anrn. Late Embryogenesis
Abundant), 6inkm TterioBoro moky (HSPs, Heat
Shock Proteins), OiIKM aHTHOKCHIAHTHOI CHCTEMH
abo0 TpaHCTIOPTHI Oinkw [24].

Y miTeparypi 3yCTpidarOThCS TOOAMHOKI JTaHi
IIPO YCIIIIHE BUCYIIYBaHHSA B NPUPOIAHUX YMOBaX
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rature at which drying was carried out, significantly
affected the colony-forming activity of HCB
cells. Thus, it was established that the use of HCB
drying at 5°C led to a decreased colony forma-
tion—BFU-E (burst-forming unit-erythroid) and CFU-
GM (colony-forming unit — Granulocyte Monocyte)
by 1.86 and 1.22 times, respectively, compared
to freshly isolated cells. At higher drying tempe-
ratures (10, 15 and 20°C), a more pronounced
decrease in the number of colonies is observed:
BFU-E by 1.87-1.9 times, CFU-GM by 1.57—
1.86 times.

Disordered structural and functional potential
of HCBL cells after lyophilization necessitates
the improvement of the methodology itself and
methodical approaches to the implementation of
lyophilization. This can be accomplished by a more
detailed consideration of the protective and adaptive
responses of organisms in water shortage emerged
during the process of evolutionary development of
living nature. It is known that in such conditions,
plants and lower animals develop a state of anhy-
drobiosis, which in animals is interpreted as a
quiescent state, at which external manifestations of
life are temporarily absent, metabolism decreases,
and development is delayed. Such organisms
return to their physiological state within a few mi-
nutes or hours after appearing in the water environ-
ment. [50]. The capacity for anhydrobiosis has been
found in various taxa, including bacteria, yeasts,
invertebrates, and plants [18]. In these bioobjects,
during transition to the state of anhydrobiosis,
the sugars, such as trehalose or sucrose [11] are
accumulated. In a dry state, these sugars form a
highly viscous vitreous mass, which is necessary for
the stabilization of cell membranes [24]. Anhydro-
biotics have been shown to use various pro-
tective proteins to stay in a dried state, for example,
Late Embryogenesis Abundant proteins (LEA
proteins), heat shock proteins (HSPs), proteins of
the anti-oxidant system, or transport proteins
[11].

In published reports there are poor data on
successful drying of human cells under natural
conditions. There are data on the possible short-term
storage of human fibroblasts in a dried state [78].
Z. Huang et al. [44] during the study of the pos-
sibility of drying in natural conditions of the human
embryonic kidney cells (HEKCs) found that these
cells were not resistant to air drying and perceived
this factor as a stressor. In such conditions, HEKCs
respond by changes in the regulation of intra-
cellular processes, namely activation of MAPK
signaling pathways — c-Jun N-terminal kinase (JNK)
and p38. In turn, this leads to the development
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KIITUH JOIMHU. € JaHi PO MOXKIIUBE KOPOTKO-
yacHe 30epiraHHs y BHCYLIeHOMY cTaHi (iOpoO-
nactiB monuau [80]. Z. Huang ta criasr. [50] mix
4ac JIOCHIDKSHHS MOXKIIUBOCTI BUCYIIYBaHHS B IIPH-
POMHHX YyMOBaxX KIITHH eMOpiOHAJbHOI HHUPKH
moguan (KEHJI) BcTaHOBWIM, IO i KIITHHH HE
€ CTIHKMMH 10 BHUCYIIyBaHHS Ha ITOBITPI Ta CIIPHii-
MaloTh IeH (GakTop SK CTPECOPHHUH. Y TaKUX yMO-
Bax KEHJI BigmoBigaroTe 3MiHAMH  PETYIISI]
BHYTPIIIHBOKIITHHHUX TMPOIIECiB, a caMe aKTHBa-
miero MAPK-curHampHux noigxiB — c-Jun N-
tepminanbHoi KiHasu (JNK) ta p38. V cBoro uepry,
Le MPHU3BOJAUTH JI0 PO3BUTKY AarONTOTHYHUX IIPO-
LeciB y IMX KJIITHHAX, SKi HE 3/aTHI BUTPUMATH
BHCYIIIYBaHHS Ha MOBITPi OiIbIlIe HIK KUTbKA TOUH.

OcranHiM dYacoM OyiaW TPOBENEHI JIOCIHIJ-
JKeHHS, SIKi JafoTh HOBE YSBICHHS MpO (QYHKINT
curHanpHux nuixiB MAPK (p38 ta JNK) y koH-
TpoJii Oamancy ayTodarii Ta amonTo3y y BiAMOBIIHL
Ha TEHOTOKCHMYHUH cTpec [98]. MokHa MpHITYCTH-
TH, O BUKNIMKaHUU BucyuryBaHHsM KEHIJI kackan
peaxiiii Ha CTpec, M0 PO3BUBAETHCS, € YHIBEPCAIb-
HOO BIJIMIOBI/UIFO KJIITUH CCaBIliB, 30KpeMa 1 KJIITHH
KKJI. Bognowac nokaszano [77], mo micist BUCYLTY-
BaHHS B yMOBaX TerwioBoro crpecy (42°C) tpaHc-
KpUIIIiiiHA BIAMOBIAh KIITHH JIFOMUHU BiJPi3HIETHCS
BiJ BIATYKY MiKpOOPTaHi3MiB, HaIPUKJIAA APIKIUKIB
Saccharomyces cerevisiae. Tak, B KyiabTypax, IO
nepeBuBarOThCsA, kimithH Hela S3  (ameHoxkapim-
HOMa IIWWKA MAaTKH), HOPMaJbHHUX JHIUIOITHIX
(hibpobmacrax nerens, kimiTuHax K-562 (myxmuH-
Hi KJIITHHA MI€EONEHKo3y) Ha TEIJIOBHH CTpec
BINOBI1al0Th 123 reHa, y TOW Yac K y APLKIKIB —
1042,

Criia 3a3Ha4MTH, 10, HE3BAXKAKOYM HA BIJICYT-
HICTh Y KIITHH CCaBLiB TOJEPAHTHOCTI A0 BHUCY-
LIyBaHHS Ha TOBITPi, y HUX 3aIyCKAarOThCS CKIAIHI
CUTHAJIbHI KacKaJu, 5IKi, 3 OJJHOTO OOKY, CIIpsIMOBaHi
Ha 3a0e3ledeHHs] iXHhOTO BWKHMBAHHSA, a 3 IHIIO-
ro — MOXYTh TPHU3BECTH O 3aruderni. Y 3B’S3Ky
3 IMM MaHIMyTIOBaHHS €JIeMEHTAaMU CUTHAJbHHUX
KacKajiB, sIKI BIANOBIJAIOTH 3a JKUTTE3JATHICTH
abo 3armbenb KIIITHHU Pa3oM 3 HaJaHHSIM BiIlo-
BIIHUX 3aXHCHUX 3aco0iB 4M TpaHc(dekii TeHiB
(EK30reHHO JOCTABJISIFOTBCS y KIITHHY), MOXKE 3a-
Oe3rmeunTH  ePEeKTUBHY aHTiAPOOIOTHYHY T'€HHY
IHKEHEpito Yy TIIMBUX /10 BUCYIITYBaHHS KIiTHH [50].

TakuM 4YMHOM, BHCYIIYBaHHS Ha TIOBITpI Mae
repeBary repeq Jogini3amiero yepe3 mpocToTy Ta
BHIly eHeproeekTuBHicTh. OJHAK BUCYIIyBaH-
Hs Ha TIOBITPI YMHWUTH 3HAYHUH CTPECOPHHUU BILIUB
Ha KIITHHHU, TOMY SK OUTBIN THamHuii crioci® 30epi-
TaHHS MOXKE PO3TISAAATHCS Jiodimi3alisi, OCKiIb-
KM 3aBISKH €Taly 3aMOpPOKYBaHHS BOHa JIOTIOMa-
ra€ YHUKHYTH YIIKODKEHB, IO BiIOyBaIOTHCS ITifT
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of apoptotic processes in these cells, which are
unable to withstand air drying for more than a few
hours.

Recently, studies have been conducted that
provide new insights into the functions of MAPK
signaling pathways (p38 and JNK) in controlling
the balance of autophagy and apoptosis in response
to genotoxic stress [98]. It can be assumed that the
developing cascade of reactions to stress caused
by the drying of HEKCs is a common response of
mammalian cells, in particular, HCB ones. At the
same time, it was shown [73] that after drying under
heat stress (42°C), the transcriptional response of
human cells differed from that of microorganisms,
for example, the yeast Saccharomyces cerevisiae.
Thus, in transplanted cultures of HelLa S3 cells
(cervical adenocarcinoma), normal diploid Iung
fibroblasts, K-562 cells (myelogenous leukemia
tumor cells), 123 genes respond to heat stress,
while in yeast that was 1042.

It should be noted that, despite the lack of
tolerance to air drying in mammalian cells, complex
signaling cascades are triggered in them, that , on the
one hand, are aimed at ensuring their survival, and
on the other hand, can lead to death. In this regard,
manipulation of elements of signaling cascades
responsible for cell viability or death together with
the provision of appropriate protective agents or
gene transfection (delivered exogenously to the
cell) can provide effective anhydrobiotic genetic
engineering of desiccation-sensitive cells [44].

Therefore, air drying is preferred over freeze-
drying because of its simplicity and higher energy
efficiency. However, air drying has a significant
stressful effect on cells, so lyophilization can be
considered as a more gentle storage method, as
it helps to avoid the damage that occurs during
drying, due to the freezing step. To create optimal
lyophilization protocols, a detailed study of the
influence of factors that ensure the preservation of the
structure and functions of cells at all stages of this
process, as well as during their long-term storage, is
necessary.

Resistance of cells to physical and chemical
factors implemented during freeze-drying

When lyophilizing cells, the drying is pre-
ceded by freezing, that can be an additional factor
that leads to cell death. In this regard, investigation
of the influence of physical and chemical factors
implemented at the stages of cell freezing is a ne-
cessary component of creating optimal lyophili-
zation protocols.

The rate of freezing is known to affect the size
and morphological characteristics of the ice
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yac BHCYIIyBaHHs. /[ CTBOpeHHS ONTHMalIbHUX
MIPOTOKONIB Jiodinmizamii HEOOXiHE JIeTaIbHE BHB-
YeHHs1 BIUIMBY (pakTopiB, mo 3abesneuyioTs 30e-
PEXKEHHS  CTPYKTYPHO-(DYHKIIIOHATBHUX — XapakTe-
PUCTHK KIITHH Ha BCIX eTamax IbOro TMpOIIECY,
a TaKOX TIiJT 9ac IX TPUBAJIOTo 30epiranHs.

Cmiuxicms xkaimun 00 @Qi3uxo-ximiunux ¢ax-
mopie, wo peanizyromscsi nio wac aioginizayii

[Mpu miodimizamii KIITHH MpoOIECy BHCYIIY-
BaHHs MEpeaye 3aMOpPOKYBaHHS, SKe MOxe OyTH
JOIaTKOBUM (DaKTOpOM, HIO TPU3BOAMTH A0 3aru-
Oeni KIiTHH. Y 3B’SI3Ky 3 I[UM JOCHIDKSHHS 3 BIUIH-
By (i3uko-xiMidyHHX (aKTOpiB, IO peai3yloThCs
Ha erarax 3aMOpPOXKYBaHHS KIITHH, € HEOOXiJTHUM
KOMITOHEHTOM CTBOPEHHS ONTHMAJIEHUX MPOTOKOJIIIB
miodimizarii.

BigomMo, 1m0 mBHAKICTh 3aMOpPOKYBaHHS BILIH-
Ba€ Ha po3Mipu 1 MOPQOJIOTIUHI XapaKTEPUCTHKH
KpHUCTaIIB b0y, AKi ¢opmyroTecs. Lle BrummBae Ha
)uTTe3gatHicTh wrtuH [11, 21]. IligTBepmKCHHSIM
uiei Te3u € gani D. Natan Ta cmiBaBt. [78] npo Jiio-
¢imizanito moHoHykneapuux kiitia (MHK) KKIIL.
JocnigHuKKY 3MiHIOBaJIM IIBUJAKICTH T2 OTPUMYBa-
mu MHK KKIJI 3 pisHumMu nokazHukamu 30epesxe-
HOCTi. 30epexeHicTb Oyaa HaO1IbIIO micist Jiogi-
mizamii KIITHH 13 MBUAKICTIO (OPMYBaHHS JHOAY
0,2 mm/c. Ilpu maniii mBUAKOCTI 25% KIIITHH Maln
iJicHy MeMOpaHy, y TOW 4Yac SK TpH IIBHIKOCTI
0,02 Ta 2,00 MM/C KIIBKICTh TAKHMX KJIITHH CTAHOBH-
na 18 ta 9% BiamoBigHO. Y poboti €.0. I'opaienko
i cmiBaBT. [11] moKkaszaHo, MO 32 HU3BHKOI MIBUIKOCTI
¢dopmyBannst neoay (0,02 mMm/c) BinOyBaeThcsi oc-
MOTUYHE 3HCBOJHCHHS KIITHH, Y PE3YJIbTari sSKOro
301IBLIYETbCS.  KOHIEHTpAlliss BHYTPIITHBOKIITHH-
HUX peuyoBuH. Lle, y cBoro 4epry, Moke NMpU3BECTH
JI0 JieHaTypalii po3YMHHUX OLJIKIB Ta TOUIKOIKCH-
HSl MEMOpaHHHX CTPYKTYp. 3 iHIIOro OOKy, MpH BU-
COKili IBUAKOCTI OpMYyBaHHS JIbOAY (2 MM/c) 00’ eM
He3aMopokeHol1 (pakmii pimuanM OLTPIMN 1 HMO-
BIpHICTh BHYTPIIIHROKIITHHHOTO ()OPMYBaHHS JIbO-
Iy 3pOCTae, OCKUILKM BOJa HE BCTHTAaE IU(YHIY-
BaTH 3 KJIITHHH B TIPOIIeci 3aMopokyBanus 3, 11, 73].
O.1. Topnienko Ta cmiBaBT. [43] 3anpONOHYBAH AJIT0-
PUTM JUTSL OIIHKH ONTUMAJBLHOT MIBUAKOCTI 3aMOpPO-
JKYBaHHS Ha JIIHIHHIA MO/ 3aMOPOXKYBaHHS OKpe-
MUX KJIITHHHUX CYCICH3IH 3aJeKHO Bij| TOKa3-
HUKIB KJIITHH.

VY niteparypi € TOBIZOMIICHHS NpPO KPiOKOH-
CEpBYBAaHHS PI3HUX THUMIB KIITHH JIOAWHU y TIO€]-
HaHHI 13 3aCTOCYBaHHSM EJIEKTPOMATHITHOTO IIOJIS
[58]. Hanumit MeToa 3acHOBAaHUH Ha 3MATHOCTI CTa-
TUYHAX Ta OCIMIIIOIOYNX EJIeKTPUYHUX Ta MarHiT-
HUX TIONIB BIUIMBAaTH HAa KPHUCTAJOYTBOPEHHS IIHO-
ny. [lompm Te, IO €IEKTPOMArHITHI TOJISI TIOTYX-
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crystals being formed. This has an influence on cell
viability [6, 36]. This is confirmed by the data of
D. Natan et al. [74] about lyophilization of mono-
nuclear cells (MNCs) of HCB. The researchers
changed the rate and obtained HCB MNCs with
different indices of preservation. Preservation
was the highest after lyophilization of cells with
an ice formation rate of 0.2 mm/s. At this rate, 25%
of cells had an intact membrane, while at 0.02 and
2.00 mm/s, the number of such cells was 18 and 9%,
respectively. In the research of E. O. Gordiyenko
et al. [36] it was shown that at a low rate of ice
formation (0.02 mm/s) osmotic dehydration of
cells occurred, as a result of which the concent-
ration of intracellular substances increased. This,
in turn, can lead to denaturation of soluble proteins
and damage to membrane structures. On the other
hand, at a high rate of ice formation (2 mm/s), the
volume of the unfrozen liquid fraction is larger
and the probability of intracellular ice formation
increases, since water does not have time to diffuse
from the cell during the freezing process [8, 36,
69]. O.I. Gordiyenko [37] proposed an algorithm
for estimating the optimal freezing rate based on
a linear model of freezing the individual cell
suspensions depending on the cell parame-
ters.

There are published reports about cryopreser-
vation of various types of human cells in combination
with the use of an electromagnetic field [52]. This
method is based on the ability of static and oscil-
lating electric and magnetic fields to influence
ice crystal formation. Despite the fact that
electromagnetic fields with a power of 50 Hz induce
the formation of reactive oxygen species in cells, as it
was reported by M. Lupke et al. [62] as exemplified
by HCB cells, the use of a magnetic field of the same
power when freezing bone marrow, on the contrary,
ensures high preservation of cells. Cryopreser-
vation of dental pulp stem cells by means of a
programmed freezer using a magnetic field with
a frequency of 60 Hz preserved (73.2 £ 5.1)%
of viable cells, and (56.8 + 1.3)% without it [56].
These data extend the range of technical means
that can be used to improve the quality of
lyophilization of biological objects, in particular,
HCB.

Other factors determining the preservation of cells
during freeze-drying

Among the factors that determine the preser-
vation of cells after lyophilization, the initial
concentration of cells in the suspension also affects
this index. The highest resistance of HCB cells to
damaging factors of lyophilization was obtained
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mictio 50 T'm iHAYKYIOTH YTBOPEHHS aKTHBHHUX
(hopM KHCHIO B KIIITHHAX, SIK 1€ OyJ10 TIOKa3aHo Yy po-
6oti M. Lupke ta cniBaBrt. [66] Ha mpUKIaai KIITHH
KKJI, BUKOpHCTaHHS MarHiTHOTO TIOJS Takoi X IO-
TY)KHOCTI TIpA 3aMOpOXXYBaHHI KICTKOBOTO MO3KY,
HaBIaKH, 3a0e3leuye BUCOKE 30CpeKEHHS KITITHH.
KpiokoHcepByBaHHSI CTOBOYpPOBHX KIIITHH 3yOHOT
MyJNBIUA Ha TPOTPaMHOMY 3aMOPOXKyBadi 3 BHKO-
PUCTaHHAM MarHiTHOro mois dactotoro 60 I
30epirano (73,2 £ 5,1)% IKUTTE€3MaTHUX KJIITHH,
a 06e3 Hporo — (56,8 = 1,3)% [60]. Lli mani po3-
LIMPIOIOTH CIIEKTP TEXHIYHUX 3aco0iB, SIKI MOX-
Ha BHKOPHUCTOBYBATH [UIs MiABHUIIEHHS SIKOCTI
mioginizaumii  OilosorivHMX 00’€KTiB, 30KpeMa i
KKIJIL.

Tnwi ¢paxmopu, wo euznauaiome 30epedcenns
Kaimun npu aioghinizayii

Cepen (axTopiB, 10 BHU3HAYAIOTH 30EpEIKCH-
HA KITHH MChs Jiodimizarii, BHXigHa KOHIICH-
Tpallisi KIITHH Yy CYCIIEH3ii Tako)K BIUTUBAE Ha Lei
noka3Huk. Haitbinpma crifikicts kit KKJI go yi-
KO/Kytounx (akropiB miodimizanii Oyma oTpu-
MaHa mpu KoHreHrtpamii (2,5-10° £ 0,3-10%) wir/mn
i cranoBuna (69,28 + 17,1)% Bin narusy [78]. 3i
301IBLICHHSIM  KOHLEHTpalii KITHH crocTepira-
JIOCSL 3HWKEHHS iX KIJIBKOCTI TMicist Jiodimizarii.
Tak, pu TiABHUINEHHI KOHIEHTpAIii KIITHH y Cy-
crensii g0 (5-10° = 0,3-10%) ka/mMia 36epexeHicTh
kit 3HM3WwiIaca go (57,01 £ 14,1)%, a npm
migsumenti mo (8-10° + 0,2-10°) xkiu/mMir — 3MeHIIH-
nmacst 1o (55,9 = 5,3)%. lle BimmoBimae BHCHOBKaM
D. Natan Tta cniBaBr. [78]: 4YuM BHIA KOH-
LEHTpallisg KJIITHH Y CycIleH3il, THM BHIIa iX arpera-
1is1, 110 TaKoXK BIUIMBa€e Ha 30epeskenHs KKJI micis
mioginizauii. BaxmuBuM € Te, O pi3HI THITU KITITHH
KKJI mo-pi3HOMY pearyroTb Ha CTpec miJ yac Jio-
¢imizanii [28, 64].

VYemix 3actocyBaHHsA MeToay Jiodimizauii Oara-
TO B YOMY TaKOX 3aJIGKHUTh BiJi YMOB TMOJAATBIIOTO
30epiranHs siodimizoBanux kmituH. Tak, 30epiran-
Ha modimizoBannx kimithH KKJI B ymoBax xomo-
mutbHEKA (4°C) 3a0e3meuyBaio Kparie 30epeKeHHs,
HDK 30epiraHHs 3a KiMHaTHOI Temreparypu [78].
Kpim Toro, modinizoBaHi KIITHHH, SK MPaBUIIO,
HeoOXimHO 30epiratm y TeMpsiBi, OCKUIBKH B YMO-
Bax CBITJIa iXHE BWKMBAHHS Pi3KO 3HWKYeThes [15].
Ha aymxy aBTOpiB, Lle MOB’s3aHO 3 BUIBHUMH pa-
JUKaJlaMM, 10 YTBOPIOIOTHCS MiJ BIUIMBOM CBITIa
(OKMCITFOBAILHUM CTPECOM). IX JIis Moske MpH3BO-
JIUTH JI0 TIOIIKO/PKCHHS KJIITHH Yepe3 OJHOHHTKOBI
po3pusu JIHK.

He menm BaximBuM (hakTopoMm, Mo 3abe3nedye
30epekeHHsT JTi0(1TI30BaHOTO MaTrepiany, € 3aJIHIil-
KOBa BOJIOTICTh. BBaxaroTh, IO KIITHHH TBapWH
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at a concentration of (2.5:10% + 0.3-10%) cells/ml
and was (69.28 + 17.1)% of the native [74]. With
an increase in the concentration of cells, a decrease
in their number after lyophilization was observed.
Thus, when the concentration of cells in the sus-
pension was increased to (5-10° + 0.3-10°) cells/
ml, cell survival decreased to (57.01 + 14.1)%, and
when it was increased to (8-10° £ 0.2-10°) cells/ml
that was decreased to (55.9 + 5.3)%. This corres-
ponds to the conclusions of D. Natan et al. [74]
that the higher the concentration of cells in the
suspension, the higher their aggregation, which
also affects the preservation of HCB after
lyophilization. Importantly, different types of HCB
cells respond differently to stress during lyophili-
zation [15, 60].

The successful freeze-drying largely depends
on the conditions of further storage of lyophilized
cells. Thus, storage of lyophilized HCB cells in
a refrigerator (4°C) ensured higher preservation
than storage at room temperature [74]. In addition,
lyophilized cells, as a rule, must be stored in the
dark, since their survival is dramatically reduced
under light conditions [75]. The authors believe that
it results from the formation of free radicals under
the influence of light (oxidative stress). Their
action can lead to cell damage because of the DNA
single-strand breaks.

Residual moisture is an equally important fac-
tor that ensures the preservation of lyophilized
material. It is believed that animal cells are not
able to withstand drying with less than 5%
residual moisture [77]. Storage temperature is
more crucial than a residual moisture. High
temperature is particularly unfavorable: the higher
it is, the worse the survival of, for example,
microorganisms [61].

Thus, in order to preserve the structure and
functions of HCB cells, it is necessary to develop
lyophilization methods taking into account the
optimal drying mode. However, even under
optimal lyophilization conditions, the loss of
cell viability may be associated with irrever-
sible changes due to the formation of free radicals
[78].

Protectants used in lyophilization of mammalian
cell suspensions

To ensure the protection of cells sensitive to
dehydration from the harmful factors of lyophili-
zation, various protective substances are used —
lyoprotectants (in particular, proteins) and polyhy-
droxy compounds (sugars, polyalcohols and their
derivatives, efc.). A number of lyoprotective sub-
stances used for lyophilization and their



HE BUTPUMYIOTh BUCYIIyBaHHSI MeHILE HiX 3 5% 3a-
JUIIKOBOI BosiorocTi [16]. Baxnupimioro 3a 3anuii-
KOBY BOJIOTICTb € Temmeparypa 30epiranus. Oco0-
JIMBO HECHPHUSATIMBOIO € BHCOKA TEMIIEPaTypa: YUM
BOHA BHINE, THM Tiplle BIJKUBAHHS, HAIPUKIAL,
MIKpOOpraHi3miB [65].

Takum uuHOM, I 30€PEKEHHA CTPYKTYPHO-
(yHkmioHanpHUX  XapakTepucTuk  KimituH  KKJI
HEOOXITHO PO3po0iIsATH MeToau Jioditizanii 3 ypa-
XyBaHHSIM ONTUMAJIBHOTO PEXHUMY BUCYIIYBaHHS.
OnHak, HaBiTh 32 ONTHMaJbHUX YMOB Jiodimizarii,
BTpaTa >KUTTE3JATHOCTI KIITHH MOXe OyTH MOB’si-
3aHa 3 HE3BOPOTHMMH 3MIHAMH BHACTIJOK YTBO-
PEHHS BiNbHUX paaukaiis [80].

Ilpomexmopu, siki 3acmocosyromvcs npu rioghini-
3ayii cycnensii Kiimux ccagyie

Js 3a0e3nedeHHs] 3aXUCTy YyDIMBUX 1O 3He-
BONHEHHsSI KIITHH Bill YIIKOIKYIOUHX (HaKTOpPiB
miodimizamii 3acTOCOBYIOTH pi3HI 3axXHCHI pedo-
BHHU — JIIOMPOTEKTOPH (30Kpema, OUIKM) Ta TOIi-
T1IPOKCUCIIONYKU (IyKpH, MOJICHIPTH Ta iX MOXiJ-
Hi Tom). Hu3Kka JIONPOTEKTOPHUX PEYOBHH, SKi
3aCTOCOBYIOTBCSL Ui Jiodimizamii, 1 MexaHizm
X nii mpencTaBaeHo y TaOHLI.

IJyxpu. Ha naHmii 4Yac iCHYIOTH JIBI OCHOBHI
rinoTe3u, 0 MOSCHIOITh 3aXUCHY [0 IYKPIB ITiJT
yac BUCYIIYBaHHS KIITHH MeTOAOM Jiodimizarii.
3rigHo 3 Tepmior [74], mpu BHUCYNTyBaHHI KIITHH
LyKpH 3aMiHIOIOTh BOMYy, IO B3a€MOJIE 3 MOJSp-
HAMH a00 3apsAHKCHUMH TPyMmaMu  Oi0MOJIEKYI
yepe3 mpsMi BOAHEBI 3B s3Kku. IIpu mpomy Iykpu
CTaOULT3yIOTh HATHBHY CTPYKTYpy ¢ocdomininis
Ta OUNKIB y MeMmOpanax 0Oe3 Bomu. pyra rimno-
Te3a [95] mepembaudae, mo IyKpH 3a0e3MEUyIOTh
CKJIOITOMIOHHMI CTaH SIK IUTOILIA3MHU, TaK 1 MO3aKi-
TUHHOTO CEpelOBHIIaA, 3armodirarodu JAeHaTypaiii
ab0 MexaHIYHOMY TOMIKOPKCHHIO MeMOpaH KIIITHH
Ta 1l KOMIIOHEHTIB.

Haii0inpin BiZOMHUMHM, BJIIACTUBHMM Maii)ke BCIM
TBapuHaM-aHrigpodiotam [31] 1 wacTo 3acToco-
BaHUMHU TiA dYac miodimizamii IykpaMu € HEBif-
HOBJIIOIOWI JHWCaxXapuad — Tperajo3a i caxapo-
3a [34]. Bonu meHIm peakiliiiHi, Hi’XXK BiTHOBIIOIOU]
MOHOCaxapuau ado JucaxapujM, Taki, HaNpUKIa,
SK Masbro3a. Lli IyKpH € Kpalmumu NpOTEeKTOpamMH
npu siodimizanii  0i000’€KTiB, SK-OT cHepmaro-
30inu [52], Gakrepii [72], KIITHHH KOPAOBOI KPOBI
[96]. V Toit ke wac, B mitepatrypi € mani [35] mpo
Te, 110 BIAHOBIIOIOYI MOHOCaxapuau abo aucaxapu-
I, HANpHKIaA, Majibro3a, € e(eKTHUBHUM JIiONpPO-
TEKTOPOM ISl PETHKYJIIHOBUX BOJOKOH. OHAK MpH
30epiraHHi KITHH y BUCYIICHOMY CTaHi HE0OXiTHO
BPaxoByBaTH, 110 MaJbTO3a MA€ BHUCOKY PEaKLiiHY
3MaTHICTE [57].
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mechanism of action are
Table.

Sugars. Currently, there are two main hypotheses
explaining the protective effect of sugars during
drying of cells by lyophilization. According to the
first [70], when drying cells, sugars replace water,
which interacts with polar or charged groups of
biomolecules through direct hydrogen bonds. At
the same time, with no water sugars stabilize the
native structure of phospholipids and proteins in
membranes. The second hypothesis [94] suggests
that sugars provide a glassy state of both the
cytoplasm and the extracellular medium, pre-
venting denaturation or mechanical damage
to cell membranes and their components.

The most well-known sugars characteristic of
almost all anhydrobiotic animals [18] and often
used during lyophilization are the non-reducing
disaccharides, namely trehalose and sucrose [21].
They are less reactive than reducing monosaccha-
rides or disaccharides such as maltose. These
sugars are the best protecting agents during
lyophilization of biological objects such as sper-
matozoa [46], bacteria [68], cord blood cells [95].
At the same time, there are published data [22]
that reducing monosaccharides or disaccharides,
for example, maltose, are effective lyoprotectants
for reticulin fibers. However, when storing cells
in a dried state, it must be taken into account that
maltose has a high reactivity [51]. The use of
trehalose as a lyoprotectant turned out to be more
promising compared to other protecting agents
due to its physical and chemical properties. So,
trehalose has a radius of hydration 2.5 times
larger than that of sucrose. Therefore, 2.5 times more
sucrose than trehalose should be used to protect
the protein in cells [86]. Unlike sucrose, trehalose
interacts more actively with water and proteins
[58]. It is able to displace water molecules
bound to carbonyl groups in the phospholipid
bilayer of the cell membrane [63]. Trehalose has
antioxidant properties [43].

R. Brogna et al. [13] have demonstrated that
plasma samples frozen-dried with trehalose or
sucrose had a glass transition temperature (Tg)
higher than room temperature ((72 + 3.4)°C and
(46 = 11)°C, respectively). Such samples will be in
a glassy state when stored in ambient conditions,
that reduces the degree of protein aggregation and
oxidative damage over time. For trehalose, unlike
sucrose, there is a large difference between storage
temperature and Tg, that may be more beneficial
when stored under suboptimal conditions. It is
also known that trehalose, unlike sucrose, is more
resistant to hydrolysis to reducing monosaccharides

presented in the
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Cnu1cok NioNpOTEKTOPHMX MOFEKYN Ta MEXaHi3Mm ix aji
List of lyoprotective molecules and their mechanism of action

Knac cnonyk
Class of compounds

Ha3sBa
Name

MexaHism pii
Mechanism of action

Llykpu
Sugars

Tperanosa, manbTto3a [35], padiHosa [37]
Trehalose, maltose [22], raffinose [24]

Llykpu, wo 3abe3nevytoTb 3aXUCT KNITUHHOT Ta MaKpPOMOSEKYMAPHOT
CTPYKTYPM 3a paxyHOK BUAaneHHA BOAU Ta hOpMyBaHHA CKIomnoaibHo-
ro MaTpuKcy B uutonnasmi. Llykpn MoxyTb 3HWMKyBaTV TemnepaTypy
nnaeneHHA Nininis membpanu, iHribyeaTn 3nuTTA MembpaH i cTa-
6ninisysaTtu ix
Sugars that protect cell and macromolecular structure by removing
water and forming a vitreous matrix in the cytoplasm. Sugars can
lower the melting temperature of membrane lipids, inhibit membrane
fusion and stabilize them

MpoTeinn
Proteins

Binku nisHboro embpioreHesy [24, 46, 54]
Proteins of late embryogenesis [11, 48, 40]

Bucoko rigpodinbHi Ta HeCTpyKTypoBaHi NpoTeiHun, Aki HabyBaloTb
BTOPWUHHOI CTPYKTYPU MiA Yac BUCYLLYBaHHA. 3axuLiatoTb KMiTUHA Bif
BMCUXaHHA LUNAXOM 3MEHLUEHHA arperauii aeHaTypoBaHux 6inkis; cTa-
6ini3ytoTb BiNKK KMNiITUHN 32 paxXyHOK LUANepoOHONOAiGHOT aKTUBHOCTI,

3axuLlaloTb MembpaHu KniTuH; cTabiniaytoTb BiTpudikoBaHi Lykpu,
36inbLIyOTb TeMnepaTypy cknyBaHHA (Tg); cekBecTpytoTb ABOBANEHT-

Hi iOHK, WO CUHEPriYHO B3aEMOAIOTL 3 IHLUMMU NionNpoTekTopamu,

Hanpwvknag 3 Tperanosoto
Highly hydrophilic and unstructured proteins that acquire a
secondary structure during drying. Protect cells againt drying-out
by reducing the aggregation of denatured proteins; stabilize cell
proteins due to chaperone-like activity, protect cell membranes;
stabilize vitrified sugars, increase the glass transition temperature

(Tg); sequester the divalent ions that synergistically interact with

other lyoprotectants, for example, with trehalose

Binkn TDPs [24, 68]; 6inkx TennoBoro LLOKYy
Hsp72, p26 [75]
Proteins TDPs (tardigrade-specific intrinsically
disordered proteins) [11, 64]; heat shock
proteins (Hsp) Hsp72, p26 [71]

BuABNAIOTL WanepoHHY akTUBHICTb, 3anobiratoum arperadii NpoTeiHiB.
3axuwaroTb MembpaHu KniTuH
They show chaperone activity, preventing protein aggregation.
Protect cell membranes

AHrigpuH [63]
Anhydrin [59]

BucokoriapodinbHuii Ta HECTPYKTYpPOBaHMN NPOTEiH.
[ie B ymoBax aHrigpo6iosy Ak:

- LWIanepoH, 3a paxyHOK CTBOPEHHA efleKTpocTaTuyHnx Ta/abo cre-
PUYHUX NEPELLUKOA, AKi A03BOMNAIOTL YHUKATW arperauii AeHaTypoBaHnx
npoTeiHiB y AQpi;

- eHAOHYKNeasa, AKka Moxe OyTu BKIOYEHa B NMpouecu penapadii yL-
komkeHb [IHK, BUKNUKaHUX BUCYLLYBaHHAM MiA Yac aHrinpo6iosy
Highly hydrophilic and unstructured protein.

Acts in anhydrobiosis as:

- a chaperone, due to the creation of electrostatic and/or steric
hindrances that allow to avoid the aggregation of denatured proteins
in the nucleus;

- an endonuclease that can be involved in the repair of DNA
damage caused by drying during anhydrobiosis

IHWIi peyoBUHM
Other substances

FippokcuneTun-kpoxmans (8]
Hydroxyethyl starch [31]

IHri6ye 3nuTTA MiXk MmembBpaHamu. Byno nokasaHo, wo KombiHauia

rntokosu Ta HES moxe 36inbluMTi TONEPaHTHICTb A0 BUCYLLYBaHHA

Inhibits fusion between membranes. It has been shown that the
combination of glucose and HES can increase desiccation tolerance

Mponin [32]
Proline [19]

Morke 6yTn 0CMONPOTEKTOPHOI amiHokucnoToto. MNMepenbavaeTtsbea,
o nporniH Moxe 6yTu ctabinisatopom membpaHu i MpoTeiHiB, Moxe
peaykyBatu Temnepatypy nnasneHHa (Tm) OHK i BUABNATU aHTUOKCK-
NaHTHI BNacTMBOCTI
Can be an osmoprotective amino acid. It is assumed that proline
can be a membrane and protein stabilizer, can reduce the melting
temperature (Tm) of DNA and exhibit antioxidant properties

3HexunpeHe monoko [86]
Skimmed milk [84]

Crabinisye KNiTUHHY CTiHKY Ta uMTOonnasMaTuyHy MmembpaHy, 3B’A3ye
nosakniTuHHy Boay, 6epe yyacTtb y aerigpatadii knitud. BAP, wo
MICTATBCA Y 3HEXMPEHOMY MOJOUi, 3a6e3neyyoTb pereHepaTuBHi

npouecu nicna perigpatauii
Stabilizes the cell wall and cytoplasmic membrane, binds
extracellular water, participates in cell dehydration. Bioactive
substances contained in skimmed milk provide regenerative
processes after rehydration
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3acToCyBaHHsI TpErajso3u SK JHOMPOTEKTOpa
BUSIBUWIOCS TEPCIEKTUBHIIIUM TOPIBHAHO 3 iH-
LIIMMHU TPOTEKTOpaMH y 3B 53Ky 3 11 (i3uKo-Ximiu-
HUMH BJIaCTHBOCTSMHU. Tak, y Tperanos3u, paaiyc
rigparamii B 2,5 pasum Oinpmuii, HiX Yy caxaposw.
Otxe, s 3a0€3MEUeHHS 3aXHUCTy Oidka B KIIi-
THHAX TOTPIOHO BUKOPHUCTOBYBATH B 2,5 pasu Oillb-
me caxapo3u, HDK Tperamosu [88]. Tperamo3sa,
Ha BIJIMiIHY BiJI caxapo3W, aKTHBHIIIEC B3aEMOJII€
3 BOjmot0 1 Oinkamu [62]. BoHa 31aTHa BUTICHSTH
MOJICKYJIH BOJH, 3B’si3aHI 3 KapOOHIJIBHUMU TpyTia-
MU y (docdominigHOMy MOABIHHOMY HIapi KIITHH-
HO1 MemOpanu [67]. Tperanoza Mae aHTHOKCUIAHTHI
BJIACTUBOCTI [49].

VY poboti R. Brogna Ta cniBast. [26] moka3zaHo,
IO 3pa3Kd IUIa3MM, BUCYIIEHI BHUMOPOXKYBaHHIM
3 Tperajio3or abo caxapo30i0, MalOTh TEMIIEPATypy
ckiayBanHs (Tg) Bumy 3a ximuaray ((72 + 3,4)°C
i (46 £ 11)°C BignoBigHo). Taki 3pa3ku OyIyThH
y CKJIOMOAIOHOMY cTaHi mpu 30epiranHi B yMOBax
HABKOJIMIIHBOTO CEPEIOBHINA, IO 3HWKYE CTYIiHb
arperailii OUIKIB Ta OKHCHOTO MOIIKO/KEHHS 3 4a-
com. Jlmst Tperanosu, Ha BiAMIHY BiJ caxaposu, ic-
HY€ BEJIMKa Pi3HULS M TEMIIEpaTyporo 30epiraHHs
ta Tg, mo mMoxe OyTH KOPUCHILIMM IpHU 30epiraHHi
B cyOonTHManbHUX yMOBax. Bimomo Takox, mo Tpe-
rajos3a, Ha BiIMiHy BiJ caxaposu, OuLIbII CTilika 70
TiIpOMi3y /0 BiTHOBIIOWOYHMX MOHOcaxapumiB [31].
VY 3B’A3Ky 3 IMM, BUKOPHCTaHHA SIK JIOHNPOTEKTO-
pa Tperayo3u OiTbIN MPHHHITHE TOPIBHIHO 3 caxa-
pO3010 B TOMY BHITaJIKy, KOJU MOTPiOHE 30epiraHHs
711000’ €KTIB y BUCYIICHOMY CTaHi TPHWBAJIUi dac.
IIpore S.B. Lee ta cnoiBaBt. [61] y sIKOCTI Jiomnpo-
TEKTOpa Tpu Jiodimizamnii O0akTepialbHUX KYJIBTYP
BHUKOPHCTOBYBAJIM Caxapo3y.

binku. Binomo, 1mo 6e3xpeOeTHi TBapuHU JUIs 3a-
Oe3redeHHs BIDKUBAHHS MPU aHTiApo0io3i 3 IyKpa-
MH BUKOPUCTOBYIOTH PEUOBHHH O1IKOBOI MPUPOIH.
Haii6inpin momupeHuMu 3 HUX € OUIKU-TIanepo-
HU — Oinku terioBoro moky (heat shock proteins,
HSPs), a Takox Oinku mizHBOTO emOpioreHesy (Late
Embryogenesis Abundant, LEA). Illaneponu Bimi-
TPalOTh BAXKIWBY pOJb y OILTKOBOMY TOMEOCTa3i
(mporteocTasi), 3abe3medyroud MIATPUMKY OaiaH-
Cy OuIKOBOro cuHTe3y, (OIAMHTY, TEpPEeHEeCEHHS,
CKJIaJIaHHs, Jie3arperaiii Ta jerpajaiii Ouika s
MpaBWIbHOI KIITHHHOI GYHKOIT y izionoriynnx
Ta CTPECOPHUX YMOBaX.

T. Mizrahi ta cniBaBr. [75] nokasanu, o y 3em-
astHoro pasnuka Theba pisana excripeciss HEBEJIUKUX
3a po3mipom HSPs ticHo moB’si3ana 31 cTiHKicTIO 10
CTpeCy, BKJIIOYAIOUM TOJIEPAHTHICTH A0 BHUCHXAHHS.
VIMOBipHO, y LMX TBapHMH IIANIPOHHA AKTHBHICTH
TAKOTO THUITy OINKIB MOXKe TOM SKITyBaTH 3TyOHI
HACIIKH, IIOB’sI3aH1 31 3HEBOAHEHHSIM.
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[18]. In this regard, the use of trehalose as a
lyoprotectant is more acceptable compared to
sucrose if it is necessary to store lyoobjects in
a dried state for a long time. However, S.B. Lee
et al. [57] used sucrose as a lyoprotectant during
lyophilization of bacterial cultures.

Proteins. It is known that invertebrate animals
use protein substances to ensure survival in
anhydrobiosis with sugars. The most common
of them are chaperone proteins, i. e. heat shock
proteins (HSPs), as well as late embryogenesis
proteins (Late Embryogenesis Abundant, LEA).
Chaperones play an important role in protein
homeostasis  (proteostasis), providing mainte-
nance of the balance of protein synthesis, fol-
ding, transfer, assembly, disaggregation, and pro-
tein degradation for proper cell function under
physiological and stressful conditions.

T. Mizrahi et al. [71] showed that in the land
snail Theba pisana, the expression of small HSPs
was closely related to resistance to stress, including
tolerance to desiccation. Probably, in these
animals, the chaperone activity of this type
of protein can mitigate the deleterious effects
associated with dehydration.

It is interesting that the use of HSPs under the
stressful effect of lyophilization on cells leads
to their increased viability due to the blockade of
apoptosis processes in them [64]. In addition, some
cell populations, particularly myeloid-committed,
may be more resistant to lyophilization due
to their ability to synthesize high levels of HSPs
[20].

LEA proteins are promising lyoprotectants
that increase the stability of cells, as they contribute
to the stabilization of sugars in the cytoplasm
of the cell during vitrification, protect proteins
subjected to drying from deactivation and aggre-
gation, and also, interacting directly with the
cell membrane, ensure its stabilization during
lyophilization [40]. Proteins such as LEA can
also play an important role in the formation of
the vitrified medium (substrate) during drying
[48].

Naturally occurring LEA proteins differ in their
characteristics and localization [41, 59]. Their
combination with each other or with other glass-
forming solutions can be a promising method of
genetic engineering of human cells capable
of increasing their resistance to desiccation. S. Li
et al. [59] showed that the LEA protein isolated
from the body of the African mosquito Polypedilum
vanderplanki could provide the same level of
protection during drying of HepG2 cells (a human
hepatoma cell line) as intracellular trehalose, as

npo6nemu Kpiobionorii i KpiomeaUUMHN
problems of cryobiology and cryomedicine

Tom/volume 33, N%/issue 4, 2023



HikaBum € TOi dakt, mo 3actocyBanHs HSPs
B YMOBax CTPECOPHOrO BIUIMBY Jiodimizanii Ha
KIIITUHU TIPUBOJIUThH O TIJIBHIICHHS IXHBOI KHUT-
TE€3AATHOCTI 3a paxXyHOK OJOKaaW B HUX IPOIECIB
anonitody [68]. Kpim Toro, meski momymsiii Kii-
THH, 30KpeMa KOMITOBaHI B MIE€JIOITHOMY HaIpsIM-
Ky, MOXKYTh OyTH OUTBIN CTiHKMMH 10 Jriodimizamii
3aBISIKA  iXHIA 3MaTHOCTI CHHTE3yBaTH BUCOKHH
piBernr HSPs [33].

LEA-GinkM € TepCrleKTUBHUMH  JTIOIPOTEK-
TOpaMH, IO MiJBUIIYIOTh CTIHKICTh KIIITHH, OC-
KUIBKH CHPHSIOTH CTaOuTi3amii IyKpiB y IMTO-
I1a3Mi KIITUHY i 4ac CKIIyBaHHS, 3aXHINAIOTh BiJl
JIe3aKTUBAIll Ta arperaiii OiUTKM, sIKi MiJ/IaHi BHCY-
IIyBaHHIO, a TaKOK, B3aEMOJiOYH Oe3MocepeHbO
3 KJIITHHHOK MeMOpaHOro, 3abe3rmedyroTh ii cTa-
Oimizamiro pu miodimizarii [46]. Taki 6imkn, sik LEA,
TaKOXX MOXYTh BiirpaBaTH Ba)KIHBY pPOJb B YTBO-
pEeHHI 3aCKJIOBAHOTO cepemoBUIa (CyOCcTpary) I
gac BUCUXaHHS [54].

Icuyroui B mpuponi LEA-Ginku Bifpi3HSIOTHCS
32 CBOIMHU XapaKTePUCTHKAMHU Ta JIOKaji3aliew [47,
63]. IX moemHaHHS OAMH 3 OXHUM a0o0 3 IHIIUMH
CKJIOYTBOPIOKOUMMH PO3YMHAMH MOXE OyTH Tmep-
CIEKTUBHUM METOJOM TeHHOI iHKeHepii KIITHH
JIOIMHY, 3/aTHUM ITJIBUIYBAaTH IX CTIHKICTh J0
BucuxaHHsa. S. Li Ta cmiBaBr. [63] mokazanu, 1o
LEA-Ginok, BumineHwid 3 oOpraHisMy adpuKaHCh-
xoro komapa Polypedilum vanderplanki, moxe 3a-
Oc3reuyBaTH TaKWW JK€ PIBEHb 3aXHUCTy IPH BH-
cymryBauHi kmituH HepG2 (miHiA KITHH remaro-
MU JIIOMUHH), K 1 BHYTPIIIHBOKIITHHHA Tpera-
71033, TPO IO CBUIYMTH IUIICHICTh MeMOpaH IHX
KIITUH Ticis  perigparaiii. BBeneHHs MetomoM
TeHHOI iH)KeHepii B KJIITUHHM TelNaroMd TI'eHiB, BU-
JICHUX 3 eMOpioHa NpPEJACTaBHHKA POy pPAaKo-
nofioHux Artemia franciscana, MmO KOAYIOTh JiBa
ou1ku — AfrLEA2 a6o AfrLEA3m, 3HayHO miaBH-
IIyBajO CTIMKICTh HUX KIITHH JI0 BHCYIIyBaHHS,
MIPOBEZICHOTO 3 BUKOPUCTAHHAM  CIIiH-BHCYIITY-
BaJbHOTO OONamHaHHsA (spin-drying technique). He-
3Ba)KAIOUYM Ha BIJIICYTHICTH JOCIHIKEHH TAKOTO Ha-
npsmy mono kiaituH KKJI, mepcmekTuBHOIO € po3-
pobka MOXIUBOI TEHETHYHOI MomwQikaiii KIITHH
CTOBOYypoBOro kommapTMmeHrty, 3okpema CKK i
MCK.

Iloeonane suxopucmanms 1ionpomexmopie

Hani mitepatypu cBiguare [24], mo asrigpo-
O010THYHI TBapWHM, HANPHUKIAJ THUXOXOAHM, palio-
HaJIbHO BUKOPUCTOBYIOTH KiJIbKa B3a€MOJOIIOBHIOKO-
YHX JIOMPOTEKTOPHUX PEYOBUH 332 YMOB HOCYXH. Y
3B’SI3KYy 3 IIMM CJIJ BiI3HAYUTH PE3yJIbTaTH 3aCTO-
CYBaHHS JOCHITHUKAMH PI3HUX IOEIHAHB JIOMPO-
TEKTOpIB TpH Jiodimizamii MikpoopraHismiB. Ha-
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evidenced by the integrity of the membranes of
these cells after rehydration. The introduction
of genes isolated from the embryo of the crusta-
cean of genus Artemia franciscana, encoding two
proteins — AfrLEA2 or AfrLEA3m, into hepatoma
cells by means of genetic engineering signi-
ficantly increased the resistance of these cells to
drying by means of the spin-drying technique.
Despite the lack of studies in this area regar-
ding HCB cells, the development of possible
genetic modification of cells of the stem com-
partment, in particular HSCs and MSCs, is opti-
mistic.

Combined use of lyoprotectants

The publications show [11] that anhydrobiotic
animals, such as tardigrades, rationally use several
complementary lyoprotective substances under
drought conditions. In this regard, it is worth
noting the results of researchers using different
combinations of lyoprotectants during lyophi-
lization of microorganisms. For example, some
authors [49] used 12% lactose in combination
with 12% sucrose during lyophilization of vaginal
Lactobacillus bacteria as protective substances,
and 10% glucose with 20% sucrose was used
for lyophilization of Lactobacillus plantarum
JH287 [57].

R. Brogna et al [13] investigated the advan-
tages of the combined use of lyoprotectants when
freeze-drying the mammalian cells. In the studies
of H.H. Xiao et al. [95] there was found that
the use of a 20% sucrose solution as a lyopro-
tectant in combination with a 10% mannitol so-
lution contributed to a significant increase in
the number of CD34* cells in lyophilized HCB,
compared to the use of only a sucrose solution, that as
the authors believe, could occur due to stabilization
of the membrane structure.

Minimization of the stressor effect of lyophi-
lization on HCB MNCs can be achieved by using
synthetic polymers in combination with sugars
and alcohols [95]. Thus, the addition of a solution
containing 40% polyvinylpyrrolidone (PVP), 20%
sucrose, 10% mannitol to HCB MNCs before
lyophilization led to a significant rise in cell
safety and an increased concentration of CD34"
cells compared to the use of PVP or sucrose, or
a combination of PVP and sucrose.

As mentioned above, cryopreservation is one
of the stages of freeze-drying, therefore, the use
of several cryoprotectants for the standard pro-
tocol of freeze-drying of HCB cells refers to the
procedure for optimizing the entire technolo-
gical process of lyophilization. Indeed, J.P. Rodri-



NpUKIaa, Opu Jdiodinizanii BariHalbHUX OaxTepii
Lactobacillus B SKOCTI 3aXMCHUX PEUOBHH JICSKI
aBTopu [55] 3actocoByBanmu jnakrody 12% B moen-
HaHHI 3 caxaposoto 12%, mmsa miodimizamii Lac-
tobacillus plantarum JH287 BUKOpUCTOBYBAIU TITO-
ko3y 10% 3 caxapo3zoro 20% [61].

Y poboti R. Brogna Ta cmiBaBT. [26] moka3aHo
nepeBard MOEJHAHOTO BUKOPUCTAHHS JTIOMPOTEK-
TOpiB mpu Jiodimizamii KIITHH ccaBIiB. Y JOCHIA-
xennsx H.H. Xiao Tta cmiBaBr. [96] Oyno Bcra-
HOBJICHO, W10 3aCTOCYBaHHS SK JOMPOTEKTOpa
po3unHy caxapo3u B KoHueHTpauii 20% y moen-
HaHHI 3 PO3YMHOM MaHiTOdy B KOoHueHTpamii 10%
CHPUSIIO 3HAYYIIOMY IiABUILEHHIO KibkocTi CD34"
KIiTHH y miodinizoBanomy KKIJI, mopiBHsiHO 13 3a-
CTOCYBaHHSIM JINIIIE PO3YMHY CaxaposH, 10, Ha TyM-
Ky aBTOpiB, MOIJIO BiJOyBaTHCSl 3a paxyHOK CTali-
Jizamii CTpyKTypH MeMOpaHHu.

Minimizartis ctpecopHoi mii modimizamii Ha
MHK KKIJI moxe OyTu AOcATHYTa HUISXOM 3acCTO-
CYBaHHSI CHHTETHYHUX IOJIMEPIB y MOEJHAHHI 3 I1Y-
kpamu Ta criupramu [96]. Tak, nomaBanns o MHK
KKJI pozumny, mo wmictute 40% mnomiBiHimipo-
migony (IIBIT), 20% caxapo3u, 10% wmaHiTOIy
nepex  mio¢inizamier0 MTPUBOAMIO 10 3HAYYLIOTO
MiABHIIEHHS Oe3MeKH KIITHH 1 IMiIABUIEHHS KOHIEH-
tpauii CD34" kiiTHH MOPIBHSHO 13 3aCTOCYBaHHIM
[IBIT abo caxaposu, abo xomOiHarii [1BII ta caxa-
posmu.

SIk 3a3Ha4anocs BUILNE, KPIOKOHCEPBYBAHHS €
OTHUM 3 €TamiB Mporecy Jiodinizamii, oTxe, BH-
KOPHUCTaHHS TPH CKIQJIaHHI CTaHJIApTHOTO IMPOTO-
koiy miodimizamii writhH KKJI nexinbkox kpio-
MPOTEKTOPIB BIAHOCHUTHCS 0 MPOLEAYPH ONTHUMI-
3alii BCHOTO TEXHOJOTIYHOTO Mpolecy Jiodisi-
3amii. Cnpani, J.P. Rodrigues ta cniBaBt. [84] y
CBOIX JIOCHIPKEHHSX TOKa3ajld, IO IONepeaHs
o6podka ximitnH KKJI caxapo3oro abo Tperano3oro
ITiIBUIIYBaIa iXHIO KUTTE3AATHICTH IICIS 3aMOPO-
yBaHHs-BigraBanHa 3 JMCO. Tak, npu 3amo-
poxyBanni xmituH KKJI 3 2,5%-m JIMCO xur-
TE3JATHICTh 110 TPUIIAHOBOMY CHHBOMY CTaHOBH-
na 78%, mpu 3amopoxxyBanHi 3 2,5%-m JIMCO Tta
10%-o10 caxapo3oro — 80%, mnpu 3aMOpOXKyBaHHI
3 2,5%-m IMCO Ta 10%-o10 Tperamozoro — 8%.
Takox Oysl0 IMOKa3aHO CHHEPIrEeTHUYHY il Tpera-
JIO3W Ta Karajas3u, 10 3a0e3leuye BHCOKE 30epe-
JKEHHSI 3[IaTHOCTI A0 XOMIHTY Ta ajaresii y KIITHH
KKJI micns xpiokoHcepByBanHsi [85]. [ns Bin-
MOBiJIi Ha 3amUTaHHS MPO TE, UM MOXKJIMBA KOpe-
TSI TOJEPAHTHOCTI 10 KPIOBIUIUBY B KIITH-
HaxX CCaBI[iB NMPU CyMICHOMY BHKOPHUCTaHHI Kpio-
MIPOTEKTOPIB Ta X 30epexeHHs micis Jiodimizarii,
MOTpiOHE BUPIMICHHS AOAATKOBHUX TCOPSTHIHHX Ta
eKCIIepIMEHTAIbHIX 3aBIaHb.
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gues et al [82] in their studies showed that
pretreatment of HCB cells with sucrose or trehalose
enhanced their viability after freeze-thaw with
DMSO. Thus, when freezing HCB cells with 2.5%
DMSO, the viability according to trypan blue
was 78%, when freezing with 2.5% DMSO and
10% sucrose that was 80%, for freezing with 2.5%
DMSO and 10% trehalose it made 8%. The syner-
gistic effect of trehalose and catalase was also
shown, that ensures high preservation of homing
and adhesion ability in HCB cells after cryopreser-
vation [83]. To answer the question of whether it is
possible to correlate the tolerance to cryoinfluence
in mammalian cells with the combined use of
cryoprotectants and their preservation after freeze-
drying, extra theoretical and experimental tasks
need to be solved.

Development of methods of
lyoprotectants into the cell

The important role of lyoprotectants in the
protection of cells during lyophilization deter-
mines the need to develop the methods of their
transportation into the cell. It is known that trehalose
does not penetrate through the HCB cell membrane
and they lack transporters for its transfer. At the
same time, M. Zhang et al. [97] showed that
human fibroblasts were able to absorb trehalose

transporting

from the extracellular space by liquid-phase
endocytosis.  Currently, artificial methods of
transporting lyoprotectant into cells are being

actively developed. One of the promising
directions is the use of native membrane pores
of ionotropic receptor P X7 (P2X-purinergic re-
ceptor-7) as transporters [26]. To induce the ex-
pression of this molecule on cells, the effect
of Dbacterial endotoxin and extracellular ATP
is needed [92].

Another pore-forming structure that can ensure
the entry of trehalose into the cell is the P2Z re-
ceptor. ATP and benzoyl-ATP serve as a pore former
for this receptor. Normally, the P2Z receptor is
expressed on the membrane of many immature
hematopoietic cells, such as CD34" cells, as well
as on mature cells — granulocytes, neutrophils [88],
dendritic cells, efc. [23]. However, it should be
noted that only 58% of cells among mature
and immature HCB have a P2Z receptor. This
indicates that when using a pore-forming structure
in the form of a P2Z-receptor, the trehalose
will be delivered only for certain populations of HCB
cells. This is confirmed by the data of S.S. Bucha-
nan et al. [15], which indicating a strong diffe-
rence in the differentiation and clonogenic po-
tential of native HCB cells and those after

npo6nemu Kpiobionorii i KpiomeaUUMHN
problems of cryobiology and cryomedicine

Tom/volume 33, N%/issue 4, 2023



Pospobka cnocobie mpancnopmysanns nionpo-
MeKmopi6 y KIIMuHy

BaxnuBa poib  JTONPOTEKTOPIB Yy  3aXHMCTI
KIIITUH TIpH Jriodini3alii Bu3Ha4ae HEOOXiHICTh po-
3po0KH CITOCOOIB X TPAaHCIOPTYBaHHA B KIIITHHY.
Bigomo, 1mo Tperamo3a He MPOHUKAE Yepe3 KITITHH-
Hy memOpany KKJI i y HUX BifICyTHI TpaHCIIOpPTEpH
st 11 meperecenHs. Pasom 3 tum, M. Zhang Ta
coiBaBT. [97] mokaszamu, 1mo (iOpoOIaCTH JIHOIH-
HU 3JIaTHI TIODIMHATH TPETaso3y 3 MO3aKIITHHHOTO
npocTopy pinkodazHuM eHaonuTo3oM. Ha manuit
Yac AaKTHBHO PO3POOJSIFOTBCS IITYYHI  CIIOCO-
OM TpaHCHIOPTYBaHHS JIONPOTEKTOpa Yy KIITHHHU.
OnHUM 3 TEepCHeKTUBHHUX HANPSAMIB € BHKOpPHUC-
TaHHA SIK TPAHCIOPTEPIB HATHUBHUX MEMOpaHHUX
nop ionorponHoro peuentopa P X7 (P2X-mypu-
HeprigHoro perenropa-7) [39]. Husa iHmykmii exc-
mpecii JaHoT MOJIEKYIM Ha KIITHHAX HEOoOXimHa Iist
0aKTepiaIbHOTO CHIOTOKCHHY Ta TO3aKIITHHHOTO
AT® [93].

[Ile oaHi€e0 MOPOYTBOPIOBAILHOIO CTPYKTYPOIO,
sKa MOXKe 3a0e3MeYnTH HAaJXOKEHHSI TPErayo3u
B KiiTHHY, € P2Z-peuentop. Y SKOCTI MOpOyTBO-
proBaua i 1[bOro perenrtopa ciyxarb AT® i Oen-
3011-AT®. ¥V nHopmi P2Z-penentop excrpecyeTbes
Ha MeMOpaHi 0araTbOX HE3pUIMX TI'€MOMOETUYHUX
KIIiTHH, Takux sk CD34" kniTHHH, a TakoX Ha 3pi-
JUX KIITHHaX — TpaHyJonuTax, Heirpodimax [90],
neHaputHux Tomo [36]. OmHak ciix 3a3HaYUTH,
mo smme 58% KIITHH cepen 3puTuxX 1 He3piiamx
KKJI wmatore P2Z-pemenrop. lle cBigumth mpo
T€, L0 IPU BHUKOPUCTAHHI IOPOYTBOPIOBAIBHOL
CTPYKTypu y BUDLIII P2Z-penentopa H0CTaBICHHS
Tperano3u 3abe3nedyBaTUMEThCsl JIMIIE Ui OKpe-
mux momysuii it KKJL TligrBepmxeHHsIM
nporo € gani S.S. Buchanan Ta cmiBaBr. [28],
OI0 CBigUaTh NpO 3HAYHy PI3HHULIO B AHdEpeH-
miaii Ta KJIOHOIGHHOMY IIOTEHIialdi HaTHBHHUX
kit KKJI i kmitae micas miodimizamii 3 BHKO-
PUCTaHHSIM JaHOTO CHOCOOy JOCTaBJICHHSI Tpera-
JIO3H.

Crmig 3a3HaudTH, MO0 I PO3POOKH CIOCO0IB
TPAHCTIOPTYBAHHSI JIIOMPOTEKTOPIB y KIITHHY MOXKHA
BpPAaxOBYBATH ITiIXOIH, SKi YCIIITHO 3aCTOCOBYIOTHCS
i yac KpiokoHcepByBaHHs. Hampukmazn, A. Eroglu
Ta crhiBaBT. [41] JUIs CTBOpPEHHS MOp Ta BBEICHHS
Tperajao3u B IHUTOILIa3My (hiOpoOacTiB 3acTOCOBY-
BaJIM TEHETHYHO MOIM(]IKOBaHUI MYTaHT O-TeMOJTi-
3uny Staphylococcus aureus.

Ha cporomni mokasaHo MOXJIHMBICTH BHKOPHC-
TaHHS BEJHMKOI KUIBKOCTI OUKIB SIK TpaHCIOPTEPIB
Tperajao3u abo IHIIMX 3aXUCHHUX I[yKpPiB y KIITH-
Hy [48, 69, 81, 91]: wmambro3a/MaNbTOAEKCTPH-
HoBUil Tpancnorper MalEFGK2, no ckmamy skoro
BXOIUTH 3B si3yrounii Oimox MalE, TpancmemOpan-
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lyophilization using this method of trehalose de-
livery.

It should be noted that for the development of
methods of transporting lyoprotectants into the
cell, it is possible to take into account the approaches
that are successfully used during -cryopreser-
vation. For example, A. Eroglu et al. [27] have
used the genetically modified a-hemolysin mutant
of Staphylococcus aureus to create pores and
introduce trehalose into the cytoplasm of fibroblasts.

To date, the possibility of using a large number
of proteins as transporters of trehalose or other
protective sugars into the cell has been shown [42,
65, 79, 90]: the maltose/maltodextrin transporter
MalEFGK?2, which includes a binding protein
MalE, a transmembrane channel from MalF and
MalG subunits, as well as two ATPase subunits;
MalK, MAL11/AGT]1 (maltose transporter (Malll),
a-glucoside transporter (AGT1)), HvSUT1 (Hordeum
vulgare (barley) sucrose transporter), HvSUT2,
MdSUT2, MdAREB2 (Apple Sucrose Transporter,
CIPK, TRET1 (Trehalose transporter). The ad-
vantage of TRET! over the specified transporter
proteins is a higher functional capacity, specificity
for trehalose, neutral pH, and the fact that this
transporter is expressed by a single gene [59]. Stable
expression of TRETI in human hepatoma cells
transfected with this gene contributed to a four-
fold increase in cell viability after drying using the
spin-drying technique [59]. These data are in
agreement with the results of other authors [90],
which showed a direct correlation between the
concentration of trehalose in the extracellular
medium and the percentage of gene-modified
chinese hamster ovary (CHO) viable cells after
cryopreservation. The highest number of CHO
viable cells was obtained during lyophilization with
trehalose at a concentration of 500 mm. However, it
is difficult to use TRET1 as a trehalose transporter
to ensure a high preservation of HCB cells after
lyophilization because of labor intensity of genetic
modification of cells. For the same reason, the use
of a method that ensures the synthesis of trehalose
inside the cell is impractical for wide application.
Therefore, the reports of N. Guo er al. [38],
testifying to the possibility of successful trans-
duction (transfection) of genes responsible for the
synthesis of trehalose in human fibroblasts, are
only of scientific interest. In addition, there is an
ethical question about whether genetically modified
cells can cause a risk to human health, so each
such an approach of using genetic modification of
cells must be tested on a case-by-case basis before
its use.

Today, the attention of scientists is focused
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HUN kaHau i3 cyOomuuuipe MalF i MalG, a takox
nBi cyoommumii ATda3; MalK, MALI11/AGTI1
(maltose transporter (Malll), a-glucoside transporter
(AGT1)), HvSUT! (Hordeum wvulgare (sumiHB)
sucrose transporter), HvSUT2, MdSUT2, MdAREB?2
(Apple Sucrose Transporter, CIPK, TRET1 (Treha-
lose transporter). IlepeBaroro TRET1 mepen Bxka-
3aHUMHU O1IKaMU-TPAaHCTIOPTEPAMH € OUTBII BHCOKA
(yHKIIOHANIbHA 3/1aTHICTh, CHEHU(IYHICT 10 Tpe-
rajiosu, HeWrpaibHuii pH 1 Te, mo e TpaHcnop-
Tep eKcmpecyeTbes omaHuM reHoMm [63]. CrabinmbHa
excripeciss. TRET1 y KyabTypi KIITHH TIemaToMH
JIOIUHY, TPAHC(HEKOBAHUX IUM TE€HOM, CIIpHsIa
YOTUPUPA30BOMY 30LTBIICHHIO KUTTE3JATHOCTI KITi-
THH TICIs BUCYIIYBaHHS TiJ 4Yac BHUKOPUCTaH-
HS CHiH-BUCYIIyIOUOTOo oOjamHaHHs (Spin-drying
technique) [63]. 1li maHi y3romKyrOThCS 3 PE3yib-
TaTaMy iHIMEX aBTOpiB [91], MO TOKa3amu mpsMy
KOPEJAIII0 MK KOHIICHTPAIIEI0 TPETaio3n y TO-
3aKTITHHHOMY CEPEIOBHUINI Ta BICOTKOM JKHTTE-
3[aTHUX T'€HETHYHO MOMU(DIKOBAaHMX KIITHH SE€YHUKA
kutaiickkoro xom’staka (it CHO, Gene-modified
Chinese hamster ovary cells) micnst KpiokoHCepBY-
BaHHJ. MaKcUManbHO BHCOKY KUIBKICTh JKHUTTE-
3garHux KiaituH JiHil CHO Oyno orpumaHo iz
yac mio¢imizamii 3 Tperamo3o0 B KOHLEHTpauii
500 MM. OpHak CKJIagHO 3aCTOCYBaTH B SIKOCTI
Tpancnoprepa tperano3u TRET1 3 wmeroro 3a-
OesneueHHst BHUCOKOi 30epekeHocTi kimithH KKIJI
micns riodimizartii gepe3 TPYAOMICTKICTh TIpOBe-
JIEHHS TEHETWYHOI Momwdikamii KmituH. 3 IIiel K
MPUYMHU BHUKOPHCTAHHS METOAY, IO 3ade3redye
CHUHTE3 TPETAJIO3M BCEPEIWHI KIITHHHU, HETOIIIh-
HE JUIS IMpoKoro 3acrocyBanHs. Tomy nani N. Guo
Ta cmiBaBT. [44], sKi CBiIYaTh MPO MOXKIJIUBICTH
ycminHoi TpaHcaykuii (Tpancdekuii) reHis, Big-
MOBiJAILHUX 3a CHHTE3 Tperaio3n y (idpoodia-
CTaxX JIOMUHH, MPEICTABISIOTH JIUIIC HAYKOBHH iH-
tepec. KpiM Toro, icHye eTMyHe MUTAaHHA PO TeE,
9l MOXYTh TEHETHYHO MOAU(DIKOBaHI KIITHHU
BHUKIIMKATH PU3HK IS 37I0POB’S  JIOMUHHU, TOMY
KOKEH TaKWH IMIXidg 3 BUKOPHUCTAHHSIM T€HHOI MO-
mudikamii KITHH HEOOXITHO TECTYBaTH B KOXK-
HOMY KOHKPETHOMY BHUIIAJIKY.

Ha cporogni yBara HayKOBIIiB aKIICHTYEThCS Ha
BUKOPHCTaHHI NIPSIMOTO METOAY BBEIICHHS TPErajo3H
Becepenuny kmitunu. Tak, R. Shirakashi ta cmiBabr.
[87] Bmepmie 3acToCcyBaB METO[ EJIEKTpOIEpMea-
Oiamizamii ayist KniTHH MienoMu mMutiei. A. Eroglu ta
cmiBaBT. [41] I MiJBHUIICHHS BY)KMBAHHS OOIIWTIB
JIOOWHM TiCJIsi KPIOKOHCEPBYBAaHHS YCIHIIIHO 3a-
CTOCYBalld METOJ[ MiKpoiH ekIii Tperano3u. [lomib-
HOT Kpi03aXxMCHOI il Ha OOLMTH IIi X aBTOPH JOCS-
TaJi TUBIXOM Mikpoin’ekItii padino3u [40]. Oxrax
MMIBUINEHHS TPOHUKHOCTI KIITHHHOI MeMOpaH!
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on the use of a direct method of introducing
trehalose into the cell. Yes, R. Shirakashi et al
[85] first applied the electropermeabilization
to mouse myeloma cells. A. Eroglu et al. [27]
successfully used the trehalose microinjection
to increase the survival of human oocytes after
cryopreservation. The same authors achieved a
similar cryoprotective effect on oocytes by microin-
jection of raffinose [28]. However, an increase
in the permeability of the cell membrane allows
non-specific transfer of molecules and ions, that
entails a change in their transmembrane ratio
and the possible strong damage to cells.

Another way to °‘load’ cells with trehalose
is the use of basic amino acids, cell-penetrating
peptides (CPP), in particular KRKRWHW (the
letters reflect the sequence of amino acids: Arg,
R; Lys; Trp, W; His, H) [93]. This peptide was
engineered to deliver trehalose into mammalian
cells through molecular modeling. Trehalose as a
‘cargo’ in combination with KRKRWHW through
hydrogen and m-m-bonding was successfully intro-
duced into mouse embryonic fibroblasts (MEF)
[93]. KRKRWHW is capable of effectively deli-
vering trehalose to mammalian cells without ex-
hibiting cytotoxic effects even when using its high
concentrations.

In published reports, there are studies on the
possibility of delivering trehalose inside the cell
by means of nanoparticles (NPs). So, W. Rao et al.
[81] introduced trehalose into the cell by encap-
sulating its molecules in genipin (an aglycon of
the iridoid glycoside geniposide, being present in
the fruits of Gardenia jasminoides). The release
of trehalose from NPs occurred when the pH
of the medium changed. Nanoparticles of apatite
are able to modulate the physical parameters of the
membrane, contributing to increase the permeability
for trehalose. The addition of apatite NPs to the
cryopreservation medium of erythrocytes signi-
ficantly increased their preservation up to 91%,
which was 42% higher than in samples without NPs
[87].

Despite the large number of studies using
trehalose carriers, there are also data on the use of
trehalose without its carriers with cell protection
in lyophilization. So, in the research of D. Natan
et al. [74] it was established that the use of tre-
halose alone or in combination with epigalloca-
techin-gallate increased the stability of the mem-
brane of HCB cells during lyophilization and
ensured a rise in cell viability.

Another solution for delivering trehalose inside
HCB cells is the use of artificial modification
of its structure [1] by its conjugation with 6
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JonycKae Hecneuu@idHe TepeHeceHHs] MOJEKYN Ta
10HIB, 110 TATHE 3a CO00I0 3MiHY iX TpaHCMeMOpaH-
HOTO CITiBBIHOIICHHST Ta MOXJIHMBICTh 3HAYHOTO
MOLIKO/KEHHS! KIIITHH.

[HmMM cnoco0OM  «HABaHTAXYBATH» KIITHHH
TPErajgo30l0 € BUKOPUCTAHHS OCHOBHUX aMiHOKHC-
JIOT, TENTHIIB, IO MPOHHWKaITh y KmiTHHY (cell-
penetrating peptides, CPP), 3oxpema KRKRWHW
(mitepu  BimOOpaXkarOTh  IMOCIHIJOBHOCTI  aMiHO-
kuciotr: Arg, R; Lys; Trp, W; His, H) [94]. Lleu
nentu OyB CTBOPEHHUH IIJIECHPSIMOBAHO IS JI0-
CTaBJICHHSl TPETal03W B KIITHHU CCaBLiB IUIIXOM
MOJIEKYJISIPHOTO MOJIENIOBaHHs. Tperano3y sik «BaH-
tax» y noenqHanHi 3 KRKRWHW uepes BonHeBwmii
1 m-m-3B’s130K OyJIO YCIIIIHO BBEACHO B eMOpio-
HajbHI (hiOpobnmacTn wmwmmiel (mouse embryonic
fibroblasts, MEF) [94]. EdextuBHO nmocTaBmaTtu
Tperaso3y B KIITHHH CCaBIliB, HE BUSIBJIIIOUH ITH-
TOTOKCHYHOI il HaBiTh TPH BUKOPUCTAHHI HOTO
BHCOKHX KOHIIeHTpaIii, 3maTarnii KRKRWHW.

VY JiTepaTypHUX JDKepenax € poOOTH Mpo MOXK-
JIUBICTH JIOCTABJICHHSI TPETAJIO3M BCEPEANHY KIITH-
HU 3a goromoror HaHogacTuHok (HY). Tak, W. Rao
Ta cmiBaBT. [83] BBOAMIM Tperano3y Bcepeau-
HY KIITHHU WIUBSIXOM 1HKAaICYJIIOBaHHS 11 MOJIEKYI
y TeHImH (amiikoH IpUAOIHOTO TIIKO3UAY TeHi-
no3uny, SKUM mnpucytHili y monax Gardenia
jasminoides). BusinbHerHs Tperanosu 3 HY Bia-
Oysasnocs 3a 3MiHu pH cepenosuma. Hanouactun-
KM amaTtuTy 31aTHi MopaymtoBaTH (i3wdHI mapa-
METpH MeMOpaHHW, CHPHSIOUA 30UTBIICHHIO TIPO-
HUKHOCTI s Tperanosu. JlomaBamus HY amarum-
Ty B CEpEJOBHUINE KpPIOKOHCEPBYBAHHS EPHTPO-
LUTIB 3HAYHO 30UIBIIYBaJ0 1X 30EpPEeIKEHHS ax J0
91%, mo Ha 42% Bumie, HiXk y mpobax 0e3 HY
[89].

HesBaxkatoun Ha BENHMKY KUTBKICTH AOCHIIHKEHb
3 BUKOPHUCTaHHSM TEPEHOCHHUKIB Tperajosu, ic-
HYIOTh JIaHi i IpO 3acTOCyBaHHs Tperano3u 0e3 ii
MIEPEHOCHUKIB 3 3aXMCTOM KJIITHH B YMOBaXx JIiodimi-
3amii. Tak, y po6oti D. Natan Ta cmiBas. [78] Oymo
BCTaHOBJICHO, 110 3aCTOCYBaHHS TPErajo3d OKpe-
MO abo0 y TOE€NHAaHHI 3 eMraJIoKaTeXiH-TaIaToM
MiBUITYBaNO CTiMKicTh MemOpann ximituH KKIJI
y mporueci Jiodimizamii Ta 3a0e3neuyBajio IMiJaBH-
[EHHS )XUTTE3MaTHOCTI KIIITHH.

[le omHuMM pilIeHHSM JOCTaBICHHS Tpera-
no3u Bcepenuny kimitmH KKJI € BukopucTaHHs
mryyHoi Moaudikauii ii cTpykrypu [18] mursaxom ii
kon’roranii 3 6 auerunoBumu rpynamu (Trehalose
conjugated with 6 acetyl groups (trehalose hexaa-
cetate or 6-O-Ac-Tre)). IIlponemoncTpOBaHO yCmilI-
He BBEJICHHS y KIITHHM JiHil Jurkat aHanory Tpera-
JIO3W, OTPUMAHOTO MOAH]IKAI€I0 TPETaao3u IUIs-
xoM ectepudikamii. Ilicns iakyOarii 3 MmomudikoBa-
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acetyl groups (Trehalose conjugated with 6 acetyl
groups (trehalose hexaacetate or 6-O-Ac-Tre)).
The successful introduction of a trehalose ana-
logue obtained by modification of trehalose by
esterification into the Jurkat cells was demon-
strated. After incubation with the molecule
modified in this way and ‘heat shock’ (42°C), the
cells had a higher viability compared to untreated
cells [12].

Some researchers describe that the intro-
duction of trehalose into the cell is not necessary
for successful lyophilization of HCB cells.
Even without the use of trehalose, up to 46% of cells
can be preserved during lyophilization of HCBL
[32]. At the same time, the number of hemato-
poietic stem cells (CD34%) and their proli-
ferative activity (the number of granulocyte-
macrophage colony-forming units) differed little
from the indices of the native material. Equally
important is the fact that the number of regulatory
T-cells (T-reg) after lyophilization of HCBL
significantly increased compared to native ones.
Experimental studies have demonstared that lyo-
philized by this method HCBL, in which T-reg
and hematopoietic stem cells were of a special
therapeutic ~ significance, preserved its func-
tional activity, showing an immune corrective ef-
fect during an autoimmune disease development
[89].

It is worth noting the inefficiency of the use
in classic cryopreservation of HCB and other
suspensions of cell cryoprotectants (dimethylsul-
foxide (DMSO), glycerol, ethylene glycol) during
lyophilization of a wide range of biological
objects. Thus, for lyophilization of cells, the use
of DMSO is undesirable due to its toxicity to cells
and, as a result, the possibility of damaging them
by increasing the concentration during water
evaporation. Glycerol during cell lyophilization is
also inappropriate due to its hygroscopic properties
at the maximum evaporation point, that can
lead to an increase in viscosity in lyophilized
samples [16]. A significant drawback of these
chemical agents is their toxic effect on the body,
that necessitates their removal from the cell
suspension before use in clinical practice [67]. The
use of hydroxyethyl starch, which manifests itself
during dehydration as an osmolytic, on the
contrary ensured a high preservation of HCB
nucleated cells after lyophilization (up to 65%),
bringing it as close as possible to native samples
(about 85%) [31].

The results of many studies confirm the im-
portance of lyoprotective substances for the
preservation of lyophilized cells. At the same time,



HOIO TaKMM YHHOM MOJIEKYJIOIO Ta IEPEHECEHOI0 HUMH
«TeruIoBOro MoKy» (42°C) KIITHHU Majii BHILILY JKHT-
TE3AATHICTh MOPIBHSIHO 3 HeoOpoOIeHuMH [25].

Jus yemimuoi miodimizamii kmitun KKJI, Ha
OYMKY JESKHX HAayKOBLIB, BBEICHHS TpErajgo3u
B KJITHHY He € 000B’s3koBMM. HaBiTh 0e3 BH-
KOpHUCTaHHS Tperamosn npu giodimzari JIKKJI
BrIaeThest 30epertu mo 46% wimitun [10]. Ilpu mpo-
MY KUIBKICTh TEMOIIOCTUYHUX CTOBOYPOBUX KIITHH
(CD34%) Ta ix mpomideparvBHa aKTUBHICTH (KiJib-
KiCTh TpaHyJIOIHMTAPHO-MaKpOo(aralbHUX KOJIOHIi€-
YTBOPIOIOYMX OJMHHUIb) MAaJI0 BigpPI3HSIMCSA Bij
MOKAa3HUKIB HATUBHOTO Marepiamy. He meHIn Bax-
JIMBUM € 1 T€, U0 KUTBKICTb PEryasSTOpHUX T-KIIITHH
(T-per) micnsa miodinizanii JIKKJI 3nauymie 30i1b-
LIyBaJiacsi OPiBHSIHO 3 HATUBHUMHU. B excniepumen-
TaJbHUX JIOCHTIDKEHHAX OyIlo ITOKa3aHo, IO JTio-
¢dimizoBannii 3a 1M MetogoM JIKKJI, B sxomy
T-per Ta reMoOmoeTHYHI CTOBOYpPOBI KIIITHHA MAafOTh
0COONHBY TEpareBTUYHY 3HAYYIIICTh, 30€piraB CBOIO
(YHKI[IOHANBHY aKTHBHICTb, MPOSBIISIOUN IMYHOKO-
puryrounii eekT miJl 4ac PO3BUTKY ayTOIMYHHOTO
3axBoproBaHHs [17].

Bapro Bkazatm Ha HeeEKTUBHICTb BHUKOPHC-
TaHHA KJIacH4YHUX 51 KpiokoHcepByBaHHs KKIJI
Ta IHIMX CyCHEH3i KIITHHHUX KpiONpOTEK-
topiB  (JAMCO, wmiinepuH, eTWICHDIIKONb) IIiJ
gac Jiodimizamii MUPOKOro CHekTpy 0i000’€k-
TiB. Tak, mnms miodimizamii KIITHH BUKOPHCTAHHS
JAMCO mnebOaxaHe dYepe3 MHOro TOKCHYHICTH IS
KIITHH 1, SK HACIIJO0K, MOXJIUBICTH iX IIOIIKOJI-
JKEHHSI TIIISTXOM ITIBUINCHHS KOHIICHTPAIl ITifT
yac BUIIAPIOBAaHHS BOMW. [UimepuH mix dvac Jiio-
¢imizanii KITHH TaKOX HENOPEYHH Yepe3 HOoro Tir-
POCKOITIYHI BJIACTHBOCTI NPH MaKCHUMaJbHIH TOU-
Ui BUNApOBYBAHHS, 110 MOXKE MPU3BECTH IO MiJIBHU-
LICHHS B’SI3KOCTI B JiodimizoBaHuX 3paszkax [29].
IcToTHUM HEQONIKOM IMX XIMIYHMX areHTIB € TXHSI
TOKCHYHA Jisi Ha OpraHi3M, M0 3yMOBIIOE HEOO-
XiIHICTh X BHJANEHHS 13 CyCIIeH3ii KIITHH Iepen
BHKOPUCTAHHIM Yy KIiHIYHIA mpaktuii [71]. 3ac-
TOCYBAaHHSI T1IPOKCUETHIKPOXMAJIIO, SIKUH BUSB-
nse cebe TpH 3HEBOMHEHHI SK OCMOJIITHK, HaBIIa-
K 3a0e3MedyBajo BHCOKY 30€peKeHICTh SIepPHHUX
kimitiH KKJT micns miodinizamii (no 65%), makcu-
MaJIbHO HAOJIMIKAIOUM JI0 HATUBHUX 3pa3kiB (OM3b-
ko 85%) [8].

Pesynbratn  OaraThbOX JOCHIIKCHb HIiATBEPI-
KYIOTb 3HA4yLIiCTh JIIOMPOTEKTOPHUX PEUOBHH
Uit 30€pekeHOCTi MoQini3oBaHUX KIITHH. Y TOM
camuii yac ycmimHa miodimizamis, 3okpema JIKKII,
MoOXe OyTH TOoCATHYTa i 0€3 BUKOPUCTAHHS 3aXUCHUX
peuoBuH [10].

Anmuoxcudanmu. 1lig wac modimizarmii pizHEX
01000’ €KTIB MOXKYTh BHKOPHCTOBYBATHCS ¥ aHTHOK-
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successful lyophilization, in particular HCBL,
can be achieved without the use of protective sub-
stances [33].

Antioxidants. During lyophilization of various
biological objects, antioxidants can also be used,
potentially able to prevent damage caused by
oxidative stress and the formation of reactive
oxygen species (ROS). Indeed, osmotic or cold
shock during freezing can lead to the ROS for-
mation, initiating the destruction of membranes,
DNA, disruption of cell signaling and, ulti-
mately, apoptosis [8]. The application of antioxi-
dants, which are used during cryopreservation of
biological objects, especially reproductive -cells,
will reduce the effects of oxidative stress. Ho-
wever, for the stabilization of cells during freeze-
drying, antioxidants were used only in some stu-
dies [32].

Amino acids, in particular, glutamine [96], can
also be used as an antioxidant during lyophilization
of suspensions of various types of bacteria [72].
T. Morichi et al. [72] observed a significant in-
crease in cell preservation when glutamine
was added at a concentration of 0.06 M. Anti-
oxidants such as coenzyme Q10 [5], melatonin [17],
quercetin, tempol [7] were exploited to increase
the efficiency of sperm cryopreservation. These
antioxidants improve the safety of freeze-dried
biomaterial.

Ascorbic acid is one of the antioxidants that
ensures the viability of the nuclear cells of HCBL
during lyophilization [32]. By the cell viability
assessment after storage in a lyophilized state
[47], it was established that different antioxidants
have their protective potential.

Conclusions

Thus, polyhydroxy compounds (sugars) can
be recommended to be applied as lyoprotectants
during freeze-drying. To optimize lyophilization,
substances used by anhydrobionts in drought
conditions can be used, namely proteins (HSPs,
LEA proteins and proteins of the antioxidant
system) and sugars (trehalose). Trehalose is widely
used to store cells in a lyophilized state, but
because it does not penetrate cells, methodical
approaches to deliver this molecule into the cell
are vitally important. Long-term storage of lyo-
philized HCB cells is another important task that
needs to be solved. Thus, for successful long-
term storage of lyophilized HCB cells, it is
necessary to optimize the physical and chemical
parameters of lyophilization, as well as to ensure
continuous monitoring and control of their long-
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CHIAHTH, MOTEHLINHO 37aTHI 3amo0iraTd IOIIKOI-
KCHHSIM, CIPUYUHEHUM OKHCITIOBAIILHUM CTPECOM
Ta YTBOpEHHAM akKTUBHHX ¢(opMm KucHioo (ADK).
CrpaBni, OCMOTHYHHUI 200 XOJIOJOBHUU IIOK T/ Yac
3aMOPOXKYBaHHS MOJYKE IPHU3BECTH [0 YTBOPEHHS
A®K, mo iHimirooTe pyiiHyBaHHsS memOpaH, JJHK,
MOpYIIEHHs KIITUHHOI TIepefadi CUTHATIB 1, 3perI-
TOIO 110 armonTo3y [3]. AHTHOKCHIAHTH, SIKi 3aCTO-
COBYIOTBCSI TIiJT 4ac KpiOKOHCEpBYBaHHS 01000’ €K-
TiB, OCOOJMBO PENPOAYKTUBHUX KIITHH, HO3BOJIATH
3MEHIIMTH HACJIIJIKH OKHCIOBajIbHOrO crpecy. Oj-
Hak i cTalimi3amii KITHH i 4ac cyOmiMariiiHo-
IO CyIIIHHS aHTUOKCHJIAHTH 3aCTOCOBYBAJIUCS JIUIIIC
B OKPEMHUX JIOCIII/DKEHHSX [9].

AMIHOKHUCIIOTH, 30KpeMa, miiyTamin [12], Takox
MOYXHa BUKOPUCTOBYBaTH SIK AHTUOKCHJAHT TIpU
mioginizanii cycnensii pi3HUX BUAiB OakTepiil [76].
T. Morichi Ta cmiBaBT. [76] cnioctepirainu 3HadyIe
30iIbIIEHHST 30€PEKEHOCTI KIITHH TPU JO0AaBaHHI
rrytaMiny B koHneHTpaiii 0,06 M. J{ist migBuieHHs
e(DeKTUBHOCTI KPIOKOHCEPBYBaHHS CIIEPMATO30i/IiB
BUKOPUCTOBYBAJIM AHTHOKCUJIAHTH $K-OT KOEH3UM
Q10 [20], menmatonin [30], kBepueTHH, Temron [22].
Lli aHTHOKCHMIAHTH MOKHA BHUKOPHUCTOBYBATH LIS
miaBHUIICHHST  Oe3meku  JiodimizoBaHOro  GioMare-
piaiy.

OmauM 3 aHTHOKCHIAHTIB, IO 3a0e3meuye KHuT-
te3natHicTh saepHux kmituH JIKKJL mpu miodini-
3aiii, € ackopOiHOBa kuciiora [9]. 3a 10MOMOror
OIIIHKM KHMTTE3AATHOCTI KIIITHUH Micjs 30epiraHHs B
mioginizoBanomy craHi [53] Oyo BCTaHOBJIEHO, IIO
pi3HI aHTHOKCHJIAHTH MArOTh CBill 3aXMCHUH TOTEH-
1iasnt.

BucnoBkn

Taxum yuHOM, min vac modinizamnii KKJI moxyTh
OyTH PEKOMEHJIOBaHI 10 BAKOPUCTAHHS B SKOCTI JIi0-
MPOTEKTOPIB TOMITiAPOKCUCTIONYKH (mykpH). s
ontuMizamii Jiodimzamii MOXXyTh OyTH 3acTOCOBaHI
pPEYOBHUHHU, SKIi BUKOPHUCTOBYIOTHCS aHTIAPOOiIOH-
TamMu B yMoBax mocyxu — Oinku (HSPs, Oinku
LEA Ta OifgKM aHTHOKCHIAHTHOI CHCTEMH) 1 I[yKpH
(Tperamosza). Tperamo3a MIMPOKO 3aCTOCOBYETHCS
Juisi 30epiraHHs KIITHH Yy JniodinizoBaHOMY cra-
Hi, aje 4epe3 Te, 110 BOHA HE NMPOHHUKAE Y KIITHHH,
BOXJIMBUMU € METOAWYHI IIIXOAW JOCTABICHHS
miei momekynu y kiituHy. JloBrocrpokose 30e-
piranus miodinizoBanux knituH KKJI € me oxHiero
Ba)KJIMBOIO MPOOIEMOI0, SIKYy HEOOX1THO BUPILIyBaTH.
Tak, Ans yCHIIIHOTO TPHUBAJIOro 30epiraHHs Jio-
¢inmizoBanux kmituH KKJI HeoOXigHO oONTHMI3Y-
Bat (i3W4HI Ta XiIMIYHI TapaMeTpu Jiodimi-
3amii, a Takok 3abe3meynT Oe3rnepepBHUN MOHI-
TOPHHI Ta KOHTPOJb 3a iX TOBIOCTPOKOBUM 30epi-
TaHHSIM.
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