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Pedrepat: Cchepoinmn, yTBopeHi 3 Me3eHxiMmanbHUx ctpomMarbHux/cToBbypoBux knituH (MCK), 3abe3nevytoTb onTumarnbHe Mikpo-
cepenoBuLLe Ans KMNiITMHHOMO MoTeHuiany Ta NiATPUMKU CTOBOYPOBOCTI, @ TakoX € NepcrnekTUBHUMMW CTPYKTypamu Ansi po3pobku
peneBaHTHUX OOCMIAHUX MoAenew i KNiTMHHUX Tepanii. MpakTuuHe 3acTocyBaHHS NoTpebye po3pobku edekTUBHUX MeToaiB 36epiraH-
Hs1 ccpepoinis. 36epiraHHs 3a Temnepatypu 22°C Moxe 6yTv 6e3nevHnM i 3pyYHUM Ans KOPOTKOYACHOro TPaHCMNOPTYBaHHS cdepoiais
Ha ocHoBi MCK. Y po6orTi Bu3HaueHo, o cdepoinn 3 MCK xku1poBoi TkaHUHU N0AUHK, MOXYTb 36epiratuncsa 3a Temneparypu 22°C go 7 ai6
3 ePEKTUBHUM 30EPEXEHHAM XKUTTESAATHOCTI, METAabOMNI4YHOI aKTUBHOCTI, 30aTHOCTI 40 NPUKPINNEHHs Ta AudepeHLitoBaHHs. [loBeaeHo,
Lo popMyBaHHsi cePOIfiB CyNnPOBOMAXYETLCSH PeopraHisalieto umTockeneta KnitTuH, 3MEHLLEHHSIM PO3Mipy i MeTaboniYHoi akTUBHOCTI
MCK L0 € BKkpal BaXXnuBUM ANsi PO3BUTKY CTINKOCTI cdepoifiB 40 YMOB 36epiraHHs 3a TemMnepaTypu HaBKONMLLIHBOMO cepeaoBuLLa.

KnrouoBi cnoBa: ccepoigmn, MmeseHxiMarnbHi CTpoManbHi KMiTMHK, rinoTepMiyHe 30epiraHHsi, akTUHOBI hiNlaMeHTH, XUTTE3AATHICTb,
meTaboniyHa aKTUBHICTb.

Abstract: Spheroids formed from mesenchymal stromal/stem cells (MSCs) provide optimal microenvironment for cell potential
and stemmness support being also promising structures for relevant research models as well as cell therapies development. Practical
application requires the development of effective methods for storing spheroids. Storage at ambient temperature (22°C) can be safer
and more convenient for short term transportation of MSC-based spheroids. Herein we report that the spheroids formed by human
adipose tissue-derived MSCs can be stored at ambient temperature (22°C) for up to 7 days with efficient preservation of viability, metabolic
activity, ability to attach, and differentiation capacity. Cytoskeleton reorganization, cell size reduction, and metabolic activity decrease
were shown to result from spheroidal formation, and were extremely important for the development of spheroid resistance to the

subsequent ambient storage.

Key words: spheroids, mesenchymal stromal cells, hypothermic storage, actin filaments, viability, metabolic activity.

Me3seHxiMallbHI CTPOMaJIbHI/CTOBOYPOBI KITITHHU
(MCK) MaroTh HHM3KY NpUBaOIUBUX i OloMequd-
HUX I[iJIed BIACTUBOCTEH, TakuX sK TUQEPEHIlit0-
BaJbHHUI TOTeHIian [28], TUIAaCTUYHICTh, 3[aTHICTh
JIO HapOIIlyBaHHS B YMOBAaX KyJIbTHBYBaHHS, XOYMiHT
Ta Mirparisi 10 MIiCIlb ITOIIKOJKCHHS ITICIIsI CUCTEM-
HOTO BBeJeHHS [ 14, 32], HU3bKa iMyHOT€HHICTH [21],
VHIKaJlbHa CEKpeTopHa akTWBHICTH [13, 23] 3 mpo-
IyKyBaHHSIM IMYHOMOIYJIOIOYHX, MPOTH3ANAIbHUX,
AHTHAMONITUYHHUX, MPOAHTIONeHHUX (PAKTOPIB, a Ta-
KO (haKTOpiB PEMOAEITIOBAHHS KIIITUHHOI ITOBEIiH-
ku. B opranizsmi MCK mepeOyBatoTh B Tak 3BaHUX
«HIMIax», SKi MITPUMYIOTH iX CTOBOYpOBICTH. 3a
KyJIbTUBYBaHHS B MOHOIIIApPi (CTaHAApTHE TBOBUMIp-
He (2D) KynsTUBYBaHHS) MPUPOIHE MIKPOOTOUEHHS
MCK He BiITBOPIOETHCS, 1110 IPU3BOAUTE JI0 TIOCTY-

NOBOI BTpaTH yHIKaJbHHUX BiacTUBoOcTel [3] 1 cra-
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Mesenchymal stromal/stem cells (MSCs) possess
a set of attractive for biomedical purposes properties
such as multilineage differentiation potential [28],
plasticity, expandability under culture conditions,
homing and migration to the sites of injury after
systemic administration [14, 32], low immunoge-
nicity [21], unique secretory activity [13, 23] with
production of immune modulatory, anti-inflam-
matory, anti-apoptotic, proangiogenic, and cell
behavior remodeling factors. In the body, MSCs
are located in so-called ‘niches’ that support their
stemness. Cultivation in monolayer (standard two-
dimensional (2D) culture) does not replicate na-
tural microenvironment of MSCs, that leads to
a gradual loss of unique properties [3] and cell
aging during subsequent passages. Spheroids are

three-dimensional (3D) multicellular aggregates
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PiHHA KIITHH miJ yac HacTymHux nacaxis. Cdepoi-
o1 — 1e TpuBuMipHi (3D) GaraTokmiTHHHI arperar,
y SIKAX KJIITHHH YTBOPIOIOTH 3B’A3KH KIITHHA-KIITH-
Ha Ta KIITHHA-TIO3AKIITHHHAA MAaTPHUKC, a TaKOX
KUBYTh B YMOBax IPaJi€HTIB MOCTa4aHHSI KUCHIO/
MOYKUBHUX PEUOBHH Ta BHIAJICHHS BiIXOMIIiB, MOII0-
HUX J0 TaKuX, IO ICHYIOTh in vivo. Hapasi cde-
poimy po3DISIIAIOTh SK TEPCIEKTUBHI CTPYKTYPH
JUIA  CTBOPEHHS ONTHMAaJbHOTO MIKPOCEPEIOBH-
ma, peamizauii norenmianry MCK Ta miaTpuMkn ix
cToBOypoBocTi. Tak, KynpTUBOBaHI B cdepoinax
MCK neMOHCTpPYIOTh HiIBHUIIEHY CTOBOYPOBICTBH i3
MOCHJICHOIO €KCIPECIEI0 TaKUX MapKepiB ILTIOPHIIO-
TeHTHOCTI, sk Oct4, Nanog, Sox2 i Rexl [7], a Ta-
KOX 3MIHEHHH €TireHeTUYHUH CTaTyc TeHiB, 3amyde-
HUX JI0 PETYIIl MOTEHTHOCTI CTOBOYPOBHX KIIITHH
[19]. byno Takox mokazaHo, mo 3D-KyIsTHBYBaHHS
MCK y cdepoimax 30iabpIIye iX 3HaTHICTH IO ITH-
(depeHLioBaHHs Ta TpaHcaudepeHifiroBadds [16],
a TaKOXK IIOKpAIly€e€ CEKPETOPHY aKTHBHICTH [29]
MIOPIBHSHO 31 cTaHmapTHOW 2D-kymbTyporo. Taxwuit
3CYyB (DYHKITIOHATBHOCTI KIIITHH JI0 IPUPOAHOTO CTa-
Hy B cepoigax Ha ocHOBI MCK poOuTh iX yHiKab-
HOIO PeNICBaHTHOIO MOAEIBHOIO CHCTEMOIO IJIsI TOKJTi-
HIYHHUX JOCII/PKEHb 1 MOTCHIIHHO Ji€BUM TEpareB-
THYHUM 3acoboM [31, 32].

EdexruBHa TexHomoris 30epiraHHs € BaXKIHU-
BOIO TIEPEIYMOBOIO [IJII BUKOPUCTAHHS ChepoimiB
Ha ocHOoBi MCK y OioMemuyHUX TOCTIIKEHHAX 1
KIiHIYHIA MemunmHi. JJis TpuBamoro 30epiraHHs
OioyoriyHUX 00’€KTIB IMMPOKO BHKOPHUCTOBYIOTH
METOAM KPIOKOHCEPBYBaHHS, 5AKI MarOTh IIEBHI 00-
MEKEHHS: BapTiCHe OONamHAHHA, PIIKWA a30T IS
TPaHCHOPTYBaHHSI, a y BUIAAKy KOHCEPBYBaHH ce-
pOigiB — pPH3MKH MEXaHIYHOTO ITOLIKOIKESHHS
3D-cTpykTypu Ta 3HMKEHHS >KUTTE€3IATHOCTI KIIi-
tuH [18]. Pazom 3 mmM, Bce OuTbIle JNOKAa3iB CBij-
YHUTH MPO T€, IO TOKCUYHI e()eKTH KPiOMpOTEKTOPiB
1 poLeaypy 3aMOpPOKYBaHHS-BIAIrpiBaHHS MOXYTb
CIIPUYMHATH TIOMIKO/KEHHS IHUTOCKeneTa [8], 3Mi-
H1 gudepenIiopabHoro moreHmianry MCK [2],
BIIXWJICHHS CTYIICHS eKcrpecii reHiB [12] ta emire-
HETUYHOTO CTaTycy [5] y MeKOHCEPBOBAHMX KIIITHH.
lmoTepmiuHe 30epiraHHs 3a TEMIIEpaTyp HIKYC
(hi310JIOrYHUX MOYKE BUPILIUTH OCHOBHI MpoOJIeMH,
MOB’si3aHI 3 HU3BKOTEMIIEPATYPHUM 30epiraHHsM,
Oyt Oinpm Oe3neyHMM dYepe3 BiACYTHICTh Kpio-
MPOTEKTOPIiB Ta €(EeKTiB KPIOYIIKOMKEHHS 1 CTaTH
OUbII TPUIHATHOIO AJBTEPHATHBOIO IS KOPOT-
KovacHoro 30epiranns chepoinis. [Ipu npomy 36epi-
ra”Hs 3a TeMmeparypu 22°C Takox 103BOIUTH CIIPOC-
TUTH TPAHCHOPTYBAaHHS MK TOCHITHUIBKIMH Ta
KIiHIYHUMU LeHTpamu. [Iporec dopmyBaHHS cde-
pOINiB TOTCHIIMHO MOXKE BIUIMBATH HA YYTIUBICTH
KIITHH [0 30BHINIHIX HECHPUATIUBUX (DAKTOPIB,
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where cells are involved in cell-to-cell and cell-to-
extracellular matrix interactions, as well as exist
at in vivo-like gradients in oxygen / nutrients supply,
and waste removal. Spheroids are currently con-
sidered as promising structures for optimal mic-
roenvironment, realization of MSCs potential and
stemness support. Thus, MSCs cultured in spheroids
show an enhanced stemness with increased expres-
sion of such pluripotency markers as Oct4, Nanog,
Sox2, and Rex! [7], and changed epigenetic status
of genes involved in stem cell potency [19].It
has been also shown that 3D-culture of MSCs
in spheroids increases their differentiation and
transdifferentiation capacities [16], and also enhances
secretory activity [29] compared to standard 2D-
culture. Such shift of cell functionality towards
natural-like state in MSC-based spheroids makes
them a unique relevant model system for preclinical
studies and potentially highly efficient therapeutic
agent [31, 32].

Effective preservation technology is an essential
prerequisite for MSC-based spheroids use in bio-
medical studies and clinical medicine. Cryopre-
servation methods widely used for a long-term
preservation of biological objects have some
limitations: expensive equipment, liquid nitrogen
for transportation, and in the case of spheroids
preservation — risks of mechanical damage to the
3D-structure and decrease in cell viability [18].
Along with this, increasing evidence suggests that
toxic effects of cryoprotectants and freeze-thawing
procedure may be associated with cytoskeleton
damage [8], alteration of MSC differentiation
potential [2], deviations in the rates of gene ex-
pression [12] and epigenetic marks [5] in post-
thawed cells. Hypothermic storage below phy-
siological temperatures may solve the main prob-
lems associated with low-temperature storage, be
safer due to the absence of cryoprotectants and
cryoinjury effects, as well as be more acceptable
alternative for short-term storage of spheroids.
At the same time, storage at a temperature of 22°C
can facilitate transportation between research and
clinical centers. The spheroid formation can poten-
tially affect the sensitivity of cells to external ad-
verse factors, including damage factors to which
the objects are subjected during hypothermic sto-
rage at a temperature of 22°C. At the same time,
the possibility of storage and the state of MSCs
within spheroids after storage at a temperature
of 22°C have not been thoroughly investigated.

Herein we aimed to study viability and func-
tional properties of MSCs before and after hypo-
thermic storage within spheroids at a temperature
of 22°C.
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30KpeMa UYMHHHKIB TOIIKOKEHHS, il SKUX 00’ €K-
TH TiJJAI0ThCA TPH TINOTepMiYHOMY 30epiraHHi 3a
temneparypu 22°C. Y Toii ke yac MOXKIHUBICTD 30e-
piranas 1 cran MCK y ckmaai cdepoinis micis
30epiranHs 3a Temmneparypu 22°C peTesbHO He J0C-
JIJDKEH].

Mera pobOTH — HOCTIIKEHHS >KUTTE3MATHOCTI
Ta QyHKmioHanpHUX BiaacTuBocTtelr MCK o ta mic-
TS TIMOTepMIYHOTO 30epiranHs B ckiami cdepoinin
3a remneparypu 22°C.

Marepiajau Ta MeTOIH

Buoinenns ma xynomueysanns xiaimun. MCK
KHUPOBOT TKAHWHHM JIIOOMHM BUILISUIN 3 JIiHOACIipary
JOPOCITUX TMAIlIEHTIB IICIs OTPUMAHHS MUCHMOBOI
310 MOIH(MOPMOBAHUX 370POBUX JOHOPIB-TOOPO-
BOJIBIIIB Y CYBOpIA BIAMOBIAHOCTI 0 pPEKOMEHIA-
it ['enbcinchKoi AekIapaiii BcecBiTHROT MeamIHOT
acomiarii Ta BuMor bioermdHoro komitery IHCTH-
TyTy mpobiieM Kpiobionorii 1 kpiomenuiman. MCK
OTPUMYBAJIM 3a METOJOM pO3IIETUIEHHS KoJare-
Hazoto [37]. I3onpoBani MCK kynbTuBYyBanu 3a TeM-
neparypu 37°C, 5% CO, i 95% Bomorocti B TOB-
HOMY KYJIBTypaJIbHOMY CEPEIOBHINI, IO CKJajaa-
mock 3 cepenoBuma Minimal Essential Medium
a-momudikanii  (a-MEM, Sigma-Aldrich, CIIA)
3 gomaBaHHAM 10%-kiB ¢eranpHOi OMyawoi cupo-
Batku (Biowest, ®paniis), 50 MKI/MJI MEeHIIWTIHY
(Biowest, ®pamniiis), 50 MKI/MJI CTPENTOMIIMHY
(Biowest, ®panris) i 0,2 MM L-mmyraminy (Sigma-
Aldrich, CIIIA). IToBHy 3aMiHy CepeIOBHUIIA ITPOBO-
mumm kokHi 3—4 mobwu. Ilpu mocsrrenHi 80% KoH-
(iroeHTa KIITHHA TPUIICHHIZYBAJIM Ta IEpeCiBaju.
MCK 4-6 macaiB BUKOPHCTOBYBaJH B HACTYITHHUX
EKCTIEPUMEHTAX.

Ompumanns cgepoioise. Jlns orpumanHs cde-
poinie. MCK BHKOpPHCTOBYBaJM METOZ «BHUCSIYOI
kpami» [15]. CycneHsito KITHH y KyJAbTYpajbHO-
My CEpeIOBHILI HAHOCHIM Yy BHUIVISAI Kpamesb 00’e-
MOM 25 MKJI Ha BEpXHIO 4YacThHy darmku Ilerpi
niamerpom 10 cm (SPL Life Science, Kopes). Ilo-
ciBua kouneHrpaiiss MCK cranoBuia 3x10° kimitux
y KokHiM kparnii. [licis HaHeceHHs Kpamelb BepX-
HIO 4acTUHY 4armku lleTpi mepeBepTanu i po3miny-
BaJId HaJ HW)KHBOIO YaCTHUHOIO, sika Mictuia 10 mi
crepwibHOTO 0,9%-TO pO3UMHY HATPIIO XIJIOPUAY
(dizionoriunoro pozunny, «tOpis-Dapm», Yipaina)
JUIS TATPUMAHHS ONTUMAIBHOI BOJIOTOCTI IPH TIO-
JanbIIOMy KYJBTUBYBaHHI. 3aMiHy CepeJoBHINA He
npoBoawtH. CTPOK KyJbTUBYBaHHS CTAHOBUB 3 100,
micnsg yoro cdepoian 30upanu i BUKOPHCTOBYBAIH
JUTSI €eKCTICPUMEHTIB.

3abapenenns na axkmuno8i ¢hinamenmu yumo-
cxenema. Monomap Ta cdepoinu yrBopeni 3 MCK
nBa pasu npommuBaiu (Gocdaraum Oydpepom (PAA,
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Materials and methods

Cell Isolation and Culture. Human adipose
tissue MSCs were isolated from the lipoaspirate
of adult patients after receiving the written in-
formed consent of healthy volunteer donors in
a trict accordance with the recommendations of
the World Medical Association Declaration of
Helsinki and the requirements of Bioethical
Committee of the IPC&C. MSCs were obtained
by collagenase digestion [37]. Isolated MSCs were
cultured at 37°C, 5% CO2, and 95% humidity in
complete culture medium, consisting from Mi-
nimal Essential Medium-o modification (a-MEM,
Sigma-Aldrich, USA) supplemented with 10%
fetal bovine serum (Biowest, France), 50 pg/ml
penicillin (Biowest, France), 50 ug/ml streptomycin
(Biowest, France), and 0.2 mM L-glutamine (Sigma-
Aldrich, USA). The media were completely chan-
ged every 3—4 days. At 80% of confluence the
cells were trypsinized and subcultured. MSCs at
passages 4—6 were used in further experiments.

Spheroids  generation. The ‘hanging drop’
method [15] was used to obtain MSC spheroids.
The suspension of cells in the culture medium was
placed as the 25 pl drops to the upper part of a Petri
dish with a diameter of 10 cm (SPL Life Sciences,
Korea). The seeding concentration of MSCs was
3x10° cells per each drop. After seeding of drops,
the upper part of the Petri dish was turned over
and placed over the lower part, which contained
10 ml of sterile 0.9% sodium chloride solution
(saline, Yuria-Pharm, Ukraine) to maintain op-
timal humidity during subsequent cultivation. The
medium was not replaced. The cultivation period
was 3 days, after which the spheroids were col-
lected and used for experiments.

Staining for actin filaments of the cytoskeleton.
Monolayer and spheroids formed from MSCs
were washed twice with phosphate buffer saline
(PBS, PAA, Austria), fixed in 4% formaldehyde
solution for 10 min at room temperature, then
washed with PBS. The samples were then treated
with a 0.5% solution of Triton X-100 for mem-
brane permeabilization, after which they were PBS-
washed. Next, actin filaments of the cytoskeleton
(F-actin) were selectively stained using the fluorescent
dye phalloidin-FITC (Phalloidin FITC Reagent,
Abcam, Great Britain). Stained samples were ana-
lyzed with a confocal laser scanning microscope
LSM 510 META (Carl Zeiss, Germany).

Storage at ambient temperature. MSC-based
3D spheroids were stored in sealed cryotubes at 22°C
in culture medium in a cooling thermostat ‘LAUDA’
(LAUDA, Germany). Viability and functional state
parameters were assessed just before storage and
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ABctpist), ¢dikcyBanu B 4%-My pO34MHiI (QopMans-
nerigy npotrsaroMm 10 XB 3a KIMHATHOI TeMIEpaTypH,
micns 9oro mpomuBanu ¢ochataum Oydpepom. Ilo-
TiM 3paszku o0pobisun 0,5%-uM pozunHoM Triton
X-100 mis mepmeabimizaii MeMOpaH, ICIS YOro
npomuBanu hochataum Oydepom. dai mpoBOIUIH
CCJICKTUBHE 3a0apBJICHHS AaKTHMHOBUX (iIaMEHTIB
nuTockenera (F-akTuH) 3 70ITOMOT00 (ITyOpeCIIeHT-
Horo OapeHuka ¢anoigiH-FITC (Phalloidin FITC
Reagent, Abcam, Benmuka bpuranig). 3abapsneni
3pa3Ku aHaJi3yBajll Ha KOH(POKATHLHOMY Ja3epPHOMY
ckanyrodomy mikpockoni «LSM 510 META» (Carl
Zeiss, Himeuunna).

36epicanna 3a ximmamuoi memnepamypu. Cde-
poinn Ha ocHoBi MCK 30epiramu B repMETHYHO
3aKpUTHX KpiompoOipkax 3a Ttemmeparypu 22°C
Yy KYIBTYpallbHOMY CEpEIIOBHUIINI B OXOJOKYOUYO-
My Tepmoctari «KLAUDA» (LAUDA, Himeuunna).
[TapameTpu >KHTTE3MATHOCTI Ta (YHKITIOHAIEHOTO
CTaHy OINIHIOBATH OE3MMOCEepPENHbO Iepen 30epiraH-
HaM 1 Ha 1, 3, 71 10 goOy 36epiranss (n = 3 y Tppox
MOBTOPAX JUIsl KOXKHOI TPYTIN).

Kummeszoamuicmo. JXATTE3MATHICTL OILIHIOBA-
JI1 32 JIOTIOMOTOO TOJBIHOTO 3a0apBiieHHS (Tyo-
pecneinmianieraroMm (OIA) i Opominom etunio (EB)
[11]. 3abapmiennss DJIA/Eb anamizyBamm 3a mo-
MOMOTOI0 KOH(OKaBbHOTro Mikpockona «Zeiss LSM
510 META» (Carl Zeiss, HimeuunHa) Ta mnporpam-
HOTO 3abe3mneueHHs 0 HHOTO. KoH(pokambHi 300pa-
JKEHHS OyJIM OTpHUMaHi B3JOBX OCI z 3 iHTepBala-
mu 20 MKM TIpH DOBXKWHI XBWII 30ymKkeHHS 488 HM
st OIA ta 543 um ms EbB.

Memaboniuna axmusenicms. MeTaOOMIUHY aK-
THUBHICTh OIIIHIOBAJIM 32 JIOTIOMOrol0 TecTy Alamar
Blue (AB, Serotec Ltd, CIIIA), sk onucaHo paHimie
[27]. Hocnimxysani 3pasku (MCK y moHomapi a6o
coepoinn Ha ocHoBi MCK) iHkyOyBamu mpoTArom
3 TOAVH y MOBHOMY KYJBTYpadbHOMY CEPEIOBHIII,
mo noxarkoBo mictuino 10 % AB. Pisens duryopec-
meHmii BigHOBIIEHOTO AB BHMIipIOBamM Ha TIUIaH-
mernomy crekrpoduryopumerpi « TECAN GENios»
(Tecan Genios, ABCTpis) 3 ITOBKHHOIO XBHJIi 30YyI-
skeHHS 550 HM 1 TOBKHHOIO XBHJII BUIIPOMIHIOBAHHS
590 aM. B gxocTi mokazHMKa METabOIIdYHOI aKTHB-
HOCTI BHKOPHWCTOBYBAJIM PI3HUIIO 1HTCHCHUBHOCTI
(ryopecteHmii TOCTiTHOTO Ta XOJIOCTOTO 3pa3KiB
(6e3 iiTHH) 1 BHpaXkaJli B YMOBHUX OJUHHIISX
¢dmyopecuenuii (YOO).

Oyinka eghekmunocmi NPUKpinientHs cghepoiois i
Miepayii knimun Ha adee3usHi nosepxri. Chepoinu
BHOCWIH B JIYHKH 96-TTyHKOBOTO TUIAHIIIETa B TIOB-
HOMY KYJIBTYpallbHOMY CEpEIOBHINI i KYIbTHBYBa-
W B CTaHAApTHUX ymoBax 24 romuau. Ilicis doro
3 JIOTIOMOTOI0 TIPYIKUTTEBOI CBITIOBOI MIKpPOCKOMIT
MIPOBOIIIIA IMIPaXyHOK NPHKPIUICHUX (a) Ta He-
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at the storage days 1, 3, 7, and 10 (» = 3 in trip-
licate for each group).

Viability. Viability was measured using double
fluorescent staining with fluorescein diacetate (FDA)
and ethidium bromide (EB) [11]. FDA/EB staining
was analyzed with confocal microscope ‘Zeiss
LSM 510 META’ (Carl Zeiss, Germany) with
provided software. Confocal images were obtai-
ned along the z-axis with 20 um intervals at an
excitation wavelength of 488 nm for FDA and
543 nm for EB.

Metabolic Activity. Metabolic activity was asses-
sed with the Alamar Blue test (AB, Serotec Ltd,
USA) as previously described [27]. Briefly, samples
(MSC in monolayer or MSC-based spheroids)
were incubated for 3 h with the complete culture
medium, containing 10 % AB. The fluorescence
level of reduced AB was measured by a ‘TECAN
GENios’ microplate reader (Tecan Genios, Austria)
with an excitation wavelength of 550 nm and
an emission wavelength of 590 nm. The ratio of
the fluorescence intensity of experimental and
blank samples (without spheroids) was used as
metabolic activity value and expressed in relative
fluorescence units (RFU).

Evaluation of the efficiency of spheroid attach-
ment and cell migration on the adhesive surface.
Spheroids were placed in the wells of a 96-well
plate (manufacturer) in complete culture medium
and then cultured under standard conditions for
24 hours. After that, the attached (a) and unattached
spheroids (b) were counted with lifetime light
microscopy and the attachment efficiency was
calculated according to the following formula:

a

Attachment efficiency (%) = x100.

a+b

Migration and cell spreading were analyzed during
subsequent cultivation of the attached spheroids.

Differentiation potential of MSCs within spheroids.
The ability of stromal cells in the composition
of spheroids for directed differentiation was as-
sessed as follows: spheroids were placed in culture
plates with adhesive plastic in complete cul-
ture medium. After 24 hours of cultivation, after
the attachment of spheroids, the medium was
replaced with the appropriate induction medium.
The osteogenic medium consisted of o-MEM
containing 10% fetal bovine serum, L-glutamine,
antibiotics and inducers of osteogenesis (100 nM
dexamethasone, 10 mM B-glycerophosphate, 0.2 mM
L-ascorbic acid 2-phosphate — all inducers of pro-
duction Sigma-Aldrich) [4]. Adipogenic medium
consisted of a-MEM containing 10% fetal bovine
serum, L-glutamine, antibiotics and inducers of
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npukpimnenux cdepoiniB  (b) 1 po3paxoByBaiH
e(EeKTUBHICTh NPUKPIIUICHHS 32 HACTYIHOIO (HOpMY-
J1010:

. . a
EdexruBHicTh npukpimienss (%) =

x100.
b

[Ipu momanpIIoMy KyJIBTHBYBaHHI MPUKPIMIICHIX
chepoimiB crocTepiraian, 9u BiAOYBA€THCS MITrparlis
1 pO3CeIIeHHS KITITHH.

Jlugpepenyirosanvruuit nomenyian MCK y ckraoi
cgepoioie. Bu3HaueHHS 3IAaTHOCTI CTPOMAIBHUX
KITHH y cKkiafi cepoiniB 10 CIpsMOBaHOTO IH-
(hepeHIlitOBaHHS 3IMCHIOBATN HACTYITHHUM YHHOM:
chepoinn mHoMilIaNKM B KyJAbTypallbHI IUIAHILETH
3 aJre3WBHUM IJIACTUKOM B TIOBHOMY KYJBTypalib-
HOoMy cepenoBuili. Yepe3 24 ronuHU KyJIbTHBYBaH-
HA TCISA TPHUKPIIUICHHS CQEepoiniB 3aMiHIOBAIH
CepeoBHUINe Ha BiAMOBiAHE iHAyKMiliHe. OcTeoreH-
HE CepeloBHIIe cKiIananochk 3 a-MEM, mo micTuiio
10% deranpHoi Omua4oi cupoBarkw, L-miryramin,
aHTHOIOTHKH Ta IHTYyKTOpH octeorene3y (100 M
nekcamerazony, 10 MM B-mminepodocdary, 0,2 MM
2-ocdary L- ackopOiHOBOI KHCIOTH — BCi IHAYK-
Topu BuUpoOHHMITBA Sigma-Aldrich) [4]. Axunoren-
HE cepeloBuIle CKiananock 3 a-MEM, mo mictuino
10% ¢eranpHoi Onvadoi cupoBatku, L-rimyramin, aH-
THOI0THKY Ta iHAYKTOpH aaunorenesy (0,5 MM 3-i30-
OyTui-1-metun-kcantuy, | MKM nekcameTra3oHy,
10 Mxr/mi iHcyniny, 100 MkM iHIZOMETaluHY — BCI
iHAyKTOpH BUpOOHUIITBa Sigma-Aldrich) [37].

KynbTuByBaHHS y cepemoBUIIax 3 iHIYKTOpaMu
Iu(epeHIiIoBaHHS 3IMCHIOBAIN IpoTroMm 21 100w,
3aMiHy CEepeIOBHIIA Ha BiAMOBIIHE CBIKE TIPOBOIMITN
IBidl HA TWOKAEHB. [licis 11p0T0 KynmbTypHu (DiKCyBan
y 10%-Bomy ¢dopmadini, skuii ToTyBaiu Ha (ocdar-
HoMmy Oydepi (pH 7,2).

EdexruBHiCT ocTeOreHHOTO An(epeHIiroBaH-
HSl OILHIOBaJM 3a 3a0apBieHHIM KynbTyp Alizarin
Red. EdextuBHicTh azgimoreHHoro mudepeHIiro-
BaHHA OliHIOBaiM nuisixoM 3abapenenHs Oil Red O
(Sigma-Aldrich) Ha He#TpanbHi JiHiau.

Cmamucmuynuti ananiz. OTpUMaHi pe3yibTa-
A OylIM CTaTUCTUYHO 00poOneHi. HopmanpHicTh
pO3MOALTY AaHWX BH3HAYald 3a JOTOMOTOI0 Te-
cty amipo-Binka. 3HauymiicTe BiMIHHOCTEH MiX
rpynaMu TepeBipsiii 3a t-kputepieM CThIONeHTa
JUIsl HesalexXHUX Tpyn. JaHi npencrasneni sik M +
m; BIAMIHHOCTI BBaXKaITuCsl 3HaTyImMu ripu p < 0,05.

Pe3yabTaTn T2 00rOBOpEHHS

Cdepoimu chopmoBani Ha 3-TIO 00y KyJIbTH-
BYBaHHsS y «BHCSYIH Kpamii» Maiu oKpyriy ¢op-
My 1 CKIaaiwcs 3 MIUTPHO YHAaKOBAHWX KIITHH.
Kurreznaraicte MCK, ominena 3a 3abapBicHHSIM
®JIA/EB, y chepoimax Oyma BHCOKOIO, HMPAKTUIHO
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adipogenesis (0.5 mM 3-isobutyl-1-methyl-xan-
thine, 1 pM dexamethasone, 10 pg/ml insulin,
100 pM indomethacin — all inducers manufactured
by Sigma-Aldrich) [37].

Cultivation in media with inducers of differen-
tiation was carried out for 21 days; the media
was replaced with appropriate fresh media twice
a week. Afterwards, the cultures were fixed in
10% formalin, which was prepared in a phosphate
buffer (pH 7.2).

The effectiveness of osteogenic differentiation
was assessed by Alizarin Red staining. The efficien-
cy of adipogenic differentiation was evaluated by
staining with Oil Red O (Sigma-Aldrich) for neutral
lipids.

Statistical analysis. The obtained results were
statistically processed. The the data distribution
normality was determined by the Shapiro-Wilk
test. Significance of differences between groups
was examined by Student t-test for independent
variables. Data are represented as M + m; differences
were considered significant at p < 0.05.

Results and discussion

The spheroids formed on the 3rd day of cultivation
in the ‘hanging drop’ was of a rounded shape and
consisted of densely packed cells. MSC viability,
assessed by FDA/EB staining, in spheroids was
high, almost all cells both in the outer layer and in
deeper layers were stained green (Fig. 1, A). Single
red dead cells were equally detected in spheroids
and in the suspension of cells obtained by
trypsinization of the monolayer (Fig. 1, B). It was
found that 3D-cultivation led to a reduced size
of the cells by approximately 50% compared to
the diameter of the cells in the suspension. Thus,
the diameter of MSCs grown under 2D-monolayer
culture was about 20 pm, and the diameter of cells
in the composition of spheroids (in the outer layer
and in deeper ones) did not exceed 10 um (Fig. 1).
The effect of reduction of the cytoplasmic and
nuclear volume in MSCs within spheroids has
also been shown in the reports of other researchers
[17, 30], it allows reducing the pulmonary uptake
of cells administered by intravenous infusion and
increases the effectiveness of cell therapies [22].

The size of cells and their shape is determined
by the cytoskeleton structure. During the forma-
tion of spheroids, cell aggregation and increase
of cell-cell interactions occur, which causes
reorganization of the cytoskeleton. Analysis of the
structure and arrangement of actin filaments of
the cytoskeleton (F-actin) by staining with fluores-
cent dye phalloidin-FITC revealed that under the
condition of being in a spread state in a monolayer,
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Puc. 1. XKutrespatHicte MCK 3a 3abapenexHHam OOA/EB: A — cdepoig Ha 3-Tio 00Oy KynbTUBYBaHHS Y «BUCAYIN
Kpanni» 3a koHueHTpauii MCK 3x103 kniTuH/kpannto, 306paxeHHs wapy cdepoina Ha rmubuHi 51,58 mkm; B — cycneHsis
KNiTUH, OTPUMaHKX LUASXOM TPUMCKHi3aLii MoHoLwapy. CTpinkamu no3HadYeHi TMNoBi KNiTUHK.

Fig. 1. Viability of MSCs assessed by FDA/EB staining: A — spheroid on the 3rd day of cultivation in a ‘hanging drop’ at a
MSC concentration of 3x10% cells/drop, image of the spheroid layer at a depth of 51.58 uym; B — a suspension of MSCs

obtained by monolayer trypsinization. Arrows indicate typical cells.

BCl KJITHHH SIK y 30BHIIIHBOMY IIapi Tak i B OinbId
IMOOKKX IIapax, 3a0apBIIOBAIMCh Y 3€JIEHUI KOJIip
(puc. 1, A). TloomuHOKi YepBOHI MEPTBI KIITHHH
BUSIBISUIM B PiBHIA Mipi B cdepoigax i B CycrneHsii
KIIITHH, OTPUMAaHUX IIUIIXOM TPHUIICHHI3AIT MOHO-
mapy (puc. 1, B). Byno Bussneno, mo 3D-KynsTuBy-
BaHHS MPU3BOIUTH 10 3MCHIICHHS PO3MIpy KIIITHH
npubmu3Ho Ha 50% MOpIBHAHO 3 AiaMeTPOM KIIITHH
y BuxijHii cycnensii. Tak, niamerp MCK, mo poc-
JM B YMOBaxX MOHOIIAPOBOTO 2D-KyIbTHBYBaHHS
cki1agaB Onm3bko 20 MKM, a JiaMeTp KIITHH Y CKIIafi
cepoinis (y 30BHINIHEOMY IIapi 1 OLTBII TIIMOOKHUX
mapax) He nepesunryBaB 10 mxm (puc. 1). Edexr
3MEHILICHHS UTOMIa3MaTHYHOTO Ta SIAEPHOTO 00’€-
My MCK y cdepoinax mokazanuii Takox y podorax
iHmMX pocmimaukiB [17, 30], mo3Bolige 3MEHIIH-
TH JICTCHEBE 3aXOIUICHHS BBEICHMX MIISIXOM BHYT-
pitrHbOBeHHOT 1H(Y311 KIITHH 1 TiaBUmIye edek-
TUBHICTh KIIITHHHHX Teparniii [22].

Posmip xaimun i ixuio opmy eusnauae cmpyx-
mypa yumockeiema. Y Xoni yTBOpeHHs cdepoinis
BiIOYBA€ThCSl arperailisi KIITHH 1 TMOCHWJICHHS B3ae-
MOZI KIIITUHA-KIITHHA, 10 CHPUYMHSIE peopraHi-
3allil0 HUTOCKeseTa. AHali3 CTPYKTypH i po3raury-
BaHHS aKkTMHOBHX (imameHTiB nurockenera (F-ak-
THHY) 3 JOMOMOTOK (DIYyOpECIEHTHOTO OapBHHKA
¢amnoinin-FITC BusBMB, 10 3a yMOBHU nHepeOyBaH-
HS B po3IUiacTaHHOMY cTaHi B MoHomapi MCK manu
Jo0pe pO3BUHEHI aKTHHOBI (PiTaMeHTH, po3TalioBaHi
My4YKaMH MO0 BCbOMY 00’eMy KiiTHHU (pHc. 2, A).
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MSCs had well-developed actin filaments arran-
ged in bundles throughout the cell volume (Fig. 2,
A). The analysis of MSCs within spheroids showed
that actin filaments were developed in the cells
of the outer layer, the density of actin filaments
in the cells of deeper layers was much lower and
the filaments themselves were thinner (Fig. 2 ,B).
Thus, it was found that spheroidal formation was
accompanied by a reduction of the actin component
of the cytoskeleton, as well as the cytoskeleton
reorganization. At the same time, cell polarization
occurs in the spheroid structure, i.e. cells in the outer
layer have more developed actin filaments than in
deeper layers.

Reduced cell size and reorganization of the
cytoskeleton are the signs of the MSC transition
to a quiescent state [30, 31], which is extremely
important for the development of resistance to sto-
rage conditions at ambient temperature. In this
regard, it was important to investigate the metabolic
activity of MSCs during spheroidal formation
in dynamics. To do this, we analyzed the reduc-
tion of Alamar Blue, an integral indicator of meta-
bolic activity, during the cultivation of MSCs in a
monolayer and in a ‘hanging drop’. The results are
presented in Fig. 3, which demonstrates that during
monolayer 2D-cultivation during 3 days’ period
there was a rise in the fluorescence intensity of the
indicator reduced form. Fluorescence intensity
during cultivation in the ‘hanging drop’, on the
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Puc. 2. AktuHoBI chinameHTn umtockeneta MCK 3a 3abapeneHHam ganoigiH-FITC: A — MOHOLIapoBe KyIbTUBYBaHHS;

B — cdepoin Ha 3-Tio 0oBy KynbTUBYBaHHS y «BUCSNIA Kpanni» 3a koHueHTpauii MCK 3x10% kn/kpannto, 306paxeHHs
wapy cdepoiga Ha rmubuHi 50,10 mkm. CTpinka no3Hayae po3BUHEHI aKTUHOBI iNaMeHTU B 30BHILLHLOMY LUAPi.

Fig. 2. Actin filaments of the MSC cytoskeleton by phalloidin-FITC staining: A — monolayer culture; B — a spheroid on
the 3rd day of cultivation in a «hanging drop» at a MSC concentration of 3x10® cells/drop, image of the spheroid layer
at a depth of 50.10 um. The arrow indicates the developed actin filaments in the outer layer.

Amnaniz MCK y cknani cdepoiny mokasas, o ak-
TUHOBI (ilaMeHTH Oyau PO3BHHEHI B KJIITHHAX 30B-
HIIIHBOTO IIapy, LIUIBHICTh aKTHMHOBHX (hiJTaMEHTIB
B OUThII TIMOOKHMX Mmapax Oyima 3HAYHO MEHIIIOIO
i cami dimamentu Oynu ToHmmmu (puc. 2, B). Ta-
KM YUHOM, BUSBJICHO, 1O (opmyBaHHS chepoimiB
CYIPOBOIKYETBCSL PEAYKII€I0 AKTUHOBOIO KOMIIO-
HeHta 1murockenera MCK, a Takox Horo peopra-
Hizariero. Ilpu 1mpoMy BimOyBaeThCS IMONSIPU3ALIISL
KIIITHH Y CTPYKTYypi cdepoiny, TOOTO KIITHHH 30B-
HIIIHBOTO LIapy MAIOTh OiJbII PO3BMHEHI aKTHHOBI
¢inameHTH, HiX B NIMOLINX IIapax.

3MEHIIEHHS pO3Mipy KIITHH 1 peopraHizauis
nuToCcKeneTa € o3Hakamu nepexony MCK y cran
cnoxoro [30, 31], mo € BKpall BaKIMBUM I PO3-
BHUTKY CTIMKOCTI JI0 YMOB 30epiraHHs 3a TemIiepa-
Typd HAaBKOJMIIHBOIO CEepefoBHILA. Y 3B SI3KYy
3 UM OYJIO BaKJIMBO AOCIITUTH aKTHBHICTH METa-
6omizmy MCK y aumHamini mig gac cdepoimnoyTso-
peHHs. JIJI1 1IHOTO TPOBOMMIN aHAJI3 BiJHOBIICHHS
Alamar Blue, iHTerpanpHOTO iHAMKAaTOpa MeTabo-
Ji4HOi aKTUBHOCTI, B Xomi KynbTuByBaHHSI MCK
y MOHOIIapi Ta «BUCAYiN Kparti». Pe3ynpraTtn HaBe-
JIeHi Ha pHc. 3, 3 AKOTO BUIHO, 110 32 MOHOILIAPOBO-
ro 2D-kynsTuBYBaHHA MpOTATOM 3 Ai0 BiaOyBasoch
3pOCTaHHs IHTEHCUBHOCTI (yopecueHmii BigHOB-
nenoi ¢opmu iHguKaropa. [HTeHCHBHICTH (iryopec-
IEeHIIi 3a KYyIbTUBYBaHHS Yy «BHUCSUIN Kparumiy,
HaBmakd, Ha l-my noOy 3meHmyBanack Ha 15%,
Ha 2-ry — Ha 35%, Ha 3-TI0 — Ha 42% mnopiBHI-

*

contrary, decreased by 15% on the st day, on the 2
day by 35%, and on the 3rd day by 42% compared
to the initial level (on day 0). The obtained data
demonstrate that different processes took place with
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Puc. 3. MeraboniyHa aktuBHicTb MCK 3a KynbsTuBYBaHHS
B MOHOLLApi Ta y «BUCSAYiN Kpanni» ouiHeHa 3a BigHOB-
neHHam Alamar Blue (pesasypuHy): 1 — MoHowap; 2 —
cchepoian; * — BigMiHHOCTI CTaTUCTUYHO 3HaYyLWiji (p < 0,05)
NOpiBHAHO OO0 MNOKasHWKa B MOHOLWapi y BignNoBigHWN
TEPMiH KynbTUBYBaHHSI.

Fig. 3. Metabolic activity of MSCs cultured in a monolayer
and in a «hanging drop» assessed by the Alamar Blue
(resazurin) reduction: 1 — monolayer, 2 — spheroids; * —
differences are statistically significant (p < 0.05) compared
to the data in the monolayer in the corresponding period

of cultivation.
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HO 3 BuxigHuUM piBHeM (Ha 0 mo0y). Otpumani
JaHi JEMOHCTPYIOTh, IO 3a PI3HUX CIOCO0iB
kyieTuByBaHHs 3 MCK BimOyBamucst pi3Hi mpore-
CH, AKi MOTpeOyBaJId BIAIOBIAHOTO HAJIAINTYBAHHS
KJIITHHHOTO MeTabomismy. Tak, 3a 2D-kynmbTHBY-
BanHS MCK NpHKpITUTIOBAINCH IO TIOBEPXHI ILIaC-
THKY, PO3IIIACTYBAJIUCh 1 TpomidepyBatu, MPHIKHAT-
T€Ba MIKPOCKOIIS BHSBISUIA KITHHA B TIPOIECI
MiTO3y. 3a KYJIETUBYBaHHS y «BHCSUIA Kparuii» BiJl-
OyBaJIMCsl TIPOIIECU arperarii Ta B3a€MOJii KIITHH,
AKi mig yac cepoizoyTBOpPEHHs 3HAYHO 3MEHIYBa-
M METa0oJIiYHy aKTHBHICTh 1 MEpeXOnWId B CTaH
CTIOKOIO, SIK BKe Oylo BH3HAu€HO BHILE, MPH LbO-
My 3aJHUIIAINCH KUTTe3AaTHUMU. [lepexin KIiTHH
BcepenuHi cepoiny B CTaH CIIOKOIO 3 MiHIMAJIBHOIO
MeTa0O0NMIYHOIO aKTUBHICTIO BUSBIEHO B JOCIIIKEH-
HAX cGepoimiB 3 pakoBUX KIIiTUH [1], remarounuTis
[10], Ta MCK [24]. Binbiue Toro, 0yJI0 BHUSBICHO,
mo ¢opMyBaHHSA CQEpOoiNiB BHKIHNKAE crabdimiza-
mifo Tpa"ckpumiiitHoro ¢akropa HIF-1, skwmii, 3a
MIPUIYIIEHHSIMH aBTOPiB, MOXKE OyTH 3aJly9CHHU 10
perynsiii MeTaOoNmiYHOT aKTHBHOCTI, 30UIBIICHHS
CTIMKOCTI KIITWH, MiABHIICHHS CTOBOYpOBOCTI Ta
CEKpeTOpHOI akTHBHOCTI [24]. Bigomo, 110 30epiran-
Hs1 MCK 3a ymoB rinotepmii 6e3 BTpaTH >KUTTe30aT-
HOCTI MOXJIMBE JIMIIE NPOTATOM KiNbKOX TOIUH
y moHomapi [9], abo cycmensii [6, 33], Tob6To 6e3
MOMIEPEIHFOTO TIEPEXOly B CTaH CIOKOK. Tomy
B I poOOTi OyJI0 BaXKITUBUM IIEPEBIPUTH, SK 3MEH-
MIEHHS PO3MIpy KIITHH, PEOpraHi3allis IIHTOCKe-
JIleTa 1 3HWKEHHS 1X MeTa0OIYHOi aKTHBHOCTI (110
BKa3yIOTh Ha IEpPeXiJl B CTaH CIIOKOI B pe3yibTaTi
yTBOpeHHs c()epoiaiB) BILIMBAIOTh HA €(EKTHBHICThH
ix HacTymHoro 30epiraHHs B 3aKpUTHX KOHTEHHEpax
3a temmeparypu 22°C. Byno BusiBIEHO, 10 B XOfi
30epiranHs arperamisi cdepoigiB He BigOyBanacs,
ix nmiamerp He 3MiHIOBaBcs 1 JHopiBHIOBaB 100—
150 mxm (puc. 4). XKutTezgatHicTs cdepoifiB a0
30epiranus ckmagana 95 = 5,4% (puc. 4, A) i mia-
TpUMyBajach y Xomdi 30epiraHHs Ha BHCOKOMY PiBHI
mo 7-i mobm (puc. 4, B-D). Tak, ma 1-my mo0y
30epiraHHs KUTTE3NATHICTh CKianana 74,3 + 4,4%,
Ha 3-Ti0 — 71,5 + 3,6%, Ha 7-my — 72 + 4,5%. 3Ha4-
HE 3HIKCHHSI )KUTTE3MATHOCTI (0 3Ha4eHHS 34,6 £
4,3 %) ¥ mosABy 30H HEKpPO3y B CTPYKTypi chepoinis
cnoctepiranu micis 10 mi6 36epiranns (puc. 4, E).
MertabosiyHa aKTHBHICTB, sIKa 3HHXKYBaJlach y Ipo-
neci cdepoigoyTBOpeHHs, Mg dYac HACTYITHOTO
30epiranHs go0pe miaTpuMyBajack y THepiox 1o
7 ni6 (puc. 5), MmO MIATBEPIKYE TIMOTE3y IIOAO
BXJIMBOCTI TEpEXONy B CTaH CIIOKOIO ISl pO3-
BHUTKY CTiHKOCTI JTO TOIIKOIKYIOIHX (haKTOpiB 30epi-
radHg. EdQexkTuBHICTh NpHKpIIICHHS cdepoinis
Ha aare3WBHUM IUTACTHK Y KOHTPOJNBHIN Tpymi
(mo 36epiranns) cxmagana 100%, mpu momabIno-
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MSCs cultured by different methods, which re-
quired appropriate adjustment of cellular meta-
bolism. Thus, during 2D-cultivation, MSCs have
being attached to the surface of the plastic, spread
and proliferated, microscopy revealed cells in the
process of mitosis. During cultivation in the ‘han-
ging drop’, the spheroidal formation was accom-
panied by cell aggregation and interaction took
place, cells significantly reduced metabolic activity
and reached a state of quiescence, as it has been
already mentioned above, while remaining viable.
The transition of cells inside the spheroid to
a state of quiescence with minimal metabolic ac-
tivity was found in the studies of spheroids from
cancer cells [1], hepatocytes [10], and MSCs [24].
Moreover, it has been revealed that the formation
of spheroids causes the stabilization of the trans-
cription factor HIF-1, which, according to the
authors, may be involved in the regulation of
metabolic activity, increasing cell stability, stemness
and secretory activity [24]. The storage of MSCs
under hypothermia conditions without viability loss
is known to be possible only for a few hours in a
monolayer [9], or suspension [6, 33], i. e. without
a preliminary transition to a state of quiescence.
Therefore in these studies it was important to
check how the decreased size of cells, cytoskeletal
reorganization and their reduced metabolic activity
(indicating a transition into a state of quiescence
resulted from spheroidal formation) affect the
efficiency of spheroids subsequent storage in sealed
containers at a temperature of 22°C.

It was found that during storage, no aggre-
gation of spheroids occurred, their diameter did
not change and was equal to 100-150 um (Fig. 4).
The viability of spheroids before storage was
95 + 5.4% (Fig. 4, A) and was maintained at a high
level during storage until the 7" day (Fig. 4, B—
D). Thus, on the 1* day of storage, the viability was
74.3 £ 4.4%, on the 3¢ — 71.5 + 3.6%, on the 7" —
72 £ 4.5%. A significant decrease in viability (to a
value of 34.6 + 4.3 %) and the appearance of necrosis
zones in the spheroids structure was observed after
10 days of the storage (Fig. 4, E). Metabolic ac-
tivity, which decreased in the process of spheroidal
formation, was well supported during subsequent
storage for up to 7 days (Fig. 5), which confirms
hypothesis regarding the importance of the transition
to a state of quiescence for the development
of resistance to damaging storage factors. The
attachment efficiency in the control group (spheroids
before storage) was 100%, during further cultivation,
cell migration and spreading around the attached
spheroids were observed (Fig. 6, A). After storage
for 1, 3, and 7 days, the attachment efficiency re-
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Puc. 4. XXuttespatHicte MCK po Ta nicns 36epiraHHst B cknagi cdepoifiB B 3akpUTUX KOHTEWHEpPaX 3a Temnepatypu
22°C: A — koHTponb (go 36epiraHHs), B — 1 noba 36epiraHHsi, C — 3 nobu 36epiraHHs, D — 7 gid 36epiranHs, E — 10 gid
36epiraHHs. 3abapeneHHs ®OA/EB. CTpinka i Kpy»Ke4ok no3Havae rpaHuui Tunosoro cdepoigy B rpyni 10 ai6 36epiraHHs,
N — 30Ha HeKPOoay.

Fig. 4. Viability of MSCs before and after storage within spheroids in sealed containers at a temperature of 22°C:
A — control (before storage), B — 1 day of storage, C — 3 days of storage, D — 7 days of storage, E — 10 days of storage.
FDA/EB staining. An arrow and a circle mark the borders of a typical spheroid in the 10 days storage group, n — zone of

necrosis.

My KyJIbTHBYBaHHS CIOCTEpirajy Mirpamiro i po3-
CEJICHHS KJIITHH HABKOJIO TPUKPIIUICHUX CcdepoiiB
(puc. 6, A). Ilicns 36epirannas mpotsaroMm 1, 3, ta 7
ni0 edeKTHBHICTh, TpPHKpIIUICHHS Oyna Ha piBHI
100%, xmiTHHE H0Ope MIrpyBasd 3 MPHUKPIIICHUX
chepoigiz 1 mamu ¢idpobmacTonoaiony Mopdo-
JIOTiUHY CTpyKTypy (puc. 6, B-D). EdexTuBHicTh
npuKpimieHHs cdepoiniB, Aki 30epiraiv MpoTAroM
10 ni6, cxnanana 85,2 + 4,4 %, ane npu MoAaIbIIoOMy
KyJIBTHBYBaHHI cQepoign 3ajluliaguch IIiJILHUMHU,
MaJld TeMHi 30HH HEKpO3y, Ha MOBEpPXHi Oyau Mic-
IS 3 PUXIIUMU BiJUTYIIICHUMHU OKPYTJIUMHU KITITHHAMH,
3 ctepoiniB BUCeNsIacs HE3HAYHA KiIBKICTh KITHH,
CTIOCTEpITaH TOSBY KIIITHHHOTO AeTpuTy (pHc. 6, E).
Omiaky cupomokaocti MCK mo crnpsmMoBaHo-
ro audepeHIifoBaHHS 3IIHCHIOBAIM 33 KYJBTHUBY-
BaHHS B CEPEIOBHINAX 3 IHJYKTOpaMH. byrmo BusB-
JIGHO 3MaTHICTh II0 aIWIIOTCHHOTO Iu(epeHITito-
Bamad B MCK mo i micnmsa 306epiranHs B CKIaii
ctepoigiB mporarom 7 nmib, MmO JAEMOHCTpyBala
MOSIBa KJIITHH 3 JIITITHUMHA BKIIOYCHHSMU, TTO3UTHB-
Ho 3abapeienux Oil Red O (puc. 7, A, C). ¥ xoni
OCTEOreHHOI iHAYKUil cdepoiniB 1o Ta micas 30epi-
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mained at 100%, the cells migrated well from
the attached spheroids and had a fibroblast-like
morphology (Fig. 6, B-D). The attachment efficiency
of spheroids, which were stored for 10 days, was
85.2 = 4.4%, but during cultivation, this spheroids
remained dense, had dark zones of necrosis, there
were places on the surface with loose exfoliated
rounded cells, a small number of cells spread
from the spheroids, the appearance of cellular
detritus was observed (Fig. 6, E).

The ability of MSCs for directed differentiation
was assessed during cultivation in media with
inducers. The ability for adipogenic differentiation
in MSCs in the composition of spheroids before and
after storage for 7 days was revealed, which was
demonstrated by the appearance of cells with lipid
vacuoles, positively stained with Oil Red O (Fig.
7, A, C). During osteogenic induction of spheroids
before and after storage, secretion and accumula-
tion of calcium-binding matrix in the form of
deposits was observed in all fields of view. Positive
staining with Alizarin red for calcium confirmed the
osteogenic differentiation realization (Fig. 7, B, D).
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Puc. 5. MetaboniyHa aktmBHicTb MCK go (koHTponb) Ta
nicnsi 36epiraHHa B cknagi cdepoifiB B 3aKpUTUX KOHTER-
Hepax 3a Temnepatypu 22°C. * — BiAMIHHOCTi CTAaTUCTUYHO
3Haummi (p < 0,05) nopiBHAHO A0 NOKa3HWKa B KOHTPONi (B0
306epiraHHs).

Fig. 5. Metabolic activity of MSCs before (control) and
after storage within spheroids in sealed containers at
a temperature of 22°C. * — differences are statistically
significant (p < 0.05) compared to the control (before
storage).

TaHHS CIIOCTEPIraiy CEKPEeLilo 1 HAKOMTUYEHHS Kallb-
iH-3B’A3YI0YOT0 MATPUKCY y BUIISAL BiIKIAJICHb
y BCix monsix 30py. [lo3uTmBHE 3a0apBleHHS alli-
3apUHOBMM YEPBOHMM Ha Kbl MiJTBEPIUIIO

The choice of preservation method for short-
term storage and transportation of MSC-based
spheroids is crucial for their research and therapeutic
practical use but still remains an open question.
Delivery of cryopreserved samples in liquid nitrogen
is inconvenient, expensive, and should be perfor-
med in restricted time window. Spheroids are con-
sidered as a complex object for cryopreservation
being the 3D constructs formed by cells involved
in cell-to-cell and cell-to-matrix interactions. Cryo-
preservation can affect both properties of MSCs
and spheroids integrity therefore being not prefe-
rential for short-term periods. Storage of spheroids
under ambient temperature can overcome limi-
tations of low temperature preservation, but this
was not properly studied by the present moment.
Results obtained in the work revealed that MSC-
based spheroids stored for 7 days at a temperature
of 22°C show high post-storage viability and pre-
served metabolic activity, which is consistent with
the results of another study [20], which reported the
preservation of >90% viability of MSC in spheroids
after 7 days of ambient storage. Herein, we also
performed an analysis of 7-day stored spheroids
behavior during post-storage re-cultivation under
standard 2D-culture with return to normal oxygen/
carbon monoxide contents and nutrients supply

Pwuc. 6. MNpukpinneHHsa Ta mirpauis KNiTuH 3 cdepoifiB Ha aAre3nBHIN KynbTyparnbHiin NOBEPXHi 40 Ta nicns 3bepiraHHs 3a
Temnepatypu 22°C: A — KoHTponb (8o 36epiraHHs), B — 1 goba 36epiraHHsl, C — 3 gobu 36epiraHHsi, D — 7 4i6 36epiraH-
He, E — 10 fi6 36epiraHHs. MpyxmTTEBa MiKpocKonis — Tpu Ao6u KynbTMBYBaHHA. CTpinka no3Havyae He3HauHy KinbKicTb

KMIiTVH, O BUCENSIIOTBCS, N — 30Ha HEKPO3Y.

Fig. 6. Spheroids attachment and cell spreading on adhesive cultural surface before and after storage at temperature
22 °C: A - control (before storage), B — 1 day of storage, C — 3 days of storage, D — 7 days of storage, E — 10 days of storage.
Intravital microscopy, 3 days of culture. The arrow indicates a small number of migrating cells, n — a zone of necrosis.

npo6nemu Kpiobionorii i KpiomegMUMHN
problems of cryobiology and cryomedicine

Tom/volume 34, N%/issue 3, 2024




Puc. 7. CnpamoBaHe agunoreHHe (A, C) i octeoreHHe (B, D) audepeHuitoBaHHa MCK go (A, B) Ta nicnsa (C, D) 36epiraHHs
B cknagi cdpepoinis 3a Temnepatypu 22°C. 3abapsneHHs ang sidyanisadii: A, C — Oil Red O; B, D — AnizapiHoBuii 4epBo-
HUI. KynbeTnBYBaHHSA y cepedoBuLLax 3 iHaykTopamu, 21 goba.

Fig. 7. Induced adipogenic (A, C) and osteogenic (B, D) differentiation of MSCs before (A, B) and after (C, D) storage within
spheroids at a temperature of 22°C. Staining for visualization: A, C — Oil Red O; B, D — Alizarin red. Culture in media with

R .

inducers, 21 days.

peaizailiro 0cTeoreHHOro Aud)epeHIitoBanas (puc. 7,
B, D).

Bubip meromy KoHcepByBaHHSI cdepoimiB Ha
ocHoBi MCK s KOpOTKOCTPOKOBOTO 30epiraHHs
Ta TPAaHCIOPTYBaHHS Ma€ BUpIIAIbHE 3HAYCHHS
JUISL IX HayKOBOTO Ta TEPAIEBTUYHOTO MPAKTHYHOTO
BUKOPHCTaHHS, aje BCE e 3aJIMIIAEThCS BIIAKPH-
TUM TIMTaHHSAM. [lepeBe3eHHS KpiOKOHCEPBOBaHMX
3pasKkiB y PIIKOMY a30Ti € HE3pyYHUM, BapTICHUM,
IO TOTO X Ma€ 3IIMCHIOBATHCS B OOMEKCHOMY
npomixkky vacy. Chepoinu po3nisiaroTs SIK CKial-
HUM 11 KpIOKOHCEPBYBaHHS 00’€KT, SIKWMH € TpH-
BUMIPHOIO KOHCTPYKIIIEIO 3 KIITHH, 3aly4eHHX
Yy B3a€EMOJIII0 KIIITHHA-KIIITUHA Ta KJIITHHA-MaTPHUKC.
KpiokoHcepBYBaHHS MOXKE BIUIMBATH SK HAa BIIACTH-
Bocti MCK, tak i Ha minmicHicTe cepoiniB, ToMy
HE € MpuBaOIMBHM JAJsl 30epiraHHs MPOTATOM KO-
pOTKOCTpOKOBOTO Tepiomy. 30epiranHs cdepoinis
3a TeMIepaTypy HaBKOJIHIIIHBOTO CEPEIOBHIIA MOXKE
MO/107IaTH OOMEXKEHHSI HH3bKOTEMIIepaTypHOro 30e-
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e

and showed restoration of attachment capacity,
spreading and migration of cells with typical
fibroblast-like morphology from attached spheroids,
and resuming of differentiation abilities, which is of
great importance for verifying viability indicators,
which can potentially be overestimated in immediate
post-storage assessment. Thus, we demonstrated
that 3D-spheroids formed by human adipose tissue-
derived MSCs at concentration of 3x103 /spheroid
can be effectively preserved at a temperature below
physiological (22°C) for up to 7 days. Our work
provides a cheap, versatile, and safe hypothermic
storage method for time frame which is sufficient
for long-distance delivery of MSC-based spheroids
opening perspectives for their more wide prac-
tical application. Obtained in this research results
are also valuable for understanding the fundamen-
tal question about possible mechanisms of the
development of cell resistance to damaging factors.
Our data as to cell size decrease, actin components
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piraHHs, ajie Ha JaHUH MOMEHT 1€ HE JOCIiIKEHO
HaJeKHUM 4nHOM. Pesynsraru, oTpumani y po0OoTi,
nokaszanw, mo cepoign Ha ocHoBI MCK, ski 30epi-
ramm npoTsarom 7 mid 3a Temmeparypu 22°C, me-
MOHCTPYIOTb BHCOKY JKHTTE3NAaTHICTH Ta MeTa-
OOJIIYHY aKTHUBHICTB, IO Y3TOKYETHCS 3 PE3yJIbTa-
TaMm® iHIIOTO AociimkeHHsa [20], y sKoMy HAEThCS
mpo 36epexxeHHs >90% xurrezgarHocti MCK y cde-
poimax micnms 7 mi06 30epiraHHS 3a TeMIEpaTypu
HaBKOJIMIIHBOTO cepeloBHIa. MU HpOBEIHM aHai3
MmoBeMiHKA c(epoiniB, Mo 30epirajmcs MPOTITOM
7 nib, mig 4ac peKyJIbTUBYBaHHS Micis 30epiraHus y
cTaHAapTHi 2D-KynbsTypi 3 MOBEpHEHHSIM JI0 HOP-
MaJbHOTO BMICTY KHCHIO/OKHCY BYIJICIIO Ta TOC-
Ta4aHHS TOXUBHUMH pPEUYOBHHAMH, Ta IMOKA3aJIH
BIIHOBJICHHS 3IaTHOCTI IO IPUKPITUICHHS, PO3CEIICH-
Hs Ta MIrpamilo KITHH i3 THIOBOK (HibpobmacTo-
MOIIOHOI0 MOP(MOJIOTIYHOW CTPYKTYPOIO 3 TMPHKPI-
IUICHUX CQepoimiB, a TAKOK BiIHOBICHHS 31aTHOCTI
JI0 CIIPSIMOBAHOTO AW(EPEHINIOBAHHS, III0 Ma€E Be-
JIMKE 3HAYCHHS 111 Bepu(ikailii MOKa3HHUKIB JKUTTE-
30aTHOCTI, SIKI MOTEHUIMHO MOXYTh OyTH mepeoli-
HEHi 3a BUMIpIOBaHHS Oe3mocepenHbo micis 30epi-
rafds. TakuM YUHOM, aBTOPH MPOIEMOHCTPYBAJIH,
mo TpuBUMIipHI cdepoinu, yrBopeni MCK xupoBoi
TKAaHUHU JIFOJMHHU, Y KOHIeHTpamii 3x10° wmitun/
cepoin MOXyTh epeKTHBHO 30epiraTucs 3a TeM-
neparypu Hmwk4de (iziomoriunoi (22°C) mo 7 mil.
Jlane mocmipkeHHS 3a0e3ledye ACIIeBHi, YHIBEp-
cajgpHUH 1 6e3nmedHnid crocid rimoTepMigHOTO 30€epi-
TaHHA TPOTATOM dYacy, IOCTaTHBOTO JUIA JOCTaB-
ku chepoinie Ha ocHoBi MCK Ha Benuki BifCTaHi,
[0 BiIKpHUBAE€ TEPCHCKTUBU I iX OILIBIN IIH-
POKOTO IPaKTHYHOTO 3acTocyBaHHs. OTprUMaHi B po-
00Ti pe3ynbTaTH TaKOX € WIHHUMH IJIsi PO3YMIHHSA
($yHIaMEHTaIbHOTO MUTAHHS PO MOYKIIMBI MEXaHi3-
MH PO3BUTKY PE3HCTEHTHOCTI KIITHH 10 (hakTopiB
MOWKOLKeHHs. JlaHi MO0 3MEHIIEHHS pPO3Mipy
KIIITHH, peopraxizanii akTHHOBUX KOMIIOHEHTIB LIU-
TOCKeJIeTa Ta 3HIKEHHS MeTa0oMiyHOi aKTHBHOCTI
B cdepoinax MOPIBHIHO 3 MOHOIIAPOM IMiATBEP-
JKYIOTh TIlIOTE3y MPO Te, IO MEPexXia KITHH Y CTaH
CIIOKOIO B mporeci hopMyBaHHs CHEPOITiB € KIIto-
YOBUM MEXaHI3MOM ITATPUMKH BHKUBAHHS ITiJT 4ac
MOaIBIIoOro 30epiraHHs 3a TEMIIepaTypH HaBKO-
JUIIHBOTO cepenoBuia. Panime Oyno mokasaHo,
0 PeayKIlisi KOMIOHEHTIB aktuHy B MCK minBu-
IIy€e EKCIPEeCio TUIIOPUIIOTEHTHUX TeHiB [36]. Byio
MPOIGMOHCTPOBAHO, 1110 3MeHIIeHHs po3mipy MCK
B cepoinax TiCHO MOB’A3aHE 3 peopraHizalieio ak-
THHY 1 BIUTUBAE€ Ha aKTUBAIlIO Kaclla3 Ta MOCHJICH-
Ha ¢yHKIioHamsHOTO ToTeHmiany [31]. IIpoctopo-
BE MIKPOOTOYEHHS, CTBOPEHE T 9ac (GopMyBaHHS
cdepoiga 3 TMOCHIECHHSIM OIOCEPENKOBaHUX KaJre-
pUHAMH MIKKTITHHHUX KOHTAakTiB [34] Ta B3aemo-
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reorganization, and metabolic activity reduction
in spheroids compared to monolayer appear to sup-
port the hypothesis that cell transition to a quies-
cent state during spheroidal formation is a key
mechanism of survival support in subsequent
ambient storage. It was previously shown that
actin components reduction in MSCs up-regulates
pluripotent genes expression [36]. Cell size reduc-
tion closely linked to actin reorganization was
demonstrated to influence caspase activation and
wide functional enhancement in MSCs within
spheroids [31]. Spatial microenvironment created
during spheroidal formation with increased cell-to-
cell contacts mediated by cadherins [34] and cell-
to-extracellular matrix interactions provides natural
niches-like signaling and structural support for cell
morphology reorganization, and, therefore, is one
of the most possible basics for MSC functional
reprogramming within spheroids. It should be noted
that similar to our observation regarding the decrease
in metabolic activity and significant increase in
resistance to damage factors was described by
Tsai A.C. et al. [31], examining the survival under
ischemic stress of MSC spheroids of comparable
size (500, 2000, 5000 cells/spheroid) to the size of
the spheroids in this work (3000 cells/spheroid).
Stabilization of the factor HIF-lo (Hypoxia-in-
ducible factor la) due to the development of hy-
poxia in MSC spheroids is considered as a potential
pathway of metabolic rearrangements and increased
cell survival [24, 35]. At the same time, in the
research [25] there was directly measured the oxy-
gen tension spatial distribution within MSC sphe-
roids detected slight (less than 10%) variation
in oxygen tension gradient between internal and
outer layers in a range 15 000 — 60 000 cells per
spheroid. Considering together this finding and the
fact of MSC metabolic plasticity with high ability to
change metabolic mode in accordance with culture
conditions [26] we can assume that even mild
hypoxia inside spheroids can mimic the conditions
in physiological niches where MSCs reside and can
be additionally involved in metabolic reconfigu-
ration.

Conclusions

To sum up, in this investigation has shown
that spheroidal formation causes a number of
interrelated changes in the morphology and
metabolism of MSCs, which as a result increases
the resistance of cells and provides the possibility
of efficient hypothermic storage of MSC-based
spheroids for up to 7 days at a temperature of 22°C.
However further studies are required to elucidate
more completely the mechanisms behind the effect
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Il KIITHHA-TIO3aKIITUHHUIA MaTpUKC 3a0e3neuye
CUTHAJIIHI, TMONIOHMI 10 HAsSBHOTO B MPHPOAHUX
HilIaX OpraHi3My, 1 CTPYKTypHY HiITPUMKY peop-
ragizamii KITTHHHOT MOP(OJIOTIYHOI CTPYKTYpH,
OTKe, € OJTHIEIO 3 HAHOUTBIIT BipOTiTHUX OCHOB (hYHK-
mioHaiapHOTO pernporpamyBanas MCK y cdepoinax.
Crning 3a3HA4YMTH, MO TMOAIOHE IO CIIOCTEPESKCHHS
aBTOPIB 3HIDKEHHS METa0OIIYHOI aKTUBHOCTI Ta
3HaYHE 30UTBITICHHS CTIHKOCTI 10 (haKTOPiB MOIIKOI-
keHHs omucand A. Tsai 3 cmiBaBT. [31], mocmia-
JKYIOUM BIDKUBaHHS 32 YMOB IIIEMIYHOTO CTPECy
MCK-cdepoinis mopiBHstHHOTO po3mipy (500, 2000,
5000 xmitun/cdepoin) 3 po3mipom chepoiniB y mii
po6oti (3000 wmitun/cdepoin). Crabimizarmito dak-
topa HIF-la (hypoxia-inducible factor lo) BHac-
JIOK PO3BHUTKY Timokcii B cdepoinmax 3 MCK pos-
DISAIAIOTh SIK TIOTEHIIHHAN PEeTyISTOPHUN MUIIX Me-
TaOOMYHUX TEepeOyI0B 1 MOCHWICHHS BMKWBAHOCTI
kit [24, 35]. Y toit xe vac pobora K. Murphy
3 CITBaBT. [25] 3 BUMIpIOBaHHS IIPOCTOPOBOTO PO3-
MOy TUCKY KUCHIO BecepenwHi cdepoinis 3 MCK
BUsiBWIIAa He3HauHy (MeHme 10%) 3MiHy rpamieHTa
TUCKY KHCHIO M BHYTPIIIHIM 1 30BHIIIHIM IIapa-
Mu B miamazoni 15 000—-60 000 xmituH Ha cdepoin.
BpaxoByroun wmi crmoctepekeHHs 1 MeTabomiuHy
mwractuyHicte MCK 3 IXHBOIO BHCOKOIO 34aTHi-
CTIO 3MIHIOBATH METa0ONIYHUI PEKUM BiAMIOBITHO
0 YMOB KYJIBTUBYBaHHS [26], MOKEMO TPHITYCTH-
TH, IO HABIThH JIETKa TIMOKCisA BcepeauHi cdepoinin
MOXKE IMITyBaTH YMOBU Y (i3i0JOTIYHMX HillIax,
ne 3Haxonatbess MCK, 1 10JaTKOBO YMHUTH BIUIMB
Ha peKoHDIrypaIliro MeTabomi3my.

BucHoBKkH

TakuM 4yuHOM, y LIl PoOOTI aBTOpM MOKa3aiH,
mo ¢opMyBaHHSI cHEepoiniB BUKIMKAE HHU3KY B3ae-
MOTIOB’I3aHUX 3MiH Y MOP(QOJIOTiYHIA CTPYKTYypi Ta
Metabomnizmi MCK, mo B pe3ynsrari miaBuiiye pe-
3UCTEHTHICTB KIIITHH 1 pOOUTH MOXIUBUM €(DEKTUBHE
rinorepmiune 30epiranns cdepoini Ha ocHoBi MCK
1o 7 mi6 3a temmeparypu 22°C. OgHak IpoBeACHHS
MOJANBIIUX JOCHIKEHb € HEOOXITHUM IS OinbIi
MMOBHOTO 3’SCYyBaHHS MEXaHi3MiB BIUIMBY (OpMy-
BaHH: cdepoini Ha cTikikicTe MCK 10 HecnipusTin-
BUX (paKTOPiB HABKOJIUIIHBOTO CEPEOBHIIA.

Poboma eukonana 3a niompumxu Hayionano-
Ho2o poHdy Odocriddcenv Ykpainu (npoexm Ne
2021.01/0276).
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