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Pedrepat: Cchepoinm, yTBopeHi 3 Me3eHxiMmanbHUx ctpomMarnbHux/ctoBbypoBux knituH (MCK), 3abe3nevytoTb onTumanbHe Mikpo-
cepefoBuLLe ANs KMNiTMHHOMO MoTeHuiany Ta NiATPUMKU CTOBOYPOBOCTI, @ TakoX € MEepCrneKTUBHUMMK CTPYKTypamu Ansi po3pobku
peneBaHTHUX OOCMIAHUX MoZenew i KNiTMHHUX Tepanii. MpakTuiHe 3acTocyBaHHS noTpebye po3pobku edekTUBHUX MeToAiB 36epiraH-
Hs1 ccpepoiniB. 36epiraHHs 3a Temnepatypu 22°C Moxe ByTv 6e3ne4HnM i 3pyYHUM Ansi KOPOTKOYACHOrO TPaHCMOPTYBaHHA cdepoiais
Ha ocHoBi MCK. Y po6oTti BU3Ha4eHo, o cdepoinn 3 MCK xunpoBoi TkaH1HM NoanHn MoxyTb 36epiratucst 3a Temnepatypu 22°C o 7 aio
3 ePEKTUBHUM 36EPEXKEHHAM XKUTTE3AATHOCTI, METAabOMIYHOI aKTUBHOCTI, 30aTHOCTI 40 NPUKPINNEHHS Ta AudepeHLuitoBaHHs. [loBeaeHo,
Lo popmyBaHHsi cepOIfiB CyNnPOBOMAXYETLCS PeOpraHisaljieto LMTockeneta KniTuH, 3MEHLLEHHSIM po3Mipy i MeTaboniyHOi akTUBHOCTI
MCK, ue e BKkpaii BaXnMBUM Ansi pO3BUTKY CTIKOCTi cdhepoifiB A0 yMOB 36epiraHHsi 3a TeMnepaTypy HaBKOMULLHLOIO CEPEfOBULLA.

KntouoBi cnoBa: ccepoigmn, MmeseHxiMarnbHi CTpoManbHi KMiTUHK, rinoTepMiyHe 36epiraHHsi, akTUHOBI hinameHTH, XUTTE3OaTHICTb,
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 KIIITHHU
(MCK) MaroTh HHM3Ky NpUBaOIUBUX i OioMequd-
HUX IJIeH BIACTUBOCTEH, TakuX sK TUEPEHIlit0-
BaJbHHUI TOTEHIIaNn [28], TUIACTUYHICTh, 3[ATHICTh
JIO HapOII[yBaHHS B YMOBaX KyJIbTHBYBaHHS, XOYMiHT
Ta Mirparisi 0 MIiCIlb ITOIIKOJKCHHS ITICJISI CUCTEM-
HOTO BBeJIeHHS [ 14, 32], Hu3bKa iMyHOT€HHICTH [21],
VHIKaJIbHa CEKpeTopHa akTWBHICTH [13, 23] 3 mpo-
IyKyBaHHSIM IMYHOMOIYJIOIOYHX, MPOTH3AMAIbHUX,
AHTHAMTONITOTHYHMX, IPOAHTIOreHHUX (PAKTOPIB, a Ta-
KO (paKTOpIB PEMOAEITIOBAHHS KIIITUHHOI ITOBEIiH-
ku. B opranizami MCK mepeOyBaioTs y Tak 3BaHUX
«HIMTax», SKi MITPUMYIOTH iX CTOBOYpOBICTH. 3a
KyJTUBYBaHHS B MOHOIIIAPi (CTaHAApTHE TBOBUMIp-
He (2D) KynsTUBYBaHHS) MPUPOIHE MIKPOOTOUEHHS
MCK He BiITBOPIOETHCS, 1110 TPU3BOAMTE JI0 TIOCTY-

NOBOI BTpaTH YHIKaJbHHUX BiacTUBOcTel [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 ocHoBi MCK y OioMequuHuX JOCHIIKCHHIX
1 ximiHigHIA MeaunuHi. s TpuBamoro 30epiraH-
HA OIOJOTIYHMX 00’€KTIB HIMPOKO BUKOPHUCTOBY-
FOTb METOIW KPIOKOHCEPBYBaHHS, SIKi MalOTh ITEBHI
0oOMEXeHHS: BapTicHE OOJagHAHHS, HASBHICTH Pill-
KOrO a30Ty Ijisl TPaHCHOPTYBaHHsS, a Yy BHUMAIKy
KOHCEpBYBaHHsI c()epoifiB — MOXKIHMBICTh PU3HKIB
MeXaHIYHOTO MOMIKOIKeHH 3D-cTpyKTypn Ta 3HU-
KCHHS KUTTe3AaTHOCTI KiiTuH [18]. Pasom 3 mumM,
Bce OlbIIe TOKa3iB CBITYUTH MPO T€, MO TOKCHY-
Hi e(eKkTH KpiompOTEeKTOpiB i MpOLEeoypH 3aMOpo-
JKyBaHHS-BIAITPIBaHHA MOXXYTh CHPHYUHSATH IIOII-
KOJDKCHHS ITUTOCKeNeTa [8], 3MiHu qudepeHITiI0BaITh-
Horo moteHmiany MCK [2], BiaxXuiaeHHS CTymHeHS
ekcrpecii TeHiB [12] Ta emreHeTHIHOTO CcTaTycy [35]
Yy JEKOHCEPBOBAHMX KIITHH. [imoTepmiuHe 30epi-
TaHHS 3a TeMIeparyp HWk4Ye (i3i0JOTIYHHUX MOXKE
BUPILIMTA OCHOBHI MpOOJeMH, SKi BUHUKAIOTH Iif
Jac HU3bKOTEMIepaTypHoro 30epiranHs, OyTH Oinbir
Oe3redyHuM 4Yepe3 BiACYTHICTh KPiOMPOTEKTOPIB Ta
e(eKTiB KpiOyIIKOKEHHS 1 CTaTH MPUHHITHOIO ajlb-
TEPHATUBOIO Ul KOPOTKOYAcHOTO 30epiraHus cde-
poiniB. Ilpm mpomy 30epiranHsi 3a TeMIeparypH
22°C TakoXX MO3BOJHTH CHPOCTUTH TPAHCIOPTY-
BaHHS MDK JOCIITHHUIBKAMH Ta KIIHIYHAMU ILIEHT-
pamu. Ilporec popmyBanHs chepoimiB MOTECHIIHHO
MO>KE BIUTMBATH Ha YyTJIUBICThH KIITHH 0 30BHIMIHIX
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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 which occur during 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 physical, chemical damage
factors to which the objects are subjected during
hypothermic storage 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 tempe-
rature 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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HECTpUATAMBUX (pakTopiB, 30KpeMa (Qi3MYHHX 1
XIMIYHUX YMHHHKIB HOIIKOMOKEHHS, Mil IKUX 00’ €K-
TH TiJJAI0ThCA TPH TINOTepMiyHOMY 30epiraHHi 3a
temmepaTypu 22°C. Y Tol ke 9ac MOXKJIUBICTh 30€-
piranas 1 cran MCK y ckmaai cdepoinis micis
30epiranHs 3a Temreparypu 22°C peTesbHO He J0C-
JIJDKEH].

Mera pobOTH — HOCTIIKEHHS >KUTTE3MAaTHOCTI
Ta (QyHKIioHaNbHUX BiacTuBocTelr MCK mo ta mic-
751 TinoTepMiyHOro 30epiraHHs B ckiani cdepoinis
3a remneparypu 22°C.

Marepiaiau Ta MeTOIH

Buoinenns ma xynomueysanns xiaimun. MCK
KHUPOBOT TKAHWHHM JIIONUHH BUIULSLIIM 3 JIioacmipara
JOPOCIMX TAII€HTIB TICISI OTPUMAaHHS IHCHEMOBOI
3rou MOIH(MOPMOBAHUX 370POBUX JOHOPIB-TOOPO-
BOJIBIIIB Y CYBOpIA BIAMOBIAHOCTI 0 pPEKOMEHIA-
it ['enbcinchKoi Aeknaparii BcecBiTHROT MeamIHOT
acoriarii Ta BUMor bioernanoro komitety [HCTUTYTY
mpo0JieM Kpiobioorii 1 kpioMmeauuuHu (M. XapKiB).
MCK oTrpuMyBain 3a METOAOM pO3IIEIUIEHHS KO-
narenazoro [37]. I3ompoBani MCK kynbTHBYBamu
3a temneparypu 37°C, 5% CO, i 95% Bomorocti
B TIOBHOMY KyJNBTYPaJIbHOMY CEPEIOBHILI, IO CKJIa-
nanock 3 cepenopuma Minimal Essential Medium
a-mogudikanii (a-MEM, Sigma-Aldrich, CHIA) 3
nomaBanHsaM 10% cetanpHOT OWYadoi CHPOBATKU
(Biowest, ®pamniiis), 50 Mxr/mi neHinuitiay (Bio-
west), 50 mxr/mi ctpentomiiuay (Biowest) i 0,2 MM
L-tnyraminy (Sigma-Aldrich). IToBHy 3amiHy cepe-
JIOBHUIIIA TIPOBONMIN KOXHI 3—4 moom. Ilpm mocsr-
HeHHi 80% KoH(UIIOGHTA KJIITHHU TPHIICUHI3Y-
Banmu Ta nepeciBann. MCK 4-6 macaxiB BUKOpHC-
TOBYBAJIM B HACTYITHUX €KCIIEPUMEHTAX.

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
(«FOpig-Dapm», Ykpaina) aist miATPUMaHHS OINTH-
MaJbHOI BOJIOTOCTI MPH MOAAIBIIOMY KYJIbTUBYBaH-
Hi. 3amiHy cepenoBuia He poBoawINd. CTPOK KyJlb-
TUBYBaHHS CTaHOBUB 3 110OH, micisg yoro cdepoinn
30Mpay i BAKOPUCTOBYBAJIH ISl €KCIIEPUMEHTIB.

3abapenenns na axkmuno8i ¢hinamenmu yumo-
ckenema. Mouomap Ta cdepoinu, yreopeni 3 MCK,
nBa pasu npomuBaiu (Gocdaraum Oydpepom (PAA,
Asctpis), dikcyBamu B 4%-My po3uuHi (opmaib-
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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% CO,, 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), 50 pg/ml streptomycin
(Biowest), and 0.2 mM L-glutamine (Sigma-Aldrich).
The media were completely changed every 3—
4 days. At 80% of confluence the cells were trypsi-
nized and subcultured. MSCs at passages 4-6 were
used in further experiments.

Spheroids generation. The ‘hanging drop’ me-
thod [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
(Yuria-Pharm, Ukraine) to maintain optimal humidity
during subsequent cultivation. The medium was not
replaced. The cultivation period was 3 days, after
which the spheroids were collected 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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nerixy mpotsroM 10 XB 3a KiIMHATHOI TeMIIepary-
pu 1 micas npomuBanu ¢ocharaum Oydepom. Ilo-
TiM 3paszku o0poOmsmu 0,5%-uM pozunHom Triton
X-100 misa nepmeabinizamii MeMOpaH 1 IiCIIst IPOMHU-
Baiu docharaum Oydepom. [ami mpoBOAUIN CEeK-
THBHE 3a0apBIICHHA AKTHHOBHUX (LIAMEHTIB ITUTO-
ckeneta (F-akTuH) 3a 1O1IOMOTror0 ¢IIyopeciieHTHOTO
0apsuuka ¢anoigia-FITC (Phalloidin FITC Reagent,
Abcam, Benuka bBpuranis). 3abapsiicHi 3pa3ku
aHaJl3yBaJIM HA KOH()OKAITBHOMY JIa3€pHOMY CKaHY-
touomy Mikpockori «LSM 510 META» (Carl Zeiss,
Himeuyuuna).

3b6epicanna 3a ximmamuoi memnepamypu. Cde-
poinn Ha ocHoBi MCK 30epiramu B repMETHYHO
3aKpUTUX KpiompoOipkax 3a Temmeparypu 22°C
Yy KYIBTYpPallbHOMY CEpEJIOBHUINI B OXOJIOKYHOUYO-
My Tepmoctari «KLAUDA» (LAUDA, Himeuunna).
[TapameTpu >KHTTE3MATHOCTI Ta (YHKITIOHAIEHOTO
CTaHy OINIHIOBAIM OE3MMOCepPEeNHbO Iepen 30epiraH-
HaM 1 Ha 1, 3, 71 10 goOy 36epiranss (n = 3 y Tppox
MOBTOPAX JUISI KOXKHOT TPYIIH).

Kummeszoamuicmo. JXATTE3MATHICTL OILIHIOBA-
JI1 32 JIONIOMOTOO TONBIMHOTO 3a0apBiieHHS (ITyo-
pecneinmianieraroMm (OIA) i Opominom etumiro (EB)
[11]. 3abapenenns DIA/ED anamizyBamu 3a moro-
MOTOI0 KOH(OKaJbHOTO MiKpockona «Zeiss LSM
510 META» (Carl Zeiss) Ta mporpamHoro 3ades-
neveHHs 10 Hboro. KoHdokansHi 300pakeHHs Oyiu
OTpUMaHi B3M0BX oci z 3 iHTepBazamMu 20 MKM
IpH ITOBKUHI XBHII 30ymkeHHs 488 um mos DA
Ta 543 um wia EB.

Memaboniuna axmusenicms. MeTabOMIUHY aK-
THBHICTh OIIIHIOBAJM 3a JIOMOMOTOI0 Tecty Alamar
Blue (AB, Serotec Ltd, CIIIA), sk onucaHo paHimie
[27]. Hocnimxysani 3pasku (MCK y moHomapi a6o
coepoinn Ha ocHoBi MCK) iHKyOyBamu mpoTsArom
3 TOAMH y TOBHOMY KYJBTYpadbHOMY CEPEIOBHILI,
mo goxatkoBo Mmictuio 10% AB. PiBens ¢uyopec-
neHIii BigHOBIeHOro AB BuMiproBanM Ha IJIaH-
mernomy crekrpoduryopumerpi « TECAN GENios»
(Tecan Genios, ABCTpis) 3 ITOBKHHOIO XBHJIi 30YyI-
skeHHS 550 HM 1 TOBKHHOIO XBHJII BUIIPOMIHIOBAHHS
590 uM. B gxocTi mokazHMKa MeTabOIiYHOI aKTHUB-
HOCTI BHKOPHWCTOBYBAJIIM PI3HUIIO 1HTCHCHUBHOCTI
(bimyopectieHIii TOCTITHOTO Ta XOJOCTOTO 3pa3KiB
(6e3 iiTHH) 1 BHpakaJli B YMOBHUX OJUHHIISX
¢dmyopecuenuii (YOO).

Oyinka eghexmuenocmi npukpinients cgepoioie
i miepayii kaimun na aoee3ushit nogepxui. Chepoinn
BHOCWIH B JIYHKH 96-TyHKOBOTO TUIAHIIIETa B TIOB-
HOMY KyJIbTypaJbHOMY CEPEIOBHINI U KYJIbTHBYBa-
A B CTaHAApTHUX ymoBax 24 romuau. Ilicis doro
3a JOTOMOTOI0 TIPMKUTTEBOI CBITIIOBOT MIKPOCKOMIT
MIPOBOIMIIA IMIPaXyHOK NPHKPIUICHUX (a) Ta He-
npukpimieHux  cdepoigie () 1 po3paxoByBalin
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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) with provided
software. Confocal images were obtained along
the z-axis with 20 pm 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 (%) = 5 x100.

a+

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

Differentiation potential of MSCs within sphe-
roids.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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e(EeKTUBHICTh PUKPIIUICHHS 32 HACTYIHOIO (HOpMY-
J1010:

a

EdexTuBHICTh NPUKPITUICHHS = 5 x100 %.

[Ipu momanpIIoMy KyJIBTHBYBaHHI MPUKPIMIIEHIX
chepoimiB crocTepiraiau, 9u BiAOYyBa€THCS MITrparlis
1 pO3CeIIeHHS KITITHH.

Jugpepenyirosanvruuit nomenyiar MCK y ckraoi
cgepoioie. Bu3HaueHHS 3IATHOCTI CTPOMAIBbHUX
KITHH y ckiafi cepoiniB 10 CIpsMOBaHOTO IH-
(hepeHIlitOBaHHS 3MIMCHIOBATN HACTYITHHUM YHHOM:
chepoinn mHoMimaNKM B KyJAbTypallbHI IUIAHIIETH
3 a[re3WBHUM IJIACTUKOM B TIOBHOMY KYJBTypalib-
HOoMy cepenoBuili. Yepe3 24 ronuHU KyJIbTHBYBaH-
HA TCISA TPHUKPIIUICHHS CQEepoiniB 3aMiHIOBAIH
CepeloBHUINe Ha BiAMOBiAHE iHAyKMiliHe. OcTeoreH-
HE CepeloBHIIe cKiIananochk 3 a-MEM, mo micTuiio
10% deranpHoi Omua4yoi cupoBarkd, L-Tiryramin,
aHTHOIOTHKH Ta IHIYyKTOpH octeorene3y (100 M
nekcamerazony, 10 MM B-mminepodocdary, 0,2 MM
2-pocdary L-ackopOiHOBOI KUCIOTH — BCI IHAYK-
Topu BuUpoOHHMUTBA 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 nexcameTra3oHy,
10 mxr/mn incyminy, 100 MxkM iHZOMETallMHYy —
BCl iHAyKTOpH BUpOOHUITBa Sigma-Aldrich) [37].

KynbTuByBaHHS y cepemoBUINax 3 iHIYKTOpaMu
Iu(epeHIliIoBaHHS 3iCHIOBAIN IpoTroMm 21 1oou,
3aMiHy CEpelOBWINA Ha BiIITOBITHE CBDKE IIPOBO
IVWIA NIBi4i Ha TWKACHB. Ilicis mBOTO KYJIBETYpH
¢dikcyBaim y 10%-My QopmainiHi, SKUil TOTyBaiu
Ha Qocdarnomy Oydepi (pH 7,2).

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

OTpumani pe3ylbTaTd OyJId CTaTHCTHIHO 00p00-
neHi. HopMmasibHICTh PO3MOATY MaHWX BHU3HAYATH
3a gomomororo Ttecty lllamipo-Bimka. 3HadymIicTh
BIIMIHHOCTEH MDK TpyIaMH TEpeBipsuH 3a t-KpH-
tepiem CThIONEHTA IS HE3aNSKHHX Tpyi. Jami
mpeacTaBiieHi sk M + m; BIIMIHHOCTI BBa)KaJIuCs
3Ha9yImuMu npu p < 0,05.

Pe3yabTaTi T2 00rOBOpPEHHS

Cdepoinu, chopmoBani Ha 3-Ti0 100y KyJabTH-
BYBaHHs Yy «BHCSYIH Kparuti», Majdu OKpyriy ¢op-
My 1 CKIaaiwcs 3 IIUTPHO YHAaKOBAHWX KIIITHH.
Kurreznaraicte MCK, ominena 3a 3abapBicHHSIM
®JIA/EB, y chepoimax Oymna BHCOKOIO, HMPAKTUIHO
BCl KJIITUHU SK y 30BHINIHBOMY ITapi, Tak 1 B OUTBIIT
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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.

The obtained results were statistically pro-
cessed. The the data distribution normality was
determined by the Shapiro-Wilk test. Signi-
ficance of differences between groups was examined
by Student t-test for independent variables. Data
are represented as M £ m; differences were consi-
dered 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 reor-
ganization 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.

IMOOKKX Iapax, 3a0apBIIOBAIMCH Y 3€JEHUH KOJIip
(puc. 1, A). TloomuHOKi YepBOHI MEPTBi KIITHHH
BUSIBISIM B PiBHIA Mipi B cepoimax i cycmensii
KIIITHH, OTPUMAaHUX NUIAXOM TPUIICHHI3aLii MOHO-
mapy (puc. 1, B). Byno BuseneHo, mo 3D-KynsTuBy-
BaHHS MPU3BOIUTH 10 3MCHIICHHS PO3MIpy KIIITHH
npubmm3Ho Ha 50% MOpIBHAHO 3 AiaMeTPOM KIIITHH
y BuxijHii cycnensii. Tak, niamerp MCK, mo poc-
JM B YMOBaxX MOHOIIAPOBOTO 2D-KyIbTHBYBaHHS
ckiIanaB onm3bko 20 MKM, a JiaMeTp KIIITHH Y CKIIai
cepoinis (y 30BHINIHEOMY IIapi 1 OLTBII TIIMOOKHUX
mapax) He nepesunryBaB 10 mxm (puc. 1). Edexr
3MEHILIECHHS UTOMIa3MaTHYHOTO Ta SIAEPHOTO 00’€-
My MCK y cdepoinax, moxasanuii Takoxx y podorax
iHmMX pocmigaukiB [17, 30], mo3Bolige 3MEHIIHU-
TH JICTCHEBE 3aXOIUICHHS BBEICHUX IUISIXOM BHYT-
pitrHbOBeHHOT 1H(Y31T KIITHH 1 TiaBUIIye edek-
TUBHICTh KIIITHHHHX Teparniii [22].

Posmip knimun ma ixnio ghopmy eusnavae cmpyx-
mypa yumockeiema. Y Xoni yTBOpeHHs cdepoinis
BiIOYBaIOThCS arperailis KIITHH 1 OCHJICHHS B3ae-
MOJII KJIITHHA-KIIITHHA, IO CHPUYUHSIE peopraHi-
3allil0 HUTOCKeseTa. AHali3 CTPYKTypH 1 po3raury-
BaHHS aKkTMHOBHX (imameHTiB murockenera (F-ak-
THHY) 3a JIOTIOMOTOI0 (hITyOPECIIEHTHOTO OapBHHKA
¢annoinin-FITC BusBKB, 10 3a yMOBHU nepeOyBaH-
HS B po3iUiacTaHHOMY cTaHi B MoHomapi MCK manu
no0pe pO3BUHEHI aKTHHOBI (PiTaMEeHTH, pO3TalIOBaH1
My4YKaMH MO0 BCbOMY 00’eMy KiiTHHU (pHc. 2, A).
Amnaniz MCK y cknani cdepoina mokaszas, mo ax-
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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 — copepoin Ha 3-Tio 40Oy KynbTUBYBaHHS y «BUCAYi Kpanniy 3a koHueHTpauii MCK 3x103 knituH/kpannto, 306paxeHHs
wapy cdepoiga Ha mubuHi 50,10 mkm. CTpinkoto no3Ha4yaeHoO PO3BUHEHI aKTMHOBI PiNaMeHTU 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.

TUHOBI (iTaMeHTH Oyau PO3BUHEHI B KJIITHHAX 30B-
HIIIHBOTO IIapy, LIUIBHICTh aKTHMHOBHX (hiJTaMEHTIB
B Oinpll MMOOKMX Imapax Oyia 3HAYHO MEHILIOO
i cami dimamentu Oynu ToHmmmu (puc. 2, B). Ta-
KM YUHOM, BUSBJICHO, 1O (opmyBaHHS chepoimiB
CYIPOBOIKYETBCSL PEAYKII€I0 AKTUHOBOIO KOMIIO-
HeHta 1urockenera MCK, a Takox Horo peopra-
Hizariero. Ilpu 1boMy BimOyBaeThCS IMONSPU3ALIISL
KIITHH y CTPYKTypi cdepoina, TOOTO KIIITHHU 30B-
HIIIHBOTO LIapy MAIOTh OiJbII PO3BHHEHI aKTHHOBI
¢inameHTy, HiX B NIMOLINX IIapax.

3MEHIIEHHS pO3Mipy KIITHH 1 peopraHizamis
nuToCcKeneTa € o3Hakamu nepexony MCK y cran
cnoxoro [30, 31], mo € BKpall BaXJIMBUM I PO3-
BUTKY CTIMKOCTI 10 yMOB 30epiraHss 3a TemIepa-
Typd HAaBKOJMIIHBOIO CepefoBHILA. Y 3B SI3KYy
3 UM OYJIO BaKJIMBO AOCIITUTH aKTHBHICTH METa-
6omizmy MCK y aumHamini mig gac cdepoimoyTso-
peHHs. JIJI1 1IHOTO TPOBOMMIN aHAII3 BiJHOBICHHS
Alamar Blue, iHTerpanpHOTO iHAMKAaTOpa MeTabo-
J9HOI aKTHBHOCTI B Xomi KyiasruByBaHHi MCK
y MOHOIIIapi Ta «BUCAYiN Kparti». Pe3ynpraTtn HaBe-
JICHO Ha pHC. 3, 3 AKOTO BUAHO, L0 32 MOHOILIAPOBO-
ro 2D-kynsTuBYBaHHA MpOTATroM 3 Ai0 BigOyBasoch
3pOCTaHHs IHTEHCUBHOCTI (yopecueHmii BigHOB-
nenoi ¢opmu iHgUKaropa. [HTeHCHBHICTH iryopec-
HeHHii 3a KyJABTUBYBaHHS Y «BHCAYIM Kparumiy,
HaBmaky, Ha l-my noOy 3meHmyBanack Ha 15%,
Ha 2-ry — Ha 35%, Ha 3-TI0 — Ha 42% mOpiBHIHO
3 BUXIIHUM piBHEM (Ha HyJIbOBY n00y). OTpumani

*

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. MetaboniyHa aktuBHicTe MCK 3a KynbTvBYBaH-
HA B MOHOLLApi Ta «BUCSAYIN Kpanmni» ouiHeHa 3a BigHOB-
neHHam Alamar Blue (pesasypuHy): 1 — MoHowap; 2 —
cchepoian; * — BigMiHHOCTI CTaTUCTUYHO 3HaYyLWiji (p < 0,05)
MOPIBHAHO 3 MOKa3HWMKOM Yy MOHOLWapi y BigNoOBiAHWN
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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naHi AeMoHCTpyloTh, mo 3 MCK 3a pi3Hux cno-
co0iB KyJbTHBYBaHHSI BiOyBajHCs Pi3HI MPOLECH,
Kl ToTpeOyBaJd BiAMOBITHOTO «HANAIITYBaHHSD)
KJIITHHHOTO MeTabomismy. Tak, 3a 2D-kymbTHBY-
BanHS MCK TpHKpITUTIOBAINCH IO TIOBEPXHI ILIaC-
THKY, PO3IIIACTYBAJIUCh 1 TpomidepyBatu, MPHIKHAT-
T€Ba MIKPOCKOIIS BWSBISUIA KITHHA B TIPOIECI
MiTO3y. 3a KyJbTHBYBAaHHS Yy «BUCSUIH Kparuri»
BiOyBalmMCsl arperaifiss Ta B3a€MOJIisl KIITHH, SKi
mig 4yac cgepoigoyTBOpPEHHS 3HAYHO 3MEHIIYBa-
M METa0oJIiYHy aKTHBHICTh 1 MEpPEeXONWId B CTaH
CTIOKOIO, SIK BKe Oylo BH3HAu€HO BHILE, MPH LbO-
My 3aJMIIAINCH KUTTe3AaTHUMU. [lepexin KIITHH
BcepenuHi cepoina B CTaH CIOKOIO 3 MiHIMAJIBHOIO
MeTa0O0IIYHOI0 aKTHBHICTIO BHUSBIECHO B JTOCIIIKEH-
HAX cGepoimiB 3 pakoBUX KIIiTUH [1], remarounuTis
[10], Ta MCK [24]. Binbiue Toro, 0yJI0 BHUSBICHO,
mo ¢opMyBaHHSA CQEpoiNiB BHKIHMKAE cradimiza-
mifo Tpa"ckpumiiitHoro ¢akropa HIF-1, sakwmii, 3a
MIPUIYIIEHHSIMH aBTOPiB, MOXKE OyTH 3aJIy9CHHU 10
peryisiii MeTaboiYHOT aKTHBHOCTI, 301IbIICHHS
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], ToOTO 6e3
MOMEPEAHFOTO TIEPEXOly B CTaH CIIOKOKW. Tomy
B I poOOTi OyJI0 BaXKITUBUM IIEPEBIPUTH, SK 3MEH-
MIEHHS PO3MIpy KIITHH, PEOpraHi3allis ITUTOCKe-
JIleTa 1 3HWKEHHS 1X MeTa0OIYHOi aKTHBHOCTI (110
BKa3yIOTh Ha IEpeXiJl B CTaH CIIOKOI B pe3yibTaTi
yTBOpeHHs c(hepoiaiB) BILIUBAIOTh HA €(EKTHBHICThH
iX HacTymHOTO 30epiraHHs B 3aKpUTHUX 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 10
30epiranus ckiagana (95 = 5,4)% (puc. 4, A) 1 min-
TpUMyBajlach y XOfi 30epiraHHs Ha BHCOKOMY piBHI
1o 7-1 moowm (puc. 4, B-D). Taxk, Ha 1-my mo0y 36epi-
raHHS JKATTE3NaTHICTh ckimamana (74,3 = 4,4)%,
Ha 3-Tr0 — (71,5 £ 3,6)%, Ha 7-Mmy — (72 = 4,5)%.
3HavHe 3HWKEHHS KUTTE3MATHOCTI (110 3HadeHHA 34,6
+ 4,3 %) i mosiBY 30H HEKpO3y B CTPYKTYpi chepoinis
crioctepiramy micnst 10 xi6 36epiranns (puc. 4, E).
MertaboiyHa aKTHBHICTB, sIKa 3HHXKYBalach y Ipo-
neci cepoimoyTBOpPeHHs, IiJ 4Yac IONAIBIIOTO
30epiranHs go0pe miaTpuMyBajack y THepiox 1o
7 ni6 (puc. 5), MO TATBEPIKYE TIMOTE3y MIOAO
BXJIMBOCTI TEpPEXONy B CTaH CIIOKOIO IS pO3-
BUTKY CTIHKOCTi 10 IOMIKOKYIOUHX (hakTopiB 30epi-
raiHg. EQekTHBHICTh NpHKpIIICHHS cdepoinis
Ha aare3WBHUM IUIACTHK Y KOHTPOJNBHIN Tpymi
(mo 36epiranns) cxmagana 100%, mpu momabIIo-
My KyJbTHBYBaHHS CIIOCTEpirajad Mirparimo i pos-
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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 ef-
ficiency 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 pum (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 — koHTpornb (oo 36epiraHHs), B — 1 noba 36epiraHHs, C — 3 nobu 36epiraHHs, D — 7 gi6 36epiranHs, E —
10 pi6 36epiraHHs. 3abapenerHss POA/EB. CTpinkoto i Kpy>Keukom Mo3HaveHo rpaHuui Tunosoro cdepoiga B rpyni 10 i
306epiraHHsl, N — 30Ha HEKPO3y.

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.

CeNeHHs KJIITHH HaBKOJO MPUKpImIeHuX cepoinis
(puc. 6, A). Ilicns 36epirannas mpotsarom 1, 3, Ta 7
ni0 edeKTHBHICTh, TpHKpiIUICHHS Oyna Ha piBHI
100%, xmiTHHE H0Ope MIrpyBasd 3 MPHUKPIIICHUX
chepoigiz 1 mamu ¢idpobmacTonoaiony Mopdo-
JIOTiUHY CTpyKTypy (puc. 6, B-D). EdexTuBHicTh
MIPUKPITUICHAS cPepoiniB, sKi 30epirand MPOTATOM
10 ni6, ckmagana (85,2 + 4,4) %, ane npu mojaib-
LIOMY KyJBTHUBYBaHHI chepoian 3avIuaiuch LIib-
HUMH, MajJd TE€MHI 30HH HEKpO3y, Ha IOBEpXHi
Oynu Micus 3 PUXJIUMH BiUTyIICHUMH OKPYIIIUMH
KJiTHHaMH, 3 c(epoiniB BHUcesIacs He3HauHa Killb-
KICTh KJITHH, CHOCTEpiraju MOsSBY KIITHHHOTO [ET-
pury (puc. 6, E).

Omiaky 3marHocti MCK mo crpsmMoBaHOTO IWH-
(depeHItitoBaHHS  3IHCHIOBAIA 32  KYyJIBTHBYBaH-
HS B cepeloBUINAX 3 iHIykTopamu. byno Buse-
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
3HauyLw,i (p < 0,05) NOPIBHSAHO 3 NOKA3HMKOM Y KOHTPONi (30
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. MpukpinneHHs Ta Mirpadist KniTvH 3i ccpepoifiB Ha aaresuBHIN KynbTypanbHili MOBEPxXHi Ao Ta nicng 36epiraHHs 3a
Temnepatypu 22°C: A — KoHTponb (8o 36epiraHHs), B — 1 goba 36epiraHHsl, C — 3 gobu 36epiraHHsi, D — 7 4i6 36epiraH-
He, E — 10 gi6 36epiraHHs. MpwxuTTeEBa Mikpockonis — 3 obwu KynsTnByBaHHA. CTPINKo NO3HAYeHO HEe3HAaYHY 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.
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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 ans sidyanisadii: A, C — Oil Red O; B, D — anizapiHoBuiA 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 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
Ui iX HAayKOBOTO Ta TEPAaNeBTHYHOTO BHKOPHUC-
TaHHS, ajle¢ BCE II¢ 3aJMIIAETBCS BIAKPHTUM
nutaHHAM. [lepeBe3eHHS KpiOKOHCEPBOBAaHUX 3pa3-
KiB y pIIKOMY a30Ti € HE3py4YHHM, 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
IO B3a€EMOJIII KITITHHA-KIITHHA Ta KIITHHA-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 mi0, mig yac peKydbTUBYBaHHS Iicisi 30epiraHHs
y cTanAaptHiil 2D-KynbeTypi 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
o crpsMoBaHoro mudepeniitopanns. lle Mae 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. However further studies are required to elu-
cidate more completely the mechanisms behind the
effect of spheroidal formation on MSC resistance
to adverse factors of ambient storage.

Conclusions

To sum up, in this investigation has shown
that spheroidal formation causes a number of
interrelated changes in the morphology and me-
tabolism of MSCs, which as a result increases
the resistance of cells and provides the possibility
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Nl KITITHHA-TIO3aKIIITUHHUN MaTpuKc, 3a0e3neuye
CUTHAJIIHI, TOMIOHMI 10 HASBHOTO B TNPHPOAHUX
HilIaX OpraHi3My, 1 CTPYKTypHY HiITPUMKY peop-
ragizamii KITTHHHOIT MOP(OJIOTIYHOI CTPYKTYpH,
OTKe, € OJTHIEI0 3 HAHOUTBIIT BipOTiTHUX OCHOB (hYHK-
mioHaiapHOTO pernporpamyBanas MCK y cdepoinax.
Crming 3a3HA4YMTH, MO TMOAIOHE IO CIIOCTEPESKCHHS
aBTOPIB 3HIDKEHHS METa0OIIYHOI aKTUBHOCTI Ta
3HaYHE 30UTBIIICHHS CTIHKOCTI 10 (haKTOPiB MOIIKOI-
keHHs ommcand A. Tsai Ta cmiBaBT. [31], mocmim-
YU BIDKUBaHHS 32 YMOB IIIEMIYHOTO CTpECy
MCK-cdepoinis mopiBHstHHOTO po3mipy (500, 2000,
5000 xmitun/cdepoin) 3 po3mipom chepoiniB y mii
po6oti (3000 wmitun/cdepoin). Crabimizarito dak-
topa HIF-la (hypoxia-inducible factor lo) BHac-
JIIOK PO3BHUTKY Timokcii B cdepoinax 3 MCK pos-
DIAAIOTh SIK TIOTEHIIHHUAN PeTyISTOPHUMN MUIIX Me-
TaOOMYHUX TEepeOyI0B 1 MOCHWICHHS BIKWBAHOCTI
kimitud [24, 35]. Y toit xe vac pobora K. Murphy
Ta CITiBaBT. [25] 3 BUMIPIOBaHHS MTPOCTOPOBOTO PO3-
TIONUTy THCKY KHCHIO BcepenuHi cdepoinis i3 MCK
BUsiBWIIAa He3HauHy (MeHme 10%) 3MiHy rpamieHTa
TUCKY KHCHIO M BHYTPILIHIM 1 30BHIIIHIM IIapa-
MUy B miamaszoni 15 000—-60 000 xmituH Ha cdepoin.
BpaxoBytouun pe3yabTaTy OUX CIOCTEPEKEHb 1 MeTa-
Oomiuny miactuuHicte MCK 3 iXHBOIO BHCOKOIO
3MIATHICTIO 3MIHIOBaTH METAOONIYHUIA PEKUM Bij-
MOBITHO JO YMOB KYJIbTHBYBaHHA [26], MOXeMO
MIPUITYCTHTH, IO HABITH JIETKA TIMOKCiS BCEpeIuHI
chepoimie Moxke imiTyBaTH yMOBH Yy (pizioio-
TIYHUX Himax, y skux 3Haxomsatbess MCK, 1 momar-
KOBO YHHHWTH BIUIMB Ha peKoHQIrypailio Mera-
6omizMy. OmHaK TPOBENCHHS IMOMATBIINX JOCITi-
XKCHb € HEOOXIMHUM I OLIBII ITOBHOTO 3’fCY-
BaHHS MEXaHI3MiB BIUIMBY (opMmyBaHHs cdepoinis
Ha criiikicte MCK 1o HecnpusTimBux (akTopis
HaBKOJIMIIHBOTO CEPEOBHUIIIA.

BucHoBku

TakuM 9uHOM, y TIilf poOOTI aBTOpW IMOKA3aIIH,
o GopMmyBaHHS CEpOiniB BUKIMKAE HU3KY B3a€-
MOIIOB’ SI3aHUX 3MiH Y MOPQOJOTIUHIN CTPYKTYpi Ta
MeTtabomizmi MCK, mo B pe3yasrari IiABHUIIYE pe-
3UCTCHTHICTh KIIITHH 1 pOOUTH MOKIIUBAM €(PEKTHB-
HE TimoTepMmiuHe 30epiraHHs cdepoimiB Ha OCHOBI
MCK no 7 ni6 3a remmeparypu 22°C.

Poboma  euxonana 3a niompumku Hayio-
HAIbHO20 (hondy Oocriddcenv Ykpainu (npoexm
Ne 2021.01/0276).
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