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Development of Systematic Parameter Optimization for
Cryopreservation Protocols for Cellular Suspensions

D¢ddexTrBHOE KPUOKOHCEPBUPOBAHHE KJICTOYHBIX CYCHEH3MIl sBISETCS BaKHOH 3amadeil kpuoOuonmornu. Ha ocHoBaHuM
HpeIbIAYIINX HCCIIeI0BaHNH OblIa pa3paboTaHa METOMKA CHCTEMHOM ONTHMH3ALMH IIPOTOKOJIOB KPHOKOHCEPBUPOBAHHS KIICTOYHBIX
cycrnieH3uil. B kauecTBe KJIETOYHOW MOJIEIH HCIOJIb30BalIM KEPATUHOLMTHI YenoBeka. VccnenoBanue BKIOYaio 48 MPOTOKOJIOB C
Pa3IMYHBIMU CKOpPOCTAMHU oxJsaxaeHus (B) B aByxcTynenuarsix pexxumax (B1 B nuanazone ot 4 10 —30°C u B2 or—30 10 —80°C). Bee
HPOTOKOJIBI U3Y4ally IPH YETHIPEX Pa3INUHbIX KOHIEHTPALMAX HanOoIee 4acTo MIPUMEHSIEMOr0 KPUOIPOTEKTOPA IUMETHIICY OKCH A
(AMCO). PactpoBslii aHanu3 okosno 600 00pa3noB MO3BOJIMI U3YyYUTh MOJHBIH HaOOp BO3MOXKHBIX NEpeMEHHbIX. B nanpHeHmux
UCCIIEIOBAaHUAX JIaHHasi METOMKa ObljIa MCIIOJIb30BaHa JUIsl YIy4llIeHUs] IPOTOKoI0oB KpuokoHcepBupoBanus HPMEC-ST1.6R (ie-
TOYHBIE MUKPOCOCYIUCTbIE YHIOTEIHAIbHbIE KICTKH 4YeJoBeKa). Pe3ynbTaTel Hccae0BaHUs TOKa3aIM, YTO TOJBKO ONpEeICHHOE
ONTHMAaJIbHOE COYETaHUE CKOPOCTEH OXJIaXKIeHHUs 00eCIIeYrBaET BHICOKUH YPOBEHb BEDKMBAEMOCTH KJIIETOK IOCHIE OTTauBaHus. s
KePaTUHOLIMTOB YeJI0BEKa ONTUMAIIBHBIMH IIPOTOKOJIAMH 3aMOPaKUBAHNUSI ObUTH: OXJIAXKICHUE CO CKOpocThio 5 K/muH st Bl n 7,5 K/mun
st B2, mu60 5 K/mun s B1 u 10 K/mun quis B2 npu kornentparin JIMCO 2,5%. Haunbosee BEICOKHE MTOKA3aTEIH BEDKHBACMOCTH
KynbTypsl Kiietok HPMEC-ST1.6R 6buti OCTUTHYTHI IPH KCHONB30BaHUM ClIeAyOMKX npoTokooB: 5 K/mun (B1) B coueranuu ¢
5 K/mun (B2) (7,5% AMCO); 3 K/mun B couetanuu ¢ 3 K/mu (5 nnu 7,5% JAMCO); 10 K/mun (B1) B couerannu ¢ 3 K/mun (B2) (10%
JIMCO).

Knrouegwie cnosa: KppuokoOHCEpBUPOBAHUE, KIICTOYHBIE CYCIIEH3UH, KepaTuHoUUThI yesioBeka, HPMEC-ST1.6R, kpuonporekropsi,
JAMCO, ckopoCTh OXJIQXKICHUS.

EdexrrBHe KpioOKOHCEPBYBaHHS KIITHHHHUX CYCIEH3iH € BaKIMBUM 3aBIaHHIM Kpiobiosorii. Ha mincrasi monepeaHix gociimkeHb
Oyra po3pobiieHa METOIMKa CHCTEMHOT OIITUMI3allii TPOTOKOJIIB KPiOKOHCEPBYBaHHSI KIITHHHUX CyCIIeH3iH. ¥ sIKOCTI KIIITHHHOT Moziei
BUKOPHCTOBYBaJIM KEPATUHOLNTH JIIOAUHU. JI0CIIiKeHHS BKII0YasI0 48 MPOTOKOIIB 3 Pi3HUMH MIBUAKOCTSIMU oxoiomxkeHHs (B) B 1Bo-
crynindactux pexxumax (B1 B nianmaszowi Big 4 10 —30°C i B2 Biz —30 10 —80°C). Yci npoToKoaM BUBYAIM HPH YOTHPHOX PI3HUX KOHLICH-
Tpauisx KpionporekTopa numernicyinbpokcuny (JIMCO), sikuii BxxuBaeTbest HalbOiIbLI yacTo. PacTpoBuit anani3 6nu3eko 600 3paskis
JI03BOJIMB BUBYHMTH MIOBHUI HA0IP MOXKITMBUX 3MIHHUX. Y MOAANBIIAX JOCTIKCHHSX aHa METOMKA OyJia BAKOPUCTAHA TS TOMIITIICHHS
npotokoiiB kpiokoHcepByBanHs HPMEC-ST1.6R (siereHeBi MikpoCyqMHHI €HIOTENiaIbHI KJIITHHY JIIOAUHN). Pe3ynbratu gociimKeHHs
MOKA3aJIH, 110 TIJIbKK TEBHE ONTUMAIIBHE ITOEAHAHHS IBHIKOCTCH OXOJOMKCHHS 3a0e3euy€e BUCOKUI PIBEHb BUKMBAHHS KIIITHH ITiCIISA
BiaTaBaHHs. J{JIsl KEPATHHOLMTIB JIIOMHY ONTHMAJIEHIUMH ITPOTOKOJIAMH 3aMOPOXKYBaHHs OYJIU: OXONOMKEHHS 31 IBHIKICTIO 5 K/XB
it B117,5 K/xB st B2 a6o 5 K/xB st B1 1 10 K/xB anst B2 npu konnentpanii IMCO 2,5%. Haii0inbin BUCOKI TOKA3HUKH BUXKH-
BaHocTi Ky1pTypH kiitTiH HPMEC-ST1.6R Oynu pocsirHyTi npu 3acTocyBaHHI HacTynHUX nporokoiis: 5 K/xB (B1) y nmoeanansi 3
5 K/xB (B2) (7,5% AMCO); 3 K/xB y noeananni 3 3 K/xs (5 a6o 7,5% JAMCO); 10 K/xB (B1) y noegunansi 3 3 K/xs (B2) (10% AMCO).

Kniouosi cnosa: xpiokoHCepByBaHHs, KIITHHHI cycneH3ii, kepatuHouuty aroauau, HPMEC-ST1.6R, kpionporexkropu, JIMCO,
[IBHUIKICTh OXOJIOKECHH.

Effective cryopreservation of cellular suspensions is an important task of cryobiology. A systematic parameter optimization
setup for cryopreservation of cellular suspensions was established on the basis of our previous studies. Keratinocytes were used as
a cellular model. The investigation included 48 protocols with different cooling rates (B) in a two-step freezing protocols (B1 in the
range of 4°C to —30°C and B2 from —30°C to —80°C). All protocols have been studied with four different concentrations of the most
frequently applied cryoprotective agent dimethyl sulfoxide (DMSO). Raster analysis of approximately 600 samples allowed the
detection of the most comprehensive array of possible variables. In further investigations this setup was used to improve the
cryopreservation protocols for HPMEC-ST1.6R (human pulmonary microvascular endothelial cells). Results revealed that only an
optimal combination of cooling rates ensured the highest survival rates of cells after thawing. In case of keratinocytes, the optimal
freezing protocol was composed of the cooling rates of 5 K/min for B1 and 7.5 K/min for B2, or 5 K/min for B1 and 10 K/min for B2
(2.5% DMSO concentration). The highest survival rates of HPMEC-ST1.6R cell culture were achieved with application of the
following protocols: 5 K/min (B1) combined with 5 K/min (B2) (7.5% DMSO); 3 K/min, combined with 3 K/min (5% or 7.5%
DMSO); and 10 K/min combined with 3 K/min (10% DMSO).

Key words: cryopreservation, cell suspensions, human keratinocytes, HPMEC-ST1.6R, cryoprotectants, Me,SO, cooling rate.
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KpunokoHcepBupoBaHue CyCIieH3UH )KUBBIX KIIETOK,
MpeIHa3HaYeHHBIX IS JJONTOCPOYHOTO XPAHEHUS, SIB-
JSieTCs BaXKHOM 0071aCThI0 KpHOOHONIOTHH. XpaHeHUe
B JKUKOM a30Te pu TeMneparype —196°C nozponser
MPEIOTBPATUTh PAa3BUBAIOIIMKACS ayTONU3, & TAKXKe
psia apyrux HeOMaronpusTHBIX poueccos [9, 19, 27].
OcHoBHBIE HUZUKO-XUMHUYECKHUE MPOLIECCHI, KOTOPHIE
MOTYT NPUBECTHU K MOBPEXKACHUIO KJIETOK IIPH KPUO-
KOHCEPBHPOBAHUH, HE MPOTEKAIOT B TEUEHUE JOJITO-
CPOYHOTO XpaHEHMUsI, a Pa3BUBAIOTCA B 00JIACTH TEM-
meparyp, Iie IPOUCXOIST 3apOKACHUE U PEKPUCTAI-
JIU3a1ys KPUCTAIUIOB JIb/Ia BHYTPH KJIETKH U HETIOCPEI-
CTBEHHO BOKDYT HEe, a TaKKe Ha JTare IUTaBIeHUS
ipu otorpese [ 1, 8]. B mureparype ocoboe BHIMaHNE
yaenseTcs: pa3padoTKe TePMOAMHAMUYECKHX MOJe-
JIeH, TO3BOJISIOIIMX ONPEAEATh TPAHCIOPTHBIC Xa-
PaKTEepPUCTUKH IJIa3MaTHYECKMX MEeMOpaH, B 4acT-
HOCTH IPOHULIAEMOCTb JIJIs1 MOJIEKYJT BOJIBI U KPHOIIPO-
TEKTOPOB, U, HCIIOJb3Ys 3TH JaHHbIE, TIPOrHO3UPOBATH
OINITUMAJIbHBIE CKOPOCTH OXJIaXKACHUS IS Pa3TUYHBIX
THUIIOB KJIETOK [2, 4, 5, 10, 28-30].

B mpakTike KpHOKOHCEPBUPOBAHUS KIETOYHBIX
CYCIIEH3HH HTMPOKO IPUMEHSAIOT MHOTOCTYTIEHYAThIE
PEXUMBI 3aMOpPaXUBaHUS C Pa3HBIMH 3HAYEHUSMU
TEMIEPATYPHI MEPEXOA0B OT 3Tala K 3Tally B 3aBH-
CUMOCTH OT Tuma Kietok [17, 20, 22]. Ilpu oxmax-
JICHNU aJieKBaTHOE 00€3BOKUBAHHE KIIETOK TEOPETH-
yecku Bo3MOkHO 10 —30°C. Huke 3T0i Temnepary-
pBI HeU30eXHO 00pa3yeTcst BHYTPUKJICTOYHBIH JIe] B
pe3ynabpTare TOMOTeHHOHM Hykieanuu [23, 24, 34]. B
JAHHOM TEMIIEpaTypHOM JAHANa30HE BCIEACTBHE
PEKpUCTAIIM3aLUH, THTCHCUBHOCTD KOTOPOH 3aBUCUT
OT CKOPOCTEH OXJIaXKICHUS, U3MEHsETCSI MOP(OI0THs
KpucTamioB npaa [6, 8, 21], a mpu Temmeparypax,
omm3kux K —80°C, BRICOKOKOHIICHTPHUPOBAHHAS KPHO3a-
LIUTHAS Cpesia MepexoauT B aMmop¢Hoe cocTtostane [15,
16,35].

CKOpOCTh OXJaXAEHUS KJIETOUYHBIX CYCIICH3HI
OTIpeNieNsieT XapaKkTep KPUCTAIUIN3AMOHHBIX TIPOIIeC-
coB. KoHLIeHTpaLlmOHHbIE B TeMIIEpaTypHbIE TPaJANCH-
ThI, KOTOPbIE BO3HUKAIOT MPHU BBICOKHX CKOPOCTSIX
OXJIQXKICHHSI CUCTEMBI, IPUBOJAT K 00Pa30BaHUIO B
CTPYKTYDE JibJa Ae(PEeKTOB pa3nuIHOro Tuna (BakaH-
CHH, JUCIIOKALUH U T. [1.), @ TAKXKE TaK Ha3bIBAEMBIX
TEKCTYP, YTO CBUAETEILCTBYET O HATMYUH B KPUCTAI-
JIaX JIb/1a 3HAUNTENFHBIX Ae(hOpPMAIIOHHBIX HAIIPSKe-
Huii [3]. Kunetndeckue mporiecchl, 00yCIOBIEHHEBIE
penakcanueil 1epopMarnOHHBIX HAIPSHKEHUHA, MOTYT
OBITh TPUYMHOMN MTOBPEXKACHUS KIIETOK B 30HE HU3KHIX
temriepatyp [3, 6, 7]. B ¢Bsa3u ¢ 3TUM onTUMU3AIIHSL
IIPOTOKOJIOB KPHOKOHCEPBUPOBAHHUS TPEOYET, B IEPBYIO
oyepeib, THIATEIILHOTO UCCIIEOBAHMS U aHAIM3a yKa-
3aHHBIX TEMIIEPATYPHBIX JHANA30HOB U CBSI3aHHBIX C
HUMH [POLIECCOB KPUCTAIIH3ALUH.

Takum o0pazom, A1 MUHUMHU3ALUHA KOJIMYECTBA
MOBPEXICHHBIX KJIETOK IMPU KPUOKOHCEPBUPOBAHUH
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An important field of cryobiology is the cryopreser-
vation of living cells in suspension, which are intended
for long-term storage. Storing in liquid nitrogen at
—196°C allows preventing developing autolysis and
other damaging processes [9, 19, 27]. The main critical
physical and chemical processes that may lead to the
cell damage at the process of cryopreservation do not
occur during the long-term storage at extremely low
temperatures, but rather during the passage through
those temperature ranges that induce nucleation or
recrystallisation within the cell and its nearest surround-
ing and at the melting stage during thawing [1, 8]. In
cryobiological literature, special attention is paid to the
development of thermodynamic models for determining
the transport characteristics of cellular membranes, in
particular the hydraulic permeability, and permeability
to cryoprotectants, and to selection of optimal cooling
rates for different types of cells on the basis of this
data[2,4,5,10,28-30].

Multi-step freezing protocols with different tempe-
ratures of transition from stage to stage depending on
a cell type are widely used in the practice of cryopre-
servation of cellular suspensions [17, 20, 22]. Tempe-
rature —30°C is considered as the temperature, higher
to which adequate cell dehydration is theoretically pos-
sible, and below which an intracellular ice inevitably
forms in result of homogeneous nucleation [23, 24, 34].
In this temperature range morphology of ice crystals
is being changed, as a consequence of recrystallization,
the intensity of which depends on the cooling rate [6,
8, 21]. Changes in the residual highly concentrated
cryoprotective medium (its transition to an amorphous
state) are possible in the temperature range approach-
ing—80°C [15, 16, 35].

The cooling rate of cellular suspensions determines
the character of crystallization processes. Concentra-
tion and temperature gradients, which occur at high
rates of cooling of a system, lead to formation of vari-
ous types of defects in the structure of ice (vacancies,
dislocations, etc.) as well as the so-called textures.
This indicates the presence of significant deformational
stress in the ice crystals [3]. The kinetic processes,
caused by the relaxation of deformational stress, can
lead to the cell damage at the range of low temperatures
[3, 6, 7]. For this reason, the optimization of cryopreser-
vation protocols requires precise observation and ana-
lysis of the mentioned temperatures ranges and asso-
ciated crystallization.

Therefore, freezing of biological object requires
accurate selection of appropriate cooling rate, conside-
ration of the nucleation temperature [32] and the choice
of a suitable cryoprotective agent (CPA) of adjusted
concentration in order to minimize the cryodamage of
cells. The impact of applied cooling rates on the cells
is widely described in literature [1, 8, 18, 19, 26, 27].
The CPA added to a freezing medium reduces the cell
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HEOOXOAMMBI TIATEITHHBIA TIOA00P MOIXOMSIICH CKO-
POCTH OXJIAKICHUS, YIET TEMIIEPATyPHI 3aPOKICHUS
KpUCTAUIOB Jbaa [32] u BBIOOP COOTBETCTBYIOIIEH
koHIeHTpauuu Kpuonpotektopos (KII). Bnusuue
CKOPOCTH OXJIAXACHUS Ha KJIETKU 10CTaTOYHO MOJIHO
omucaHo B nmuteparype [1, 8, 18, 19, 26, 27]. Jlobas-
nenue K11 B kpro3amuTHy10 cpeay CHUKAET MOBPEX-
JIEHUE KJIETOK MPU 3aMOpaXuBaHuu u otorpese. [loc-
JIe OTTaMBaHMUS KPHOKOHCEPBUPOBAHHBIC KIIETKH JTOJIK-
HbI COXPaHATh OHOJIOTHYeCKUE QYHKIIUHU U TTpoTHde-
paTuBHEIE cBolcTBA. OTHAKO COBPEMEHHBIC HAYTHBIC
WICCIIEOBAaHM TTOKA3bIBAIOT, HACKOJIBKO TPY/IHO ITOJTY-
YUTH TAKUE PE3YIBTATHI. JIJIs1 OTIpe e IeHrsT COCTOSTHUS
KJIETOK IIOCJI€ OTTAaWBaHUS TPHHAITO OICHUBATH HUX
YKU3HECTIOCOOHOCTD U (PYHKITMOHAIEHYFO aKTHBHOCTb.
OnTuManbHbIE YCIOBUS 3aMOPaKUBAHUS U OTTauBa-
HUS CTIeNA(UYHBI TSI KaXKIOTO THIIA KIISTOK U TOJKHBI
ONpeNesaThCA MHANBUAYAIbHO [19, 26].

UccnenoBanus [11, 13,25, 32, 33] noaTBepxKAAIOT,
YTO ONTUMAJIbHBIEC YCIOBUS 3aMOPAKUBAHUS UMEIOT
OobIIIoe 3HAYCHHE AT KaXKIOTO THUIA KIIETOK, o0ec-
reunBasi 00Jiee BHICOKUN YPOBEHb WX COXPAHHOCTH
rociie otorpesa. [Ipu monbope ycmoBuii 3aMopaKkuBa-
HUS TIPOBOIUTCS TIOJTHBIN aHATTN3 TapaMeTpoB (KOHIICH-
tpamii KI1 1 ckopocTeit oxnaxaeHus ), KOTOpbIe T03-
BOJISIIOT ONITUMHU3HPOBATH MTPOIIECCHI 3aMOPaKUBAHMS
1 TEM CaMbIM YBEJIMUMUBATH COXPAHHOCTh U JKU3HECTIO-
cobHocTh KieToK. [Ipeapiaymivie ncciienoBaHus B
9TOM HarpasieHuH [ 14] ykazaHHbIE TapaMeTPhl yUUThI-
BaJld BHIOOPOYHO, U BBICOKOW KOPPEISAIUU MEXIY
W3MEPEHHBIMU JaHHBIMH He ObLII0 OOHapyxkeHo. B
JAHHOU PaboTe CIIOCO0 KOPPEKTHUPOBKU KOHIIEHT P
KPUOIIPOTEKTOPA U CKOPOCTEH OXJIAXKACHHUSI B POTO-
KOJaX 3aMOpaKUBaHUS KOHKPETHOTO THIIA KJIETOK
MOJXKET OBITh YCOBEpPIIEHCTBOBAH OJaroaaps mpume-
HEHHIO KPYTTHOMACIITaOHOM CETKH N3MEPEHHA, TI03BO-
JISTIOTIIEH TTPOBOANTH OOBEKTHBHBIN aHAIH3 YTHX Mapa-
METpPOB 0€3 orpaHHyYeHUsT 00IaCTH HAOIIOICHUS.

ens paboTs — pa3zpaboTka CHCTEMHOTO TOIX0/1a
K ONTHUMH3ALUN MPOTOKOJIOB KPHOKOHCEPBUPOBAHUS
KJIETOYHBIX CYCIIEH3UH.

Matepnaabl 1 meToAbI

Oxomno 600 06pa31oB KIETOYHBIX CYCIIEH3UH Kepa-
THHOLIMTOB YeJIOBEKa ObLTH 3aMOPO>KEHBI 110 pa3pado-
TaHHON CXEME COYETaHUM CKOPOCTEHN OXJIaXKICHUS U
KOHIIEHTpaIMii Kpruorporekropa (puc. 1) c ncrons3osa-
HHEM mporpaMMHoOro 3amopaxusarens (CM 2000,
Carburos Metallicos/Air Products, bapcenona, Mcma-
Hus). beut mpoBenen ananu3 48 pa3NMuYHBIX ABYXCTY-
MEHYATHIX TIPOTOKOJIOB 3aMOPAYKHBAHUS IIPH YETHIPEX
KOHIIeHTparusx (2,5; 5,0; 7,5 u 10,0%) Haubonee yac-
TO MPUMEHSIEMOTO KPHUOMPOTEKTOPa IUMETHIICYIb-
thoxcuna (JIMCO). B xaxmoM mpoTOKoJIe U3MEHSICS
TOJIBKO OZIMH IapaMeTp (1100 CKOPOCTh OXJIAXKACHUS,
6o xoHueHtpanus KII), u Takum obpazom mytem
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damage from cryopreservation during the freezing and
thawing processes. After the thawing process, the
cryopreserved cells should not exhibit any impairment
of its biological functions and proliferative behavior.
However, current scientific research shows how diffi-
cult it is to ensure such qualities. It is convenient to
evaluate the condition of cells after thawing by measur-
ing their viability and functional activity. Optimal
freezing and thawing conditions are specific to the cell
type and must be identified individually for each type
of cells [19, 26].

Previous studies [11, 13, 25, 32, 33] support the
understanding that optimized freezing conditions are
essential for each type of cells, and have positive
influence on higher cell survival rates. This standardized
experimental process involves an extensive analysis
of the freezing parameters (CPA concentration and
cooling rates) that may help to optimize freezing
processes and lead to increased cell survival rates.
Previous studies conducted on this topic have only con-
sidered these parameters selectively and no precise
correlation between the categories of measurement
was identified [14]. Improved parameter adjustment
of a cell specific freezing protocol could be achieved
with application of a large-scale measuring grid (see
Materials and methods section) that examines the para-
meters impartially and without prior limitation of the
field of observation.

The aim of the work was the development of syste-
matic approach to optimization of protocols for cryo-
preservation of cellular suspensions.

Materials and methods

About 600 individual samples of human keratinocyte
cell suspensions were frozen with the developed com-
bination scheme in a controlled manner using a control-
led rate freezer (CM 2000, Carburos Metallicos/Air
Products, Barcelona, Spain). The assay included the
analysis of 48 varying freezing protocols (Fig. 1) with
four different concentrations (2.5, 5, 7.5, and 10%) of
the commonly used cryoprotective agent dimethyl
sulfoxide (DMSO). As for variation of cooling rate
and CPA concentration, only one parameter has been
altered at a time in each trial approach, and the evenly
arranged measuring grid (Fig. 2) has been filled by
systematic combination of the tested parameters.

Controlled thawing process took place in a speci-
fically designed heating device [32]. This procedure
allows controlled and reproducible heating of the samp-
le, which ensures that changing viability values of the
cells can be ascribed to the variation of the appointed
parameters during freezing process. Primary human
keratinocytes (Fig. 3A) served as a first cell model
that was used to test the effectiveness of the developed
parameter study. Since the optimal proliferation capa-
city of primary cells in vitro only lasts a few passages
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MOCJICZI0BATEIHLHOTO COUETAHUS
MIepEeMEHHBIX OBLIN HCCIeA0Ba-
HBI BCE BO3MOJXKHBIE 3KCIIEPHU-
MEHTaJIbHBIE BapHaIuu (puc. 2).

[Ipouecc oTTanBaHusl KOHT-

KepatuHouunTbl
Keratinocytes

v

MpuroToBneHMe KNETO4HON CycneH3unm
Preparation of cell suspension

v

POJIMpOBaJiv B CICHHUAJIBHO pa3-

BapwuaHTbl koHUeHTpauum OMCO B cpene 3amopaxvBaHus
Variation of DMSO concentration in the freezing medium

pa6OTaHHOM HarpeBaTCJIbHOM

v

v v

npubope [32]. Dra mpouenypa

[ 2.5%

| 5% | |7.5% | 10%

ITO3BOJIACT MTOJTy4YaTh KOHTPOJIH- v

v v v

pyeMbIii U1 BOCHPOU3BOJIUMBIN
oTorpeB o0pasia, rapaHTHPYIO-

BapuaHTbl ckopocTen oxnaxaeHus Ha 06ovx aTanax NpoToKosia 3aMopaXmBaHNs
Variation of cooling rates in both steps of a 2 step freezing protocol

U, 9TO N3MECHEHHS ITI0Ka3aTe-

JIEH )KU3HECIIOCOOHOCTH KIETOK

3ran 1 (ot 4 po —-30°C)
Step 1 (4 to —-30°C)

CBA3aHBI TOJIBKO C BapHaluei
napaMeTpoB 3aMOPaXKUBaHHUA.
[lepBuuHas KyabsTypa KEpaTHHO-

LIUTOB YesioBeka (puc. 3, A) aBis-
Jach MEepPBOM KIETOYHOU MO-

3tan 2 (o1 -30 go -80°C)
Step 2 (-30 to —-80°C)

I
vV VvV ¥ 2R 2 /
G I
KombuHnpoBaHune
Systematic combination
Gl ]

JIENIBI0, KOTOPYIO UCTIOIb30BAIN
IUIs1 IPOBEPKH 3P HEKTUBHOCTH
pa3paboTaHHOW METOIUKH TTO/I-
6opa nmapamerpoB. [lockombKy
OINITUMAJIbHAS IPOJTU(EpaIOH-
Hasi CITIOCOOHOCTH KJIETOK Iep-
BUYHOW KYJIBTYPBI i1 Vitro co-
XpaHsAEeTCs BCEro HECKOJbKO
maccaxeit (P), a y KepaTHHOITUTOB CYIIECTBEHHO CHU-
xaetcs K 4 maccaxy (P4), mis sKCriepuMeHTOB 110
3aMOpaXKUBaHUIO HCIOJIH30BaIN 00pa3Ibl U3 Macca-
xkeit ot PO no P2. KepaTuHOUHUTH moaydaiad OT
HebopIIoro MyJa nanueHToB. [locnenyromas onexnka
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Puc. 2. Cerka u3MmepeHuii — ocHOBa I cOopa TaHHBIX
JIBYXCTYTICHYATHIX MMPOTOKOJIOB 3amMopakuBaHus (Bl — B
nuanazone ot 4 10 —-30°C, B2 — B nuanazone ot —30 10 —80°C)
[11].

Fig. 2. Measuring grid as basis for data acquisition with
two-step freezing protocols (B1: in the range of 4 to —30°C;
B2: in the range of —30 to —80°C) adapted from [11].
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Puc. 1. DxcriepuMeHTaNbHasI CXeMa CHCTEMaTHYECKOT0 COYETaHUSI CKOPOCTEH OXITax-
JICHUSI B JIByXCTYTIEHUATHIX IPOTOKOJIAX 3aMOPKUBAHHS CYCTICH3UN KEPATHHOLINTOB
4eJIoBeKa ¢ pa3nmuaHoi koHueHTparumeit IMCO [11].

Fig. 1. Experiment scheme of the systematic combination of cooling rates in two-
step freezing protocols with varying concentrations of DMSO for cryopreservation
of keratinocytes (adapted from [11]).

(P), and in the case of keratinocytes it reduces signifi-
cantly when reaching the passage 4 (P4), the frozen
samples used were PO to P2 trials. These samples
were derived from a very small patient pool. For the
further evaluation of the test system, a human pulmo-
nary microvascular endothelial cell line (HPMEC-
ST1.6R, Fig. 3B) was used.

Keratinocytes were cultivated in vitro in keratino-
cyte-SFM (Invitrogen GmbH, Karlsruhe, Germany)
with EGF (1 ng/ml), BPE (30 pig/ml) and 1% Penicillin/
Streptomycin (Pen/Strep, Invitrogen GmbH, Karlsruhe,
Germany) at 5% CO, and 37°C.

For HPMEC-ST1.6R Dulbecco’s modified Eagle’s
medium (DMEM, Biochrom AG, Germany) was used
as basic culture medium supplemented with 10% v/v
fetal bovine serum (FBS, Biochrom AG, Berlin, Germa-
ny), 1% Pen/Strep (Invitrogen GmbH, Karlsruhe,
Germany), 0,5% ECGS (5 mg/ml) and 0,17% Heparine
(5000 U/ml).

In order to obtain cellular suspension for freezing,
the cells were incubated for three minutes with 0.25%
trypsin/0.02% EDTA (Biochrom AG, Berlin, Germany)
at 37°C and then separated from the bottom of the
flask. 10% FBS enriched PBS (Biochrom AG, Berlin,
Germany) served as a stopping medium. The serum
containing stopping medium was separated through
centrifugation at 4°C. Subsequent cell counting was
carried out in a ViCell XR (Beckman Coulter GmbH,
Krefeld, Germany) using automatic TrypanBlue® stai-
ning. Cell number for each freezing sample was adjus-
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TECT-CUCTEMBI Oblja MpPOBE-
JIEHa Ha KJIETOYHOH JIMHUU Ye-
JIOBEYECKOTO JIETOYHOTO MHK-
pPOCOCYIMCTOTO dHIOTENUS
HPMEC-ST1.6R (puc. 3, B).

KepaTnHOIMTHI KyJIHTUBH-
poBanu in vitro B cpene kerati-
nocyte-SFM (Invitrogen GmbH,
I'epmanus) ¢ EGF (1 ar/mn),
BPE (30 mkr/min) u 1% Peni-
cillin/Streptomycin (Pen/Strep,
Invitrogen GmbH, Kapiucpy»s,
F'epmanus) npu 5% CO, u
37°C.

OcCHOBHOM NHUTAaTENbHOU
Cpeloi IpH KyJIETUBUPOBAHUHT
HPMEC-ST1.6R 6puta DMEM
(Biochrom AG, I'epmanus) c
nobasiieHneM 1o oosemy 10%
9MOpUOHAIBHOH TensTbei ceiBopoTkr FBS (Biochrom
AG, T'epmanus), 1% Pen/Strep (Invitrogen GmbH,
I'epmanust), 0,5% ECGS (5 mr/mi) u 0,17% renapuna
(5000 ME/mmn).

Jiist monryueHust CyCIIeH3MH JIJIsl 3aMOPasKUBaAHMSI
KJIETKH MHKYOHnpoBanu B Teuenue 3 MuH ¢ 0,25% tryp-
sin/0,02% EDTA (Biochrom AG, I'epmanust) mpu 37°C,
a 3aTeM OTAEJUTM OT JHa Marpaca. Cpenoid, ocraHas-
nuBarolei nponudepauuo, seisuica 10% FBS, obora-
menHbli PBS (Biochrom AG, I'epmanus). CbIBOPOTKY,
COZAEPIKAIIYI0 TOPMO3ALIYIO CpeNy, YIAISIN HEHTPH-
¢yruposanuem npu 4°C. Ilocnemyroniuii mojacyer
KJIeTOK ocyinectsisuin Ha mpubope ViCell XR (Beck-
man Coulter GmbH, 'epmanus) ¢ aBTOMaTH4eCKUM
okpammBanuem Trypan Blue®. MicxonHas KoHIIeHTpa-
IIUSI KJIIETOK BO BCEX AKCIIEPUMEHTAX ObLIa OCTOsHHOM
u cocraBisiia 2x10° xi/min. Cpeny 3aMopakHBaHMUsI
(xynprypanbHas cpena + 20% FBS ¢ pasnuunoii KoH-
uentpanueii JJMCO) no6aBisiiu KaneabHbIM MyTEM.
Ob6pa3usl 00bemMoM 1,5 M1 3aMOpakUBaiIu B KPUO-
npodupkax (Nalgene, Thermo Fischer Scientific, I'ep-
MaHuA). B Kax10M SKCIepUMEHTE OJJHOBPEMEHHO 3a-
MOpPa)KUBAJIM TPU aMITyJIbl OJJHOTO U TOTO K€ 00pasia.
CKOpOCTH OXJIQK/ICHHUS BAPbUPOBAIN B 00EUX YaCTAX
JBYXCTYTIEHYATOTO MPOTOKOJIA 3aMOPAKUBaHUSI: TIEp-
ByI0 CKOpocTh oxnaxiaeHus (B1) B nuanazone ot 4
10 —30°C; Bropyto (B2) — ot —30 mo —80°C. B ciyuae,
KOTJ]a CKOPOCTH Ha MEPBOM U BTOPOM dTanax ObLIH
pasubl (B1 = B2), npoTokon 3amopakuBaHUsS OBLT
oxpHoctyneH4yaTeiM. [locne oxnaxaenus no —80°C
00pa3upl MOMeIand B MOPO3UJIbHBIE KaMEpPHl ¢
temmneparypoi —152°C (Sanyo MDF-1155, ['epmanns)
U XpaHWJIM MUHHMYM OIHY Hexaenro. I[lockonbky
xpaHenue 00pa3noB npu —152°C ObLIO HASHTUYHBIM
IUIs BcexX 00pa3LoB, IPY aHAIN3€E Pe3yIbTaToOB €ro He
BBIJICIISITN B KaY€CTBE OT/ENILHOTO JTara IMpOTOKoJIa
3aMOpaxxuBaHus1. KOHTpoJIMpyeMblii OTOIpEB KPUOKOH-

> Npobnembl

“t*/ Kpnobmonorum
T.21,2011, Ne4

P

Puc. 3. Ilepsruunas kynsTypa kepatnHouuToB uenoBeka 1 HPMEC-ST1.6R. Anresupo-
Basmue keparuHouuTsl (A) 1 HPMEC-ST1.6R (B) popmupytoT B KynsType cyOKoH-
(ITFO3HTHBIA MOHOCIIOM.

Fig. 3. Primary cultures of human keratinocytes and HPMEC-ST1.6R. Adherent kerati-
nocytes (A) and HPMEC-ST1.6R (B) in culture form a nearly confluent monolayer.

ted to the desired value of 2x10° cells/ml. Freezing
medium (culture medium + 20% FBS with varying
DMSO concentration) was added drop by drop. All
trials were frozen in three parallels each at 1.5 ml in
cryotubes (Nalgene, Thermo Fischer Scientific, Lang-
selbold, Germany). The cooling rates were altered in
both cooling sections of the two-step freezing protocol:
first cooling rate (B1) from 4°C to —30°C; second
cooling rate (B2) from —30°C to —80°C. In cases when
B1 rate was equal to B2, the protocols were one-step.
The samples that were cooled down to —80°C were
then stored at —152°C (Sanyo MDF-1155, Landgraf,
Hannover, Germany) for a minimum of one week.
Since storage at —152°C was identical for all studied
samples, we did not distinguish it as a separate step in
freezing protocols during analysis. The controlled re-
heating of the cryopreserved samples to the tempe-
rature of 4°C was carried out in a 20°C water flow in
a specially designed thawing apparatus [32] that was
regulated by a LabView® control system. Firstly the
samples were heated to 4°C for 10 s, then to 20°C for
150 s and finally they were kept at 4°C for 60 s [12].
Due to subsequent drop by drop adding of the respec-
tive culture medium into cell suspension that was
performed immediately after the controlled warming,
the DMSO was able to slowly diffuse out of the cells
and thereby prevent them from damage.

After thawing the membrane integrity of the cells
was determined by TrypanBlue® staining using an
automatic cell counter (ViCell XR) and cell proliferation
was tested by recultivation for 24 hours, i. e. a period
shorter than the regular doubling time of the cells. The
recultivated cells were counted, first those in the super-
natant of the culture flask and then other cells, which
were adhered to the bottom of the flask. The nonad-
hered cells were assumed as dead ones respectively
not able to proliferate again, the adhered ones were
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CEepPBUPOBAHHBIX 00pa3ioB 10 TeMrepatrypsl 4°C
[IPOBOAVIIN B IPOTOYHOH Bozie ipH 20°C B criennaabHO
pa3paboTaHHOM armapare oTTauBanus [32], peryiu-
pyemom cucteMoit yrpasieHus LabView®. Buauane
o0pa3ier HarpeBaiu 10 4°C B reuenne 10 c, 3aTem —
10 20°C B Teuenue 150 ¢ u ocTaBIAIM NpH TEMIEpPa-
Type 4°C B Teuenue 60 c [12]. Cpazy xe nocie oTorpe-
Ba B KJIETOUHYIO CYCHEH3HIO MO KaIlisiM JOOaBIIsIIN
COOTBETCTBYIOIIYIO MUTATEIBHYIO CPELy, YTO MO3BO-
nsuto IMCO mennenHo nudGyHIUpOBATh U3 KIETOK
Y TEM CaMbIM MPEAOXPAHATh UX OT IMOBPEXKICHHUS.

[Mocre oTTanBaHuUs IETOCTHOCTH MEMOPAaH KIETOK
OlleHMBaJIM OKpamBanueM TrypanBlue® ¢ momoriso
aBTomMarnyeckoro cueruynka kietok (ViCell XR), a
nponrepaTUBHYI0 aKTUBHOCTh KJIETOK MPOBEPSIIH
[IyTEM PEKYJIbTHUBALMM B T€UEHHE 24 U, T. €. MEHbIIIE-
MY BPEMEHHU, UEM BpeMs yABOEHMSA KOJIMNUYECTBA
kieTok. [locne pekynsTHBHpOBaHMSI CHadasIa MoCYHU-
THIBaJIM KJIETKH B CyNE€pHAaTaHTE U3 IUIACTUKOBOIO
MaTpaca JUisl KyJIbTUBUPOBaHUSA, a 3aTEM aAre3upo-
BaBIIIME HA JHE MaTpaca. Heaaresnpopapmine KIETKH
CUYMTAJIN MEPTBBIMHU M YTPATUBIINMH CIIOCOOHOCTH K
nponudepanun, a aire3upoBaBIINe — XUBBIMH U
cnocoOHbIMH K niposudeparuu. XKu3necrnocoOHOCTh
KJIETOK PacCUYUTHIBAIIH MO 3TUM 3HAYCHUSAM [Tl CPaB-
HEHUS MOJyYEHHBIX Pe3ylbTaToB C JAaHHBIMU O CO-
XPaHHOCTH, T. €. KOJIMYECTBE KIETOK C HEMOBPEXKIECH-
HBIMH MeMOpaHaMHu.

Craructuueckyio o0padOTKy pe3yJabTaToB dKCIIe-
PUMEHTOB IpoBoAMIHN 1o Merony CreroneHTa-Pu-
mepa.

Pe3yAbTatbl M 00CyXAeHue

AHanus3 pe3ysnbTaToB METO/Ia OCIEA0BATEILHOTO
BapbUPOBAHUS TAPAMETPOB 3aMOPAKUBAHHUS, KOTOPBIi
BHauaJie ObUT anpoOUpPOBaH Ha KEPATHHOIUTAX YeJI0-
BEKa, ICHO IIOKa3aJl, 4TO TOJIBKO OIPE/IEIIEHHOE COoUe-
TaHUE CKOPOCTEH OXJIAXJICHUs rapaHTHPYeT MaKCH-
MaJbHO BO3MOXKHYIO KH3HECIOCOOHOCThH KJIETOK.
Jlaxke HE3HAYMTEIbHOE M3MEHEHHUE MapamMeTpoB
OINITUMAJBHOTO MPOTOKOJIA 3aMOPAKUBAHUS MOXKET
NPUBECTH K 3HAYUTEIILHOMY YMEHBIICHHIO KOJINYECT-
Ba KJETOK C IOBPEXKICHHBIMU MeMOpaHaMmH, B pe-
3yJIBTaTe Yero JJOCTOBEPHO CHIIKAETCSI COXPAaHHOCTh
KJIETOK IocJie oTTanBaHus. Kak cieayer u3 qaHHbIX,
MPUBEICHHBIX HAa PHC. 4, IPU OTKJIOHECHUU CKOPOCTH
OXJIQXKJICHHUS Ha IIePBOM W/MJIHM BTOPOM 3Tare OT
ONTHMAJIEHOW BCETO Ha HECKOJIBKO I'PAlyCOB B MHHYTY
CHIIKCHHE COXPAHHOCTH KJIETOK MOXKET JOCTUTaTh
30%.

[Ipu mon6Gope onTUMAIBHBIX CKOPOCTEH OXJIaX/Ie-
HUSI JUTS KEPAaTHHOLIMTOB YEJIOBEKA C y4ETOM HE00X0-
JIMMOY KOHLICHTPAIMH KPUOIIPOTEKTOPA OBLIO YCTaHOB-
JICHO, YTO HAMTYUIlIUE PE3yJITaThl (COXPAaHHOCTH KIle-
ToK Oonee 92%) MOryT OBITH AOCTUTHYTHI IPU HC-
MIOJIb30BaHUH OTIPEACICHHBIX MPOTOKOJIOB JaKe MpU
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assumed as alive and able to proliferate. The cell survi-
val rate was calculated from these values to compare
the results with those of the membrane integrity.

The results were statistically processed by the
Student-Fisher test.

Results and discussion

The results of the parameter analysis, which was
at first applied to human keratinocytes, clearly showed
that only an optimal combination of cooling rates gua-
ranteed the highest possible cell survival rates. Even
minor aberration from such an optimal combination of
cooling rates may lead to a severe reduction of mem-
brane integrity, resulting in a significant decrease of
cell viability after the thawing process. If the first and/
or second cooling rate varies only by a few percent,
the resulting membrane integrity might decrease by
up to 30% (Fig. 4).

Regarding the established optimal cooling rates for
keratinocytes (with membrane integrity rates of more
than 92%) with consideration of the necessary concen-
trations of CPA, leads to the conclusion that best results
for these cells can be achieved with these protocols
even at a low applied concentration of DMSO of2.5%
(v/v). Higher DMSO concentrations in this case do
not result in increased membrane integrity in cellular
population. Therefore the concentration of DMSO can
be reduced to the ascertained minimum, ensuring a
cell friendly freezing process, if the optimal cooling
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Puc. 4. IIporeHT KepaTUHOIMTOB YEJIOBEKA C HEMOBPEK-
JICHHBIMU MEMOpaHaMH 10CJie OTTauBaHHS B 3aBUCUMOCTH
OT JIByXCTYIEHYATHIX IPOTOKOJIOB 3aMOpakuBaHus. [Ipu-
BeJICHBI Pe3yNBTaThI VIS CPE/Ibl 3aMOPKUBAHHS, COAEPIKA-
et 2,5% JIMCO (o o0bemy ), cCpeHIe 3HAYSHUs s 1 = 3,
cpenHee oTkioHeHue 3,8 [11].

Fig. 4. Percentage of keratinocytes with intact membrane
after thawing plotted against the according two-step freez-
ing protocol. Exemplified results for 2.5% (v/v) DMSO in
freezing medium, mean values from » = 3 with an average
deviation of 3.8 (results of [11]).
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Hu3koi koHmeHTpanuu JIMCO (2,5% mo obvemy).
B stoMm ciryuae noseimenne koumerTparuu JIMCO ue
YBEIIMYMBAJIO COXPAHHOCTh B TOIMYJISIUU KIIETOK.
[ToaToMy mpuMeHEHHE ONTHUMAIBHBIX CKOPOCTEH
OXJIQXKICHUS MOKET 3HAUNTEIILHO CHU3UTh HEOOXO/IH-
MYIO JJIsl CO3/IaHUs OJIarONPUSATHBIX YCIOBUH 3aMopa-
JKUBaHUA KiIeToK koHueHtpauuio JIMCO. Ilpu
CyOONTUMAaNBHBIX CKOPOCTSAX OXJaXKIEHHUs IOoKa3a-
TETN COXPAHHOCTH KJIETOK MOTYT OBITh YIy4IlECHBI
ITyTE€M HEKOTOPOTO MOBBIIIeHHs KoHTIeHTparwn JIMCO
B COOTBETCTBHH C ITPOTOKOJIOM.

[Ipu KpUOKOHCEPBUPOBAHUH KYJIBTYPHI KIETOK
HPMEC-ST1.6R nossrmenune xkoutenaTpamnwu JJMCO
MOXKET YIIYYIIATH IMOKa3aTeId COXPAHHOCTH KIIETOK
(puc. 5). OnHAKO UCTIONB30BaHMSI BRICOKUX KOHIICHTPA-
uit IMCO, npu KOTOPBIX NPOSBISAETCS €M0 LIUTOTOK-
CUYHOCTbH, BEPOSITHO, MOXHO M30€XKaTh ITyTeM Ompe-
JIeNICHHUS ONTUMAIIEHOTO COUYETaHHSI CKOPOCTEH OXJTax-
JEHUS TSl K&KJO0T0 KOHKPETHOTO THITa KIETOK, OTIH-
pasch Ha pe3yabTaThl JaHHOTO MCCIIEAOBAHUS.

Kax moka3bpIBaroT HAIIKA WCCIICOBAHUS, IByXCTY-
[EHYAThIC PEXKUMBbI 3aMOPKUBAHKS MOT'YT YIIyUIIIHTh
[OKa3aTeJIr COXPAHHOCTH M JKN3HECTIOCOOHOCTH Kepa-
THHOIIMUTOB YEJIOBEKA IT0 CPABHEHUIO C OJTHOCTYIICHYA-
THIM 3aMopakuBaHueMm [31], uto mocturaercs mpu
OTIpeIeIEHHOM COYETaHNH CKOPOCTH OXJIaXKICHHUS Ha
BTrOopoM sTare (B2) u ckopocTr oXJIaAeHHUS Ha TIep-
BoM (B1). leranbHblii aHaJIN3 KOHKPETHBIX PE3yJIbTa-
TOB IMO3BOJIMJI CJIENaTh 3aKIOYCHHE OTHOCUTEIHHO
ONTUMU3AIUH IPOIIECCOB 3aMOPAKUBAHUS KEPATUHO-
IUTOB YenoBeka. OleHKa COXPaHHOCTH KPUOKOHCEP-
BHUPOBaHHBIX 110 PA3HBIM PEXKUMaM KIETOK HETOCpPe/-
CTBEHHO IOCJE OTTAaMBaHUS MOKazana, 4To 94%
KJIETOK OCTaBaJIUCh HEMOBPEXIACHHBIMU. Hanboms-
MK TPOLIEHT COXPAHHOCTH KJIETOK (> 90%) ObLI HOITY-
YeH TPH HCIOIB30BAHUH PA3IMYHBIX JIBYXCTYTICH-
YaThIX MPOTOKOJIOB 3aMopakuBanus: 5 K/mun (B1) B
coueranuu ¢ 7,5 K/mun (B2); 5 K/Mun B coueranuu ¢
10 K/muu u 7,5 K/mun B couetannu ¢ 10 K/mumn.
[IpoTokoBI 3aMOpakuBaHMsI C MPUMEHEHHUEM CKOPOC-
Tel oXJaxK/IeHus Ha repBoM dtarie 25 K/MuH u 6onee
HAaMpOTUB NMPUBOJWUIN K CHIDKCHHIO COXPaHHOCTH
KIICTOK.

Hns HPMEC-ST1.6R Bbeicokue moka3aTeiu co-
XPaHHOCTH KIIETOK OBUTH IOCTUTHYTHI IIPU UCTIOJIH30-
BaHHUH CIIeAyIOMUX MpoTokojoB: 5 K/muu (Bl) B
couetanuu ¢ 5 K/mun (B2) (93%-s1 xu3Hecmnoco0-
HOCTb KJIETOK, 7,5% JIMCO), 3 K/MuH B coYeTaHUU C
3 K/muH (92%-5 sku3HECTIOCOOHOCTH KIIETOK, 5,0 mim
7,5% AMCO, puc. 5, A) u 10 K/MuH B coueTaHuu ¢
3 K/mMun (90%-s xu3HecnocoOHOCTh KieToK, 10%
AMCO). IIporokon 3amopaxuBanus 3/3 (puc. 5, A)
oKa3all HanboJiee BEICOKUE TIOKA3aTeNd COXPAHHOCTH
1 KU3HECMOCOOHOCTH KIIETOK. B To ke Bpems mpu
HCTIONB30BaHUHU ITpoTokoia 3/5 (puc. 5, B), ¢ He3Hauu-
TENBHBIM OTIIMYUEM CKOPOCTH OXJIKICHHS HA BTO-
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rate is applied. At suboptimal cooling rates, however,
the results of membrane integrity measurements may
be improved with generally higher DMSO concentra-
tions according to the protocol.

In the case of HPMEC-ST1.6R, an increased con-
centration of DMSO can lead to elevated membrane
integrity (Fig. 5). However, the high strain on cells that
is caused by CPA’s toxicity can possibly be avoided
by application of this report’s findings, which allow the
optimal and cell specific adaptation of cooling rates.

The investigated keratinocytes in the present study
elucidate that two-step cooling programs may give rise
to better membrane integrity and survival rates than
single-step freezing protocols [31]. With the cooling
programs that were applied in this study, an increase
in cell cultivability is realized as the second cooling
rate (B2) is adapted to the first cooling rate (B1).
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Puc. 5. Coxpannocts knerok HPMEC-ST1.6R nenocpen-
ctBeHHO nocne orranBanus (M) u xusHecnoco6HOCTH ()
TocJIe PeKyJITHBUPOBAHUS B 3aBUCMOCTH OT KOHIICHTPa-
uu JIMCO B cpene 3amopaxuBanus: A — Bl — 3 K/mus,
B2 -3 K/mun; B—B1 — 3 K/Mun, B2 — 5 K/MuH.

Fig. 5. Mean values of membrane integrity directly after
thawing (M) and survival rate (O0) of HPMEC-ST1.6R after
recultivation, arranged by DMSO concentration: A) B1 —
3K/min, B2 — 3K/min; B) B1 — 3K/min, B2 — 5K/min.
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poM 3Tare B uHTepBaiie TeMneparyp ot —30 1o —80°C
[TOKAa3aTeIN COXPAHHOCTH KJIETOK IOCJI€ OTTauBaHUA
3aMETHO HE OTJIMYAINCh, B TO BpEMsI KaK KU3HECIIO-
COOHOCTB KJIETOK Obli1a 3HAYUTEILHO HIKE TIPH BCEX
koHterTparusax JJMCO.

CrnemyeT OTMETUTH, YTO CaMHU IO cebe CKOPOCTH
OXJIAKJCHHS KaK Ha IEPBOM, TaK Ha BTOPOM JTarle He
BIIUSIOT HA yBETMYCHHUE COXPAHHOCTH KieTok. Komm-
YeCTBO MOBPEXJIECHHBIX KJIETOK MHHUMHU3UPYETCS
TOJBKO TPY ONTUMATBHOM COYETAaHUH STHUX CKOPOC-
Tel.

Hcxons u3 3TUX TaHHBIX, MOXKHO 3aKIIOUUTH, YTO
HCIIOJIb30BaHUE JIBYXCTYNEHYATBIX IPOTOKOJOB
3aMOpaXMBaHUs ¢ OKOHYAHUEM IIEPBOrO 3Tana OX-
naxaeHus okono —30°C ynyuIraer pe3yabTaTsl KpUo-
KOHCEPBHUPOBAaHUA KEPaTMHOLMTOB YEJIOBEKA IO
CPaBHEHHIO C OJJHOCTYIIEHYaTBIMHU IIpOoTOKOMamu [31].
Kak yrBepxmaetr Mazur P. [26] u moaTBepxaeHO
pesyapTaraMu ApYrux uccnenosanui [13, 25], s
pPa3NIUYHBIX TUIIOB KJIETOK HEOOXOAMMEI pa3HbIe
ONTUMAaJIbHBIE CKOPOCTH OXJIAKICHHS, KOTOPBIE II03BO-
JISFOT MaKCUMAaJIbHO YAYYIINTH TIOKAa3aTeNd COXpaH-
HOCTH ¥ )KHU3HECTIOCOOHOCTH KIIETOK.

Takum 00pa3oM, KpHOKOHCEPBUPOBAHHUE KIIETOU-
HBIX CYCNEeH3UH ¢ o0ecreyeHneM MaKCHMalbHBIX
MoKasareneH )KU3HeCIIOCOOHOCTH IPY MUHUMAIIBHBIX
KOHLIEHTPAIUSAX KPUOTIPOTEKTOPA 3aBUCUT OT TOYHOTO
noa0opa ONTUMAJIBHBIX TAPAMETPOB 3aMOPAKUBAHUSL.
Pa3paboTannas MeToMKa CHCTEMHOTO TECTHPOBAHHUS
KoMOwWHamuit ckopocteit oxnaxkaenus Bl u B2 u
KOHIIGHTpAIMil KPUOTIPOTEKTOPa MO3BOJISIET OMpee-
JSATH ONTHMAJIFHBIE YCIOBHS 3aMOpaXMBAHUS, CIIe-
nrduyueckue st KOHKPETHOTO THIA KIETOK. DTOT
MOIXO0] UCKIII0YaeT HEOOXOIUMOCTh MCCIEIOBAHUS
OJMHOYHBIX, @ HHOTJIA CITy4YaiiHO BEIOPAHHBIX CKOPOC-
TeN OXJIaXIE€HUS U KOHIIEHTPAIN KpHOIPOTEKTOPA.
OH no3BoJIsIET NPOBOAUTH HAACKHBIH TOAOOP ONTH-
MyMOB IIyTE€M MPUMEHEHHUS TEeCT-CETKU (pacTpa) C
OOJIBLIIMM YHCJIOM KOHTPOJIHBIX TOYEK M3MEPEHHUS.
Kak noka3piBaroT JaHHBIE UCCIEIOBAHUA, PA3HULIA B
KOJIMYECTBE KJIETOK C HEIOBPEKIEHHBIMH MeMOpa-
Hamu MoXkeT gocTtrurath 30% gaxke y MpOTOKOJIOB, pac-
MIOJIOXKEHHBIX OJIM3KO OPYT K APYTy Ha CETKE HU3Me-
penwus (puc. 4, 5), T. €. HeOOJBIIINE BAPHAITNN CKOPOCTEH
OXJIAKJEHUSI MOT'YT IPUBOAUTH K 3HAYUTEIBHOMY
CHIKEHHUIO COXPaHHOCTH KJIeTOK. [loaToMy 1st ocTu-
KEHHUSl HAJCKHBIX Pe3yJbTaTOB MOAPOOHBINH cOOp
JaHHBIX B [IPEICTAaBICHHOM BUJIC SIBIISICTCS HE TOIBKO
Leseco00pa3HbIM, HO 1 HEOOXOAMMBIM.

[TonydeHHble pe3ynbTaTsl CBUAETEIBCTBYIOT O
MIPEUMYILECTBE TOUHOTO ONPEEIECHHUS ONITUMAIIBHBIX
IIPOTOKOJIOB 3aMOPAXKHUBAHMsI, 00€CTIEUNBAIONINX 10C-
JIe OTOrpeBa MAKCUMAJIbHYIO COXPAaHHOCTb U JKH3He-
CHoCcOoOHOCTh KiIeTOK. ONTHMAaIbHOE COUETaHUE CKO-
pocteit oxnmaxaenus Bl u B2 mo3BosieT Takke CHH-
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Detailed examination of the particular results, allowed
drawing certain conclusions about optimized freezing
processes for human keratinocytes. If membrane
integrity of the differently cryopreserved samples was
measured directly after thawing, up to 94% of the cells
could be detected as undamaged. Cell survival of the
greatest extent (> 90%) was discovered when using
the various two-step protocols: 5 K/min (B1) combined
with 7.5 K/min (B2); 5 K/min, combined with 10 K/min,
and 7.5 K/min combined with 10 K/min. In contrast,
cooling protocols with first step rates of 25 K/min or
more, lead to reduced membrane integrity.

For HPMEC-ST1.6R the highest cell survival rates
were achieved with the protocols: 5 K/min (B1)
combined with 5 K/min (B2) (93% cell survival, 7.5 %
DMSO), 3 K/min, combined with 3 K/min (92% cell
survival, 5% or 7,5% DMSO, Fig. 5A), and unexpec-
tedly 10 K/min combined with 3 K/min (90% cell sur-
vival, 10% DMSO). Freezing protocol 3/3 (Fig. 5A)
has the highest values of membrane integrity and cell
survival. At the same time, with the application of
protocol 3/5 (Fig. 5B), with a minor deviations in the
rate of cooling at the second stage in the range from
—30°C to —80°C, membrane integrity levels after thaw-
ing are close in value, while the cell survival is signifi-
cantly lower at all concentrations of DMSO.

Notably, neither the first nor the second cooling rate
alone seems to be responsible for the increased memb-
rane integrity, but the combination of both values leads
to optimization of this parameter.

From these results, it can be assumed that the
application of a two-step protocol, with first step to
—30°C, improves cryopreservation of keratinocytes
compared to single-step protocols [31]. As stated by
Mazur P. [26], and affirmed in other previous studies
[13, 25], different cells require varying optimal cooling
rates that lead to maxima in membrane integrity and
cell viability.

Therefore, cryopreservation of cells in suspension
with maximum survival rates and minimum CPA
addition depends on the exact adjustment of the optimal
freezing parameters. By using the newly developed
system of testing of combinations of cooling rates B1
and B2 and CPA concentrations, the optimal freezing
conditions that are specific for a particular cell type
can be identified. This approach replaces the investi-
gation of single, selective and sometimes quite ran-
domly chosen cooling rates and CPA concentrations.
Instead, it leads to reliable optima findings, by applying
a test grid with a high number of measuring points. As
this study shows, the recession in percentages of mem-
brane integrity may be as high as 30% for cooling rates
lying close together on the measuring grid. Minor chan-
ges in cooling rates may result in unexpectedly high
differences of membrane integrity (Fig. 4, 5). Detailed
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3UTHh KOHLOCHTpPAIIUIO MUTOTOKCUYCCKOTO KPHUOIIPO-
TEKTOpa U 00ecreuuTh Ooiee MATKUI Mpoliece 3amMo-
paKUBaHUsI, UTO IPUBEAET K OoJiee OBICTPOMY U JIer-
KOMY YZAJIEHUIO TOKCHYECKOTO peareHTa mnocie oTo-
rpesa.

Takum 06pazoM, MOXKHO 3aKJIFOUUTh, YTO CTAHAAP-
TU3UPOBaHHAsI CHCTEMa TECTUPOBAHMSI, UCIIOJIB3YIO-
11as1 OCJIE0BATEIbHYIO SKCIIEPUMEHTAIBHYIO CXEMY
HA3Y4YEHUs U OLIEHKH IIMPOKOTO CHEKTPa CKOPOCTEH
OXJIQXKICHUS, & TAKKE KOHIEHTPAUA KPUO3aUTHBIX
areHTOB, MOXKET 00ECIIEUNTh YCIEIHOE KPUOKOHCEP-
BUPOBAHHE JIFOOOTO TUITA KIIETOK.

BbiBOADI

1. IIpencraBneHHslil B paboTe METOA CHCTEMHOI
ONTHUMU3AINHN MPOTOKOJIOB KPUOKOHCEPBUPOBAHUS
Pa3NYHBIX KIETOYHBIX CYCIIEH3UI MTO3BOJISET ONpeie-
JUTH HanbOosee H3PPEKTUBHOE COUETAaHHE CKOPOCTEi
JIBYXCTYNIEHYATOTO OXJaXKIEHUS M KOHIEHTPALHH
KPHOIIPOTEKTOPa, 00ECHIeUYNBAIOIINX MaKCUMaIbHOE
COXpaHEHHE KJIETOK I0CTIE OTOrPEBaA.

2. YCTaHOBJNIEHO, YTO B CIIy4ae HCCIEIOBAHHBIX
KEepaTHHOLIMTOB YeJIOBEKa HAaWBHICIIAs COXPAHHOCTh
(>90%) OpuTa TIOTyYeHa MTPY UCTIOIH30BAHUH Pa3INY-
HBIX JABYXCTYIIEHYATHIX MPOTOKOJIOB OXJKIACHUS: 5
K/musn (B1) B coueranuu ¢ 7,5 K/mun (B2), 5 K/mun
B couetanuu ¢ 10 K/mMun u 7,5 K/MuUH B coueTaHHU C
10 K/mus. Ilpu 3TOM mocrarodHasi KOHIICHTpAIUs
kpuonporekropa JIMCO cocrasmnsia Bcero 2,5%.

3. B pamkax u3y4eHHBIX apaMeTpoB HauOojee
BBICOKHE TIOKa3aTeNN )KU3HECIIOCOOHOCTH KYJIBTYPHI
knetok HPMEC-ST1.6R Obiiit 1OCTUTHYTHI TIPH KC-
[10JIb30BaHUH CIIETYIOIIUX IIPOTOKOIOB OXJIAXK IEHUS:
5 K/mun (B1) B couerannu ¢ 5 K/mun (B2) (93% xwus-
HECIOCOOHBIX KIIETOK, 7,5% JIMCO); 3 K/MuH B code-
tanuu ¢ 3 K/mun (92% xu3HeCIOCOOHBIX KIETOK, 5,0
win 7,5% AMCO); 10 K/mun B couetanuu ¢ 3 K/MuH
(B2) (90% xwu3necniocobHBIX KieToK, 10% JIMCO).

4. OxnaxkxIeHue UCCIIeTyeMbIX 00pa3IoB C ONTH-
MaJIbHBIMH CKOPOCTSIMU MIO3BOJISICT CHU3UTH KOHLICHT-
pauuto IMCO B cpeze 3aMOpakUBaHUs 10 OIpee-
JICHHOT'O MUHUMYMa, 00€CIICYMBAIOIIET0 O1aronpHsT-
HBI{ U1 KJIETOK TPOLIECC 3aMOopakuBaHus. B To xe
BpeMsI [IPU CyOONTUMAIIBHBIX CKOPOCTAX OXJIaXKICHHS
MOKa3aTeNr COXPAaHHOCTH KJIETOK MOTYT OBITh YIyd-
LICHBI ITyT€M HEOOIBIIOTO MTOBBIIIEHHUS KOHIIEHTPAINH
JAMCO B COOTBETCTBHH C TTPOTOKOIOM.

Aemoput 6nazooapsam Joc. Kupknampuxa (J. Kirkpat-
rick) 3a npeoocmasnenue xnemoynou aunuu HPMEC-
STI1.6R, a maxaice P. [lInunonepa (R. Spindler), K. IlImon-
s (C. Stoll) u X. Cyn (H. Sun) 3a mexnuuecxyio noodoepaicky.
Paboma nposoounace npu Gurancosou nododepicke
Deutsche Forschungsgemeinschaft (DFG, Hemeykozo
uccredosamenvckoeo onoa) ons Knacmepa nepedosoco
onvima “REBIRTH” (“From Regenerative Biology to
Reconstructive Therapy” — “Om pezenepamuenou 6uono-
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data acquisition, as presented, is not only advisable,
but essential, in order to achieve reliable statements.

It also shows how advantageous the precise deter-
mination of an optimal cooling protocol is, with respect
to the post-thaw membrane integrity and survival of
the cells. The optimal combination of B1 and B2 cooling
rates allows achieving the reduction of cytotoxic CPA
concentration and proves the freezing process to be
milder, which results in an easier and faster removal
of the toxic reagent after thawing.

In summary, it can be concluded that a standardized
testing system that uses a consistent experiment pattern
to examine and evaluate a large variety of cooling rates
and cryoprotective agent concentrations may lead to
successful cryopreservation of any tested cell type.

Conclusions

1. Presented method of systematic optimization of
protocols for cryopreservation of various cellular sus-
pensions allows determining the most effective combi-
nation of the rates of two-step cooling with concen-
tration of cryoprotectant for maximal preservation of
the cells after thawing.

2. It was established that in the case of studied cel-
lular suspension of human keratinocytes, the highest
survival (> 90%) was achieved with application of vari-
ous two-step cooling protocols: 5 K/min (B1) combined
with 7.5 K/min (B2); 5 K/min, combined with 10 K/min;
and 7.5 K/min combined with 10 K/min. Sufficient con-
centration of DMSO was only 2.5%.

3. Within the studied parameters the highest cell
survival rates for HPMEC-ST1.6R were achieved with
the following cooling protocols: 5 K/min (B1) combined
with 5 K/min (B2) (93% cell survival, 7.5% DMSO);
3 K/min, combined with 3 K/min (92% cell survival,
5% or 7.5% DMSO); and 10 K/min combined with
3 K/min (B2) (90% cell survival, 10% DMSO).

4. Application of optimal cooling rates for the stu-
died samples allowed reduction of applied concentration
of DMSO to the ascertained minimum, while still
ensuring a cell friendly freezing process. At the same
time, at suboptimal cooling rates, membrane integrity
values after thawing could be improved with slight
increase of DMSO concentrations according to the
protocol.

We thank J. Kirkpatrick for providing the HPMEC-
ST1.6R cell line as well as R. Spindler, C. Stoll, and H. Sun
for their outstanding technical support. This work was
supported by funding from the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) for the
Cluster of Excellence REBIRTH (from Regenerative
Biology to Reconstructive Therapy) (EXC 62/1) and BMBF
(80/049).

Authors express gratitude to Dr. L.G. Kuleshova for
useful discussion.
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