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KAlo40Bi cAoBaQ: PE3IOME

6e3KkniTUHHI KpiokoHcepBoBaHi GionoriyHi  AkTyanbHicTb. OpepxaHHs  6ioNnoriYHoaKTUBHMX — BE3KNITUHHUX  TepaneBTUYHMX

3acobu, GioTexHormoris, 3aMOpPOXyBaHHs,  MPOAYKTIB HA OCHOBI TKAHMHHUX KPiOEKCTPaKTiB NoTpebye onTuMisaLlii TeXHOMorii nisucy

ni3nc KNiTWH, HU3bKa TemneparTypa. KNITUH Ta KOHTPOMIO KPIOrEHHOTO YLUKOMKEHHS MembpaH, OCKiNbKu Bi LMX NpoLecis
3anexuTb 30epexeHHs CTPYKTYpW MPUPOAHMX PErynsaTopHUX MOMeKyn i BiATBOpiOBa-
HicTb X GionoriyHoi Aji. 3pocTatounii iHTepec Ao 6e3kniTMHHUX MiaxodiB y pereHepa-
TUBHI MeauLMHI 3yMOBMIOE HeObXiAHICTb cucTemaTmaalii cydacHux cTparterin pyviHy-
BaHHS KMiTWH i aHanidy iXHbOro BMMMBY Ha SIKICTb TepaneBTUYHNX eKCTPaKTIB.
MeTa po6oTu — y3aranbHUTK Ta KPUTUYHO NpoaHanidyBaTW CyyacHi GioTeXHOMOoriyHi
cTparterii Ni3ncy KMiTUH i MeXaHi3Mn KPIOreHHOro YLUKOKEHHS MembpaH 3a nitepatyp-
HUMW JaHUMU, OLIHUTK iX BMAMB Ha BUBIMbHEHHSI Ta 30epexeHHs eHOOreHHUX pery-
NATOPHUX MOMNEKYI, BU3HA4YUTN ONTUMASIbHI YMOBW OTPUMAHHS BUCOKOSKICHUX TKAHUHHUX
KpPiOEKCTPaKTIB, OXapakTepuayBaTyh iXHIO MONEKYNApHY 1 OYHKUiOHanbHy cTabinbHIiCTb,
a Takox obrpyHTyBaTW NepcrnekTuBM cTaHaapTM3aLii 6e3kniTMHHNX GionpenapaTiB Ans
3aCTOCYBaHHA y pereHepaTuBHi MeOULIMHI.
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AAS LUTYBAHHS:

Matepianu Ta metoau. Mowwyk ny6nikaui 3giicHeHo y 6a3ax gaHux PubMed, Clinical
Key Elsevier, Cochrane Library, eBook Business Collection tTa Google Scholar. Mowuyk
NPOBOAUMM 3@ KIIOYOBMMMW CroBamu, Aani BMKOHyBanu Bigbip 3a 3MicTom pestome
Ta NOBHOTEKCTOBUM aHanizoM. [lo BUGipku BKMOYanv npadi, Wo MIiCTUMU cyvacHi Bigo-
MOCTi NPO METOAM Ni3NCY, KPiOreHHe YLUKO[XKEHHS Ta OTPUMAHHS TKaHUHHUX EKCTPaKTIB
i Bignosiganv npuMHUMnam AoKa3oBOi MeguLMHU.

Pesynsratn. BetaHoBneHo, WO MexaHivHi, disnyHi, XimMivHi Ta depMeHTaTnBHI MeToan
ni3ncy CyTTEBO BIAPI3HAOTLCA 3@ IHTEHCUBHICTIO BMAUBY Ha KIMITUHHI CTPYKTYpU, piBHEM
36epexeHHs GinkiB, nentTuais, NiNigiB Ta HW3bKOMOMEKYNSAPHNX KOMMOHEHTIB, a TaKoX
3a YNCTOTOK OTPUMAHOrO eKcTpakTy. KpioreHHWi nisuc 3abesnedye MiHimanbHy derpa-
AaLito YyTIMBUX MOIEKYI, MPUIHIYeHHSI eHAOTEHHUX (DEPMEHTIB Ta CTabinbHICTb HAaTUBHOI
CTPYKTYypu BIOAKTUBHMX PEYOBUH, LLIO POBUTL MOro HanbiNbLL NPUAATHUM A58 OTPUMAaHHS
CTaHAapTM30BaHNX TepaneBTUYHMX NPOAYKTIB. |HLWi METOAM AEMOHCTPYOTb BULLY edek-
TUBHICTb pyViHyBaHHS MeMbpaH, ane CynpoBOAXKYTbCA pU3vMKamy TepMOMEXaHI4HMX abo
XiMIYHUX YLLUKOXEHb, YTBOPEHHSAM AOMILLOK Ta BapiabenbHicTio cknagy. [NpoaHanizoBaHo
3HaYEeHHS KPIOreHHMX MeXaHi3MiB, BKIMHOYHO 3 ha3oBMMKM nepexogamu ninigis, ocMoTnY-
HVYMW 3CyBaMU Ta NbOAOYTBOPEHHSAM, SiKi BU3HaYatoTb BUBINbHEHHS BHYTPILLHBOKITITUHHUX
perynaTopHux Monekyr i opmytoTb BioakTMBHMI NPOdInb KPIOEKCTPaKTIB.

BucHoBku. KpioreHHuii nisvc € Hanbinblw 36anaHcoBaHMM MigX0A0M Ansl OTPUMAHHS
BUCOKOSIKICHUX TKaHWHHWX KPIOEKCTPAKTIB, OCKIifbKW MOEAHYE MOBHOLIHHE PYyNHYBAHHS
KMNITUH 3 MakCMManbHUM 36epexxeHHsaM BionoriyHoi akTuBHOCTI Monekyn. CtaHaapTu-
3aLis METOAIB Ni3nCy € KIYOBOK YMOBOW NiABULLEHHS e(PEKTUBHOCTI Ta 6e3neyHoCTi
6e3KnNiITMHHNX pereHepaTUBHMX TEXHOMOTIN.

Ctynent B.O., Opo6Hep LI, Magkux ®.B., Nlagos O.A., Bonobyes O.0. BiotexHonoriyHi cTparerii niaucy knituH
i KPIOreHHOTOo YLLIKOOXKEHHS MeMBpaH y TEXHOMOTii OTPUMaHHS TKAHUHHWUX KPIOEKCTPAKTIB Ta CEeKPETOPHUX NMPOAYKTIB
AK [PKepern eHOOreHHWX PEerynaTopHMX MOMeKyrn ANS MOAYyMoBaHHS TKaHWHHOI pernapauii. BicHUK Xapkiecbko2o
HauioHanbHo20 yHieepcumemy imeHi B.H. KapasiHa. Cepis MeduyuHa. 2026. T. 34. Ne 1 (58). C. 122-151.
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ABSTRACT

Background. The production of biologically active cell-free therapeutic products
based on tissue cryoextracts requires the optimization of cell lysis technologies and
control of cryogenic membrane injury, as these processes determine the preservation
of endogenous regulatory molecules and the reproducibility of their biological effects.
The growing interest in cell-free approaches in regenerative medicine highlights the
need to systematize modern strategies of cell disruption and to analyze their influence
on the quality of therapeutic extracts.

Purpose — to summarize and critically analyze current biotechnological strategies
of cell lysis and the mechanisms of cryogenic membrane injury based on literature
data, to evaluate their impact on the release and preservation of endogenous regulatory
molecules, to identify optimal conditions for obtaining high-quality tissue cryoextracts,
to characterize their molecular and functional stability, and to substantiate the prospects
for standardizing cell-free biological products for use in regenerative medicine.
Materials and Methods. The literature search was performed in PubMed, Clinical Key
Elsevier, Cochrane Library, eBook Business Collection, and Google Scholar. The search
was conducted using relevant keywords, followed by screening of article abstracts
and full-text evaluation. Publications were included if they contained up-to-date data
on methods of cell lysis, cryogenic membrane injury, and the production of tissue
extracts, and if they adhered to the principles of evidence-based medicine.

Results. It was established that mechanical, physical, chemical, and enzymatic methods
of cell lysis differ markedly in the intensity of their impact on cellular structures, in their
ability to preserve proteins, peptides, lipids, and low-molecular-weight components,
as well as in the purity of the resulting extract. Cryogenic lysis ensures minimal degradation
of sensitive molecules, suppression of endogenous enzymatic activity, and enhanced
stability of the native structure of bioactive substances, making it the most suitable
approach for producing standardized therapeutic products. Other methods demonstrate
higher membrane-disrupting efficiency but are associated with risks of thermomechanical
or chemical damage, contaminant formation, and variability in extract composition. The
significance of cryogenic mechanisms including lipid phase transitions, osmotic shifts,
and intracellular ice formation was analyzed, as they determine the release of intracellular
regulatory molecules and shape the bioactive profile of cryoextracts.

Conclusions. Cryogenic lysis represents the most balanced approach for obtaining
high-quality tissue cryoextracts, as it combines effective cell disruption with maximal
preservation of biological activity. The standardization of lysis methods is a key
prerequisite for improving the efficacy and safety of cell-free regenerative technologies.
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BCTYN

Cy4acHi HanpsMn pereHepaTUBHOI MeauumMHK aepani
Oinblue OpPIEHTYIOTbCA Ha BUKOPUCTAHHSI TEXHOSOrIN,
WO [03BOMATb OTPMMYBATX BUCOKOAKTUBHI GionoriyHi
npoayktn 6e3 3acTocyBaHHSA XKWUTTE3OATHUX KNiTUH [1].
MonuT Ha Taki migxogu 3yMOBIEHWI HU3KOK (DaKTOPIB:
iMYHOMOMYHMMU Ta OHKOMOMYHUMWN PU3MKAMU KITiITUHHOT
Tepanii, CKNagHICTIO KOHTPONto heHoTUNy Ta XuTtesgaT-
HOCTI KNITUHHMX NONYNALIA, BUMOramu 4o Kpio3bepexeHHs
M NOTiCTUKM, a TakoX noTpebol y CcTaHOapTU30BaHWMX
i BiATBOPIOBaHUX TepaneBTUYHMX npogdykTax. Ha ubomy
OHi CTae 04eBMAHOK HEOOXIOHICTb CTBOPEHHS bGioTex-
HOMOriYHMX NNaTgopm, SKi NOEAHYOTb BUCOKY BionorivyHy
aKTMBHICTb i3 NPOCTOTOK BMPOOHWULTBA, MiHIManbHUMU
BMMOramu o 36epiraHHsi Ta BUcokoto 6esnekoto. OgHUM
i3 HaWBINbLL NEepCnekTUBHMX pilleHb y LbOMY HanpsMi
€ OTPMMAaHHSA TKaHVMHHMX KPIOEKCTPaKTIB Ta KIMiTUHHUX
€KCTPaKTiB, WO MICTATb LUMPOKWUN CNEKTP E€HOOreHHUX
perynaTtopHux Monekyn — nentuais, 6inkis, HU3bKOMone-
KynapHUX MeTaboniTiB, CUrHanbHUX MOMEKyn Ta CTPyK-
TYPHUX KOMMOHEHTIB NO3aKMNiTUHHOrO MaTpukcy [2].

OTprMaHHA TakMx eKCTPaKTiB 3HAYHOK Mipoto 3ane-
XWUTb Bi €peKTUBHOCTI 1 KOHTPOMbOBAHOCTI Ni3NCY KITITUH,
a TakoX Bif OCOBNMBOCTEW KPIOrEHHOrO YLUKOXEHHS
MeMOpaH, ke BUHWKAaE Nifg Yac 3aMOpPOXXyBaHHA Ta BiaTa-
BaHHSA TKaHWH [3]. MexaHi3mu KpiOnOLIKOAXEHHS — YTBO-
PEHHSI NO3aKNITMHHBOTO Ta BHYTPILLHLOKMITUHHOIO NboAy,
dasosi nepexogun ninigiB MmembpaH, OCMOTUYHI 3CyBMH,
3MiHM y BogHOMY GamnaHci Ta MexaHiuHi gedopmauii —
CTBOPIOKOTb YHiKanbHi YMOBUW AN PyNHYBAHHS KIMITUHHUX
CTPYKTYp ©6e3 3acTOCyBaHHSi arpecuMBHUX  XiMiYHUX
Ta TepMmiyHnx metoaiB [4]. Lle 3abesneuye 36epexeHHsi
NPOCTOPOBOI OpraHisauii Ta gyHKLiOHaNbHOT aKTUBHOCTI
Garatbox GioMonekyn, siki y 3BMY4alHMX YMOBaX LUBUOKO
JerpagyloTe nig BNAMBOM NpoTeonidy, okcupauii abo
MEXaHIYHOIO YLUKOMKEHHSI. TakuM YMHOM, KpioreHHa
obpobka TKaHUH He nuile CNpusie PYNHYBaHHIO KNITWH,
ane 1 CTBOPIOE LLagHe cepenoBuLle, y SKOMY BAAETHCA
36eperTu HaTUBHMI NpPodinb 6i0aKTUBHUX CMONYK.

MapanenbHO 3 LMM akTMBHO PO3BMBAETHLCSA HaMpsAM
KOMOiHOBaHMX  GiOTEXHOMOriYHMX  CcTpaTerin  nisuncy,
WO BKIMOYalOTb MeXaHivHi, i3nyHi, ximiyHi, depmeH-
TaTMBHI Ta MikpodntoigHi TexHonorii. KoxHa 3 Hux mae
BMacHi nepesarn Ta OOMEXeHHsi, a iX pauioHanbHe
BMKOPUCTaHHS BM3HA4Ya€e MOMEKyNnsipHUI cknapg i Tepa-
NeBTUYHWUIA NoTeHuian ekcTtpakTy [5]. MexaHiuHi meTtoau
(romoreHisauia Bucokoro Tucky, bead-milling) 3abesne-
YyHOTb BUCOKUIA PiBEHb PYMHYBaHHA KIiTWH, ane cynpo-
BOXKYIOTbCS PU3UKOM FTOKanbHOro neperpiBaHHA 1 YacT-
KOBOI AeHatypauii 6inkiB [6]. PisnyHi nigxogn, 3okpema
ynbTpa3ByKoOBa Ta rigpoavHamiyHa KaBiTaLisi, [03BONSA0Tb
IHTEHCMBHO pyMHYBaTW KNITUHW, OOHAK 3a HaAMIipHUX
PEXUMIB CMPUYNHSAIOTL OKCUAATMBHI 3MiHM Monekyn [7].
PepmeHTaTVBHMI TNi3NC BUPI3HSAETLCS CENEKTUBHICTIO,
ane noTpebye peTenbHOro OYWLLEHHSI EeKCTPakTy Big

INTRODUCTION

Modern trends in regenerative medicine are increasingly
focused on the use of technologies that allow highly active
biological products to be obtained without the use of viable
cells [1]. The demand for such approaches is driven
by a number of factors: the immunological and oncological
risks of cell therapy, the complexity of controlling the
phenotype and viability of cell populations, cryopreservation
and logistics requirements, and the need for standardized
and reproducible therapeutic products. Against this
backdrop, there is a clear need to create biotechnological
platforms that combine high biological activity with ease
of production, minimal storage requirements, and high
safety. One of the most promising solutions in this direction
is the production of tissue cryo-extracts and cell extracts
containing a wide range of endogenous regulatory
molecules — peptides, proteins, low-molecular-weight
etabolites, signaling molecules, and structural components
of the extracellular matrix [2].

The production of such extracts largely depends
on the efficiency and controllability of cell lysis, as well
as on the characteristics of cryogenic membrane damage
that occurs during tissue freezing and thawing [3].
The mechanisms of cryodamage — the formation
of extracellular and intracellular ice, phase transitions
of membrane lipids, osmotic shifts, changes in water
balance, and mechanical deformations — create unique
conditions for the destruction of cell structures without
the use of aggressive chemical and thermal methods [4].
This ensures the preservation of the spatial organization
and functional activity of many biomolecules, which under
normal conditions rapidly degrade under the influence
of proteolysis, oxidation, or mechanical damage.
Thus, cryogenic tissue treatment not only promotes
cell destruction but also creates a gentle environment
in which the native profile of bioactive compounds can
be preserved.

At the same time, combined biotechnological lysis
strategies are actively being developed, including
mechanical, physical, chemical, enzymatic, and
microfluidic technologies. Each of them has its own
advantages and limitations, and their rational use
determines the molecular composition and therapeutic
potential of the extract [5]. Mechanical methods (high-
pressure homogenization, beadmilling) provide a high
level of cell destruction, but are accompanied by the
risk of local overheating and partial denaturation
of proteins [6]. Physical approaches, in particular
ultrasonic and hydrodynamic cavitation, allow for
intensive cell destruction, but under excessive conditions
cause oxidative changes in molecules [7]. Enzymatic
lysis is selective, but requires thorough purification of the
extract from residual enzymes. Chemical methods ensure
complete extraction, but can cause complete protein
denaturation or leave toxic impurities [5, 8]. That is why
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3anunwkoBmx depMeHTiB. XiMiyHi MmeToamn 3abesneydyoTb
MOBHOL|iIHHY EKCTpaKLito, NPOTE MOXYTb BUKIMKATW NMOBHY
OeHartypauito 6inkiB abo 3anuiaTii TOKCUYHI JoMiLLkm [5, 8].
Came TOMYy 3pOCTae iHTepec OO0 KpioreHHoro nisucy
sIK HanbinbLw 36anaHcoBaHOro migxody 3 nornsay 3oepe-
YKEHH$ 6ioNoriYHOT aKTUBHOCTI KOMMOHEHTIB.

Y GioTexHonoriax OTPMMaHHA TKaHWHHUX EeKCTPakTiB
KpioreHHWI nisuc Bigirpae Kro4oBy posb, agxe 403BONSAE
YHUKHYTW aBTomnidy W pAerpagauii nig 4ac niarotoBKu
3paska. lNMpu Temneparypax -80 °C i HMWX4Ye aKTUMBHICTb
npoTteas, Hykreas i finas iCTOTHO 3HWXYETbCS, Lo 3abes-
nedyye 3Ha4yHO BuULWy CTabinbHICTL nentuais, OGinkis,
€K30COM, (pparMeHTiB KMiTUHHOTO MaTpuKCy Ta iHLUIUX
CTPYKTYPHO YyTNMBUX KOMMOHEHTIB. Lle cTBOptoe cnpwu-
ATNMBI YMOBU AnNs (POPMYBaHHSI €KCTPakTiB, Yy SKUX
30epeXeHo HAaTUBHUI MOSEKYNAPHUIA NPOdIinb TKAHUHW,
BKMOYHO 3 YHIKaNbHUMU TKAHVHHUMW CUTHANbHUMMU
Monekynamu, wo 6epyTb yyacTb Yy perynsuii 3ana-
NEHHs, aHrioreHesy, iMyHHOI BiAMNOBIAI Ta penapaTuBHUX
npouecis [9, 10].

3 iHworo 60Ky, PO3yMiHHSI MexaHi3MiB Kpiomno-
LWKOMKEHHA 1 MNi3UCy JOMYHO MOB’sI3aHe 3  LUMPLUNM
KOHTEKCTOM GEe3KNITMHHUX pereHepaTMBHUX TEXHOMOTIN,
00 SKMX HanexaTb TaKoX CEeKPeTOM KMiTMH Ta eK30Co-
MarnbHi npenapaTtu. Y cyqyacHux AOCMiAKEHHSX NOKa3aHo,
WO HU3Ka TepaneBTUYHUX edeKTiB Me3eHXiManbHNX
ctoBbypoBux knitnH (MCK) 3ymoBneHa He ix gudepeH-
LialinHUM MoTeHUianom, a came BUBINbHEHHSAM Oioak-
TUBHUX MONeKyn y Burnsai cekpetomy [11, 12]. Lle ctano
NiarpyHTAM ANS po3BUTKY GE3KNITUHHMX TepaneBTUYHMX
nnaTopM, sKi BUKNIOYAOTb PU3UKK, NOB’A3aHi 3 Nponi-
depauieto, OHKOFEHHICTIO Ta iIMYHOMOrMYHOK Hecy-
MICHICTIO KNITUH. TKaHWHHI KPIiOEKCTPaKTN Ta KMiTUHHI
€KCTpaKkTh, OTpMMaHi BHacnigoK (pisnvHoro pymHyBaHHS
KNiTUH, 3@ CBOE MPMPOAOK € Binbll KOMMMIEKCHUMMU,
Hi>K OYMLLEHI €K30COMM YK KOHAMLIOHOBaHI cepenoBumLia:
BOHW MICTATb SIK LMTO30MbHIi, Tak i MeMOpaHHi KomMo-
HEHTW, WO [03BOMNSE BiATBOPHOBATU LUMPOKUIA CMEKTP
perynstopHux edekTis [13].

CyKynHi ekcnepumeHTanbHi  AaHi  OeMOHCTPYIOTb,
O KMNiTMHHI Ta TKAHVHHI eKCTpaKkTW 34aTHi MoaynioBaTtu
3ananeHHsl, 3MeHLyBaTM OKCUAATUBHUI CTPEeC, Mokpa-
LyBaTK aHrioreHes i CTUMYNIOBATU PEMOLENOBaHHS
mMaTpukcy. Bigomo, Lo ekcTpakTu nnaueHTu, cenesiHku,
neviHKK, cepLeBoi TKaHMHM Ta iHLWWX OpraHiB MatoTb BMpa-
XKEeHi LUMTONPOTEKTOPHI, IMyHOMOZyroBanbHi Ta pena-
patuBHi BrnactueocTi [10, 14, 15, 16]. MNogibHi edekTn
onucaHi Takox Ans nisoBaHux npenapartis 3 MCK, knitnH
KICTKOBOTO MO3KY, XMPOBOI TKaHWHW, HEPBOBUX TKaHWH
Ta HaBiTb ANs1 eKCTpakTiB eMOpioHanbHUX CTOBOYpPOBMX
KNiTWH. Lle pobuTb KNiTUHHI eKCTpaKTN NOTEHLLIHO YHiBEp-
canbHOK NNaTopMol Ansa Tepanii LWMPOKOro crnekTpa
NaTornoriYHNX CTaHIB — Bif iLLEMIYHOIO ypaXKeHHS MO3KY
abo miokapaa [0 NPOMEHEBMX YLIKOOXKEHb, Henpoaere-
HepaTUBHUX NPOLECIB, CUCTEMHOIO 3anarneHHs Ta NoLUKo-
PKEHHSs eniTenianbHux 6ap’epis.

[lonpy 3HA4YHUM KAiHIYHWIA noTeHUian, cTaHgapTu-
3auis MeToAIB OTPUMAHHA KPIOEKCTPaKTiB 3anuliacTbCa
OLHUM i3 HaNMeHLL po3pobreHnx acnekTiB GiomeguyHux
TEXHOMOriN. ICHYOTb CyTTEBI BIAMIHHOCTI MiX nigxogamu
00 MiaroToBKM TKaHWH, MPOTOKONaMyM 3aMOpPOXyBaH-
HS-BiATaBaHHSA, pexumamu nisucy, metogamu ginbrpadii
Ta ouuLLeHHs [17]. BignosiaHo, pisHUTLCA | MOMEKYAPHUI

there is growing interest in cryogenic lysis as the most
balanced approach in terms of preserving the biological
activity of components.

Cryogenic lysis plays a key role in biotechnology for
obtaining tissue extracts, as it prevents autolysis and
degradation during sample preparation. At temperatures
of -80°C and below, the activity of proteases, nucleases,
and lipases is significantly reduced, which ensures much
higher stability of peptides, proteins, exosomes, cell matrix
fragments, and other structurally sensitive components.
This creates favorable conditions for the formation
of extracts that preserve the native molecular profile
of the tissue, including unique tissue signaling molecules
involved in the regulation of inflammation, angiogenesis,
immune response, and reparative processes [9, 10].

On the other hand, understanding the mechanisms
of cryodamage and lysis is logically linked to the broader
context of cell-free regenerative technologies, which
also include cell secretions and exosomal preparations.
Recent studies have shown that a number of therapeutic
effects of mesenchymal stem cells (MSCs) are due
not to their differentiation potential, but to the release
of bioactive molecules in the form of secretions [11, 12].
This has become the basis for the development of cell-free
therapeutic platforms that eliminate the risks associated
with  proliferation, oncogenicity, and immunological
incompatibility of cells. Tissue cryoextracts and cell
extracts obtained as a result of physical destruction of cells
are inherently more complex than purified exosomes
or conditioned media: they contain both cytosolic and
membrane components, which allows them to reproduce
a wide range of regulatory effects [13].

Cumulative experimental data demonstrate that
cell and tissue extracts are capable of modulating
inflammation, reducing oxidative stress, improving
angiogenesis, and stimulating matrix remodeling. It is
known that extracts from the placenta, spleen, liver, heart
tissue, and other organs have pronounced cytoprotective,
immunomodulatory, and reparative properties [10, 14, 15,
16]. Similar effects have also been described for lysed
preparations from MSCs, bone marrow cells, adipose
tissue, nerve tissue, and even embryonic stem cell
extracts. This makes cell extracts a potentially universal
platform for the treatment of a wide range of pathological
conditions, from ischemic brain or myocardial damage
to radiation damage, neurodegenerative processes,
systemic inflammation, and damage to epithelial barriers.

Despite its significant clinical potential, the
standardization of cryo-extract preparation methods
remains one of the least developed aspects of biomedical
technology. There are significant differences between
approaches to tissue preparation, freezing-thawing
protocols, lysis modes, filtration and purification
methods [17]. Accordingly, the molecular composition
of the final products also varies, which complicates the
comparison of results and slows down the development
of standardized therapeutic agents. Currently, particular
attention is being paid to the optimal combination
of cryogenic lysis with additional methods of membrane
destruction, as well as to the assessment of how different
lysis strategies affect the preservation of proteins,
peptides, exosomes, nucleic acids, and low-molecular-
weight metabolites.
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cknag KiHUEeBWX MPOAYKTIB, LUO YCKNaAHKE MOPIBHAHHSA
pesyneTaTiB Ta ranbMye po3pobky cTaHAapTM30BaHMX
TepaneBTMYHUX 3acobiB. Hapasi ocobnusy yBary npugi-
NATb NMMTaHHAM ONTUMAanbHOIO NOEAHAHHS KPIOTe@HHOro
nisvcy 3 4OAaTKOBMMU METOAAMU PYMHYBaHHS MeMbpaH,
a TaKoX OLiHLi TOro, SIK pi3Hi cTpaTerii niancy BNnNMBalTb
Ha 3b6epexeHHs Binkie, NeNTUAIB, €K30COM, HYKMNEIHOBUX
KMUCMOT i HU3bKOMOSEKYNSIPHUX MeTaboniTiB.

KpUTUYHO BaxnvBMM € TakoX MUTaHHS Ge3neyHocCTi:
3anuLIKOBI XiMiYHi peareHTun, NPOAYKTK Aerpaaadii 6iomo-
nekyn abo HaAnULLKOBI KOHUEHTpaLii BHYTPILIHbOKMI-
TUHHOTO OETPUTY MOXYTb 3HMXKyBaTK GioakTUBHICTL abo
BUKNUKaTK HebaxaHi edektun in vivo. Tomy BuUbip ontu-
MarnbHOro MeToAy fi3ncy Mae BpaxoByBaTU He nulie
e(eKTUBHICTb BUBINIbHEHHS KOMIMOHEHTIB, ane n Iix
noganbLuy 6ionoriyHy akTUBHICTb, CTABINbHICTb | YACTOTY.

Y UbOMY KOHTEKCTi 0COGMMBOI akTyanbHOCTi HabyBae
CUCTEMHUI aHani3 CyyacHuX cTpaTterin nisucy KniTuH
Ta MEXaHi3MiB KPiOreHHOro YLUKOPKEHHS 3 METOK BU3Ha-
YeHHs1 HanbiNbL edeKTUBHMX TEXHOMOTYHMX PilleHb Anst
OTPVMaHHS TepaneBTUYHUX TKaHWHHUX KPIiOEKCTPaKTIB.
BaxnmBuM HaykoBVMM 3aBAaHHSIM € TaKOX BW3HAYEHHS
KMoYoBwMX rpyn 6ioakTMBHMX MOreKkyn, siki 3bepiraloTbes nig
Yyac KpioreHHoro ni3ucy, Ta ouiHKa ixX noTeHujiany sk eHao-
reHHUX MoAymnoBarnbHUX MaKTOPIB TKAHWHHOI penapadiii.

TakMM YMHOM, aKkTyanbHICTb AaHOT poboTY 3ymMOBneHa
HeoOXigHICTI0 onTUMI3auii Ta cTaHgapTU3auii 6iotexHomno-
rYHMX MiAX0AIB A0 Ni3NCY KNITUH | KPIOreHHOTO YLLIKOAKEHHS
MeMOpaH Ansi OTPMMaHHSI BUCOKOSIKICHUX TKaHUHHUX Kpio-
€KCTPaKTiB, O MICTATb NPUPOAHI PerynsaTopHi MOMneKynu
3 BMPaXXEHNM penapatuBHMM noTeHuianom. MNpoeegeHni
aHanis € BaX/MBMM KPOKOM A0 (DOPMYBaHHSI HayKOBO
06rpyHTOBaHUX MPUHLMMIB BUPOOHMLTBA Oe3KMiTUHHUX
TepaneBTUYHMX NPOAYKTIB, 3A4aTHWX MiABULLMTK edeKkTmB-
HICTb pereHepaTyBHOI MEAVLMHN Ta BiAKPUTU HOBI MOXIN-
BOCTI NS KNiHIYHOrO 3aCTOCYBaHHS.

Meta pob60TK — y3aranbHUTU Ta KPUTUYHO NpoaHa-
ni3yBaTu cyvacHi 6ioTexHonoriyHi cTpaTterii nisucy KnitnH
i MexaHi3Mu1 KpiOreHHOro yLLIKOAXeHHs MembpaH 3a nite-
paTypHUMW OaHUMKW, OUIHUTK iX BMAUB HA BUBIMbHEHHS
Ta 30epeXeHHs €HOOrEeHHUX PEerynaTopHUX MOEeKyr,
BM3HAYMTV ONTUMaribHi YMOBW OTPUMaHHS BUCOKOSIKICHWX
TKAHWHHMX  KPIOEKCTPaKTiB, OXxapakTepu3yBaTu iXHI0
MOMEKYNsIpHY W (PYHKLiOHaNbHY CTabinbHICTb, @ TakoX
o6r'pyHTYBaTU nepcnekTMBM cTaHgapTusauii  6eskni-
TUHHMX GionpenapartiB Ans 3acTOCyBaHHA y pereHepa-
TUBHIA MeOULNHI.

MATEPIAAU TA METOAU AOCAIAXXEHHA

Mipbip ny6bnikauih BukoHaHO 3a 6azamu [aHWX
PubMed (https://pubmed.ncbi.nim.nih.gov/), Clinical Key
Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/), eBook Business
Collection (https://www.ebsco.com/) Ta Google Scholar
(https://scholar.google.com/), y <€kux BUCBITNOBaNUcs
BiJOMOCTI Mpo cy4acHi GioTexHonoriyHi cTpaTterii nisucy
KMITUH, MeXaHi3MW KPiOreHHOro YLUKOKEHHS MeMbpaH,
BMNIIMB HU3bKOTEMNepaTypHUX hakTopiB Ha BUBINMbHEHHS
€HOOrEeHHNX PerynaTopHUX MOSeKyn, a Takox ocobnu-
BOCTi OTpUMaHHS Ta CTabiNbHOCTI TKAHUHHUX KPIOEKCTpP-
akTiB i 6e3kniTMHHMX Gionpenaparis.

Safety is also a critical issue: residual chemical
reagents, biomolecule degradation products, or excessive
concentrations of intracellular debris can reduce bioactivity
or cause undesirable effects in vivo. Therefore, the choice
of the optimal lysis method should take into account not
only the efficiency of component release, but also their
subsequent biological activity, stability, and purity.

In this context, a systematic analysis of modern cell
lysis strategies and cryogenic damage mechanisms
is particularly relevant in order to identify the most
effective technological solutions for obtaining therapeutic
tissue cryoextracts. Another important scientific task
is to identify key groups of bioactive molecules that are
preserved during cryogenic lysis and to evaluate their
potential as endogenous modulators of tissue repair.

Thus, the relevance of this work is determined by the
need to optimize and standardize biotechnological
approaches to cell lysis and cryogenic membrane
damage for obtaining high-quality tissue cryoextracts
containing natural regulatory molecules with pronounced
reparative potential. The analysis is an important step
towards the formation of scientifically sound principles for
the production of cell-free therapeutic products capable
of increasing the effectiveness of regenerative medicine
and opening up new opportunities for clinical application.

Objective — is to summarize and critically analyze
modern biotechnological strategies for cell lysis and
mechanisms of cryogenic membrane damage based
on literature data, to evaluate their impact on the release
and preservation of endogenous regulatory molecules,
to determine the optimal conditions for obtaining high-
quality tissue cryoextracts, characterize their molecular
and functional stability, and justify the prospects for
standardizing cell-free biological products for use
in regenerative medicine.

MATERIALS AND METHODS OF RESEARCH

The selection of publications was performed using the
PubMed https://pubmed.ncbi.nim.nih.gov/) and Clinical
Key Elsevier (https://www.clinicalkey.com), Cochrane
Library (https://www.cochranelibrary.com/), eBook
Business Collection (https://www.ebsco.com/) and Google
Scholar (https://scholar.google.com/), which provided
information on modern biotechnological strategies
for cell lysis, mechanisms of cryogenic membrane
damage, the influence of low-temperature factors on the
release of endogenous regulatory molecules, as well
as the peculiarities of obtaining and stabilizing tissue
cryoextracts and cell-free biological preparations.
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Ha nepwomy etani npoBoannun NOLUYK NiTepaTypHUX
KEpen 3a KN4OoBUMMW CNOBaMW: f1i3UC KIIMUH, Kpio-
2eHHuU isuc, xono0ose yUWKOOXEeHHS MembpaH, 3amo-
POXyB8aHHS, KpioeKcmpakm, MmKaHUHHI eKcmpakmu,
peaynssimopHi nenmudu, 6e3KnimuHHI KPIOKOHCep8osaHi
3acobu, mexaHiYHUU ni3uc, xiMiqHUU ni3uc, hepmeHma-
mueHul ni3uc, 6iomexHonoeii nisucy, peeeHepamusHa
meduyuHa.

Ha gpyromy etani BuB4anu pestome crartem Ta BUKIO-
Yanu ny6nikauii, siki He BignoBiganu kpuTepisM Jocni-
)KeHHA abo MicTUnM HedocTaTHbO AaHuX  Womdo
MEXaHi3MiB Ni3nCy, KPIOreHHOro YLIKOAXKEHHS YN XapakTe-
PUCTUK KPIOEKCTPaKTIB.

Ha TpeTbomy etani aHanidyBanu nOBHi TEKCTW BiAi-
OpaHuMx cTaTel Ha BiOMNOBIAHICTb BU3HAYEHUM KpuUTe-
pisiM BKITHOYEHHsI Ta OLiHIOBaNM pereBaHTHICTb MEeTo-
OWYHUX NiOXOAiB, AeTanbHICTb OMUCYy MpPOLECIB Ni3ncy
M KPiOMOLLKOMXKEHHS, @ TaKoX iH(OPMATUBHICTb LLIOAO
ckrnagy Ta BnacTMBOCTelN GiOaKTUBHUX MOMEKYn y Kpio-
eKcTpakTax.

KpuTepismu BknoveHHs nybnikauin o  Bubipku,
LLIO nignsirana KoHTeHT-aHaniay, obynu:

1. BMCBITNIEHHSA Cy4acHUX BigoMocTen oo GioTex-
HOMOTYHNX MEeTOAIB Mi3nCy KNiTWH, MeXxaHi3MiB Xomno-
[0BOro Ta KPiOreHHOro YLIKOMKEHHA MeMbpaH, a Takox
OTPUMaHHS 11 GionoriYyHMX BNacTUBOCTEN TKAHUHHMX Kpio-
eKCTpakTiB i 6e3kniTMHHMX BionpenaparTis;

2. BiOMNOBIAHICTb AOCHIOXEeHb KNHYOBMM 3acagam
[OKa3oBOi MeauUMHWN, BKMIOYHO 3 YiTKICTIO MeToaiB,
BiATBOPIOBAHICTIO pe3ynbTaTiB Ta SKICTIO ONUCY ekcnepu-
MEeHTanbHUX npoueayp;

3. BigKpUTMM [OCTYNn OO MNOBHOTEKCTOBOI CTaTTi
Ta JocTaTHiCTb iHdopMaLil Ana nNpoBefeHHs cucTema-
TUYHOIO KOHTEHT-aHaniay.

PE3YAbTATU TA IX OBTOBOPEHHS

TepaneBTWYHI TKaHWHHI eKCTpakTu (30Kkpema Kpio-
EKCTpaKTn) — Taki AK MpenapaTty Ha OCHOBI NNaleHTw,
cenesiHkK, cepusi, MeYiHKW Ta iHLWWX OpraHiB — CTaHOB-
NATb  OKPEMUWA  HamnpAMOK Cy4acHUX  BioTexHOmoriw,
CMpPsIMOBAaHWX Ha OTPUMAaHHsI KOMIIEKCIB MPUPOLAHUX
bioperynaTopis i3 BMpPaXXeHOK BiOHOBMOBANbHO, IMyHO-
MOZYNOBarbHO, LIMTOMPOTEKTOPHOK Ta penapaTvBHO
AKTUBHICTIO. IXHili KRiHIYHWI MOTeHLUian BM3HAYaeTbCs
6i0NOriYyHO LHHICTIO HAaTMBHUX MOJEKYNSAPHUX CTPYKTYP:
nentugis, epMeHTIB, FOPMOHOMOAIOHNX haKTopiB, HN3b-
KOMOMEKynsapHUX mMeTaboniTiB, HykneoTuais, dparMeHTiB
KNITUHHOI MaTpuULi Ta CUrHanbHUX Monekyr. 36epexeHHs
uMx cnomnyk y 6ionoriyHo akTMBHOMY CTaHi € KIIHO4YOBUM
KpuTepieM sIKOCTi TepaneBTUYHoro npenapaty [18, 19, 20].

BupobHMLTBO Takmx GioTEXHOMNOrYHMX 3acobiB rpyH-
TYETbCA Ha MPUVHUMMAX HU3bKOTEMMepaTypHOi AesiHTe-
rpauii, ska JO3BONA€ MakcMarnbHO 36epertu CTPYKTYpHY
Ta (PyHKUiOHANbHY aKTUBHICTb TKAHWUHHUX KOMMOHEHTIB.
KpioreHHa obGpobka 3abe3nevye pymMHyBaHHS KNITUHHUX
mMembpaH 3a paxyHOK i3aU4HMX MpPOLECIB, MOB’A3aHNX
i3 hopMyBaHHAM KpucTanis nbofy, OCMOTUYHUX rpagi-
€HTIB i MexaHi4HMX gedopmauii. OgHOYaCHO HU3bKOTEM-
nepaTypHi yMOBW MiHiMi3ytOTb aBTOMi3, MPOTEONI3 Ta iHLLUi
JerpagauiviHi peakuii, WO € KPUTUYHO BaXknNvBUM nNpwu
OTPUMaHHI TepaneBTUYHUX CYyOCTaHUiN ANns KMiHiYHOro
BMKOPUCTaHHS.

At the first stage, a search for literature sources
was conducted using the following keywords: cell lysis,
cryogenic lysis, cold damage to membranes, freezing,
cryoextract, tissue extracts, regulatory peptides, cell-free
cryopreserved agents, mechanical lysis, chemical lysis,
enzymatic lysis, lysis biotechnology, and regenerative
medicine.

In the second stage, we studied the abstracts
of the articles and excluded publications that did not
meet the study criteria or contained insufficient data
on the mechanisms of lysis, cryogenic damage, or the
characteristics of cryoextracts.

At the third stage, the full texts of the selected articles
were analyzed for compliance with the specified inclusion
criteria and evaluated for the relevance of methodological
approaches, the detail of the description of lysis and
cryodamage processes, as well as the informativeness
regarding the composition and properties of bioactive
molecules in cryoextracts.

The criteria for including publications in the sample
subject to content analysis were:

1. coverage of current information on biotechnological
methods of cell lysis, mechanisms of cold and cryogenic
damage to membranes, and the biological properties
of tissue cryoextracts and cell-free biological preparations;

2. compliance of studies with the key principles
of evidence-based medicine, including clarity of methods,
reproducibility of results, and quality of description
of experimental procedures;

3. open access to the full-text article and sufficient
information for systematic content analysis.

RESULTS AND DISCUSSION

Therapeutic tissue extracts (including cryoextracts),
in particular, preparations based on the placenta, spleen,
heart, liver, and other organs — constitute a separate
area of modern biotechnology aimed at obtaining
complexes of natural bioregulators with pronounced
regenerative, immunomodulatory, cytoprotective, and
reparative activity. Their clinical potential is determined
by the biological value of native molecular structures:
peptides, enzymes, hormone-like factors, low-molecular-
weight metabolites, nucleotides, cell matrix fragments,
and signaling molecules. Preserving these compounds
in a biologically active state is a key criterion for the
quality of a therapeutic drug [18, 19, 20].

The production of such biotechnological products
isbasedonthe principles of low-temperature disintegration,
which allows for maximum preservation of the structural
and functional activity of tissue components. Cryogenic
treatment ensures the destruction of cell membranes
through physical processes associated with the formation
of ice crystals, osmotic gradients, and mechanical
deformations. At the same time, lowtemperature
conditions minimize autolysis, proteolysis, and other
degradation reactions, which is critically important when
obtaining therapeutic substances for clinical use.

The importance of a properly selected lysis strategy
lies in the fact that different tissues — placenta, spleen,
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BaxnueicTb npasBunbHO nigibpaHoi ctparerii nisucy
nonsirae B TOMY, LLO Pi3Hi TKAHWHM — NNaLeHTa, cenesiHka,
ceple, nedviHka 4YM HepBOBa TKaHWHA — BiOPI3HATHCA
He nuwe LWINbHICTIO | CTPYKTYPHOK OpraHisauieto, ane
" yHiKanbHUM Habopom BioakTMBHUX MOMEKYI, YyTIMBKX
00 TemnepaTypHUX KOMUBAHb, MEXaHIYHOro BMIMBY
4n XiMiYHMX areHTiB. Hanpwknag, ekcTpakTu cenesiHku
MICTSITb LUMPOKWIN CMEKTP iMYyHOPErynaTopHUX nenTugis;
npenapatu nMnaueHTM — TOPMOHOMNOAIOHI  dhakTopu
M KOMMOHEHTU MO3aKMiTUHHOTO MaTpUKCY; TKaHWHU
Miokapga — LMTO3aXMCHi HU3bKOMOMEKYNSAPHI CronyKu
Ta meTabonivHi akTopn agantadii. Tomy meTtod nisucy
noBuHeH OyTW [OOCTaTHbO IHTEHCUMBHUM AN MOBHOrO
BMBINIbHEHHS] BHYTPILUHbOTKAHUHHUX KOMIMOHEHTIB, ane
BOAHOYAC AOCTaTHbO AenikaTHUM, o6 He nopyllysaTtu
iXHt0 BionoriyHy akTUBHICTb.

OTpuMaHHsi TepaneBTUYHUX KPIOEKCTPaKTiB nepen-
DOavae NnoegHaHHS TakMx TEXHOMOTYHUX eTaniB, K KOHTP-
onboOBaHa KpiOKOHCepBaUisi, CTaHO4apTU30BaHe pPYNHY-
BaHHSA KNITUHHMX CTPYKTYP, BiAAiNeHHs TBepamx pakuin,
ouMLLEHHs1, cTabinisauis Ta 3abe3nedyeHHst Mikpobio-
noriyHoi ©e3nekn. Came TexHOMOris nisucy BM3Ha4ae
SKICHWI CKrag KiHLEBOro NpoaykKTy, BNMMBaE Ha KOHLEH-
Tpauito perynatopHux akTopiB, CTyniHb 306epexeHHs
GinkoBuX KOHMopmaLi, dapmakonoriyHMn npodinb
Ta KniHiYHy edekTmBHICTb [18, 19].

Y LbOMY KOHTEKCTi CUCTEMHUI aHani3 pisHNUX MeToaiB
Ni3ncy KNiTUH — MexaHivyHuX, Qi3nYHUX, XiMiYHUX, hepMeH-
TATUBHUX Ta KPIOreHHUX — € HeobXigHUM eTanom onTUMi-
3aLii 6ioTexXHONOori4YHNX NPOLECiB BUPOOHNLITBA TKAHUHHWX
TepaneBTUYHUX EKCTPakTiB. YCBIAOMMEHHS X MOXNu-
BOCTel i oOMexeHb [O03Bonsie 3abe3neynTu BiATBOPHO-
BaHiCTb, CTaHOApTM3aLil0 N MakcumanbHe 36epexeHHs
6i0NoriYHO aKTMBHMX MOMEKYT, WO € KPUTUHHO BaXKITMBUM
0N CTBOPEHHSA BUCOKOSIKICHUX MEAMKO-0i0TEXHONOTIYHMX
npenapartis [20].

1. Cy4acHi NiAXOAM AO Ai3UCY KAITHUH:

TEeXHOAOTi4Hi OCHOBM, MEXCAHI3MHU

TA NPAKTUYHE 3QCTOCYBAHHSA

Bubip meTogy ni3ucy BU3HAYaETBCA KOMIMIEKCOM
B3a€EMOMOB’'I3aHNX XapaKTEPUCTUK, cepen SKUX NposigHe
3Ha4YeHHA MaloTb TWUN KMITUHKW, CTPYKTYpHa oOpraHisauis
KNiTUHHOI 060NOHKK, 4i3NKO-XiMiYHI BTACTUBOCTI LiNbOBUX
MaKpOMOJEKYI, @ TaKOX TEXHOIOTYHI BUMOrM O YUCTOTH,
cTabinbHOCTI 1 BUXoAy KiHUeBoro npoaykty [20, 21]. YcTa-
HOBIEHO, WO Pi3Hi TUMX KNiTUH OEMOHCTPYOTb HeoaHa-
KOBY CTIMKICTb A0 MEXaHiYHOro, XimMi4HOro 4 depmeHTa-
TUBHOTO BMNMBY, LUO 3YMOBMIOE HEOOXiAHICTb peTenbHOI
onTMMi3auii ymMoB nisucy. Baxnmermu Takox € napameTpu
cepefoBuLla, 30KpemMa MOHHa cuna, pH Ta HasBHICTb
iHriGiTOpiB NpOTEONi3y, SKi ICTOTHO BMNMBalOTb Ha 30epe-
XKEHHSA MPOCTOPOBOI OpraHi3auii BinkiB Ta HyKNeiHOBMX
kvcnoT. MogibHui nigxia 3abesnedye MiHiMi3auito pu3nkis
YaCTKOBOrO pyMHyBaHHA abo AeHaTtypauii 6iomonekyn,
LLIO € KPUTUYHO B2XIMBUM Y MOAASNBLUNX eTanax O4ULLEHHS
Ta aHaniTM4YHOro BU3HAYEHHSI.

MexaHi4Hi MemoOu TpaguuiHO 3acTOCOBYHOTb
AN MIKPOOpraHiaMiB 3i LLiNbHO KITITUHHOK CTIHKOIO,
OCKiNbK/ BOHW 3abe3nevyloTb iHTEHCUMBHUIA BMMAWB CUI
3CyBY, 34aTHMM po3ipBaTV MiLHI MONIMEPHi CTPYKTypu
00O0NOHOK. YCTaHOBMNEHO, WO egEeKTUBHICTb MeXxaHiy-
HOrO pYMHYBaHHSA BU3HAYaeTbCA HU3KOK MNapaMeTpis,

heart, liver or nervous tissue — differ not only in density and
structural organization, but also in a unique set of bioactive
molecules that are sensitive to temperature fluctuations,
mechanical stress, or chemical agents. For example,
spleen extracts contain a wide range of immunoregulatory
peptides; placenta preparations contain hormone-like
factors and extracellular matrix components; myocardial
tissues contain cytoprotective low-molecular-weight
compounds and metabolic adaptation factors. Therefore,
the lysis method must be intense enough to completely
release the intragranular components, but at the same
time delicate enough not to disturb their biological activity.

The production of therapeutic cryoextracts involves
a combination of technological stages such as controlled
cryopreservation, standardized destruction of cell
structures, separation of solid fractions, purification,
stabilization, and ensuring microbiological safety. It is
the lysis technology that determines the qualitative
composition of the final product, affects the concentration
of regulatory factors, the degree of preservation of protein
conformations, the pharmacological profile, and clinical
efficacy [18, 19].

In this context, a systematic analysis of various cell lysis
methods — mechanical, physical, chemical, enzymatic,
and cryogenic — is a necessary step in optimizing
the biotechnological processes of producing tissue
therapeutic extracts. Understanding their capabilities and
limitations ensures reproducibility, standardization, and
maximum preservation of biologically active molecules,
which is critical for the creation of highquality medical and
biotechnological products [20].

1. Modern approaches to cell lysis:
technological foundations, mechanisms, and
practical application

The choice of lysis method is determined by a set
of interrelated characteristics, among which the type
of cell, the structural organization of the cell membrane, the
physicochemical properties of the target macromolecules,
as well as technological requirements for purity, stability,
and vyield of the final product [20, 21]. It has been
established that different cell types demonstrate varying
resistance to mechanical, chemical, or enzymatic effects,
which necessitates careful optimization of lysis conditions.
Environmental parameters are also important, including
ionic strength, pH, and the presence of proteolysis
inhibitors, which significantly affect the preservation
of the spatial organization of proteins and nucleic acids.
This approach minimizes the risk of partial destruction
or denaturation of biomolecules, which is critically
important in further stages of purification and analytical
determination.

Mechanical methods are traditionally used for
microorganisms with dense cell walls, as they provide
intense shear forces capable of breaking down the
strong polymer structures of the cell walls. It has been
established that the effectiveness of mechanical
destruction is determined by a number of parameters,
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BKMOYHO 3 PO3MIPOM YaCTMHOK, LWIBUAKICTIO 3iTKHEHb,
B’A3KICTIO CycneHsii Ta TemnepaTypHUMW yMOBaMW, SKi
dopmytoTbCa Nig Yac dparMmeHTauii knituH. bicepHuin
MITMH [I€MOHCTPYE BWCOKY PEe3ynbTaTUBHICTb Yy PYWHY-
BaHHi rpubiB i GakTepii, IO NiATBEPAKEHO MOPIBHAMNb-
HAMW  OOCAIMKEHHAMM i30MAuii MeTaboniTiB y PpisHUX
BMAiB rpubie [22]. Y Bunagky pekombGiHaHTHWMX 6inkis,
30kpeMa nig vac pobotu 3 E. coli, epeKTUBHICTb MexaHiy-
HOro PyWHYBaHHsSI MPOAEMOHCTPOBAHO B [OCHIIXEHHSX,
e roMmoreHisauisi 3abeanednna BUCOKUIA BUXiO aHTUTEHY
renatuty B [23]. Lli gaHi Bka3yloTb Ha y3rogKeHicTb mexa-
HIYHMX METOAIB i3 CydacHMMU BIOTEXHOMOrYHUMN Moae-
NAMU OTPUMaHHSA PEKOMOBIHAHTHWUX MPOTEHIB, Ae KpUTUNY-
HUMU € 306epeXeHHs1 eniTONHOI CTPYKTYpU Ta MiHiMi3aLis
dparmeHTauii. 3HayHy yBary npuBepTalTb KOMOIHOBaHI
nigxoan: MNOEAHAHHS XiMiYHOI 0OPOOKM 3 MexaHiYHUM
OVCMEpPryBaHHSAM  CMPUSiE  IHTEHCMBHILLOMY  BUMBIfb-
HeHHI0 OinkiB, Wo HabyBae OCOGMMBOrO 3HaAYEHHs Mpu
poboTi 3 GakTepiamu, CTINKUMW 0O OAHOKOMMOHEHTHOIO
BnnuBy [24]. Taki meToOMKM [O03BONSATb 3MEHLUUTU
€HepreTMyHi BUTpaTU Ta MiABULLMTKA  CENEKTUBHICTb
pyviHyBaHHsi 0OOMNOHKW, BogHOYac 36epiratouy BHYTPILL-
HBbOKJTITUHHI KOMMOHEHTH.

CyuyacHi TeHaeHUii y Bubopi meTogis nisucy cnpsimo-
BaHi Ha 3MEHLUEHHS EHeprocnoXxmBaHHs, 36epexeHHs
PyHKUIOHaNbHOI aKTUBHOCTI YyTNMBUX MOMeKyn i nigsu-
LLIeHHS CeneKkTUBHOCTI npovecy (Tabn. 1).

including particle size, collision velocity, suspension
viscosity, and temperature conditions that are formed
during cell fragmentation. A bead mill demonstrates
high efficiency in the destruction of fungi and bacteria,
as confirmed by comparative studies of metabolite
isolation in different species of fungi [22]. In the case
of recombinant proteins, particularly when working with
E.coli, the effectiveness of mechanical destruction has
been demonstrated in studies where homogenization
provided a high yield of hepatitis B antigen [23]. These
data indicate the compatibility of mechanical methods
with  modern biotechnological models for obtaining
recombinant proteins, where preservation of the epitope
structure and minimization of fragmentation are critical.
Combined approaches are attracting considerable
attention: the combination of chemical treatment with
mechanical dispersion promotes more intensive protein
release, which is particularly important when working
with bacteria that are resistant to single-component
exposure [24]. Such techniques reduce energy
consumption and increase the selectivity of membrane
destruction while preserving intracellular components.

Current trends in the selection of lysis methods are
aimed at reducing energy consumption, preserving the
functional activity of sensitive molecules, and increasing
the selectivity of the process (Table 1).

Ta6nuusa 1. Ornag Ta NopiBHAHHA MeTOAIB Misucy kniTuH [20]
Table 1. Overview and comparison of cell lysis methods [20]

BukopucraHe obnaga-
Metogam nisucy HaHHS Ta TeXHika MepeBarn Heponikun
Lysis methods Equipment and Advantages Disadvantages
technique used
— romoreHisaTop — BMCOKa epeKTUBHICTb — Tenno, Lo YTBOPHETLCS, MOXE MOLLKO-
BUCOKOIO TUCKY — He 3anexuTb Bif TUMY KITiTUHA OVTU BHYTPILLHBOKITITUHHI NPOAYKTH
— BicepHi MnnHn — high efficiency — [oporun meTop,
MexaHiuHumn — high-pressure — does not depend on cell type — Ba)XKO OYUCTUTM Ni30BaHMIN 3pa3ok
Mechanical homogenizer — heat generated may damage
— bead mills intracellular products
— expensive method
— difficult to purify the lysed sample
— He3arnexHo Bif TUNy KNiTuHNU — foporo
— Nerko BNpoBaanTy — MOLUKOAXKEHHS BinkiB Ta BHYTPILLHbOKITI-
TepmiuHuM nisuc — independent of cell type TUHHUX KOMMOHEHTIB
Thermal lysis — easy to implement — expensive
— damage to proteins and intracellular
components
— He3anexHo Big TNy KNiTUHU — [lopori TexHonorii
DiznuHmiA — MOXIUBICTb MachaGHo'l' iHTerpgui'l' B MOXe NoLLKoanTn ‘-lyTJ'IVIBi. 6inkm .
Physical Kasitavis — NPaLoe Npu HK4iil TeMNepaTypi Ta piBHi - | — BaXKKO O4UCTUTY 3pa3OK BiA 3amnMLKiB /
Cavitation eH.epru — expensive technolggles .
— independent of cell type — may damage sensitive proteins
— possibility of large-scale integration — difficult to purify the sample from
—works at lower temperature and energy level | residues
— MOXe BUKOPWUCTOBYBATUCS AN €KCTPaKLii | — He nigxoanTb AN BCiX TUMIB KNiTUH
OCMOTUYHUM WIOK | YyTNMBMX BHYTPILLHBOKNITUHHWUX NPOAYKTIB | — not suitable for all cell types
Osmotic shock — can be used for extraction of sensitive
intracellular products
— NiAX0ANTb AN eKCTPaKLUil YyTnMBNX — NOBINbHMI Npouec (6—12 rog)
. o - BHYTPILUHBOKNITUHHUX KOMMNOHEHTIB (BinkiB, | — slow process (6—12 h)
XimiyHun TNyXHun nisuc cepmenia, AHK)
Chemical Alkaline lysis : ’ . . .
— nigxoauTb ANs BCiX TUMIB KMiTUH
— suitable for extraction of sensitive
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lpodoexeHHs1 mabnuui 1/ Continuation of Table 1

NMyxHwun nisnc
Alkaline lysis

intracellular components (proteins, enzymes,

DNA)
— suitable for all cell types

Ni3suc peteprenHty
Detergent lysis

— NigxoauTb ANA BUBINbHEHHA Ginka
— suitable for protein release

— He NiaXoanTb ANs BUAINEHHS YyTnMBUX
depmeHTiB Ta GinkiB

— [lOpori peareHTn

— BUAANEHHs XiMiYHOro peareHTy

3i 3paska nicnsa nisucy € cknagHum

— HKYa ePeKTUBHICTb, OCKINbKM MOBHUI
Ni3nc HeMOXNMBUIN

— not suitable for isolation of sensitive
enzymes and proteins

— expensive reagents

— removal of the chemical reagent from
the sample after lysis is difficult

— lower efficiency since complete lysis

is impossible

depMeHTaTUBHUN

BionoriyHun .
nisuc

— Moxe OyTu gyxe cneumdivyHum Ans Tmnis
KINiTUH

— nigxoauTb ANs ekcTpakuii Ginkis

— may be very specific to cell types

— suitable for protein extraction

— NOBHWI Ni3NC HEMOXINBUN

— [OpOri peareHTn

— MOBWHEH BUKOPWUCTOBYBATUCS

B KOMGiHaLii 3 MuiHUMK 3acobamu ans
6opoTbbu 3 BakTepiamm

Biological Enzymatic lysis

— complete lysis is impossible

— expensive reagents

— must be used in combination with
detergents to combat bacteria

OpHuM i3 nNepcrnekTUBHUX HanpsIMiB € onTuMMi3auis
cTpaterii  BMBINbHEHHA nNpoAaykTy («product release
strategies»), siKi cnpaBnsAlTb 3HAYHUI BMSMB Ha MPOEK-
TyBaHHS bGionpoueciB i 3abe3neyyloTb KOHTPONbOBaHe
PYVHYBaHHSA KMITUHHUX CTPYKTYp [25]. ®PisnyHi TexHo-
norii, Hacamnepen KasiTauilHi nigxoan, AEMOHCTPYOTb
nigBuLLeHy edeKTUBHICTb Yy BUMNAAKy MiKpOBOAOPOCTEN
i GakTepin, WO NoB’'A3aHO 3i 34aTHICTIO KaBiTauii dopmy-
BaTW foKanbHi rpagieHTn TUCKY, OOCTaTHi ONA PynHYy-
BaHHA MiuyHMx obornoHok. [ligpognHamivyHa KasiTauis
nokasye CyTTeBi nepeBarv Hag akyCTMYHOK Mg 4vac
[ecTpyKUii MiKpoOpraHiamiB, OCKiNbKW reHepye iHTeHCUB-
HiLi iIMAYNbCHI HaBaHTaxeHHs [26]. Y mikpoBogopocTen
i3 )KOPCTKUMM KNITUHHUMM CTiIHKaMW rigpoanHamivHa KaBi-
Tauis BU3Ha4eHa sk ogHa 3 HanbinbLL eHeproeeKTUBHUX
TexHonorii y BMpobHuuTBi Gionanmmea, WO 3yMOBMEHO
onTUManbHUM NOEAHAHHAM MEXaHIYHOro BMMMBY i HU3b-
KOro TensroBOro HaBaHTaXeHHs [27]. 3MeHLIeHHs nepe-
rpiBaHHA nig Yac KasiTauiMHOro pynMHyBaHHSA [O3BONSAE
36epiratm CTpPyKTypy TepmonabinbHMX KOMMOHEHTIB,
WO € KPUTMYHO BaXNMBMM Ans cTabinbHOCTI ninigis,
NirMeHTIB Ta NPOTEIHiIB.

XimiuyHi nidxo0u 36epiraloTb BaXNMBE 3HAYEHHSI
y BUMNagkax, Konm HeoOXxigHi M'siki yMoBM nisncy abo konum
BaXNMNBO 3a0e3Me4nTy CENeKTUBHE PYNHYBaHHS MEBHUX
KOMMOHEHTIB KMiTUHW. [eTepreHTHi MeToau LUMPOKO
3aCTOCOBYHOTb Y NPOTEOMILi AN IHTaKTHOrO (ppakLioHy-
BaHHA OinkiB Ta nonepemkeHHsa iX Aerpagauii nmig 4ac
oumileHHs [20, 41]. ins rpamHeratnBHuX 6akTepin edek-
TUBHICTb MNi3NCYy 3HAYHOK MIpPOI0 3anexuTb Big cknagy
OycbepHMx cuctem i KOHUEHTpaLii peareHTiB, Wwo cTabi-
ni3ytoTb abo NopyLUYOTb MPOHUKHICTL 30BHILLHLOT MeMO6-
paHu. YCTaHOBIEHO, WO ONTUMI3alis cknagy peareHTiB
ans nisucy E. coli 3abesneyye 36inbLUeHHS BUXOOY HyKne-
THOBMX KMCNOT i BinkiB Ta nNpugatHa OO 3acTOCyBaHHA
y MiKpodnoigHUx cuctemax. Y Bunagky XMpOBMICHUX

One promising area is the optimization of product
release strategies, which have a significant impact
on bioprocess design and ensure controlled destruction
of cell structures [25]. Physical technologies, primarily
cavitation approaches, demonstrate increased efficiency
in the case of microalgae and bacteria, which is associated
with the ability of cavitation to form local pressure gradients
sufficient to destroy strong membranes. Hydrodynamic
cavitation shows significant advantages over acoustic
cavitation in the destruction of microorganisms, as it
generates more intense impulse loads [26]. In microalgae
with rigid cell walls, hydrodynamic cavitation is identified
as one of the most energy-efficient technologies in biofuel
production, due to the optimal combination of mechanical
impact and low thermal load [27]. Reducing overheating
during cavitation destruction preserves the structure
of thermolabile components, which is critical for the
stability of lipids, pigments, and proteins.

Chemical approaches remain important in cases
where mild lysis conditions are required or when it is
important to ensure selective destruction of certain
cell components. Detergent methods are widely used
in proteomics for intact protein fractionation and
prevention of their degradation during purification [20,
41]. For Gramnegative bacteria, the efficiency of lysis
largely depends on the composition of buffer systems
and the concentration of reagents that stabilize or disrupt
the permeability of the outer membrane. It has been
established that optimizing the composition of reagents
for E. coli lysis increases the yield of nucleic acids and
proteins and is suitable for use in microfluidic systems.
In the case of lipid-containing microorganisms and
algae, combining detergents with physical methods
provides a significant increase in lipid yield compared
to single technologies [28]. Such combinations
compensate for the shortcomings of individual
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MiKpoopraHiaMiB Ta BOAOPOCTEN KOMOiHyBaHHA OeTep-
reHTiB i3 disndHuMn mMeTogamu 3abesnedye iCTOTHe
nigBuLLEHHs BMxody nNiniAiB MOPIBHAHO 3 MOHOTEXHOMO-
riamu [28]. Taki noegHaHHA 0O3BOMSATbL KOMMEHCYBaTU
HEeZorMiKN OKPEMMX METOAIB i JOCAITM KPALLOro KOHTPOSTHO
Haz, NpoLecoM PyMHYBaHHS KNiTWH.

PepmeHmamueHuill  sisuc  3bepirac  npoBigHe
3HaYeHHs Tam, e MoTpibHe cenekTUBHE PYMHYBaHHSI
KNITUHHKX CTiHOK 6e3 nopyLueHHst koHdpopmauii BinkoBmx
Komnnekcis. MexaHiamn epmMeHTaTMBHOIO  rigponisy
Ta YNHHUKM AOro ONTUMI3aLii LOKNagHO ONMCaHi B Cy4acHUX
poboTax, 30okpemMa LoAo BupiwansHoi poni pH i Temne-
patypy B OOCArHEHHi MOBHOMO PO3LUENEHHA CTPYKTYP
obonoHku [29]. PepmeHTaTUBHMIA NiOXig 0COOMMBO LiHHWIA
y poboTi 3 kniTMHamu, Wo MmatTb OGaratowaposi abo
cKknagHi o6OMOHKN, OCKiINbKM [03BONSiE 36epertn npocTo-
POBY OpraHi3aLito BHYTPILLIHbOKIITUHHUX CTPYKTYP Ta YHUK-
HyTU HebaxkaHoI AeHaTypauii YyTNMBMX MOMeEKyI.

AKTVBHUA  PO3BUTOK  MIKPOMPIIOIAHMX — TEXHOMOTIN
CYTTEBO NMPUCKOPVB CTBOPEHHS METOAIB MNi3uncy, siki noea-
HYIOTb BUCOKY LUBUAOKICTb, TOYHICTb, JTOKamNbHICTb i MOXIN-
BiCTb iHTErpauii 3 aHaniTMyH1UMK nnatcpopmamm. bicepHun
nisuc 'y MikpokaHanax 3abesnedye GesnepepBHICTb
npoLecy Ta TOYHWUIN KOHTPOMb iIHTEHCMBHOCTI MEXaHi4YHOro
BMIUBY, LLO € BaXXINMBUM Y BUCOKOMPOAYKTUBHUX CUCTEMAX
aHanizy [30]. BukopuctaHHs mMna3MOBO-HAHOTEKCTYpPO-
BaHMX MOBEPXOHb [03BOMNsE eEeKTUBHO 3axonmoBaTu
Ta pynHyBaTn OakTepianbHi KNiTMHKW, WO 3abesnevye
36inblUeHHs e(PEeKTVBHOCTI HaBiTb y 3pa3Kkax 3 HU3bKO
KOHLIeHTpaLjeto mikpoopraHiamis [31]. Y MikpodrtoigHmnx
nnatgopmax TakoX 3aCTOCOBYHOTb TEMMOBUIA Ta XiMIYHWN
Ni3nC, BKIMHOYHO 3 BMKOPUCTAHHAM aBTOHOMHUX XiMiYHMX
HarpiBadiB, NpuAaTHWX AN NOPTaTUBHUX AiarHOCTUYHUX
cuctem  [32]. [JopaTkoBi MepcrnekTMBU  BiAKpUBAKOTb
nokanbHi MeToay BMGIPKOBOTO Ni3NCy OKPEMUX KMITUH, SKi
[03BOMATL OTPUMYBATK MaTepian i3 MiHiMarnbHUM YLLIKO-
DPKEHHSAM CYCifHIX KIMITUH, WO NiABULLYE SKICTb NOAAnNbLUMX
MonekynsapHux aHanisis [33]. Okpemi TeXHONOriYHiI nigxoau
CNpsIMOBaHi Ha KOHTPOINbOBAHE BUBINbHEHHSI OKPEMUX
opraHer, 3okpema s4ep, WO pearnisoBaHo Yy MiKpodsto-
iOHMX cucTemax i3 3aCTOCyBaHHSAM OMTUYHO iHAYKOBAHOIO
nisucy [34].

Takum YMHOM, cyyacHi MeToam Ni3ncy KMiTUH AEMOH-
CTPYIOTb iICTOTHUI NPOrpec y HanpsMi NiABULLEHHSA Cenek-
TUBHOCTI, KEPOBaHOCTI MpoLecy, CyMiCHOCTI 3 MiHiaTiopu-
30BaHVMU aHaniTM4HUMK nratcopMammn Ta 36epexeHHst
GiomonekynsapHoi uinicHocTi. KombBiHyBaHHA MeXaHivHUX,
hi3nyHMX, XiIMIYHMX | hepMeHTaTMBHUX NiOXOAIB Oae
3MOry aganTtyBaTu cCTpaTerito nisucy nig cneumndiyHi
3aBAaHHA OGioTexHornorii, AiarHOCTUKM Ta aHaniTUYHOI
Gioximii [20]. Taka iHTerpauis 4O3BONSIE He NuLLe NigBu-
LNTWN BUXIA Ta YMCTOTY OTPMMaHMX NPOAYKTIB, a N ccop-
MyBaTM HOBiI MOXITMBOCTiI ANl BMCOKOTOYHUX MOJIEKY-
NSApHUX JocrigxeHb y 6aratbox ranyssax GiomeanumHu.

2. Kackaa dizuko-ximidHUX Ta GioAOriYHUX

npoLeciB KpioreHHOro yLIKOAXEHHS

KAITUHHUX MeMOBpPaH i Moro 3sHa4YeHHs

AAS BUBIAbHEHHS BHYTPILLHbOKAITUHHUX

KOMIMOHEHTIB Y CKAGAi KPiO€KCTPAKTiB

MexaHiaMu  KPIOMOLLKOMKEHHA  MeMbpaH  KMiTUH
y Npoueci 3aMOPOXYBaHHS TKaHWH i NoganbLIoro oTpu-
MaHHs1  KpIOEKCTPaKTiB  (POPMYIOTbCS K  pesynsrar

methods and achieve better control over the cell
destruction process.

Enzymatic lysis remains of paramount importance
where selective destruction of cell walls is required
without disturbing the conformation of protein complexes.
The mechanisms of enzymatic hydrolysis and the factors
for its optimization are described in detail in recent
studies, in particular regarding the decisive role of pH
and temperature in achieving complete cleavage
of membrane structures [29]. The enzymatic approach
is especially valuable when working with cells that
have multilayered or complex membranes, as it allows
the spatial organization of intracellular structures to be
preserved and avoids unwanted denaturation of sensitive
molecules.

The active development of microfluidic technologies
has significantly accelerated the creation of lysis
methods that combine high speed, accuracy, locality,
and the ability to integrate with analytical platforms. Bead
lysis in microchannels ensures process continuity and
precise control of mechanical impact intensity, which
is important in high-throughput analysis systems [30].
The use of plasma-nanotextured surfaces allows for
the effective capture and destruction of bacterial cells,
which increases efficiency even in samples with low
concentrations of microorganisms [31]. Microfluidic
platforms also use thermal and chemical lysis, including
the use of autonomous chemical heaters suitable for
portable diagnostic systems [32]. Additional prospects are
opened up by local methods of selective lysis of individual
cells, which allow material to be obtained with minimal
damage to neighboring cells, thereby improving the
quality of subsequent molecular analyses [33]. Some
technological approaches are aimed at the controlled
release of individual organelles, in particular nuclei, which
is implemented in microfluidic systems using optically
induced lysis [34].

Thus, modern methods of cell lysis demonstrate
significant progress in terms of increasing selectivity,
process controllability, compatibility with miniaturized
analytical platforms, and preservation of biomolecular
integrity. The combination of mechanical, physical,
chemical, and enzymatic approaches allows the lysis
strategy to be adapted to specific tasks in biotechnology,
diagnostics, and analytical biochemistry [20]. Such
integration not only increases the yield and purity of the
products obtained, but also creates new opportunities
for high-precision molecular research in many fields
of biomedicine.

2. Cascade of physicochemical and

biological processes cryogenic cell damage

of membranes and its significance for

the release of intracellular components

in cryoexiracts
The mechanisms of cryodamage to cell membranes
during tissue freezing and subsequent cryoextract
preparation are formed as a result of the complex
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KOMNNEKCHOi B3aemopii i3nyHuX, XximidHux Ta 6Giono-
MYHUX YMHHUKIB, LLO OAHOYACHO BMAMBAlOTb Ha NiNigHUN
Giwap nig pieto HM3bKMx Temnepatyp. LleHTpanbHoto
KOHUEMUI€E, WO MOSICHIOE XapakTep UMX 3MiH, € rino-
Tesa MeMOpPaHHOro MOLUKOMKEHHS, 3anpornoHoBaHa
Quinn PJ. (1985 p.), BignoBigHO A0 SAKOI PyWHYBaHHA
MeMOpaH KNiTUH 3yMOBIEHE TEPMOTPOMHUMMK (Ha30BMMU
nepexogamu ninigis i NoB’si3aHMM 3 HAMKU NepebygoBamu
CTPYKTYPHMX enemeHTiB biwapy [35]. 3HnmxkeHHs Temnepa-
TYpW iHILIFOE NOCTIAOBHICTb (ha30BUX NEPEXOLIB, LLIO CYNpo-
BOKYHOTbCSH  BUMHUKHEHHSIM  MEXaHIYHMX Ta  XiMiYHUX
AedexTiB, sKi NopyLUYOTb 6ap’epHi 1 perynatopHi dyHKuii
membpaHnn. Ockinbkn MembpaHHW KOMNMekc Bidirpae
KIMO4OBY porib Y 30epeXeHHi BHYTPILLIHBOKIITUHHOIO rome-
ocTasy, HaBiTb MiHiManbHi 3MiHW CTPYKTYpU N AMHAMIKK
30aTHi iHiyiroBaTK rMMOOKI KNITUHHI AncdyHKuii [36].

Y HopManbHuX i3ioNoriYyHMx ymoBax ninigHi Memo-
paHu nepebyBatoTb Y a3oBO-piAKOMY CTaHi, LWo 3abes-
nevye TeKydiCTb, ONTUMAarnbHUN pPiBEHb YNOPSAKYBaHHS
Ta rHyykicTb Gilwapy. Takuin cTaH BM3Ha4vae nareparbHy
MOBINbHiCTb GinkiB, popmyBaHHSA MiKpOAOMEHIB, hyHKLLiO-
HYBaHHS KaHarniB, PepPMEHTHUX KOMMIEKCIB | CUrHaNbHUX
WsxiB. HagiTe nokanbHi NOpYLIEeHHS Ui€l AnHamiYHOT
piBHOBarM MOXYTb CMPUYMHUTU  3HDKEHHS  LiNiCHOCTI
membpaHu, GnoKyBaHHA TpaHCMOPTY iOHIB i meTaboniTis
Ta nopyLeHHs KNiTUHHOT perynauii [37].

Mig 4Yac oxonomXeHHss a3oBO-pigKMA CTaH nepe-
XOOMUTb y renenopibHuii, ane uer npouec € NpoCTopoBO
HEOLHOPIOHUM 4Yepe3 reTeporeHHU cknag MembpaHu.
Pi3Hi koMnoHeHTn Gilapy TBepAHYTb NpW Pi3HMX Temne-
paTtypax, yHacnigok 4oro hopMylTbCA AOMEHMU PiaKol
N TBepgoi hasn Ta Mo3aiyHa CTpyKTypa MemOGpaHu.
Ha mexax umx OOMEeHIB BWHMKaKTb Mikpodedektn —
OINAHKM NIABULLEHOrO HaTAry W fokanbHi MOpYLUEHHS
yrnakoBku ninigHnx naxutoris. Lli gedpektn nerko 36inbLuy-
HOTbCA NPW NOAANbLLIOMY OXOMOMKEHHI YN MEXaHIYHOMY
BMMMBI, WO pobUTh iX OCHOBHUMU ToUKamu Aectabinizauii
mMemb6paHu [38].

dazoBe pO3AINEHHS BMNMBAE TakoX Ha Memb-
paHHi Ginkn, 4yTnuei 40 i3MKO-XiMiYHOro cTaHy ninig-
Horo matpukcy. NopyleHHs Ginok—ninigHMX B3aemogin
3yMOBItOE KOHdOpMaUinHi 3MiHK BinkiB, ix narepansHy
cerperauito abo arperauito, a Takox pAectabinisadito
yHKUIOHanNbHUX JOMeHiIB. Lle nopyLuye akTUBHICTb TpaH-
crnopTepiB, epMeHTIB, peLenTopiB Ta iHWKUX BinNkoBmux
KOMMSieKciB, WO B KiHUEBOMY MigCYyMKY NpPU3BOAUTb
0O [AeKOMMeHcaLjii perynatopHux MexaHi3miB i BTpaTtu
KOHTPOMIO 3a TpaHCMeMbpaHHMMK noTokamu [39].

CTpyKTYpHi aedekTn membpaHu BUKNMKaKTb MigBu-
LWEeHHA T MPOHWKHOCTI, WO CYynpOBOAXYETbCSA BTPATOH
ioHiB, OioKaTiOHIB i HM3bKOMOMNEKYNApHUX MeTaboniTiB.
Taki BTpaTu € O03HAKOK HE3BOPOTHOTO MOPYLUEHHS
Oap’epHux BractTuBocTel Giwapy Ta 4acTo 3aBepLuy-
I0TbCS  3arvbennio  KNiTMHW  NiCns  PO3MOPOXKYBaHHS.
BogHoyac BuXiA  BHYTPILUHBOKMITUHHUX  KOMMOHEHTIB
BU3Ha4ae 6ioaKTMBHMIA NPOQiNb KPIOEKCTPAKTIB, OCKINbKK
camMe BOHW (POpPMYIKOTb TXHIN MOMEKYNsapHUA cknag
i GionoriyHy akTuBHICTb [40].

BaxnMMBMM YMHHUKOM KPIiOMOLLKOMKEHHS € MEXaHidHi
3MiHM MeMOpaHu, MOoB’s3aHi 3 MOPYLUEHHSIM BOLHOTO
6anaHcy KMiTMHW Npu 3aMOpPOXyBaHHI. [TOLLKOMXEHHS
KNITUHHUX CTPYKTYP Y NPOLIECI LMKIIYHOIO 3aMOpPOXYyBaH-
Hs-BiATaBaHHSA (POPMYIOTb KOMMIEKC B3AaEMOMNOB’A3aHNX

interaction of physical, chemical, and biological factors
that simultaneously affect the lipid bilayer under the
influence of low temperatures. The central concept
explaining the nature of these changes is the membrane
damage hypothesis proposed by Quinn P.J. (1985),
according to which the destruction of cell membranes
is caused by thermotropic phase transitions of lipids
and the associated rearrangements of the structural
elements of the bilayer [35]. A decrease in temperature
initiates a sequence of phase transitions accompanied
by the emergence of mechanical and chemical defects
that disrupt the barrier and regulatory functions of the
membrane. Since the membrane complex plays a key
role in maintaining intracellular homeostasis, even
minimal changes in structure and dynamics can initiate
profound cellular dysfunction [36].

Under normal physiological conditions, lipid
membranes are in a phase-liquid state, which ensures
fluidity, optimal order, and flexibility of the bilayer.
This state determines the lateral mobility of proteins,
the formation of microdomains, and the functioning
of channels, enzyme complexes, and signaling pathways.
Even local disturbances of this dynamic equilibrium
can cause a decrease in membrane integrity, blockage
of ion and metabolite transport, and disruption of cellular
regulation [37].

During cooling, the phase-liquid state transitions
toagel-likestate, butthis processis spatially heterogeneous
due to the heterogeneous composition of the membrane.
Different components of the bilayer solidify at different
temperatures, resulting in the formation of liquid and
solid phase domains and a mosaic membrane structure.
Microdefects arise at the boundaries of these domains —
areas of increased tension and local disturbances in the
packing of lipid chains. These defects easily increase with
further cooling or mechanical stress, making them the
main points of membrane destabilization [38].

Phase separation also affects membrane proteins
that are sensitive to the physicochemical state of the
lipid matrix. Disruption of protein-lipid interactions
causes conformational changes in proteins, their
lateral segregation or aggregation, and destabilization
of functional domains. This disrupts the activity
of transporters, enzymes, receptors, and other protein
complexes, ultimately leading to decompensation
of regulatory mechanisms and loss of control over
transmembrane flows [39].

Structural defects in the membrane cause an increase
in its permeability, accompanied by the loss of ions,
biocations, and low-molecular-weight metabolites.
Such losses are a sign of irreversible disruption of the
barrier properties of the bilayer and often result in cell
death after thawing. At the same time, the release
of intracellular components determines the bioactive
profile of cryoextracts, since they form their molecular
composition and biological activity [40].

An important factor in cryodamage is mechanical
changes in the membrane associated with a disruption
of the cell's water balance during freezing. Damage
to cell structures during cyclic freezing and thawing
forms a complex of interrelated phenomena, the main
ones being extracellular and intracellular ice formation.
Figure 1 schematically shows three successive
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SIBULL, FONTOBHUMMW CEPeA AKX € NO3aKMiTUHHE Ta BHYTPILU-
HBOKIMITUHHE NbOAOYTBOPEHHS. Ha puc. 1. cxematnyHo
nokaszaHo TpW MOCNIQOBHI cTafil KpiONOLIKOLXKEHHS:
iHTakTHa KknitnHa (1), yLWKOMKeHHA MembpaHu Kpucta-
namu nebogy Ta cpasoBumu nepebygoBamu (2), noBHa
OeCTpyKuis MeMOpaHu 3 BMBINbHEHHAM LUMTOMMasMa-
TUYHUX KOMMNOHEHTIB (3).

stages of cryodamage: intact cell (1), damage to the
membrane by ice crystals and phase rearrangements (2),
complete destruction of the membrane with the release
of cytoplasmic components (3).

Puc. 1. Ctagii KpionoLWKOmMKEHHS KMITUHU Ta POPMYBaHHS KpioeKCTpakTy (MoaudikosaHo 3a [20])
Fig. 1. Stages of cryodamage to cells and formation of cryoextract (modified from [20])

Mpumitkm / Notes:

1 — iHTaKTHa KNiTMHa 3 YNopsiAKOBAHOK YNLTPACTPYKTYPOIO Ta 36EpEXXEHO0 LiiniCHICTIO MeMbpaH;
2 — KkniTVHa B yMOBaXx 3aMOPOXXYBaHHSA 3 yTBOPEHHAM NO3aKMITUHHUX i BHYTPILUHBOKMTITUHHWX KPUCTAariB NbOAY, MeXaHiYHMMM Ta haso-

BUMU 3MiHaMu MembpaH;

3 — pyiiHyBaHHA MembpaHu Ta BYXif BHYTPILLUHBOKMITUHHUX KOMMOHEHTIB, L0 (hOPMYy€E MOMNEKYNAPHUIA CKrag KpioeKCTPaKTy.
1 —intact cell with ordered ultrastructure and preserved membrane integrity;
2 — cell under freezing conditions with the formation of extracellular and intracellular ice crystals, mechanical and phase changes

in membranes;

3 — destruction of the membrane and release of intracellular components, forming the molecular composition of the cryoextract.

Ak BIiQOMO, BHYTPILWHLOKNITUHHA BOAA Mepexo-
OWTb Y MO3aKMiTUHHUIA NPOCTIP 3aBASKM BULLIOMY XiMiY-
HOMY MOTeHLiany MOPIBHSAHO 3 NbOAOBOK (Ha30H 30BHI
KNiTUHW. Lle cnpuynHSae iHTEHCMBHE 3HEBOOHEHHS LUTO-
nnasmu, 3MiHy OCMOTUYHOro GanaHcy Ta opmMyBaHHS
YMOB, 3a SIKUX KNiTUHa 3a3Hae 3HaqyHuX gedopmadiv nig
BMNIIMBOM MO3aKMNITUHHOIO NboAdy Ta Pi3KO 3pOCTakyoro
OCMOTMYHOTO TUCKY. [1poTe nNpPUCKOPEHHS LIBUOKOCTI
OXOMOMKEHHA CTBOPIOE MPOTUNEXHY CUTyalilo: Boaa
He BCTWrae 3anuwiati KniTuHy, OpPMYETLCS BHYTPILL-
HbOKNITUHHWI MNiA, WO NOpYyLUYeE yrnbTPacTpyKTypy i Yacto
npu3BoaAMTbL A0 daTanbHUX YLIKOMKEHb. TakUM YMHOM,
He3anexHo Big TEMMy OXOOMXKEHHS, YTBOPEHHS KpuC-
Tanie NboAy 3anvLIaeTbCs HEMUHYYMM NPOLECOM.

Bimpudbikayist na€ 3MOry yHVKHYTW NbOAHOIHAYKOBa-
HOrO MOLLUKOMXXEHHS 3aBASIKU Nepexoay pO34MHY Y CKMo-
nopibHui ctaH 6e3 kpuctanisadii, Wo 3abesneyyeTbes
HaOBWCOKOK KOHLIEHTpaLlieto KpionpoTekTopis. [Nonpu ue,
KPUTMYHO BaXKNMBUMW 3amnuLLaloTbCa ABULLA OEBITPUI-
Kauii Ta pekpucTanisauii nig yac HarpiBaHHS, SKi 34aTHI
CNPUYMHATN 3HAYHI CTPYKTYPHI MOLUKOMKEHHS KMITUHHUX
KOMMOHEHTIB. [JogaTKOBMM OOMEXEHHSIM € TOKCUMYHICTb
BMCOKMX [03 KPiONPOTEKTOPIB, LLO 3BYXYE MeXi iX npak-
TUYHOro 3actocyBaHHs. OTxe, 3apodXeHHs KpucTanis,
piCT NbOJOBMX CTPYKTYp Ta npouecu pekpucTanisadii/
OeBiTpuikauii CTaHOBNATbL TPY KIOYOBI rpynu dhakTopis
ywikogKeHHs [41].

[No3akniTUHHWIA Nig He NULLE YNHUTb MEXaHIYHUA TUCK
Ha KNiTUHHI CTPYKTYypW, ane W 3yMOBIE pi3ke 36inb-
LUEHHS KOHLUEHTpaLii pO34MHEHUX PEYOBMH Ta PO3BUTOK

As is known, intracellular water passes into the
extracellular space due to its higher chemical potential
compared to the ice phase outside the cell. This
causes intense dehydration of the cytoplasm, a change
in osmotic balance, and the formation of conditions under
which the cell undergoes significant deformation under
the influence of extracellular ice and rapidly increasing
osmotic pressure. However, accelerating the cooling rate
creates the opposite situation: water does not have time
to leave the cell, intracellular ice forms, which disrupts the
ultrastructure and often leads to fatal damage.

Thus, regardless of the cooling rate, the formation
of ice crystals remains an inevitable process.

Vitrification allows ice-induced damage to be
avoided by transitioning the solution into a glassy
state without crystallization, which is achieved by an
ultra-high concentration of cryoprotectants. Despite
this, devitrification and recrystallization during heating
remain critical phenomena that can cause significant
structural damage to cellular components. An additional
limitation is the toxicity of high doses of cryoprotectants,
which narrows the scope of their practical application.
Thus, crystal nucleation, ice structure growth, and
recrystallization/devitrification processes constitute three
key groups of damage factors [41].

Extracellular ice not only exerts mechanical pressure
on cellular structures, but also causes a sharp increase
in the concentration of dissolved substances and the
development of osmotic stress [42]. Cryo-electron
microscopy has demonstrated the characteristic
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oCcMOTUYHOro ctpecy [42]. KpioenekTpoHHa Mikpockonisi
NpodeMOHCTpyBarna xapaktepHe (opMyBaHHSA APiGHUX
rekcaroHanbHUX KpucTamniB nbogy Yy nepudepudHmnx
ninsHkax 3paskiB [43]. CTaH KNITUH y Takux ymoBax
3HAYHOIO MiPOK BU3HAYaETLCS (i3NKO-XIMIYHNMY BNacTu-
BOCTSIMM MO3aKMNiTMHHOIO PO34MHY, WO (HOPMYETLCH Mig
BNNMBOM NbOAOYTBOPEHHHA. [loBefeHo, WO HaaMipHe
3MEHLLEHHSI YaCcTKM He3amep3rnoi BoAM B yMOBaXx MoOBinb-
HOrO 3aMOPOXYBaHHS 3YMOBIIOE KPUTUYHE MiOBULLEHHS
KOHLeHTpaLii conen i MoXe CNpUYMHUTM HEeOBOpPOTHI
YLIKOOKEHHS [43, 44].

Mo3akniTMHHWIA Nig TakoX Bigirpae Kmo4oBy PoOrib
y nepiogi TaHeHHs, 0cobnNuBO B TeMnepaTypHoOMY Aiana-
30Hi Big =15 go —160 °C, gkui BBa)atoTb 30HOMO NigBU-
LLleHoro pusuKy pekpuctanisauii [45]. Y uen npomikok
OpiOHI KpncTanu Ta 4YacTKOBO pidka Boga 3AaTHi nepe-
TBOPIOBATUCH Ha BinbLUi CTPYKTYPU, O 3HAYHO NiABULLYE
PU3MK YLUIKOMXKEHHSA. TakMM YMHOM, KOHTPOMb KiHETUKU
3apOMKEHHS | pOCTY NboAyY N Yac HarpiBaHHA € OAHUM
i3 HaMnepcnekTUBHILLMX HanpsaMKIB Cy4YacHUX [OOCHi-
[KeHb, OCKINMbKW nepekpucTanisauisa nbogy € Garato-
hakTOpHMM NpPOLECOM, YyTNMBMM [0 LUBMAKOCTI Harpi-
BaHHS, rPaAieHTiB TeMnepaTypu Ta CTaHy No3akniTMHHOIo
cepepfosuLLa.

BHYTPILLHBOKNITUHHE NBOAOYTBOPEHHS PO3BUBAETLCA
nepeBakHO 3a YMOB LUBWOKOTO OXOMOOXKEHHS, KOmu
uuTonnasmMaTuyHa BoAa He BCTUrae 3aruiinTv KNiTUHY.
Po3ymiHHA MexaHi3MmiB LbOro npoLecy cTtano BaXnmsBum
€NeMEHTOM Cy4yacHoi kpiobGionorii, OcCKinbku came
BHYTPILUHBOKMITUHHWUIA Nif € TONOBHUM MNPEeanKTOPOM
neTanbHOro YLIKOMKEHHS KIMITUH | TKAHWH. 3Ha4Ha Kinb-
KICTb ekcnepuMeHTarnbHUX pobiT npucesveHa po3pobui
MoAenen, WO MOSACHIOKTb 3aKOHOMIPHOCTI BHYTPILLIHBO-
KNITUHHOT kpucTanisadii [46]. OCHOBHUMM TEOPETUYHUMM
KOHLENUisMK, LLO ONUCYIOTB iHiLjiavito BHYTPILUHBOKNITUH-
HOro nboAy, € Teopis Nop, MOAeNb NOBEPXHEBO-KaTani3o-
BaHOro Ta 06’eMHO-KaTanisaoBaHOMo 3apOKEHHS, @ TaKoX
rinote3a MmembpaHHOro NoLKogKeHHs [46]. CykynHi gaHi
cBigYaTh, WO MpOLEC 3anexuTb Bi LUBMAKOCTI OXOo-
[DKEHHs, MPOHWKHOCTI MeMOpaH [And BOAM, CTYMNeHd
BHYTPILLUHBOKITITUHHOTO NEePEeOXONOOXKEHHS, CTaHy MeMb-
paHHUX CTPYKTYP i BNIIMBY MNO3AKMITUHHOIO NbOAY.

KnacnyHa wmopgensb, wo nepenbadae opmMyBaHHA
NPOrHO3HUX PIBHSHb AN BHYTPILLUHBOKMNITUHHOIO NboAay,
nokasana [OMiHYyH4Y pOrb LUBUOKOCTI OXONOMXEHHS
Ta napameTpiB BOAOMPOHUKHOCTI B OUiHLI iMOBIPHOCTI
NbOAOYTBOPEHHS, WO Aa€ 3MOry BU3HA4YMTU MexXi Temne-
paTypHOi Ta yacoBoi 6e3nekun knituH [47]. MNig yac Harpi-
BaHHA AMHaMiKa BHYTPILHBOKMITUHHUX NbOAOBUX a3
TaKOX 3a3HA€ 3HAYHMX 3MiH: 32 JaHUMWU, KiNbKICTb KpUC-
TaniB 3MEHLUYETbCS, ane ixHin po3mip 36inbluyeTbes,
o Bigobpaxae npouec pekpuctanisadii [41, 48]. [ose-
OEeHO, WO MOBiNbHe HarpiBaHHA cnpusie Oinblw Bupa-
XEeHin pekpucTanisauii, Togi K LWBWAKI peXuMu Harpi-
BaHHS OOMEXYI0Tb YKPYMHEHHS KpUCTaniB Ta 3MEHLLYIOTb
MOLUKOMKEHHS. TakvMM YMHOM, BHYTPILUHBbOKMITUHHUA
nig € OAHUM i3 HaNKPUTUYHIWIMX PaKTOpIB PU3NKY Mpu
UMKIax 3amMOpOXyBaHHSA-BiATaBaHHS, a BUBYEHHSA MOro
MeXaHi3MiB i LWNAxiB 3anobiraHHA YLKOMKEHHIO OpraHen
3annwaeTbCs KNYOBMM HAYKOBUM MPIOPUTETOM Y rany3i
Kpiobionorii.

formation of small hexagonal ice crystals in the peripheral
areas of samples [43]. The state of cells in such
conditions is largely determined by the physicochemical
properties of the extracellular solution formed under
the influence of ice formation. It has been proven that
an excessive decrease in the proportion of unfrozen
water under conditions of slow freezing causes a critical
increase in salt concentration and can cause irreversible
damage [43, 44].

Extracellular ice also plays a key role in the melting
period, especially in the temperature range from -15
to =160 °C, which is considered a zone of increased
risk of recrystallization [45]. During this period, small
crystals and partially liquid water can transform into
larger structures, which significantly increases the risk
of damage. Thus, controlling the kinetics of ice nucleation
and growth during heating is one of the most promising
areas of current research, since ice recrystallization
is a multifactorial process that is sensitive to the heating
rate, temperature gradients, and the state of the
extracellular environment.

Intracellular ice formation develops mainly under
conditions of rapid cooling, when cytoplasmic water
does not have time to leave the cell. Understanding the
mechanisms of this process has become an important
element of modern cryobiology, since intracellular ice
is the main predictor of lethal damage to cells and tissues.
A significant number of experimental studies are devoted
to the development of models that explain the patterns
of intracellular crystallization [46]. The main theoretical
concepts describing the initiation of intracellular ice
are the pore theory, the surfacecatalyzed and volume-
catalyzed nucleation model, and the membrane damage
hypothesis [46]. The cumulative data indicate that
the process depends on the cooling rate, membrane
permeability to water, the degree of intracellular
supercooling, the state of membrane structures, and the
influence of extracellular ice.

The classical model, which involves the formation
of predictive equations for intracellular ice, has shown
the dominant role of cooling rate and water permeability
parameters in assessing the probability of ice formation,
which makes it possible to determine the limits
of temperature and time safety for cells [47]. During
heating, the dynamics of intracellular ice phases also
undergo significant changes: according to the data, the
number of crystals decreases, but their size increases,
reflecting the recrystallization process [41, 48]. It has been
proven that slow heating promotes more pronounced
recrystallization, while rapid heating modes limit crystal
enlargement and reduce damage. Thus, intracellular
ice is one of the most critical risk factors in freezethaw
cycles, and studying its mechanisms and ways to prevent
organelle damage remains a key scientific priority
in cryobiology.
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3. CeKpeToM i KAITUHHI eKCTPAKTH

K 6e3KAITMHHI NAaTdOpPMU pereHepaTUBHOI

MeAMULUHU: MEeXAHI3MHU Ali, NnepeBaru

TAa NepCcneKTUBU KAIHIYHOro 3aCTOCYBAHHS

AHani3 gi3nko-ximi4HUX i GiONOriYHMX MEXaHi3MmiB Kpio-
FeHHOr0 YLUKOMXEHHA MeMmOpaH CBiauuTb, LIO mpouecu
3aMOpOXYBaHHSA-BiATaBaHHA  3abe3neyvylTb  KOHTPO-
NbOBaHe BUBIMbHEHHSA BHYTPILUHLOKMITUHHUX ~ KOMIMO-
HEeHTIB, opmyrouM OaraTOKOMMOHEHTHI KPiOEKCTpaKTu
3 BWCOKOK (QYHKLIOHANbHOK akKTMBHICTIO. OTpuMaHi
pe3ynsTat MiATBEPAXYOTb, WO KpioreHHa AecTpykKuis
TKaHWH CTBOPIOE CepefoBULLEe, HACUYEHE EeHOOreHHVMU
nentugamu, Ginkamu, depmeHTamu, HU3bKOMOIEKYNsp-
HAMKU MeTaboniTamy Ta CTPYKTYpPHUMU hparmeHTamm
KNITUHHOIO MaTPUKCY, SKi 34aTHiI iHiLitoBaTK penapaTuBHi,
iMyHOMOAYIIOBarnbHi Ta LUTONPOTEKTOPHI edhekTn.

Pa3om i3 uum po3yMiHHS npupoan umx GioakTUBHMX
cybCcTaHUii MoriyHO MiABOAUTbL OO0 LUMPLUOT KOHUenuil
MDKKMITUHHOT KOMYHIiKaLii, y Mexax KOl Kro4oBYy porib
Biflirpae cekpeToM — eBOrLINHO chopMoBaHa cuctema
NO3akniTUHHUX curHanie, WO He noTtpebye pyriHyBaHHSA
KNiTUH Ans peanisauii cBoix edekTiB. Ha BiamiHy Big
KpPiOEKCTPaKTIB, AKi POPMYHOTLCS BHACNIOOK CTPYKTYPHOT
[eCTpyKUii TKaHWH, CEKPeTOM € NpoayKT qisionoriyHol
cekpeuil, Wwo 3abes3nedye TOHKY perynsiwito MiKKMiTUHHOT
B3aEMOZIT LLINSXOM BNOPSAKOBAHOMO BUBINbHEHHS Biono-
riYHO aKTMBHMX MOMEKYs y NO3aKMiTUHHE cepeaoBULLE.

Mepexia Big TKaHWHHMX KPIOEKCTPaKTIB A0 aHanidy
CEKpPETOMY € 3aKOHOMIpHUM, OCKinbkn obwuasa nigxoau
6asyloTbCsl Ha BUKOPWUCTaHHI NpupodHMX Gioperyns-
TOpIiB, NPOTE BiAPI3HATLCA NPUHLMNAMU (HOPMYBaHHS,
CTYNEHEeM KOHTPONbOBAHOCTI KOMMOHEHTHOrO cKnagy
Ta mMexaHiamamu gii. Came 3icTaBNeHHs UMxX ABOX NnaT-
dopm — KpiOreHHUX eKCTpaKTiB Ta CekpeToM-onoce-
penkoBaHUX (QakTopiB — [03BONSAE MmMublie OouiHWUTK
noTeHuian GesKNiTUHHWX TEXHOMOrN Yy pereHepaTuBHIN
MeaVLUHI Ta NnepexoanTu 4o BcebivyHOro po3rnsgy cekpe-
TOMY SiIK aBTOHOMHOI TepaneBTUYHOI CUCTEMM.

Ha cborogHi nig TepmiHOM «CeKpeTomM» pPO3yMiloTb
CYKYMHICTb MOIEKYNAPHUX KOMMOHEHTIB, $Ki BUBINb-
HSIOTLCS Yy MO3aKMITUHHUIA NPOCTIP | € YHKUiOHaNbHO
aKTUBHUMW B KOHTEKCTI MiXKKITITUHHUX B3aemopin. [1o noro
cknafly BXOOsiTb PO34MHHI GinkoBi dhakTopu, nentuaw,
BiNIbHi HYKIEIHOBI KMCNOTUW, NiNigHi Mediatopu, a Takox
No3akNiTUHHI BE3UKYIW Pi3HUX PO3MipHUMX knaciB. OcTaHHi
TpagUUiAHO NOAINSATL HA aNONTOTUYHI TiNbLUS, MiKpodac-
TUHKM Ta ek3ocomu [49, 50, 51, 52, 53]. dopmyBaHHs
TaKoro KOMMMEeKCy € AMHaMIYHMM NPOLEeCcOoM, YyTNnBUM
[0 (isionoriyHMX KomnmBaHb, CTPECOBMX CTUMyMiB abo
naTonoriYHMX CTaHiB, LLIO HaJae CEKPETOMY BNacTUBOCTEN
Mapkepa MIKPOOTOMEHHS Ta MNOTEHUINHOrO Mogudika-
Topa KNiTMHHMX Bignosigen. BctaHoBneHO, WO cekpeTom
OKpeMUX KNiTUH | TKaHWH XapaKTepu3yeTbCS BUCOKOID
cneumdIiYvHICTIO CTPYKTYPHOro cknagy, a noro GionoriyHa
aKTMBHICTb 34aTHa BiATBOPIOBATU LUMPOKUIA CNEKTP pery-
NATOPHUX edeKTiB, SKi paHille npunucysBanu nuLle iHTak-
THUM KNiTUHaM.

TepaneBTMYHUIA MNOTeHUian CTOBOYPOBMX  KNiTWH
3a3BMyali MoB’A3yl0Tb i3 TPbOMa MPOBIAHUMU MEXaHi3-
Mamu Lii, KOXKeH 3 SKuxX popmye oKpeMun piBeHb Biono-
rYHOro BNNUBY Ta BU3HAYa€E KIliHIYHY eqEeKTUBHICTb
KNITUHHMX TexHororin. epwnin MexaHiam noB’si3aHuin
i3 MPOLIECOM «XOMiHry», TOOTO cChnpsMOBaHOI Mirpadii

3. The secret and extracts exiracts as cell-
free platforms regenerative medicine:
mechanisms of action, advantages and
prospects for clinical application

Analysis of the physicochemical and biological
mechanisms of cryogenic membrane damage shows that
freezing-thawing processes ensure controlled release
of intracellular components, forming multicomponent
cryoextracts with high functional activity. The results
confirm that cryogenic tissue destruction creates
an environment saturated with endogenous peptides,
proteins, enzymes, low molecular weight metabolites,
and structural fragments of the cellular matrix that are
capable of initiating reparative, immunomodulatory, and
cytoprotective effects.

At the same time, understanding the nature of these
bioactive substances logically leads to a broader concept
of intercellular communication, in which secretion plays
a key role-an evolutionarily formed system of extracellular
signals that does not require cell destruction to exert its
effects. Unlike cryoextracts, which are formed as a result
of structural tissue destruction, secretions are products
of physiological secretion that ensure fine regulation
of intercellular interaction through the orderly release
of biologically active molecules into the extracellular
environment.

The transition from tissue cryoextracts to secretion
analysis is logical, since both approaches are based
on the use of natural bioregulators, but differ in the
principles of formation, the degree of controllability of the
component composition, and the mechanisms of action.
It is the comparison of these two platforms — cryogenic
extracts and secretion-mediated factors — that allows
for a deeper assessment of the potential of cell-free
technologies in regenerative medicine and a transition
to a comprehensive consideration of secretions as an
autonomous therapeutic system.

Today, the term «secret» refers to a set of molecular
components that are released into the extracellular space
and are functionally active in the context of intercellular
interactions. It includes soluble protein factors, peptides,
free nucleic acids, lipid mediators, as well as extracellular
vesicles of various size classes. The latter are
traditionally divided into apoptotic bodies, microparticles,
and exosomes [49, 50, 51, 52, 53]. The formation
of such a complex is a dynamic process, sensitive
to physiological fluctuations, stress stimuli, or pathological
conditions, which gives the secretome the properties
of a microenvironment marker and a potential modifier
of cellular responses. It has been established that the
secretion of individual cells and tissues is characterized
by a high specificity of structural composition, and its
biological activity is capable of reproducing a wide range
of regulatory effects that were previously attributed only
to intact cells.

The therapeutic potential of stem cells is usually
associated with three leading mechanisms of action, each
of which forms a separate level of biological influence and
determines the clinical effectiveness of cell technologies.
The first mechanism is associated with the process of
«homing,» i.e., the directed migration of systemically
administered stem cells to the site of acute damage.
It has been established that this process is realized due
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CUCTEMHO BBeAEeHUX CTOBOYPOBMX KMITMH OO BOrHWULLA
roCTPOro MOLWIKOMKEHHs. BcTaHoBNEHo, WO Len npouec
peani3yeTbCsl 3a paxyHOK rpafieHTiB XeMoaTpaKTUBHUX
CUTHaNbHUX MOMEKyN, SIKi YTBOPHOITLCA Y 30HI YLUKO-
[PKEHHS1 BHACIIAOK BMBINTbHEHHSA (DAKTOPIB 3amnaneHHs,
LUUTOKIHIB Ta XeMOKiHiB. HasaBHi gaHi ceigyatb npo Te,
O CXOXICTb LbOro npouecy 3 Mirpauieto nenkoumTis
He € BUMAaZKOBOM, OCKINbkM obuaBa TUMNW KNITUH BUKO-
PUCTOBYIOTb CMifbHI MPUHLUMAM XeMoaTpakuii Ta aaresil
no eHgortenito. MNMepenbavaeTbes, WO XEMOTAKCUC CTOBOY-
POBUX KMiTUH OMNOCEPEAKOBYETHCS B3AEMOZIEID 3 HU3KOH
peLenTopiB KMITUHHOT NOBEPXHI, 30Kpema XeMOKIHOBMMMU
peuentopamu, SKi BU3Ha4yalTb HanNpsMOK Pyxy KMiTWH
y Gik 30H MakcumanbHOro rpagieHta. Xova gertanbHuin
anroputT™M B3aeMOLii CTOBOYpPOBUX KMiTUH 3 eHOoTerniem
Yy TKaHWHI-MilLlEHi 3anuaeTbCa HEeAOoCTaTHbO 3’CO-
BaHUM, € MiACTaBMN BBaXaTK, LLO KIHYOBY POSib Y LIbOMY
npoLeci BiAirpatoTb iIHTErpuUHN Ta CEeNeKTUHK, Aki 3abeane-
YyIOTb TUMYacoBY ikcaLiito | TOCTYNOBE «NPUKOYYBaHHSA»
KNiTUH y340BX eHaoTenianbHoi noBepxHi [49, 54, 55].

Micns iHiuianbHOT agresii BioOyBaeTbCcss HaCTyMHWUIA
BaXXMMBUA e€Tan — TpaHCMirpauis cToBOYpOBMX KIiTWH
yepes eHgoTenianbHUM Gap’ep 0O 30HM MOLUKOMKEHHS.
BctaHoBneHo, WO UA cTagia TakoX peanisyetbcs
3a nemnkoumTonoaibHMM cueHapieM i BKMOYae B3aeMOLito
3 mornekynoto agresii cyanHHux knituH 1 (VCAM-1), aka
3abe3neuye cTtabinisadito KNiTUHM Ha NOBEPXHI eHOoTENi0
Ta iHiuiloe noganblly TpaHceHgoTenianbHy Mirpauito.
[opaTtkoBo Len npouec 3anexuTb Big akTuBauii peuen-
TopiB, noB’aA3aHux 3 G-6inkomM, wWo ©OepyTb yyacTb
Y BHYTPILUHLOKNITUHHIN CUrHanisawii Ta y3romkeHHi uuto-
ckeneTHoi nepebyaoBM 3 HaNPsIMKOM PyXy KniTuHu [56].
3 ornsay Ha ue, XOMIHr po3rnagaeTbes He nuie sk disi-
OMOrYHMIA MEeXaHi3M MNepeMIleHHsa KNiTUH, ane N $K
KPUTUYHUI eTan, Wwo 3abesnevye agpecHiCTb Ta edek-
TMBHY peani3auilo BifHOBHOro mnoTeHujiany cToBOypoBuMX
KMNITUH Y KOHKPETHOMY MiKPOOTOYEHHI.

Opyruin mexaHiam aii cToBOYpOBUX KIiTUH MOB’si3aHWIA
i3 X 3gaTHICTIO 40 AudepeHuiauii y Kinbka TUniB KNiTWH,
LLIO NpUTaMaHHi TKaHWUHi-miWweHi. BctaHoBREHO, WO CTOB-
OypOBi KMITUHW MOXYTb IHTEFPYBaTMCS y NOKanbHy CTPYK-
TYpy MNOLUKOAXKEHOI TKaHWHW, 3amillyBatn abo [onos-
HIOBaTW NOMynsauito pesnaeHTHUX KNiTUH i TMM camum
CMpUATK BIGHOBIEHHIO iT PyHKLiOHaNbHOT winicHocTi [57].
Taknin MexaHiaM 0coBnMBO BaXKNUBUIA Y CUTYaLlisX, KoMK
YLLKOAXKEHHS CYMPOBOMKYETLCA BTPATOK 3HAYHOI Kiflb-
KOCTi KNiTWH, @ NoKanbHi pecypcu eHOA0reHHUX KIiTUH-MNo-
nepenHuKiB BUSBNSIOTbCA HeQOCTaTHIMW Ans afekear-
HOro BifHOBNEHHS. [1poTe ponb LpOro MexaHiamy Moxe
BapiloBaTU 3anexHo Big Tuny TKaHuWHW, a3n pereHe-
pauiiHoro npouecy Ta iHAMBIQyanbHWX ocobnueBocTen
opraHiamy, Wo notpebye KPpUTUYHOrO MEepeoCMUCIIEHHSI
npwn OUiHLi 3aranbHOro BHECKY AudbepeHuiauii y pereHe-
paTuBHUI edDEKT.

TpeTiii KNIOYOBUIN MEXaHi3M MOB’A3aHNN i3 cekpeLieto
CTOBOYPOBMMMU KNiITUHAMMU LLIMPOKOTO crekTpa BioakTMBHUX
MOMEKyn, BKIOYHO 3 LUTOKIHAMK, haktopamu pocCTy,
iMyHOMOZYNSTOpamMn Ta iHWWMW CUrHaNbHUMKU MeAdiaTo-
pamu. Lli GioperynaTopHi chakTopu 3aaTHi BNmMBaTK K Ha
noKanbHi NPOLIECU Y 30Hi MOLLKOMKEHHS, TaK i HA CUCTEMHI
dhisionoriyHi peakuii, MOAyNOYN 3ananeHHs, anonTos,
aHrioreHe3 Ta pemofentoBaHHsA TkaHuH [58]. CyuvacHa
KOHUENUis «napakpuHHOI Aii» po3rnsgae Ler MexaHiam

to gradients of chemoattractive signaling molecules that
are formed in the area of damage as a result of the release
of inflammatory factors, cytokines, and chemokines.
Available data indicate that the similarity of this process
to leukocyte migration is not accidental, since both
cell types use common principles of chemoattraction
and adhesion to the endothelium. It is assumed
that stem cell chemotaxis is mediated by interaction
with a number of cell surface receptors, in particular
chemokine receptors, which determine the direction
of cell movement towards areas of maximum gradient.
Although the detailed algorithm of stem cell interaction
with the endothelium in the target tissue remains unclear,
there is reason to believe that integrins and selectins play
a key role in this process, providing temporary fixation
and gradual «rolling» of cells along the endothelial
surface [49, 54, 55].

After initial adhesion, the next important stage
occurs-the transmigration of stem cells through the
endothelial barrier to the damage site. It has been
established that this stage also follows a leukocyte-
like scenario and involves interaction with vascular
cell adhesion molecule 1 (VCAM-1), which stabilizes
the cell on the endothelial surface and initiates further
transendothelial migration. Additionally, this process
depends on the activation of G protein-coupled receptors
involved in intracellular signaling and coordination
of cytoskeletal reorganization with the direction of cell
movement [56]. In view of this, homing is considered not
only as a physiological mechanism of cell movement,
but also as a critical stage that ensures the targeting and
effective realization of the regenerative potential of stem
cells in a specific microenvironment.

The second mechanism of action of stem cells
is related to their ability to differentiate into several types
of cells that are characteristic of the target tissue. It has
been established that stem cells can integrate into the
local structure of damaged tissue, replace or supplement
the population of resident cells, and thus contribute to the
restoration of its functional integrity [57]. This mechanism
is especially important in situations where damage
is accompanied by the loss of a significant number
of cells, and local resources of endogenous progenitor
cells are insufficient for adequate recovery.

However, the role of this mechanism may vary
depending on the type of tissue, the phase of the
regenerative process, and the individual characteristics
of the organism, which requires critical rethinking when
assessing the overall contribution of differentiation to the
regenerative effect.

The third key mechanism is associated with the
secretion of a wide range of bioactive molecules
by stem cells, including cytokines, growth factors,
immunomodulators, and other signaling mediators.
These bioregulatory factors can influence both local
processes in the area of damage and systemic
physiological responses, modulating inflammation,
apoptosis, angiogenesis and tissue remodeling [58]. The
modern concept of of «paracrine action» considers this
mechanism to be dominant in most clinical situations,
as it provides a rapid and multi-vector effect on cellular
networks without the need for prolonged integration of the
stem cells themselves into the tissue.
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SK JOMIHYIOUMI Y BiNbLUOCTI KNiHIYHUX CUTYaUii, OCKINbKW
BiH 3abesnevye LWBWMOKUA i MyNbTUBEKTOPHUA BNMB
Ha KNiTUHHI Mepexi 6e3 HeobXigHOCTI TpmBanoi iHTerpauii
caMmx CTOBOYPOBMX KNITWUH Y TKaHWHY.

Takum YMHOM, CYKYMHICTb Lmx TPLOX
MeXaHi3miB — XOMiHry, AndepeHuiauii Ta napakpuHHOI
aKTMBHOCTI — (POPMYyE KOMMMEKCHUA TepaneBTUYHUN

edeKT, KM NeXnTb B OCHOBI Cy4acHUX MiaxoAaiB 4o pere-
HepaTMBHOI MegMLMHM Ta KNITUHHOI Tepanii.

Y pereHepaTuBHIA MeOuUMHI 3acToCyBaHHsS Geskni-
TUHHUX TepaneBTUYHWX MPOAYKTIB, 30Kpema KpioeKCTp-
aKTiB 3 pPi3HMX BioNoriYHNX TKaHWH (NNaueHTa, cenesiHka,
cepueBa TKaHWHa, LWKkipa Ta iH.) abo cekpeTomy, OTpuU-
MaHOro 3 Me3eHximanbHux ctoBOypoBux knituH (MCK),
BiOKpMBAE HW3KY MNPUHUMUMOBMX MepeBar MOpPIiBHSHO
3i cTpaTeriamu, Wwo 6a3yloTbCs Ha TpaHCNNaHTauii XUTTe-
30aTHUX KNITUHHUX NonynAuin (Tabn. 2).

Thus, the combination of these three mechanisms-
homing, differentiation, and paracrine activity — forms
a complex therapeutic effect that underlies modern
approaches to regenerative medicine and cell therapy.

In regenerative medicine, the use of cell-free
therapeutic products, in particular cryo-extracts from
various biological tissues (placenta, spleen, heart tissue,
skin, etc.) or secretions obtained from mesenchymal stem
cells (MSCs) offers a number of fundamental advantages
over strategies based on the transplantation of viable cell
populations (Table 2).

Tabnuus 2. MopiBHsNbHa xapakTepucTuka Tepanii eksocomamu MCK Ta knitTuHHoi TpaHcnnaHTauii MCK: nepesaru i1 o6mexeHHs [59]

Table 2. Comparative characteristics of MSC exosome thera

py and MSC cell transplantation: advantages and limitations [59]

BukopuctanHs eksocom 3 MCK
Use of MSC exosomes

TpaHcnnanTauis MCK
MSC transplantation

MepeBarn
Advantages

(1) Hu3bka iMmyHOreHHicTb

(2) BigcyTHicTb pennikauiiHol 3gaTHOCTI

(3) BupaxkeHuii BB Ha NeYiHKy

(4) Hakonn4eHHs Kinbkox 6ioakTMBHUX hakTopiB
(5) MpocToTa BUpOGHMLTBa

(1) Low immunogenicity

(2) Absence of replicative capacity

(3) Pronounced effect on the liver

(4) Accumulation of several bioactive factors
(5) Ease of production

(1) Bucoka 3gatHicTb 0o pereHepalii Ta gudpepeHuiauii
(2) CunbHa apanTuBHa 34aTHICTb
(3) DoBeneHa eheKTUBHICTb Y KMiHIYHNX 3aCTOCYBaHHSAX

(1) High capacity for regeneration and differentiation
(2) Strong adaptive capacity
(3) Proven effectiveness in clinical applications

Disad

Hepnonikun

vantages

(1) Bucoka reTeporeHHIiCTb Yepe3 HedoCTaTHIO CTaHOapTu-
3aUit0 METOAIB eKCTPaKLii Ta OYULLEHHS

(2) KopotkoTpuBana 6ionoriyHa aKkTUBHICTb i CKMagHOLLj
3i 306epiraHHsAM

(3) MoxnuBicTb KOHTaMiHaLii

(1) High heterogeneity due to insufficient standardization
of extraction and purification methods

(2) Short-term biological activity and storage difficulties

(3) Possibility of contamination

(1) HectabinbHun deHoTtvn

(2) HeBM3HaveHe BXMBaHHS Ta NOLUMPEHHS NiCns TpaHcnnaHTauii
(3) MoTeHLiHa OHKOreHHICTb

(4) Pusuk KMiTMHHOTO BiATOPrHEHHS MPW arnoreHHi TpaHcnnaHTawii
(5) CknapgHi BupobHuyi npouecu

(6) Puawuk natonorivyHoi nporpecii Yepes abepaHTHy AndepeHLiaLiio
(7) MoxnuBicTb CyanHHOI OKMto3ii Ta TpomMO0o3y

(1) Unstable phenotype

(2) Uncertain survival and distribution after transplantation

(3) Potential oncogenicity

(4) Risk of cellular rejection in allogeneic transplantation

(5) Complex manufacturing processes

(6) Risk of pathological progression due to aberrant differentiation
(7) Possibility of vascular occlusion and thrombosis

[lo-nepwle, BUKOPUCTAHHS CEKPETOMY  MiHIMi3ye
HWU3KY pY3nKiB 6e3neku, NnpuTaMaHHMX BBEAEHHIO Nponi-
dhepaTtMBHUX KMIiTWH, BKMYHO 3 npobnemamu iMmyHHOI
CYMICHOCTI, NMOTEHLNHOK OHKOreHHICTIO, POpMYyBaHHAM
MikpoemborniB Ta MOXNUBICTIO nepedadi iHDEKUinHMX
areHTiB [60, 61, 62]. Mo-gpyre, cekpetom MCK nioaa-
€TbCA CTAHOAPTU30BaHIN OUiHUI wWoao 06e3neyvyHocTi,
[O030BUX XapakTepuCTUK Ta TepaneBTUYHOI edeKTUB-
HOCTi, WO Habnwkae Moro A0 KMacu4Hoi chapmakono-
rivHoT Moaeni 1 cnpoLye perynatopHi nigxogu. MNMo-tpete,
36epiraHHs cekpeTomy He noTpebye BMKOPUCTAHHS Kpio-
KOHCEpPBAHTIB, L0 MOTEHUINHO 3HWXYE TOKCUKOFOTiYHI

First, the use of secretions minimizes a number
of safety risks associated with the introduction
of proliferative cells, including immune compatibility
issues, potential oncogenicity, microembolism formation,
and the possibility of transmitting infectious agents [60,
61, 62]. Second, MSC secretions undergo standardized
evaluation for safety, dosage characteristics, and
therapeutic efficacy, which brings them closer to the
classical pharmacological model and simplifies
regulatory approaches. Third, storage of the secretions
does not require the use of cryopreservatives, which
potentially reduces toxicological risks and allows the
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pu3vkn Ta [o3sonsie 36epirat CTabiMNbHICTL NPOAYKTY
TpuBanuii Yac 6e3 BTpaTu akTMBHOCTI [60, 61, 62]. MNo-yeT-
BepTe, 3aCTOCYBaHHS CEKPETOMY, TaKOro SK KOHAMLOHO-
BaHe cepeposulle (KC), € Binbll NpakTUYHUM i €KOHO-
MiYHO BUWIOHVMM 3 OMMsiAy Ha BIOCYTHICTb HEOOXigHOCTI
y TpaBMaTU4HMX npoueaypax 3abopy KniTuH, wo 3abes-
nevye Kpally OOCTYMHICTb ANsS KMiHIYHOT npakTuku [63].
Mo-n'ate, macwTabyBaHHA BMPOOHULTBA MOXNUBE
3aBOSKN BMKOPUCTAHHIO CTaHAAPTM30BaHUX KMITUHHMX
NiHIM Yy KOHTPONbOBaHUX yMOBax, LLO Aae 3MOry OTpu-
MyBaTV PenpoayKTVBHI napTii 6ioakTuBHUX Monekyn 6e3
BapiabenbHOCTi, MpuTamaHHOI MNEPBUHHUM  KMITUHHUM
KyneTypam. [Mo-wocTe, yac Ta BapTicTb po3wwmpeHHs MCK
y KynbTypi MOXyTb OyTV CyTTEBO 3HWXKEHI, LLO CTBOPHOE
MOXIMBICTb HEraMHOro 3acToCyBaHHA CEKPETOMHUX
npenapariB nNpyv TOCTPUX CTaHax — ileMmii ronoBHOro
MO3Ky, iH(apkTi miokapga abo noniTpaBmi. HapewrTi,
oTpumaHi 6ionorivHi NpogykTn 3a NoTpedun MoxyTb ByTn
MoandpikoBaHi in vitro 3 METOK MOCUMEHHST cneundivHmnX
edpekTiB, onTumisauii cnpsmoBaHocTi Aii abo perynsauii
TpuBanocTi 6ionoriyHoi akTMBHOCTI [49].

KC saBnsie cobol MOBHWIA KOMMIEKC edeKTOPHUX
KOMMOHEHTIB CEKPETOMY KMiTMHHOIO MOXOOXKEHHS, AKUN
BKIHOHAE SK PO3YMHHI MOMEKYNK, TaK i BE3NKYNAPHI CTPYK-
Typu. BuaineHHs pO34MHHOI YacTVHW CeKpeTomy Bif
dpakuii mikpoBesmkyn moxe OyTu 3giicHeHe 3a gono-
MOrot0 AncepeHLiNHOro LeHTpUdYryBaHHs, MeMOpaHHOT
QinbTpadii, noniMepHoOro OCamKeHHsl, IOHOOOMIHHOT
xpomarorpadii abo xpomartorpadii 3 BUKIMIOYEHHSAM
3a po3mipom [64]. KoxeH i3 uUMXx MeTodiB Mae BnacHi
OBOMEXeHHS LWOoAO0 CEeNneKTUBHOCTI, BMXOQY Ta YUCTOTU
npoaykTy, Wwo dopmye NoTeHLilHi axepena Bapiabenb-
HOCTI W BUMMarae ctaHgapTusauii yMOB AN OTPUMaHHS
BiATBOPIOBaHMX TepaneBTUYHUX NpenaparTiB. HakonuyeHi
eKcrneprIMeHTanbHi AaHi AEMOHCTPYIOTb, WO SK PO3YMHHI
hakTopn cekpeToMy, Tak i BE3NKYNAPHI eNeMeHTn 30aTHi
CaMOCTIVHO iHiLiloBaTU TKaHWHHY pereHepadito, onoce-
pedkoByBaTM penapaTMBHI peakuii Ta HaBiTb akTuBy-
BaTW npouecu de novo opraHoreHesy npu MOLENMOBaHHI
TKaHMHHO-IHXXEHEePHNX KOHCTPYKTIB ex vivo [49, 65, 66].
Taka nogBiNHICTb AiTl CBiAYMTE NPO KOMMIEKCHUI XapakTep
CeKpeToMy SK iHTerpoBaHoi nnatopMn MKKMITUHHOT
curHanisadii, NOTeHUiHO 30aTHOI BiATBOPOBATU edpeKTn
MCK 6e3 BUKOpUCTaHHS caMUX KIiTUH.

Y Hu3ui pocnigkeHb BcTaHoBneHo, wo KC, otpu-
maHe 3 MCK, 3abesneuye iCTOTHe NOKpaLLeHHS LUMPOKOro
cnekTpa GiomapkepiB maTonoriyHMx npouecis Ta y bara-
TbOX eKCMepUMEHTanbHUX MOAENSX AEeMOHCTpye edek-
TUBHICTb, 3iCTaBnoBaHy 3 TpaHcnnaHTauieto cammx MCK
(tabn. 1). Takvn edeKT nigTBEPOXKYE KIOYOBY pPOrb
CeKpeToM-0nocepeaKkoBaHNX MEXaHi3MiB y TepaneBTUYHIN
aii MCK ta copmye OCHOBY Ansi nodarnbLlUoro po3BUTKY
6e3kniTMHHKX GionpenaparTiB y pereHepaTuBHIN MeauLUHI.

CyyacHun aHania MonekynspHux i GionoriyHux
BMacTUBOCTEWN KNITMHHUX EKCTPakTiB CBiAYMTb Mpo Te,
Wo usA rpyna GeskniTMHHUX MPOAYKTIB MOCIOae OKpeme
MicLe cepep, pereHepaTuBHUX MiaXoAiB, OCKINbKM NOEAHYE
BMCOKY GiOnoriyHy aKkTUBHICTb i3 HU3bKMM npodpinem
PU3MKIB, MPUTAMaHHUX 3aCTOCYBAHHK >KUTTE3AATHUX
KNiTUH. KNiTUHHWIA eKCTpaKT BU3HAYalTb SIK reTepOreHHy
CYMill BHYTPILLUHBOKMITUHHUX KOMMOHEHTIB, IO hopMy-
€TbCA MiA Yac KOHTPOMbOBAHOrO PYWMHYBAHHS KNiTUHHOT
mMemOpaHM Ta MICTUTb LUMPOKUA CMEKTP PO3YMHHUX

product to remain stable for a long time without losing its
activity [60, 61, 62]. Fourth, the use of secretions, such
as conditioned medium (CM), is more practical and cost-
effective given the absence of traumatic cell collection
procedures, which ensures better accessibility for clinical
practice [63]. Fifth, scaling up production is possible
thanks to the use of standardized cell lines under
controlled conditions, which makes it possible to obtain
reproducible batches of bioactive molecules without the
variability inherent in primary cell cultures. Sixth, the time
and cost of expanding MSCs in culture can be significantly
reduced, which creates the possibility of immediate
use of secretory preparations in acute conditions —
cerebral ischemia, myocardial infarction, or multiple
trauma. Finally, the biological products obtained can
be modified in vitro as needed to enhance specific effects,
optimize the direction of action, or regulate the duration
of biological activity [49].

CS is a complete complex of effector components
of cell-derived secretions, which includes both soluble
molecules and vesicular structures. The soluble part
of thesecretion can be separated from the microvesicle
fraction by differential centrifugation, membrane filtration,
polymer precipitation, ion exchange chromatography,
or size exclusion chromatography [64]. Each of these
methods has its own limitations in terms of selectivity,
yield, and product purity, which creates potential sources
of variability and requires standardization of conditions for
obtaining reproducible therapeutic drugs. Accumulated
experimental data demonstrate that both soluble factors
of the secretome and vesicular elements are capable
of independently initiating tissue regeneration, mediating
reparative responses, and even activating de novo
organogenesis processes in ex vivo tissue engineering
constructs [49, 65, 66]. This dual action indicates the
complex nature of the secretome as an integrated platform
for intercellular signaling, potentially capable of reproducing
the effects of MSCs without the use of the cells themselves.

A number of studies have found that CS obtained from
MSCs provides a significant improvement in a wide range
of biomarkers of pathological processes and, in many
experimental models, demonstrates efficacy comparable
to the transplantation of MSCs themselves (Table 1).
This effect confirms the key role of secretion-mediated
mechanisms in the therapeutic action of MSCs and forms
the basis for the further development of cell-free biological
products in regenerative medicine.

Modern analysis of the molecular and biological
properties of cell extracts indicates that this group
of cell-free products occupies a special place among
regenerative approaches, as it combines high biological
activity with a low risk profile inherent in the use of viable
cells. Cell extract is defined as a heterogeneous mixture
of intracellular components formed during the controlled
destruction of the cell membrane and containing a wide
range of soluble and structural molecules—proteins,
nucleic acids, lipids, carbohydrates, low molecular weight
metabolites, and organelle fragments [67, 68]. This
multicomponent composition ensures the ability of cell
extracts to reproduce a significant part of the regulatory
properties characteristic of intact cells, while completely
eliminating the risks of proliferation, uncontrolled
differentiation, or possible oncogenic effects.
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i CTPYKTYpPHUX Mornekyn — Oinku, HyKNeiHoBi Kucnotw,
ninignM, BYrMeBOAM, HW3bKOMOMNEKYNAPHi  MeTabonity,
a Takox dparmeHTW opraHen [67, 68]. Takuin B6araTtoko-
MMOHEHTHUIN CKNag 3abesnedye 34aTHICTb  KNITUHHKX
€KCTPaKTiB BiATBOPIOBATM 3HAYHY YACTMHY PEryNATOPHUX
BMAacCTMBOCTEN, XapaKTepPHUX [ANs  iHTaKTHUX KIiTUH,
BOOHOYAC MOBHICTIO YCyBaluyM puU3NKK npornidepadii,
HEKOHTPONbLOBaHOI AndpepeHuiaLii Yn MOXIMBUX OHKO-
reHHuX edekTiB.

IcTopryHO MeToan ni3ucy KMiTUH BUKOPUCTOBYBA-
nMcsa y OOCRIOHWUUBKUX Uinsax Ong BUAINEHHS opraHen,
oumLLeHHa GinkiB abo aHanisy BHYTPILLUHBOKMITUHHMX
curHanbHux wnaxis. OgHak nornMbneHe BUBYEHHS PyHK-
LioHanNbHUX BMAacTUBOCTEN BHYTPILLUHLOKMITUHHUX MOMe-
KyNsIpHUX KOMMIIEKCIB MOKa3ano, Lo BOHW MaThb iCTOTHY
30aTHICTb MOAymMoBaTK 3ananeHHs, anonTos, aHrioreHes,
pPEMOJENIOBAaHHA MO3aKIiTUHHOIO MaTpukcy Ta MeTa-
6oniyHi mpouecu. 3 ornAdy Ha uUe KNiTUHHI eKCTpakTu
noyanu po3rnsagaTtucs He K TEXHIYHWUA IHCTPYMEHT, a sk
camocTiiHa TepaneBTU4Ha nnatcopma 3 MoTeHuianom
aKkTMBauil eHAOreHHUX BIOHOBHWX peakuin y TKaHuHaXx,
MOLUKOMKEHMX  Pi3HUMM  MATONOMYHUMK  bakTopamu,
BKITHOYHO 3 Ji€H0 iOHI3yBarnbHOr0 BUMPOMIHIOBAHHS.

Ha nigcTaBi gaHux HU3KKM JOCnigXeHb BCTAHOBMEHO,
WO KNiTUHHI  eKCTPaKT! OEMOHCTPYIOTb  BUPaXKEHUN
TepaneBTUYHUIN edeKkT Yy LUMPOKOMY CheKTpi mogenen
nartonoriyHux ctaHie [69, 70, 71]. 3okpema, Bia3Ha4eHO
NO3UTMBHUIN BMAMB HA 3aroeHHsA paH [72], BigHOBMNEHHS
CepLeBoro M’siza nicng iHpapkTy M NOKPaLLEHHsI CTaHy
npu iwemiyHomy iHcynbTi [73, 74], mogndikauito Mikpo-
OTOYEHHS NpW TOCTPOMY MienoigHoMy nenkosi [75],
3MEHLLUEHHSA aKTMBHOCTI rOCTpPOro Komity [76], mpucko-
PeHHs penapadii Nnpy ocTeopagioHekposi [77], KopekKLito
HelpoaereHepaTUBHMX MOPYLIEHb Npu XBopobi AnbL-
renmepa [78], pereHepalito nepnepudHNX HepBIB, NoKpa-
LWeHHA MeTabomniyHMX napameTpiB npu OXWUpiHHI [79],
3HWKEHHS CTYMEeHs YLKOMKEHHS nediHku [80], BigHOB-
neHHs dyHKUiT Nnpu cuHapomi LLlerpeHa, a Takox nom’sik-
LUEHHS HacriaKiB YLIKOMKEHHS CMMHHMX 3a5os, crnpuyu-
HEHOro ioHi3yBanbHUM onpomiHeHHsaM [81]. CykynHicTb
UMX AaHWX CBiAYUTb NPO YyHiBEpCanbHICTb Ta GaraToBek-
TOPHICTb Al KNITMHHUX EKCTPakTiB, AKi 34aTHi BNnvBaTh
Ha KNOYOBi NaHKW NaTonoriYHoro npoecy.

Ocob6nvBoi  yBarM 3acnyroBye LUMPOKWAA  CMEKTP
nKepen, 3 sKAX MOXyTb OyTuW OTpMMaHi  KMiTUHHI
eKCTpaKTW. Y JOCNiMKEHHAX NpoaHani3aoBaHO eKCTPaKTy,
chopMOBaHi 3 KNITUH KICTKOBOro Mo3ky [77, 81], cToB-
OypoBMX KMiTUH KICTKOBOTO MO3Ky [82], MOHOHykne-
apHMX KNITUH KiICTKOBOTO MO3KY [73], cTOBOYPOBUX KMiTWH
KUPOBOI TKaHWHW [73, 83], TkaHuHM cenesiHkn [83],
embpioHanbHMX cToBOYpoBKX KNiTWH [84], cToBOYpOBUX
KNITUH CNMHHMX 3ano3 [85], newnkouuTie nepundepunyHoi
KpoBi [86], a Takox 3i CTOBOYPOBMX KMiTUH POCIMHHOIO
noxogxeHHs [87]. PisHomaHiTTa 6ionoriyHmnx mkepen
dopmye 3HayHy BapiabenbHICTb MONEKYNSAPHOro cknaay,
Lo [ossonsie nigidpatv onTMManbHUA TUM KIITUHHOMO
eKCTPaKTy Ans KOHKPETHOT MOAEenNi YLKOMKEHHS.

TakMM  YMHOM, KNiTUHHI  eKCTpakTM  OopMYOTb
OKpPEMWIA Knac pereHepaTMBHUX 3acobiB, WO MOeaHye
nepesarn 6e3KNITMHHOIO MiAXoAy 3 BUCOKOK BionoriyHow
edeKTUBHICTIO. IX 3acTOCyBaHHS MiHIMI3ye pU3MKK, MNOB’s-
3aHi 3 BUKOPUCTAHHSAM XUBUX KNiTWH, Ta 3abe3nedye
OOCTYMHICTb Y BUPOOHULTBI, MOXIMBICTb CTaHA4apTM3aLlii,

Historically, cell lysis methods have been used
for research purposes to isolate organelles, purify
proteins, or analyze intracellular signaling pathways.
However, indepth studies of the functional properties
of intracellular molecular complexes have shown that
they have a significant ability to modulate inflammation,
apoptosis, angiogenesis, extracellular matrix remodeling,
and metabolic processes. In view of this, cell extracts
began to be considered not as a technical tool, but as an
independent therapeutic platform with the potential
to activate endogenous repair reactions in tissues
damaged by various pathological factors, including the
effects of ionizing radiation.

Based on data from a number of studies, it has been
established that cell extracts demonstrate a pronounced
therapeutic effect in a wide range of pathological
conditions [69, 70, 71]. In particular, a positive effect
has been noted on wound healing wounds [72],
restoration of the heart muscle after a heart attack and
improvement of the condition in ischemic stroke [73, 74],
modification of the microenvironment in acute myeloid
leukemia [75], reduction of acute colitis activity [76],
acceleration of repair in osteoradionecrosis [77],
correction of neurodegenerative disorders in Alzheimer’s
disease [78], regeneration of peripheral nerves,
improvement of metabolic parameters in obesity [79],
reduction of liver damage [80], restoration of function
in Sjugren’s syndrome, and mitigation of the effects
of salivary gland damage caused by ionizing radiation [81].
Taken together, these data indicate the versatility and
multidirectional action of cell extracts, which are capable
of influencing key links in the pathological process.

The wide range of sources from which cell extracts
can be obtained deserves special attention. The studies
analyzed extracts formed from bone marrow cells [77, 81],
bone marrow stem cells [82], bone marrow mononuclear
cells [73], adipose tissue stem cells [73, 83], spleen
tissue [83], embryonic stem cells [84], salivary gland stem
cells [85], peripheral blood leukocytes [86], and plant-
derived stem cells [87]. The diversity of biological sources
creates significant variability in molecular composition,
allowing the selection of the optimal type of cell extract for
a specific damage model.

Thus, cell extracts form a separate class
of regenerative agents that combine the advantages
of a cell-free approach with high biological efficacy. Their
use minimizes the risks associated with the use of living
cells and ensures availability in production, the possibility
of standardization, reproducibility, and potential suitability
for large-scale clinical use. At the same time, there
is still a need for further research on optimizing methods
of obtaining, controlling composition, standardizing
activity, and evaluating long-term effects, which is critical
for the implementation of this technology in clinical
practice.
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BiTBOPIOBAHICTb i MOTEHUIVHY MpuAaTHICTb Ans Maclu-
TabHOro KniHiYHOro BUKOPUCTaHHSA. PazoM 3 TuM 36epi-
raeTbCsi HeobXxigHiCTb noganbluMX [OCNISKEHb LIOAO
ONTMMIi3auii MeTOAIB OTPMMAaHHS, KOHTPOM CKnagy,
CTaHAapTu3auii akTMBHOCTI Ta OUIHKW [LOBrOCTPOKOBUX
eeKTiB, WO € KPUTUYHO BaXKIIMBMM AN1S1 BNPOBAMKEHHSI
L€l TEXHOMOTIT y KMiHIYHY NPaKTuKy.

4. BNAMB METOAY Ai3UCY HO MOAEKYASAPHUI

CKAQA, GioAOTiHHY OKTUBHICTD

TA CTAHAQPTU3ALLIIO KPIOEKCTPAKTiB

Mpw nigrotoBUi KNITUHHWUX eKCTpakTiB BUOIp meToay
nisucy BM3Ha4Yae He nuwe edeKTUBHICTb PYMHYBaHHS
KNITUHHUX CTPYKTYp, ane W BMAMAMBaE Ha SKICHUW, Kinb-
KICHMI Ta doyHKUiOHanbHUA Npodinb oaepxaHux Giomo-
nekyn. BcrtaHoBneHo, wWwo cnoci6 nopyLueHHs 060NoHOK
KNiTMH 3YMOBIIOE CTYMNiHb 30epexeHHA MNpOCTOPOBOI
opraHisdauii 6inkiB, akTMBHOCTI (DEPMEHTIB, IHTAKTHOCTI
mMembpaHHUX dparMeHTiB, CTabiNbHOCTI HYKNEIHOBUX
KMUCMOT Ta PiBHSA MOXIUBUX OOMILLOK, O MOXYTb YTBO-
ptoBaTUCSl BHACMIAOK BHYTPILHBOKNITUHHOMO aBTOMi3y
abo ximiyHOi Mogudcpikauii komnoHeHTiB [20]. Takum
YMHOM, MeToA ni3nCcy BUCTYNAe OOHUM i3 KIHOYOBUX
nimMiTyounx akTopiB ANs nodanbLuoi TOMHOCTI aHani-
TUYHUX BUMIpIOBaHb, YMCTOTM npenapary, 6GionoriyHoi
aKTMBHOCTI €eKCTPaKTy Ta BiATBOPIOBAHOCTI pe3ynbraTis
y pi3HUX cepisx BuMpoOHUUTBa (Tabn. 3). PosrnaHyTi
HWXKYe TEXHOMOrIYHI MiaXxoan OEMOHCTPYIOTb XapakTepHi
naTepHu BNAvBY Ha KiHLEBUIA NPOAYKT Ta BigobpaxatoTb
TUNOBUI CMNEKTP KOMMPOMICIB MiX BMXOOOM, 3b6epexe-
HICTIO Ta CNeUMdIYHICTIO BUNyYEHUX MOMEKY.

MexaHi4yHi MemoOdu, 30kpema romoreHisaLlist BUCOKOro
Tucky (high-pressure homogenization) abo nogpiGHeHHsI
y npucyTHoCTI mikpocdep (bead-mill), xapakTepuaytoTbcsi
3gaTtHicTio  3abesnedyBaTu  MOBHOLiHHE  PO3PVIBAHHS
KNITUHHMX CTIHOK i MembpaH 3a paxyHOK iHTEHCUBHWX
3CYBHUX HanpyxeHb Ta KonisinHmx ypapis [88]. Taki
YMOBW CMpUSitOTb BUCOKOMY BWUXOZY BHYTPILLIHBOKMITUH-
HOro BMiCTYy Ta eheKTMBHO 3aCTOCOBYHOTLCA A1 06pobku
LWiNbHMX CYCMEH3IiN Ta KIiTUH i3 MiLHMMK 0BOMoHKaMM.
BogHoyac BCTaAHOBMEHO, WO MEeXaHiyHWI BMfvB Cynpo-
BOOXKYETbCA MOKanbHMM HarpiBaHHAM Ta KOpoTKo4dac-
HAMMW MiKaMW TUCKY, SIKi NOTEHUINHO 3A4aTHI CNPUYMHATU
YyacTkoBy AeHaTypauito OinkiB, akTuBauito eHLOreHHUX
npoteas i parMeHTauito HykneiHoBux KucroT. Kpim
TOro, HagMipHa MexaHiyHa fis hopMye 3HauYHi KifbKOCTi
KNiITMHHOTO AeTpuTy, a TakoX MOXe MigBuLlyBaTh B'A3-
KICTb €eKCTpaKkTy 3a PaxyHOK BWBINIbHEHHSA MOMIMEPHUX
KOMMOHEHTIB UMTOCKENeTa Ta HyKMeiHOBMX KUCIOT,
WO YyCKnagHoe nojanblli eTany OYULLEeHHs Ta inb-
Tpauii [88]. Taki obMexXeHHs1 € TMMOBMMW ANs NPOLECIB,
OPIEHTOBAHUX Ha OTPMMAaHHSA (PYHKLOHANbHO aKTUBHUX
6inkiB abo TepmonabinbHMX Monekyn.

Kaeimauiiini mMemodu, 3okpemMa YynbTpasBykoBa
fAesiHTerpauis, 6asylTbca Ha dopmyBaHHI Ta konarnci
MikpoOynb6aLloK y piguHi, L0 CTBOPHE BMUCOKI NoKasbHi
Hanpy>XeHHs 3CyBY, yaapHi XBuni Ta MikpocTpymeHi. Ontu-
Mi3aLis 4acToTK, MOTYXXHOCTI Ta TPMBAaroCTi ynbTpasBy-
KOBOro BMMVBY Aa€ 3MOry [OCSraT BUCOKOI edeKTUB-
HOCTi pYMHYBaHHS KNiTWH i LinecnpaMoBaHoi ekcTpakuii
rigpoobHNX KOMMOHEHTIB, 30Kpema ninigie, nonidge-
HOmMIB Ta iHLIMX HU3bKOMOIEKYNSAPHUX crnonyk. Lle pobutb
yNbTPasByK LiHHUM iHCTPYMEHTOM ANns GioTEXHOMNOriYHMX

4. The effect of the lysis method on the
molecular composition, biological activity
and standardization of cryoexiracts

When preparing cell extracts, the choice of lysis
method determines not only the efficiency of cell structure
destruction, but also affects the qualitative, quantitative,
and functional profile of the biomolecules obtained. It has
been established that the method of cell membrane
disruption determines the degree of preservation
of the spatial organization of proteins, enzyme activity,
membrane fragment integrity, nucleic acid stability, and
the level of possible impurities that may form as a result
of intracellular autolysis or chemical modification
of components [20]. Thus, the lysis method is one
of the key limiting factors for the subsequent accuracy
of analytical measurements, purity of the preparation,
biological activity of the extract, and reproducibility
of results in different production series (Table 3). The
technological approaches discussed below demonstrate
characteristic patterns of influence on the final product
and reflect a typical range of compromises between yield,
preservation, and specificity of the extracted molecules.

Mechanical methods, in particular  high-
pressure homogenization or grinding in the presence
of microspheres (bead mill), are characterized by their
ability to ensure complete rupture of cell walls and
membranes due to intense shear stresses and collision
impacts [88]. Such conditions promote high yield
of intracellular content and are effectively used for
processing dense suspensions and cells with strong
membranes. At the same time, it has been established
that mechanical impact is accompanied by local heating
and short-term pressure peaks, which are potentially
capable of causing partial protein denaturation, activation
of endogenous proteases, and fragmentation of nucleic
acids. In addition, excessive mechanical action forms
significant amounts of cell debris and can also increase
the viscosity of the extract due to the release of polymer
components of the cytoskeleton and nucleic acids, which
complicates further stages of purification and filtration [88].
Such limitations are typical for processes aimed
at obtaining functionally active proteins or thermolabile
molecules.

Cavitation methods, in particular ultrasonic
disintegration, are based on the formation and collapse
of microbubbles in a liquid, which creates high local shear
stresses, shock waves, and microjets. Optimization of the
frequency, power, and duration of ultrasonic exposure
allows for highly efficient cell disruption and targeted
extraction of hydrophobic components, including lipids,
polyphenols, and other low-molecularweight compounds.
This makes ultrasound a valuable tool for biotechnological
processes involving microalgae, plant raw materials, and
matrices with a high content of lipophilic molecules. At the
same time, excessive cavitation intensity can cause the
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npoLecis, NOB’A3aHMX i3 MIKPOBOSAOPOCTSAMU, POCITUHHO
CVPOBWHOIO Ta MaTpuusMK 3 NiABULLEHMM BMICTOM nino-
dinbHMX Monekyn. BogHoyac HagMmipHa iHTEHCUMBHICTb
KaBiTalii MOXe CNpUYMHATU YTBOPEHHS OKanbHUX
«rapsumx TOYOK» i BiNMbHUX paauvKanis, 34aTHUX OKUCHIO-
BaTV abo moaudpikyBaT TepmonabinbHi KOMNoHeHTu [89,
90, 91]. Bokpema, Ginkn Ta nenTnam i3 HectabinbHUMK
[JOMeHaMW, a TakoX Aesiki BiTaMiHW, Lo nerko nigga-
IOTbCSl OKVCHEHHIO, OEMOHCTPYIOTb 3HWKEHHSA DyHKLiO-
HamnbHOI aKTMBHOCTI y pasi HaAMIpPHOrO yrnbTPa3ByKOBOIO
BMAMBY. TakMM YMHOM, KaBiTauiiHM nisuc noTtpebye
TOYHOrO KOHTPOMIO napameTpiB, Wob gocartm 6anaHcy
MK e(DEKTUBHICTIO PYWHYBaHHS KMNiTUH Ta MiHimi3auieto
YLIKOOKEHHSI Giomonekyr.

KpiozeHHuti ni3uc, wo nepenbavae noapibHeHHS
TKaHWH abo KMiTMH NpW HagHU3bKMX TemnepaTypax,
30KpeMa i3 3acToCyBaHHsIM pigkoro asoTy abo cepen-
oBuwy i3 Temnepatypoto —80 °C, 3abe3nevye makcu-
MarnbHO MOXIMBE 30EPEXEHHSI YYTNMBUX CTPYKTYPHUX
Ta yHKLiOHaNbHMX KOMMOHEHTIB. Husbki Temnepartypu
3HAYHO 3HWXYHOTb aKTUBHICTb EHAOIEHHMX NpoTeas, ninas
Ta Hykneas, 3aBOAKU YOMY MiHIMi3yeTbCA HEKOHTPOIbO-
BaHWI aBToONI3 i Aerpagadia GinkiB, epMeHTIB, €K30COM
Ta iHWWX HaHOPO3MIpHWUX CTPYKTyp [92]. Takwui nigxig
€ 0cobnMBO perneBaHTHMM Yy BuUMagkax, Konv HeobxigHo
3a6e3neynT iHTaKTHICTb BUCOKOKOHGOPMaLNHKX Binkis,
MeMOpaHHUX peLenTopiB, CUrHaNbHUX  KOMMIEKCIB
abo neTkMx apoMaTWYHMX KOMMOHEHTIB. [ocmimxeHHs
Ha npuknagi cneuin OeMOHCTPYHTb, LWO KpioreHHe
nogpibHeHHs 36epirac neTki apomaTuyHi Cnomnyku, Togi
K eKcTpakuisd MikpoBogopocTen niaTBepaxye 3b6epe-
KEHHs1 OIONoriYHO akTUBHMX MOMEKYNn Yy KpiOreHHUxX
ekcTpaktax [92]. Came ue pobuTb KpioreHHW nigxig
OfHUM i3 HaWbINbLW WaaHMX METOAIB Y BMNagkax, Komm
KIHLEBMWI MPOAYKT MOBMHEH 30epiratv npuvpoaHy Gioak-
TUBHICTb | CTPYKTYPY.

PepmMeHmMamueHuUl Ji3Uc T'PYHTYETbCA Ha 3acTo-
CyBaHHi bepMeHTiB, 34aTHUMX BMOIPKOBO [AerpagysaTtu
KOMMOHEHTU KMiTUHHUX CTiHOK abo membpaH, 3abes-
Nneyyodnm BUCOKUA pPiBEHb CEMEKTMBHOCTI Ta MiHiMi-
3aLil0 MexaHivyHoro ctpecy [29]. BctaHoBneHo, Wwo npu
npaBunbHOMYy [[060pi PepMeHTIB pPYMHYIOTbCA nuLle
HeOoOXiOHI CTPYKTYPHi enemeHTW, ToAdi SK BHYTPILUHbLO-
KMITUHHI BINKM Ta iHWIi UiNnboBi KOMMOHEHTU 3anuLia-
I0TbCS1 B YMOBaX, 6rn3bknx 40 hi3ionoriyHmx, Lo 3HKYE
pU3MK iX 4acTKoOBOI AeHaTypauii abo dyHKUioHanbHOT
BTpatu. OgHaK OOHMM i3 OCHOBHMX OOMEXeHb € MOTEH-
LiHe MoTpanmnsHHA 3anuLLIKoBUX (hepMeHTIB abo IXHMX
NPOAYKTIB Yy KIHLEBUIN EKCTPAKT, L0 MOXe YCKNafHioBaTu
OYMLLIEHHS1, CTBOPOBATU (DOHOBY aKTMBHICTb Ta BMNMBATK
Ha cTabinbHicTb GinkiB, ocobnueo y npouecax biodapma-
LeBTUYHOI nigrotoBku [29]. ToMmy bepMeHTaTUBHI MeToau
noTpebyoTb PETENBbHOrO KOHTPOMK YMCTOTU Ta gopar-
KOBWX eTaniB BUAANEHHS PEPMEHTHUX AOMILLIOK.

XiMiyHUU ni3uc i3 BWKOPUCTAHHAM [ETEpreHTiB,
NYXXHUX PO34MHIB abo iHWKX comnbini3ytounx areHTiB
3abe3neyye MakcnmarnbHO e(PEKTUBHE MOPYLIEHHS] MeMO-
pPaHHMX CTPYKTYp Ta BUBINbHEHHS BHYTPILUHBOKMITUHHNX
komnoHeHTiB [93]. MNepeBaroto UBOro NiAXo4y € BUCOKa
WBKUAOKICTE Ta MOXIMBICTb OOEpXKaHHSA  KOMIMMEKCHOT
cymiLli BinkiB, ninigis, HyKNeiHOBUX KUCMOT i MeTaboniTis
6e3 noTpebu y 3Ha4HOMy MexaHi4yHoMYy BnnvBi. BogHovac
BUKOPUCTaHHS XiMIYHMX peareHTiB NoB’si3aHe 3 pU3UKOM

formation of local «hot spots» and free radicals capable
of oxidizing or modifying thermolabile components [89,
90, 91]. In particular, proteins and peptides with unstable
domains, as well as some vitamins that are easily oxidized,
show a decrease in functional activity when exposed
to excessive ultrasound. Thus, cavitation lysis requires
precise control of parameters to achieve a balance
between effective cell destruction and minimization
of damage to biomolecules.

Cryogenic lysis, which involves the grinding of tissues
or cells at ultra-low temperatures, in particular using liquid
nitrogen or media at a temperature of -80 °C, ensures the
maximum possible preservation of sensitive structural and
functional components. Low temperatures significantly
reduce the activity of endogenous proteases, lipases, and
nucleases, thereby minimizing uncontrolled autolysis and
degradation of proteins, enzymes, exosomes, and other
nanoscale structures [92]. This approach is particularly
relevant in cases where it is necessary to ensure the
integrity of highly conformational proteins, membrane
receptors, signaling complexes, or volatile aromatic
components. Research on the example of spices show
that cryogenic grinding preserves volatile aromatic
compounds, while microalgae extraction confirms the
preservation of biologically active molecules in cryogenic
extracts [92]. This is what makes the cryogenic approach
one of the most gentle methods in cases where the final
product must retain its natural bioactivity and structure.

Enzymatic lysis is based on the use of enzymes
capable of selectively degrading components of cell walls
or membranes, ensuring a high level of selectivity and
minimizing mechanical stress [29]. It has been established
that with the correct selection of enzymes, only the
necessary structural elements are destroyed, while
intracellular proteins and other target components remain
in conditions close to physiological, which reduces the risk
of their partial denaturation or functional loss. However,
one of the main limitations is the potential entry of residual
enzymes or their products into the final extract, which can
complicate purification, create background activity, and
affect protein stability, especially in biopharmaceutical
preparation processes [29]. Therefore, enzymatic
methods require careful control of purity and additional
steps to remove enzyme impurities.

Chemical lysis using detergents, alkaline solutions,
or other solubilizing agents provides the most effective
disruption of membrane structures and release
of intracellular components [93]. The advantage of this
approach is its high speed and the ability to obtain
a complex mixture of proteins, lipids, nucleic acids, and
metabolites without the need for significant mechanical
impact. At the same time, the use of chemical reagents
is associated with the risk of residual concentrations
that may be toxic or capable of causing structural
modifications of sensitive molecules. For example,
it has been established that anionic detergents can
activate fibroblasts or induce an inflammatory response
in vivo if they are not sufficiently removed from the
final matrix [94]. This necessitates multistage washing,
dialysis, or other detoxification procedures to ensure the
safety and biological neutrality of the product.
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NMPUCYTHOCTI 3aNULLKOBUX KOHLIEHTPALN, SKi MOXYTb ByTi
TOKCUYHUMK abo 34aTHI CNPUYMHATW CTPYKTYPHI Moau-
ikauii yyTnuemMx Morekyn. Hanpuknag, BCTaHOBMEHO,
O aHIiOHHI [eTepreHTn MOXyTb akTuByBaTu ibpo0s-
nactu abo iHAyKyBaTW 3ananbHy BiOMOBiAb in Vivo npuv
HefgoCTaTHLOMY X BMAANEHHI 3 KiHUeBOi matpuui [94].

Lle 3ymoBnioe HeobxigHiCTb

GaraTtoeTanHoro npomu-

BaHHS, Aianidy abo iHWuX npouenyp AeToKcuKauii ans
3abesneyeHHs ©e3neyHocTi Ta GionoridyHoi HenTparnb-

HOCTi MPOAYKTY.

Tabnuus 3. MNopiBHANbHA XapakTepucTka MeToAiB Mi3ncy KNiTWH Ta iX BNNMBY Ha AKICHUIA CKrag eKCTpakTy
Table 3. Comparative characteristics of cell lysis methods and their impact on the qualitative composition of the extract

TexHormoris nisucy
Lysis technology

OuikyBaHWI BB Ha CKNaf eKCTPaKTy
Expected impact on the composition of the extract

MexaHiyHi meTOOM  (romoreHi-
3auia nig Tuckom, bead milling
TOLLO)

Mechanical methods (pressure
homogenization, bead milling,
etc.)

3abesnevyloTb BUCOKY eMEKTUBHICTb PyMHYBaHHSA KMiTWH, MPOTEe CYNPOBOMKYIOTLCS 3HAYHWUM
3CYBHVM HaBaHTaXXEHHSAM | NTOKarnbH1M NeperpiBom, Lo MiABULLYE PU3VK AeHaTypaLlii 6inkiB Ta aktu-
Baujil npoTeonisy. YHacnigok iIHTEeHCMBHOIO MEXaHI4YHOrO BNVBY B OAEPXaHOMY €KCTpaKTi 3a3Buyan
MICTUTBCSI BEMNVIKA KiNbKICTb KMITUHHOMO AETPUTY, HYKNEIHOBMUX KUCMOT i MemMBpaHHUX dparmMeHTiB,
LLIO MOXe YCKITafHI0BaT! NOAAnbLUI €Tany OYMLLEHHS Ta BMNVBATW Ha SKICTb KiIHLEEBOrO BionpoayKTy.

Provide high efficiency of cell disruption; however, they are accompanied by significant shear
stress and local overheating, which increases the risk of protein denaturation and activation
of proteolysis. As a result of intensive mechanical impact, the obtained extract usually contains
a large amount of cell debris, nucleic acids, and membrane fragments, which may complicate
further purification steps and affect the quality of the final bioproduct.

KagiTauivini meTogn (ynsTpasBsyk,
rigpoavMHaMivHa KaBiTauist)

Cavitation methods (ultrasound,
hydrodynamic cavitation)

KagiTauivHi npouecu nig Yac ynsTpa3ByKOBOMO Y TiApPOAVHAMIYHOMO Mi3NUCy CyNpOBOAXKYTbCS
yTBOpPEeHHsIM Bynbballok, ki nig Yac konancy CTBOPHTL NoKarbHi 30HW NiABULLEHOI TeMnepa-
TYpU Ta reHepyloTb peakTUBHI pagunkanu. 3a HaAMIpHOI IHTEHCMBHOCTI TaKoro BNMBY MOXIUBE
YLWKOMKEHHS TepmonabinbHUX CNonyK, 3okpema BiTaMiHiB, OKpeMUX nenTuais i nonigpeHonbHMX
KOMMOHeHTIB. BogHouac 3a onTuMarnbHO nigibpaHnx pexumis kasiTauii 3abesnevyetbes edek-
TUBHE BWUIYYEHHS MinigiB Ta iHWWX rigpodo6HMX MOneKkyn i3 MiHiManbHOK 3MiHOK TXHbOrO
cknagy, Wo crnpusie 36epexxeHHI0 XxapakTepHOro npodinto XUPHUX KUCIOT y KiIHLEBOMY eKCTPaKTi.

Cavitation processes during ultrasonic or hydrodynamic lysis are accompanied by the formation
of bubbles that, upon collapse, create local zones of elevated temperature and generate reactive
radicals. With excessive intensity of such exposure, damage to thermolabile compounds
is possible, including vitamins, certain peptides, and polyphenolic components. At the same time,
under optimally selected cavitation conditions, efficient extraction of lipids and other hydrophobic
molecules is ensured with minimal alteration of their composition, contributing to preservation
of the characteristic fatty acid profile in the final extract.

KpioreHHu# nisvc  (kpionoapi6-
HEeHHs, Ni3uc npu Temnepatypi
Big —80 °C no -196 °C)

Cryogenic lysis (cryogrinding,
lysis at temperatures from
-80 °C to =196 °C)

MoppibHeHHs, Wo 3ailncHIETLCS 3a TemnepaTypu 6nmabko —80 °C abo 3 BUKOPUCTAHHAM PigKkoro
asory, 3abe3nedye MiHiMi3aLlito TEMMOBOro N OKCUAATUBHOTO YLIKOMKEHHst Biomonekyn. 3HayHO
KpaLle 36epiraoTbest NeTki Ta TepMonabinbHi KOMMOHEHTU, @ TakoX CTPYKTYpPHI Binku 1 nentuaum,
YyTnMBI 0O Aii TeMnepaTypy Ta akTUBHOCTI hepmeHTiB. Hu3bka Temnepartypa iCTOTHO NpUrHiyye
pobOoTy eHOoreHHUX NpoTeas, Lo 3MeHLUYe Aerpagaito ek30CoM Ta PepMeHTIB i cnpusie oTpu-
MaHHIO EKCTPaKTY 3 BiNbLLOK 36epEXEHICTIO PYHKLIIOHANBHO BaXMMBUX KOMMOHEHTIB.

Grinding performed at temperatures around -80 °C or using liquid nitrogen ensures minimization
of thermal and oxidative damage to biomolecules. Volatile and thermolabile components, as well
as structural proteins and peptides sensitive to temperature and enzymatic activity, are preserved
much better. Low temperature significantly suppresses the activity of endogenous proteases,
which reduces degradation of exosomes and enzymes and contributes to obtaining an extract
with greater preservation of functionally important components.

depMeHTaTMBHUIA Ni3NC

Enzymatic lysis

XapakTepuayeTbCsl BUCOKOK CENEKTUBHICTIO, OCKINbKM Aa€ 3MOry LinecnpsMoBaHO pynHyBaTu
KNITUHHY CTiHKY abo MembpaHy npu MiHiManbHOMY MeXaHiYHOMY HaBaHTaXEHHi. 3MEHLUYETbCA
PU3NK MEXaHIYHOTO YLLKOIXXEHHS BinkiB Ta iHLLIMX CTPYKTYPHO YyTNMBUX KOMMNOHEHTIB. BogHovyac
3aCTOCYBaHHS Mi3UCHUX (hEPMEHTIB 3yMOBIIOE T€, WO Y CKIadi OTPMMAHOro eKCTPaKTy MOXYTb
3anuwartucsa cami hepMeHTU Ym iXHi AOMILKKM, WO NOTEHLUIHO BMAMBAaE Ha nogarnblli eTanu
aHaniTmyHoro gocnigkeHHs abo oumnLeHHst Giomonekyr.

Itis characterized by high selectivity, as it enables targeted disruption of the cell wall or membrane
with minimal mechanical stress. The risk of mechanical damage to proteins and other structurally
sensitive components is reduced. At the same time, the use of lytic enzymes results in the possibility
that the enzymes themselves or their impurities may remain in the obtained extract, which can
potentially affect subsequent stages of analytical investigation or purification of biomolecules.
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lpodoexeHHs1 mabnuui 3 / Continuation of Table 3

XimMiyHuA  nisuc
nyru, contobinisatopu)

Chemical lysis
alkalis, solubilizers)

(detergents,

(netepreHTn, | 3abe3nevye eheKTUBHE pyiHYBaHHS KIITUHHUX MeMBpaH i 03BOSSIE LWBUAKO BUBINbHUTM LUIMPOKWUIA
CMEKTP BHYTPILLUHBOKIITUHHMX KOMMOHEHTIB. MpoTe 3acTocyBaHHSA CUMbHUX MYXXHWUX areHTiB abo
[OeTepreHTiB MOXe NPU3BOAUTM [0 MOBHOI AeHaTypalii GinkiB, WO iCTOTHO 3HWDKYE iIXHIO DYHKL-
OHanbHy UiHHICTb. [ooaTkoBOK MPOGemMold € MOXIMBE 30EpEeXeHHs 3amnuLLKOBUX peareHTiB
y MaTtpuui eKCTpakTy: AETEpreHTU Ta iHWi XiMi4Hi CMOoMyKu HEepiAKo BUSIBNAIOTLCA TOKCUHMHUMM
ONst KNiTWH, 3gaTHAMKU MoaudikyBaTy MOBEPXHIO BiomaTepiany, 3MiHIOBaTV akTUBHICTb (hepMeHTiB
i BNMMBaTW Ha IMYHOrEeHHICTb, L0 YCKIaAHIE nodarblle BUKOPUCTAHHS OTPUMaHOro GionpoayKTy.

Ensures effective disruption of cell membranes and allows rapid release of a wide range
of intracellular components. However, the use of strong alkaline agents or detergents may lead
to complete protein denaturation, significantly reducing their functional value. An additional problem
is the possible retention of residual reagents in the extract matrix: detergents and other chemical
compounds are often toxic to cells, capable of modifying the surface of biomaterials, altering enzyme
activity, and affecting immunogenicity, which complicates further use of the obtained bioproduct.

3aranom npoBeaeHnn aHania cBigunTb, LLO BUGIp MmeToay
nisncy € BM3HaYarnbHUM YMHHUKOM (POPMYBaHHS MOIEKY-
NAPHOTO MPOMINI0 KPIOEKCTPaKTIB, OCKIMbKMA KOXEH Niaxif,
Mo-pi3HOMY BrNMBa€E Ha 36epexeHiCTb CTPYKTYPHUX Birnkis,
depMeHTIB, MeMOpaHHNX KOMMOHEHTIB, ninigie, nenTuais
Ta HW3bKOMOMEKYNAPHUX MeTaboniTiB. MexaHiyHi i kaBi-
TaUinHi TexHonorii 3abe3nedvyroTb BUCOKWIA BuXig Giomate-
piany, NpoTe CynpOBOMXYHTECA PU3NKaMU TEPMOMEXaHIY-
HOTO YLUKODKEHHS Ta reHepallii 3Ha4HOI KifTlbKOCTi JOMILLIOK.
PepmeHTaTVBHI Ta XiMiYHI METOAM AatoTb 3MOry npaLoBaTi
3a M'SIKILLMX YMOB, arne noTpedyoTb PeTeNnbHOr0 KOHTPOSI
nomiwok depMeHTiB abo 3anuvLLIKOBUX peareHTiB. Hato-
MICTb KPIOFEHHWI Mi3NC NPOAEMOHCTPYBaB HawbinbLL crpu-
SATAMBUIA NpodPinb Woao 36epesxeHHs 6ionoriyHO akTUBHMX
KOMMOHEHTIB, MiHimi3aLii aBToni3y Ta cTabinbHOCTI HATUBHOT
CTPYKTYPU MOReKyr, WO pobuTb MOro ontuMarnbsHUM Bapi-
aHTOM Ansl OTPUMaHHS BUCOKOSIKICHUX KPIOEKCTPaKTIB.

3 noawuui ctaHaapTusadii BUpoOHMLITBaA nepeBara Kpio-
reHHOro MeTofdy Monsrae B MOro 34aTHOCTI BiATBOPHOBAHO
dopmyBaTK CTabiINbHUIA Ta NPOrHO30BaHWUI CKINa EKCTPaKTY,
MiHiMi3ytoun BapiabenbHiCTb MK cepiaMmn Ta 3abeanevyoun
BMCOKY BIANOBIAHICTE A0 BUMOr OBiOaKTMBHOCTI, YMCTOTU
11 6e3neYHOCTi. [HLLi TeXHOMOTIT Ni3ncy MOXyTb 3aCTOCOBYBa-
TUca onsi cneumdivyHUX 3aBaaHb, NpoTe NoTpebyroT AoaaT-
KOBMX eTaniB ONTMMI3auil Ta KOHTPOSO, 30Kpema Lioao
[OMILLOK, LinicHOCTI GinkiB Ta perynsuii OKMCHUX NPOLIECIB.
TakMM 4YMHOM, BCTAHOBIEHI 3aKOHOMIPHOCTI niaTBEp-
DKyKOTb, IO KPIOreHHWM nigxig € HaninepcrneKkTUBHILLMM
3 nornsgy OTPUMaHHS CTaH4apTu3oBaHMX GionpenapariB
i3 BUCOKMM piBHEM BiONOriYHOT aKTUBHOCTI.

BUCHOBKH

CyyacHi meToam ni3ncy KNiTWH Ta KPIOreHHi TeXHororii
3a0e3neyvytoTb BUCOKOE(EKTVBHE BUBINIbHEHHSI BHYTPILL-
HBbOKITITUHHMX KOMMOHEHTIB i3 30epexkeHHsM ix GionoridHoi
aKTMBHOCTI. MexaHi3Mu KpionoLLKOAKEHHA — ¢ha3oBi nepe-
X04mn ninigiB, OCMOTUYHI Ta MeXaHiyHi 3MiHU — OOPMYHOTb
YMOBM [Ansi OTPUMAHHSI CTAHOAPTU30BAHUX TKAHWMHHMX
KpioekCTpakTiB. Taki eKCTpakTU MICTATb LUMPOKUMA CNEKTP
€HO0reHHUX PEerynsTopHMX MOMEeKyI, 34aTHUX MoZyrtoBaTu
penapaTtuBHi, iIMyHOIOrYHI Ta LMTONPOTEKTOPHI NPOLECH.

CvcteMHUIA aHami3a MexaHiuHMX, GI3NYHUX, XIMIYHKX,
depMeHTATMBHUX | MIKPOOMnoigHMX —cTpaTerin  nisucy
nokasye HeOOXiAHICTb IXHBOro TOYHOTO MiABOPY 3anNexHO BiA
TUMY TKaHVHW Ta YyTAMBOCTI LiNboBUX Monekyn. MNoegHaHHs
Pi3HMX TEXHOMOrYHMX MigxoaiB 3abe3nedye onTMManbHUN

In general, the analysis shows that the choice of lysis
method is a determining factor in the formation of the
molecular profile of cryoextracts, since each approach has
a different effect on the preservation of structural proteins,
enzymes, membrane components, lipids, peptides,
and low-molecular-weight metabolites. Mechanical and
cavitation technologies provide a high yield of biomaterial,
but are accompanied by risks of thermomechanical damage
and the generation of a significant amount of impuirities.

Enzymatic and chemical methods allow for milder
conditions, but require careful control of enzyme
impurities or residual reagents. Cryogenic lysis, on the
other hand, has demonstrated the most favorable profile
in terms of preserving biologically active components,
minimizing autolysis, and maintaining the stability of the
native structure of molecules, making it the optimal option
for obtaining high-quality cryoextracts.

From the standpoint of production standardization,
the advantage of the cryogenic method lies in its ability
to reproducibly form a stable and predictable extract
composition, minimizing variability between batches and
ensuring high compliance with bioactivity, purity, and
safety requirements. Other lysis technologies can be used
for specific tasks, but require additional optimization and
control steps, particularly with regard to impurities, protein
integrity, and oxidation control. Thus, the established
patterns confirm that the cryogenic approach is the most
promising in terms of obtaining standardized biological
products with a high level of biological activity.

CONCLUSIONS

Modern methods of cell lysis and cryogenic
technologies ensure highly efficient release of intracellular
components while preserving their biological activity.
Cryodamage mechanisms — phase transitions of lipids,
osmotic and mechanical changes — form conditions for
obtaining standardized tissue cryoextracts. Such extracts
contain a wide range of endogenous regulatory molecules
capable of modulating reparative, immunological, and
cytoprotective processes.

A systematic analysis of mechanical, physical,
chemical, enzymatic, and microfluidic lysis strategies
shows the need for their careful selection depending on the
tissue type and sensitivity of the target molecules. The
combination of different technological approaches provides
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GanaHc MK edeKTVBHICTIO pyWHyBaHHA MeMbpaHu
Ta 30epexeHHsIM HaTMBHOI CTPYKTYpu GiomMakpomoriekyr,
LLIO € KPUTUYHO BaXKINMBUM ANt POpMyBaHHS BUCOKOSKICHUX
TepaneBTUYHNX BEe3KMITUHHNX NPOAYKTIB.

[MOpIBHAHHA KPIOEKCTPaKTiB, CEKpPeToOMy Ta iHLMX
OeskMiTMHHKMX  npenapaTiB  OEMOHCTPYE  MepCnekTuB-
HICTb iXHBOrO BWKOPUCTaHHHA Yy pereHepatuBHii Meau-
UMHI sik 6e3neyHoi Ta cTaHOapTU30BaHOI anbTepHaTUBU
KNiTUHHIA Tepanii. BioakTVBHI Monekynu uUMx npenaparis
30aTHi KOMMNIEKCHO BMMMBATU Ha 3anarieHHsl, aHrioreHes,
peMofentoBaHHA TKaHWH Ta BiAHOBMNEHHS byHKUii micns
yLikomkeHHs. MoganbLui ocnigpKeHHA MatoTb OyTy cnpsi-
MOBaHi Ha CTaH4APTU3aLil0 METOAIB OTPUMAHHS, KOHTPOMb
cKkriagy v OuiHKY JOBrOCTPOKOBOI €(PEeKTUBHOCTI.

MeTon nisucy € BuM3HaYanbHUM YWMHHUKOM OOpPMY-
BaHHSI MOSEKYNSPHOI KOMMO3uLii Ta GionoriyHoi akTme-

HOCTi KpioekcTpakTiB. MexaHiyHi 1 KaBiTauiliHi TexHonorii
3abesnevyloTb BMCOKUWA BUXid, ane CynpOBOOAXKYHTbCS
pY3MKaMyM TEPMOMEXAHIYHOrO YLUKOMKEHHSA Ta Hako-
NMUYEHHs OoMmioK. depMeHTaTuBHI Ta XiMiuHIi mMeTogm
€ CENeKTUBHWMM, NpoTe MOTPEDOYTb KOHTPOM0 3anuil-
KOBMX peareHTiB i bepMeHTiB, HaTOMICTb KPIOreHHWUI Ni3nc
3abesnevye Halkpalle 36epexeHHs HaTUBHOI CTPYKTYpW,
MiHiMi3aLjito eHOoreHHOT Aerpagadii i BUCOKY CTabinbHICTb
KOMMOHEHTIB, L0 pobuTb MOro HanbinbLL NPUAATHUM Ans
OTPUMAHHS CTaH4APTU30BaHMX BUCOKOSIKICHUX KPIOEKCTP-
aKTiB i3 BigTBOPOBAHUMM BiONOriYHNUMN BNAacTUBOCTSIMM.
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an optimal balance between the efficiency of membrane
destruction and the preservation of the native structure
of biomacromolecules, which is critical for the formation
of high-quality cell-free therapeutic products.

A comparison of cryoextracts, secretions, and other
cell-free preparations demonstrates their promise
in regenerative medicine as a safe and standardized
alternative to cell therapy. The bioactive molecules
of these preparations are capable of comprehensively
affecting inflammation, angiogenesis, tissue remodeling,
and restoration of function after damage. Further research
should be aimed at standardizing methods of obtaining,
controlling the composition, and evaluating long-term
effectiveness.

The lysis method is a determining factor in the
formation of the molecular composition and biological
activity of cryoextracts. Mechanical and cavitation
technologies provide high yield but are accompanied
by risks of thermomechanical damage and accumulation
of impurities. Enzymatic and chemical methods are
selective, but require control of residual reagents
and enzymes, while cryogenic lysis provides the best
preservation of the native structure, minimization
of endogenous degradation, and high stability
of components, making it most suitable for obtaining
standardized highquality cryoextracts with reproducible
biological properties
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OBMEXEHHA AOCAIAXKEHHSA

ABTOpU pyKOMMCY CBIAOMO 3acCBiAYyOTb, LLO OOMEXEHHS LibOro
ornsay 3yMOBMeHi sik NonepeaHbo OKPeCNeHUMU pamMmkaMmn Tema-
TUKW, YacoBUX NepIioAiB i TUMIB JOCNIMKEHb, TaK i AOCTYMNHICTIO
mxepen. MNowykosa cTparteris oxonntosana PubMed, Clinical Key
Elsevier, Cochrane Library, eBook Business Collection Ta Google
Scholar i3 BM3HauyeHMMK gatamu iHgekcauii. BknroyeHi po6otu
Bigpi3HANNCS 3a AM3aiHOM | METOLOMONIYHOO SIKICTIO; Y YaCTUHU
OOCMifKeHb PU3MK ynepemxeHocTi ByB MiaBULLEHWUM, a MiXOo-
cnigHWLbKa BapiabenbHICTb NOKa3HWKIB 3anuanacs iCTOTHOLo,
O 3HWXYE BHYTPILIHIO BamigHICTb CyKYMHUX OLLIHOK i oBmexye
y3aranbHIOBaHICTb BWCHOBKIB Ha iHWI nonynsAuii Ta KniHivHi
KOHTEKCTW. [INA 3MeHLUEHHS 3a3Ha4YeHuX BMMVBIB 3aCTOCOBAHO
He3anexHui NoaBiHUIA BiABIP Ta BUNYYEHHS AaHWX, PO3LLUMPEHI
KOMOGiHaLii KNo4YoBMX CHiB i NOriYHUX onepaTopiB.

MepcnekTMBU NOAQABLLUMX AOCAIAXEHD

[MopanbLui AocnigXeHHs MaloTb OyTU CNPSIMOBaHI Ha YTOYHEHHS
MOMNEKYNSIPHUX MEXaHi3MiB KPIOreHHOro YLLKOAXKEHHS MeMbpaH
Ta IXHbOrO BMMUBY Ha BUBINIbHEHHS PErynsiTOpHUX MOMEeKyr.
[MoTpebye po3BuTKY CTaHgapTU3auiss MNPOTOKOMIB KpioreHHoro
ni3ncy " OTPMMaHHS KPIOEKCTPaKTIB i3 NPOrHO30BaHUM CKNagoM
Ta cTabinbHO Gi0AKTMBHICTIO. BaXXnMBUM € MOPIBHAHHS Pi3HMX
TEeXHOMNorin nisucy woao 30epexeHHs nentuaiB i NinigHux
CUrHanbHUX MOMEKYI, a TakoX ONTUMi3aLlis napamMeTpiB 3amopo-
XyBaHHS. [epcnekTMBHYM HaNPSIMKOM 3ar1LLAETbCA CTBOPEHHS
METOAIB KOHTPOIIO SIKOCTI Ta OUiHKa TepaneBTUYHOI edeKTuB-
HOCTi GE3KNITUHHMX KPIOKOHCEPBOBAHMX MPOAYKTIB HA MOAENsX
TKaHWHHOI penapaulii.

KoHAIKT iHTepecis

Bci aBTOpM noganu o pedakuii 3anoBHeHy €auHy dopmy
PO3KPUTTS KOHpNIKTY iHTepeciB MixHapoaHoOro KOmiTeTy pedak-
TopiB MeguyHux xypHanis «ICMJE» (International Committee
of Medical Journal Editors). ABTopu pykonucy cBigoMo 3acBia-
YylOTb BIACYTHICTb (PaKTUYHOrO abo MOTEHUIVHOrO KOHMMIKTY
iHTepeciB Woao pe3ynbTaTiB Liei poboTu 3 dapmaLeBTUHHUMU
KOMMaHisiMy, BUPOBHMKaMKU BioMeandHUX MPUCTPOIB, iHWKMMMK
opraHisauismu, 4ui NpoAyKTU, nocnyru, diHaHcoBa MiATPUMKa
MOXyTb ByTV noB’si3aHi 3 npeaMeToM HafaHux maTepianis abo
AKi COHCcopyBanv NpoBeAeHi AOCIKEHHS.
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Limitations of the study

The authors of the manuscript consciously acknowledge that the
limitations of this review are determined both by the previously
defined scope of topics, time periods, and types of studies, as well
as by the availability of sources. The search strategy covered
PubMed, Clinical Key Elsevier, the Cochrane Library, the eBook
Business Collection, and Google Scholar with specified indexing
dates. The included works varied in design and methodological
quality; in some studies, the risk of bias was elevated, and
substantial inter-study variability of indicators persisted, which
reduces the internal validity of the aggregated assessments and
limits the generalizability of the conclusions to other populations
and clinical contexts. To mitigate these influences, independent
double screening and data extraction were applied, along with
expanded combinations of keywords and logical operators.

Prospects for further research

Further studies should be directed toward clarifying the molecular
mechanisms of cryogenic membrane damage and their impact
on the release of regulatory molecules. The standardization
of cryogenic lysis protocols and the production of cryoextracts
with predictable composition and stable bioactivity requires
further development. It is important to compare different lysis
technologies regarding the preservation of peptides and lipid
signaling molecules, as well as to optimize freezing parameters.
A promising direction remains the development of quality-control
methods and the evaluation of the therapeutic efficacy of cell-
free cryopreserved products in tissue-repair models.
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AOTPUMOHHS €TUMHUX HOPM

ABTOpU pyKOMMCY CBIAOMO 3acBiAyyloTb, IO MiAFOTOBKA PyKO-
nucy 3aificHioBanachk BUKMOYHO Ha OCHOBI BigKpUTO ony6ni-
KOBaHVX HaykoBuX mxepen. Y poboTi He BMKOPMCTOBYBanucb
nepcoHidikoBaHi  AaHi  nmauieHTiB, pesynstatM  MepBUHHUX
KNiHIYHMX a0 AOKMIHIYHUX JochigXeHb. Y 3B’sI3Ky 3 LUM OTpu-
MaHHsi CXBaneHHs KOMicii 3 nuTaHb GiOeTMKM He BMMaranochb.
[ocnimpkeHHs BUKOHaHe 3 OOTPUMAHHSAM MPUHUMMIB HamnexHoi
HayKOBOI MpaKkTWUKW Ta BIAMOBIAHO A0 MiIKHAPOOHWUX ETUYHMX
cTaHfdapTiB, 3okpema pekomeHAauin Komitety 3 nybnikauiiHoi
etukn « COPE» (Committee on Publication Ethics).

BUKOPUCTAHHS LUTYYHOrO iHTEAEKTY

ABTOpPM pyKOMUCYy CBIAOMO 3acBig4vyloTb, LUO Y MPOLECi npoBe-
[EHHS JOCMiAXKEHHS Ta NiATOTOBKM LIbOro PyKOMUCY He BUKOPUCTO-
BYBasM XOOHUX IHCTPYMeHTIB abo CepBiCiB reHepaTUBHOrO LLUTYY-
HOTO iHTENEKTY ANS BUKOHAHHS Oyab-SKUX 3aBAaHb, NeperniyeHnx
y TakcoHoMii generyBaHHs 3aBAaHb reHEpPaTUBHOMY LUTYYHOMY
iHTenekty «GAIDeT» (Generative Attificial Intelligence Delegation
Taxonomy, 2025 p.). Yci eTann poboTn — Big KoHUenTyanisawii
00 biHanbHOro pegaryBaHHs — BUKOHaHi 6e3 3anydeHHs1 reHepa-
TUBHOTO LUTYYHOTO iHTENEKTY, BUKITIOYHO aBTOPaMK.

MepBUHHI AGHi Ta maTepiaAu

ABTOpPU pyKOnUCy CBIAOMO 3aCBigvyt0Tb, LLO NepPBMHHA MeanYHa
OokymeHTauis (icTopii xBopobu, amBynaTopHi kapTku, MPOTOKONM
obcTexeHb, pesynbTatm nabopaTopHUX Ta iHCTPYMEHTanbHUX
OOCHiMKeHb KOHKPETHMX MauieHTiB) Ta CTaTUCTUYHI 6a3n AaHnx
y poboTi He BUKOPWUCTOBYBanuCH. Yci TBEpOAXKEHHSA Ta y3aranb-
HEHHS MigKpINneHi NOCUNaHHAMM Ha nepLuopkepena, AOCTYMHi
y BigkpuToMy Aoctyni abo 4epe3 HaykoBi 6ibnioTeuHi pecypcu.
[opaTkoBi maTepianu, WO CTOCYHTLCSA NpoLecy Biabopy axepen
un getanisauii MeTofgonorii aHanidy, MoXyTb OyTW HapaHi aBTo-
POM-KOPECMOHAEHTOM 3@ O6r'PyHTOBaHUM 3amnMTOM.

IHdbopmaLis npo cbiHAOHCYBAHHSA

®iHaHcyBaHHA BuaaTkamyn [epxaBHoro Oromxety YKpaiHu.
CratTa € (hparMeHTOM MNMaHOBOI HayKoBO-A4OCHiAHOI poboTu
Kadeapw iHdeKUinHMX XBOpob Ta KniHiYHOI iMyHonorii Xapkis-
CbKOrO HauioHanbHOro yHiBepcuTeTy imeHi B.H. KapasiHa MiHic-
TepcTBa OCBITU i Haykun YKpaiHn «BrvBYeHHS poni iMyHHUX, aBTo-
iMyHHMX Ta meTaboniyHnx po3najiB y natoreHesi Ta Hacnigkax
iHbeKUinHOro npouecy, Wo BUKNMKaHWUN BakTepismu, Bipycamu,
BipycHo-6akTepianbHUMKM acoLjiauisiMy NPy roCcTPOMY, 3aTsBKHOMY
Ta XPOHiYHOMY nepebiry XBopobu Ta yAOCKOHaNEeHHs1 TaKTUKK
nikyBaHHs», HOMep AepxaBHoi peecTpauii 0123U105022,
TepMiH BUKOHaHHA: 2023-2028 pp., KepiBHUK — 3aBigyBayka
Kadeapv iHdeKLinHMX XBOpob Ta KriHi4YHOI iMyHonorii, KaHamaaT
MeamyHux Hayk, goueHT O.B. Bonobyesa.
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