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CucreMaTu3UpOBaHbI IUTEPaTyPHbIEC JaHHBIE 10 TEMJIOEMKOCTHU BOABI, YUCTHIX KPHOIPOTEKTOPOB, X BOJHBIX PACTBOPOB U CMECEH.
ITocTpoens! aMIupHYecKre MOIMHOMHUAIbHbIE YPABHEHUS IJIs1 pacuyeTa TeIJI0eMKOCTH BOJbI M YHUCTHIX KPUOIIPOTEKTOPOB B 3aBUCUMOCTHU
0T TeMIepaTypsl. 711 BOIHBIX pPaCTBOPOB KPUONPOTEKTOPOB U UX CMecel MOJIyYeHbI SMIIMPUYECKHE IIOTMHOMHUAIbHbIE YPABHEHUS B
3aBUCHMOCTH OT TeMIIepaTyphl NpH (PUKCHPOBAHHBIX KOHIIEHTPALXIX WIH B 3aBUCUMOCTH OT KOHLEHTPALMU MPU (HHUKCHPOBAHHBIX
Temrepatypax. [lomydeHbr kK03 HUIUESHTHI TOIHHOMOB JUIsl TUX YPAaBHEHHMH.

Knrwouegwle cnoga: KpuonpoTeKTop, TEINIOEMKOCTb, SMIIUPUYECKHE TOJTMHOMUAIbHbIE YPaBHCHHUS.

CucTeMaTH30BaHO JiTepaTypHi JaHi [0 TEINIOEMHOCTI BOAU, YUCTHX KPIONIPOTEKTOPIB, iX BOAHMX pO34uHiB i cymimreil. [ToOynoBano
eMITIPUYHI OJTIHOMiaNbHI PIBHSHHS AJIsl PO3paxyHKY TEINIOEMHOCTI BOJIM 1 YUCTHX KPiONPOTEKTOPIB B 3aJIe)KHOCTI BiJl TEMIIepaTypH.
J1i1si BOAHUX PO3YHMHIB KPIOIPOTEKTOPIB Ta IX CyMillel OTpUMAaHO eMITipUYHi HONiHOMIaJIbHi PiBHSHHS B 3aJISKHOCTI BiJl TEMIIEpaTypH
npH (HiKCOBAaHUX KOHIIEHTPALIIsIX a00 B 3aJIXKHOCTI BiJt KOHIEHTpALT py dikcoBaHnX Temreparypax. OTpuMaHo Koe(ilieHTH TOJiHOMIB
JUTS IIUX PiBHSHB.

Knrwouosi croea: kpionpoTeKTOP, TEINIOEMHICTD, EMITIPUYHI MTOJIHOMIaNbHI PIBHSIHHS.

The literature data for thermal capacity of water, pure cryoprotective agents, their aqueous solutions and mixtures are summarized.
The empiric polynomial equations for calculation of thermal capacity of water and pure cryoprotective agents depending on temperature
are derived. The empiric polynomial equations for aqueous solutions of cryoprotective agents and their mixtures depending on
temperature under fixed concentrations or concentration under fixed temperatures are derived. The coefficients of polynomials for

these equations are derived.

Key words: cryoprotective agent, thermal capacity, empiric polynomial equations.

BaxxHast posip TEIJIOEMKOCTH BOJBI W BOIHBIX
pacTBOPOB KPHOIIPOTEKTOPOB B IPOLIECCE KPHOKOHCEP-
BHPOBAHUS HE BEI3EIBAET COMHEHHH, TOCKOIBKY OT €€
BEJIMIMHBI 3aBUCHT KOJWYECTBO TEILIA, KOTOPOE
HE0O0XOIMMO OTBECTH (FUTH TIOIBECTH ) OT KOHCEPBUPYE-
MOT'0 00BEKTa I U3MEHEHUS €ro TeMIIepaTyphl.
Temmeparypa u cocraB (HarpuMep, KOHIEHTPAIUI
KpUOTIPOTEKTOpa) oOpasiia BIUSIOT Ha BETUYHUHY €r0
TermnoeMKOCTH. OCOOEHHO 3TO 3aMETHO B MOMEHT
KPUCTAITU3ALMY U TJIaBICHUS: TEINIOEMKOCTb PE3KO
Bo3pacTaet. HaOmomaercst CylecTBeHHOE yBelnde-
HUE TETUTOEMKOCTH IPH TIEPEOXIIAKIEHUH BOIBI (PUCY-
HOK) ¥ BOJHBIX PaCTBOPOB KPHUOIPOTEKTOPOB IO
CPaBHCHUIO CO 3HAYCHUSMH TCILNIOCMKOCTH B 30HE
MOJIOKUTETBHBIX TeMmIieparyp. s Gonee kadect-
BEHHOTO YMPABIICHUS MPOIECCAMH 3aMOPaKUBAHUS-
OTOTpEeBa HEOOXOAMMO 3HATH 3aBUCHUMOCTDH TEILIO-
€MKOCTH 3aMOpaKMBaeMbIX PAacTBOPOB OT TeMIIe-
paTypbl ¥ KOHIICHTpaLUU.
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The important role of thermal capacity of water
and aqueous solutions of cryoprotectants during cryo-
preservation is of no doubt, since it influences the
amount of heat required to be taken off (or to be ap-
plied) from the object to be cryopreserved for chang-
ing its temperature. Temperature and composition (e.g.
cryoprotectant concentration) of the sample affect the
value of its thermal capacity. Especially it is evident
during crystallization and melting: the thermal capacity
is sharply increased. The significant increase of ther-
mal capacity during cooling of water (Figure) and aque-
ous solutions of cryoprotectants if compared with the
values of thermal capacity within the range of positive
temperatures is observed. It is necessary to know the
dependence of thermal capacity of freezing solutions
vs. temperature and concentration to control freeze-
thawing processes with confidence.

However, the available references do not represent
the summarized data on thermal capacity for cryopro-
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3aBucuMocTH TemoeMkoctel Bozibl (@) u nbna (A) or
TEMIIepaTyphl.

Dependencies of water (@) and ice (A) thermal capacities
vs. temperature.

OnHako B JIOCTYIHOMW JHTEparype OTCYTCTBYIOT
CHUCTEMAaTHU3UPOBAHHBIE JaHHBIE MO TETJIOEMKOCTH
KPHOIIPOTEKTOPOB, UMEIOTCSI TOJIKO OTHENbHBIE HX
3HaueHust. HakoruieHre u aHaIu3 COOTBETCTBYIOIIETO
JKCIIEPUMEHTAILHOTO MaTepHala, ero CHCTeMaTH-
3a1us MO3BOJIAT OoJiee MPOAYKTUBHO HCIIOJIB30BATh
KpUO3alIUTHBIE BELIECTBA, KOTOPbIE CYLIECTBEHHO
BIIMSIFOT Ha IPUPOJTY H KHHETUKY KPUCTAILTA3AIIMOHHBIX
MPOIIECCOB B OM00OBEKTAX MPU UX 3aMOPAKUBAHUH H
OTOTpEBE.

Lens paboTel — 0000IIEHNE U CHCTEMATH3AIUS
JUTEPATYPHBIX JJaHHBIX HA OCHOBE IIOCTPOSHHS AMITH-
pudeckux GopMmyl JUis pacyera 3HaYCHUH TerioeM-
KOCTH YHACTBIX KDHOIIPOTEKTOPOB, MX BOAHBIX PACTBO-
POB U cMeceil B 3aBUCIMOCTH OT MACCOBOM KOHIICHT-
palmy KpUOTIPOTEKTOPA B TEMIIEPATYPHI.

OKCcriepuMEHTANbHBIE JaHHbIE, IPUBEACHHBIC B
JUTEpAType, O TEIIOEMKOCTH KPHOIIPOTEKTOPOB, HX
BOJHBIX PacTBOPOB U cMeceil Obuin 00paboTaHbl C
noMo1iko nmporpammel Microsoft Office Excel 2003.
Bbutn Takke 00paboTaHbl SKCIIEPUMEHTATIbHBIC JTTE-
paTypHbIe JaHHBIE Ui BOJIBL, JIbJIAa M PsiAa BOIHBIX
pPacTBOpPOB BELIECTB, KOTOPhIE KpaliHE Ba)KHBI KaK B
KHU3HEJEATSTLHOCTH YEIOBEKa, TaK U B KPHOOHUOJIO-
THH.

3HaveHUs TEIIOEMKOCTH BOABI B 3aBUCUMOCTH OT
TeMIlepaTypsl npuBeaeHsl B [1, 2, 8, 17, 20, 25, 39, 42,
45,52, 58, 59], naHHbBIE TIO TETUIOEMKOCTH JIhIa B3STHI
u3 [10, 14, 24, 42, 56, 58, 61]. [lonydeHHBIC 3aBUCH-
MOCTH TIPEACTaBICHBI HA PUCYHKE.

BepxHsa kpuBas Ha pUCYHKE, IOKA3bIBAIOIIAS
3aBHCUMOCTH TEIIOEMKOCTH BOJBI OT TEMIIEPATYPHI,
MOXXET OBITh pa30WTa Ha JBE YacTH (30HA MOJOXKH-
TEJBHBIX TEMIIEPATYP M 30HA MEPEOXJIAKICHHUS),
Ka)/1asi U3 KOTOPBIX XOPOLIO OMHMCHIBAETCS MOJUHO-
MaMH TATOW CTETEHH OTHOCHTEIBHO TEMIIEpaTypBhI.
J111st BOJIBI TIPU TIOJIOKUTEIIBHBIX TEMIIEpaTypax dMIIU-
puUeckoe ypaBHEHHE U pacueTa TEII0EMKOCTH
UMeeT BUA:

C = —2,476%107%° + 1,031x10°¢# — 1,568%107°¢ +
+0,11647 —3,868¢+4222.38,

rae ¢ — remmeparypa, °C. 3To ypaBHEHUE MTO3BOJISET
paccunTaTh TEIIOEMKOCTh BOJIBI B AMAIIA30HE TEMIIE-
patyp ot 0 no 150°C npu aucnepcuu annpoKCuMaLum
R*=0,968. B pesynpraTe pacuera moiydyaem 3Ha-
YeHue TeroeMKocTH Bojbl B Jx/kriK.

Jia mepeoxsak IeHHON BOABI B UHTEPBAJIe TEMIIe-
paryp —40+0°C TerioeMKoCTb MOXKET OBITh paccyuu-
taHa 1o gopmyne (mpu R*=0,9519):
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tectants, and only single values are shown. Collection
and analysis of corresponding experimental material
and its systematisation will enable more efficient ap-
plication of the cryoprotective substances that signifi-
cantly affect the nature and kinetics of crystallization
processes in bioobjects during freezing and thawing.

The research aim is to summarize and systematize
the literature data on the base of deriving the empiric
equations to calculate the values of thermal capacity
of pure cryoprotective agents, their aqueous solutions
and mixtures depending on cryoprotectant mass con-
centration and temperature.

The experimental data found in literature for ther-
mal capacity of cryoprotective agents, their aqueous
solutions and mixtures were processed with Microsoft
Office Excel 2003 software. There were also proc-
essed the experimental literature data for water, ice
and some aqueous solutions concerning the properties,
being absolutely essential both for human vital activity
and cryobiology.

The values of thermal capacity of water depend-
ing on temperature are presented in literature sources
[1,2,8,17,20,25,39,42,45,52, 58, 59], thermal ca-
pacity of ice data are taken from the sources [10, 14,
24,42,56, 58, 61]. The obtained dependencies are pre-
sented in the Figure.

The upper curve in the Figure, showing the depend-
ence of water thermal capacity vs. temperature, can
be divided into two parts (zone of positive tempera-
tures and supercooling zone), each of them could be
well described with polynomials of the fifth degree in
respect of temperature. For water at positive tempera-
tures the empiric equation for thermal capacity calcu-
lation is as follows:

Cp =-2.476x10% + 1.031x105¢ — 1.568%107£ +
+0.11647 —3.868¢+4222.8,
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C = —3,666x107 — 2,893%102#* — 0,8293¢ —
—8,4561*—25,94¢t+4222 8.

TernmoeMKoCTb Jibia (HHKHSISI KpUBast HA PUCYHKE)
MO’KET OBITh OMKMCAHA CIIEAYFOLIMM ITOTMHOMHAIBLHBIM
ypaBuerueM (R*=0,9992):

C, = 5,357x107°¢ +0,01369# + 7,783¢+2082,7.

JlaHHOE ypaBHEHHE MOXXET OBITh IPUMEHEHO B
nuanaszone tremnepatyp —263+0°C.

JAs 9UCTBIX KPUOMPOTEKTOPOB M UX BOJHBIX
PacTBOPOB 3aBUCUMOCTb TEMNIOEMKOCTH OT TEMIIEpa-
TYPBI OITUCBIBAETCS TOJIMHOMOM:

- 34 00
C =af tat+af+at+at +a, (1

3naueHuns Ko3pPUIHMeHToB a +a, noiauHoma (1) s
pslla YUCTHIX KPUOMPOTEKTOPOB MPEJCTABICHBI B
Tabn. 1, a ;U1 psaa BOJAHBIX paCTBOPOB KPHUOIIPOTEK-
TOpOB — B Tabn. 2. Jlns coOmoneHus: pa3MepHOCTH
npunumaercs: a; — Jx/(xkrx°CP), a, — JIx/(krx°C?),
a, — JAx/(xkrx°C*%, a, — Ix/(krx°C%), a, -
T/ (krx°C?), a, — JIx/(xrx°C).

st onipeneneHys TEMI0EMKOCTH BOAHBIX PacTBO-
POB BEIIECTB B 3aBUCHMOCTH OT HX MACCOBOW KOHIICHT-
paumu uim cMeceil KpHOIPOTEKTOPOB B 3aBUCUMOCTH
OT MacCOBOM KOHLIEHTPALUHN OITHOTO U3 HUX HCIIOJIb-
3yeTcsi HOJMHOMHUAIILHOE YPaBHEHHUE:!

C =bC'+bC+bCH+bCHb,  (2)

rae C — MaccoBasi KOHIIGHTpaIus KPUOIPOTEKTOpa,
%. Koo duuuentsl b,+b UMEHOT pasMepHOCTH
Jox/(krx°C). 3nauenus ko3 uimentos b, +b nosnu-
HOMa (2) A71s1 BOIHBIX PacTBOPOB KPHONPOTEKTOPOB
npuBeneHbl B Tabm. 3, a Ans cMecel KpUOIIPOTEKTO-
poB — B Tabu. 4.

B 1a6xa. 1-4 npexacraBieHbl K03 GUIIHEHTH
MOJIMHOMOB JIJIS pacyeTa TeII0eMKOCTH KPHOTIPOTEK-
TOPOB, HAXOASIINXCS KaK B XKHJKOM COCTOSTHUH, TaK
1 B 3aMOpOXeHHOM (TBEpHas (aza).

Kpome ko3¢ ¢puiineHToB MonMHOMOB, B TabIHIax
MPEICTABIICHBI JUCIIEPCHH AIITPOKCUMAIINH, THATa30-
HBl IPUMEHEHUS YpaBHEHHI (TemIiepaTypa HIH
KOHIIGHTPALHsI) 1 HCTOYHUKH JIUTEPATYPBL, U3 KOTOPBIX
B3SITHI SKCTIIEPIMEHTANIbHBIE JaHHbIe. /nanazon npu-
MEHEHHs] YpaBHEHUH MOKa3bIBACT, IPU KAKUX TEM-
nepaTypax MW KOHLUEHTPAUHsIX OBIIU MOIYYEHBI
9KCIEPUMEHTANbHBIE TaHHbIC, IPUBEACHHBIC B JIUTE-
paTypHBIX HCTOYHHKAX. [Ipy BEIYMCICHUSIX 3TOT ANA-
1a30H MOXET OBITh pacirpeH 0e3 CyIecTBEHHOH I1o-
TEpU TOYHOCTH, OCOOCHHO /1715l JINHEHHBIX YpaBHEHHH.
B tabnunax mpHHSATHI CIIETyOIIE YCIOBHBIE 0003Ha-
YEHHSI:
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where t is the temperature, °C. This equation enables
to calculate the aqueous thermal capacity within the
range of temperatures from 0 to 150°C at approxima-
tion dispersion R?= 0.968. The calculation gives the
value of water thermal capacity in J/kgK.

For supercooled water within the interval of tem-
peratures —40+0°C its thermal capacity is calculated
with the formula (at R*?= 0.9519):

C = —3.666%107* — 2.893%x107%¢* — 0.8293¢ —
—8.456* — 25.94¢ + 4222 8.

Ice thermal capacity (lower curve in the Figure) could
be described with polynomial equation (at R*=0.9992):

C,=5.357x107F +0.013697 + 7.7831 + 2082.7.
This equation is applicable within the range of tem-
peratures —263+0°C.
For pure cryoprotective agents and their aqueous
solutions the dependence of thermal capacity vs. tem-
perature is described with the polynomial:

—af 34 2p
C =at tatttaf +at+at +a, )

The values of coefficients a,+ain polynomial (1)
for some pure cryoprotective agents are given in Ta-
ble 1 and for some aqueous solutions of cryoprotec-
tive agents are presented in Table 2. To keep the di-
mensions it is assumed that: a, — J/(kgx°C®), a, —
J(kgx°C?), a, — J/(kgx°C*), a, — J/(kgx°C®), a, -
J(kgx°C?), a, — J/(kgx°C).

To determine the thermal capacity of substances'
aqueous solutions depending on their mass concentra-
tion or mixtures of cryoprotective agents depending on
their mass concentration of one of them there is used
the polynomial equation:

C,=b,C'+b,C+b,C+bC+D, 2)

where C is mass concentration of the cryoprotective
agent, %. Coefficients b,+b have the dimensions of
J/(kgx°C).The values of coefficients b, +b of polyno-
mial (2) for aqueous solutions of cryoprotective agents
are presented in Table 3, and for mixtures of cryopro-
tective agents are shown in Table 4.

Tables 14 represent the coefficients of polynomi-
als for calculation of thermal capacity of cryoprotec-
tive agents, being either in liquid or in frozen (solid) state.

Besides the polynomial coefficients the Tables show
the approximation dispersion, application range of equa-
tions (temperature and concentration) and literature
sources from which the experimental data are derived.
The application range of equations shows under which
temperatures and concentrations the experimental data,
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b/l — 6yTanauon;

JAMAI — nuMmeTunaneTaMu;

AMCO — nqumeTuncynb)oKCHLI;

IAM®A — numerundopmamun;

JIOT" — mUATUIICHIINKOJIb,

MMDOI" — MOHOMETUIIOBBIN 3P ITHLEPHUHA;

M®A — metundopmamuz;

MXIT — MOHOXJIOPTHIPHH INIULIEPHUHA;

MO33I" — MOHOATHIIOBBIH 3(Up MIUIIEPHUHA;

[IBII — noaMBUHWINUPPOINIOH;

I1J]— nponaniuou;

150 — moNMUATHICHOKCHI;

TOI” — TPUATHIICHTITUKOIIE;

DA — dbopmamu;

OI' — 3TUJEHITINKONG.

B cBs13u ¢ TeM, uTO U1 psiAa KpUONPOTEKTOPOB U
HX pacTBOPOB MMEETCS] HEJOCTAaTOUYHO SKCIIEPHUMEH-
TAIBHBIX AAHHBIX ISl MOCTPOEHUS 3MIHPHUECKUX
(dbopmymn, B TabJ. 5 NPUBOAATCS KOHKPETHBIE 3HAUCHHS
TEIUIOEMKOCTH HEKOTOPBIX BELIECTB M MX BOJHBIX
pacTBOpOB.

presented in the papers were obtained. During calcu-
lation this range may be extended without significant
loss of accuracy, especially for linear equations.

The following abbreviations are used in the Tables:

BD - butane diol;

DMAc — dimethyl acetamide;

DMSO —dimethyl sulfoxide;

DMFA — dimethyl formamide;

DEG —diethylene glycol;

MCHG — monochlohydrin glycerol;

MEEG — monoethyl ether of glycerol;

PVP —polyvinylpyrrolidone;

PD — propane diol;

PEO — polyethylene oxide;

MMEG — monomethyl ether of glycerol;

MFA — methyl formamide;

TEG — triethylene glycol;

FA — formamide;

EG — ethylene glycol.

Due to the fact that for some cryoprotective agents
and their solutions there are no sufficient experimental
data to derive the empirical equations we present the
certain values of thermal capacity of some substances
and their aqueous solutions in Table 5.

Tabauna 1. Kospduunents! ypasaenus (1) st pacuera TEIIOEMKOCTH psiJia YUCTHIX KPHOIIPOTEKTOPOB B 3aBUCUMOCTH
OT TEMIIePATyphbl; QUCIIEPCUH alllIPOKCUMAIIMI U TUana30Hbl TEMIIEpaTyp MPUMEHEHUS ypaBHEHUsI
Table 1. Coefficients of equation (1) to calculate thermal capacity of some pure cryoprotective agents depending on
temperature, approximation dispersion and temperature ranges of equation application

Apnanazon
TeMIepaTyp,
Bemecrso a,x1070 | a,x10-5 | a,x10-% | a,x10-2 a a R? °C Verounuk
Substance 5 4 3 2 1 0 Reference
Temperature
range, °C
AneramMup,
Jcarl 0 0 12,7 —1691 | 73349 346,18 0,9913 2777 134]
(solid phase)
AMUABT
Amides A 0 0 0 0 2,1762 1959,2 0,9996 44100 [51]
AM®A o [2,11,1531,
VA 0 0 0,04 0,136 1,6437 2009,3 0,9335 20+100 1651
Dp S-anarimn 0 0 0 075 2,383 12117 0,998
[ S-anam 0 0 0 021 2,8555 1219,4 0,999
E;‘j;ﬁg 0 0 0 0,96 2,293 1163,5 1,0
AMuHO —
B tenti e 0 0 0 0,41 3,2081 1266,9 0,999 2575 [13]
acids
Dy Banm 0 0 0 0,33 39311 13025 | 0,9989
gf;gi‘; 0 0 0 0 3,7944 11690,8 0,9992
e 0 0 0 6,35 1,442 13784 | 0,9997
npo6nembl 150 problems
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IIponomxenue Tadm. 1
Table 1. (Continued from the previous page)

Apnanaszon
BerrectBO 2. x10-° a. x10-5 A x10-3 x10-2 a a R? TeMnnegaTyp, Hcrounuk
Substance s 4 3 y 1 0 T Reference
emperature
range, °C
T190-400 (162122
B ~ (TB. haza) 193+ — i
B%%?D?:Iz PEO-400 38,99 22,3 48,42 497,1 246,28 5932,3 0,9692 193+ —10 .
[OAMMEpBI (solid phase) cobCT-
‘Water BEHHBIE
soluble AQHHBIE
T190-400 o plus own
polymers PEO-400 0 0 198,2 — 1227 178,97 7444,8 0,9819 —8+30 data
Cyand-
AMCO . [2,33,36,
OKCHABL 0 0 0 0 1,6695 1926,5 0,9992 18+150
Sulfoxides DMSO 38,51,54]
Prnnepii 0 0 0 —1,54 57093 2267,4 09324 20<150
Glycerol
[2,7,21,22,
T'annepun 39,43,47,52]
(TB. cpasa) 16,2 7,551 13,02 100,5 36,72 1622 0,9774 —170+15
Glycerol
(solid phase)
A9l -
DEG 0 0 0 0 4,1951 22181 0,9999 5+100 [51]
MauuuT
(8. dasa) 0 0 —0,0165 —0,378 45716 1315,5 0,9998 —190+115 [57]
Mannitol
(solid phase)
MeraHoA one [2,30,45,46,
Methanol 0 0 0 2,91 4,8418 2411,5 0,9843 93+64 49,55]
MetaHoA
(TB.chaza) _ _ opne
Methanol 0 0 0 56 8,9057 1519,6 0,9989 263+—123 [30]
(solid phase)
CrupTht
Alcohols MXTT
MCHG 0 0 0 0,1047 5,046 1962,8 0,9922 —80+40 [3,5,6]
= 0 0 0 —121 54429 2076,7 0,9252 0+115 [51,55]
)y e [2,7,47,51,
EG 0 0 0 0,379 4,3693 2301,4 0,9852 18+150 56]
OTaHoA _ . [2,9,14,15,
Ethanol 0 0 0,07448 4,398 7,108 2243 0,9548 65+110 37,46,47,56]
Trpe: 0 0 0 032 54918 2366,7 0,9897 — 18115 131,51,62]
1,3-TTA _ L
13-pD 0 0 0 14 6,596 2284,4 0,9992 120+40 [3,9]
1,4-BA, .
14-PD 0 0 0 0 8,7041 2026,2 1,0 20+150 [27]
YTAeBOABI Caxaposa
Carbo- Sucr%se 0 0 0 0 3,5081 1164 0,9998 0+100 [48]
hydrates
MMO2T "
MMEG 0 0 0 1,95 5,9356 22239 0,9985 —90+30
Oupst
Ethers (3.5
M33ar .
MEEG 0 0 0 1,93 6,3412 2316,5 0,9976 —90+30
npo6nembl 151 problems
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Taonumua 2. Kosddunments! ypaaenus (1) At pacuera TEIIIOEMKOCTH Psa BOAHBIX PACTBOPOB KPHOIIPOTEKTOPOB B
3aBUCHUMOCTHU OT TEMIIEPATYPBhI; TUCIIEPCUH aNTPOKCUMALIHIA U TUANIA30HbI TEMIIEPATyP IPUMEHEHUS YPaBHEHHUSI
Table 2. Coefficients of equation (1) to calculate thermal capacity of some cryoprotective agents’ aqueous solutions
depending on temperature, approximation dispersion and temperature ranges of equation application

Konnenrpanus, Anarasor
BemectBo % Macc. a x10-5 | a. x10-3 | a. x10-2 a a a R2 TeMn;eCpaTyp, HcrouHuk
Substance Concentration, st ar 3 2 1 0 Temperature Reference
% mass. ralfge °C
Cyabd —
OKCHABL AMES 1 eonid 280 365 18619 | 4621 5651,1 | 30498 | 0,9969 —40+—6 [26]
Sulfoxides (8. chasa/solid)
29,9 0 0 0 0 89463 | 36049 | 0,9021 —6,6+2
39,91 0 0 0 0 11,172 | 34807 | 0,9564 —14,8+2
T'hunepun
Glycerol
50,07 0 0 0 0 15,263 3320 0,9945 —20,4+2
60 0 0 0 0 16662 | 30677 | 0,9971 —31,6+2
071 0 0 —002 | 00503 | —3019 | 42285 1,0 17+75
[2]
1,537 0 —00127 | 02443 | —0161 | 4,466 4166 1,0 20475
555 0 —0,0086 | 0,1566 | —0,079 | 1,591 4203 0,9959 16+75
MertaHoa
Methanol
10,36 0 0 0 0 0,9608 4204 0,999 20+76
14,34 0 0 0 0 1,8494 | 41709 | 0,9939 16+75
18,92 0 0 0 0 2,3988 | 41252 | 09966 15+74
1 0 0 0 0 17694 | 39379 | 0999 — 15120
21,8 0 0 0 0 2,3028 3771 0,9998 —6+120
32,4 0 0 0 0 2,8446 | 35006 | 0,9999 —12+120
ar
= [60]
42,7 0 0 0 0 3,352 34036 | 09999 —18+120
CrupTel )
Alcohols 52,8 0 0 0 0 38651 | 32053 1,0 —29+120
81,7 0 0 0 0 53329 2558 1,0 —34+120
52 2,7778 | 82639 9,8 56,007 | 16196 | 21000 1,0 —80+—20
(TB. cpasa/solid)
104 56044 | 17,097 | 20168 | 11672 | 33254 | 39700 1,0 —80+—20
(TB. dpasa/solid)
10,4 0 0 0 00046 | 05409 | 40716 | 0987 — 15160
205 0 —0,042 | 05833 | 27042 | 25142 9400 1,0 —80-—30
(TB. pasa/solid)
20,5 0 0 0 00016 | 16609 | 39208 | 0,9751 —6+160
303 0 0125 | 49167 | 71375 | 471,58 | 14100 1,0 —80-—30
1,2-TIA, (TB. dpaza/solid) 160
1,2-PD [4,60]
30,3 0 0 0 00033 | 21245 | 37656 | 0,9455 — 124160
406 0 0 2,28 55236 | 46862 | 15900 | 09995 —80+—30
(TB. dpasa/solid)
40,6 0 0 0 0 36044 | 35204 1,0 —18+160
509 0 0 3,06 7133 | 587,62 | 19246 | 0,9994 —80-—35
(TB. cpasa/solid)
50,9 0 0 0 0 45217 | 3304,2 1,0 —29+160
80,6 0 0 0 0 55352 | 27674 1,0 —34+120
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Taonmua 3. Kosddunuents! ypapaenus (2) 1ist pacyeTa TeINIOEMKOCTH Psiia BOAHBIX PACTBOPOB COJICH U
KPHOIIPOTEKTOPOB B 3aBUCHMOCTH OT KOHLICHTPALUH ITPH (PUKCHPOBAHHBIX TEMIIEPATYpax; IUCIEPCUH
anmpoKCUMAIIMI U JMaNa30Hbl KOHICHTPALUI IPUMEHEHHS YPABHCHUS
Table 3. Coefficients of equation (2) to calculate thermal capacity of some saline aqueous solutions and cryoprotective
agents depending on concentration at fixed temperatures, approximation dispersion
and temperature ranges of equation application

ApanasoHn
BermecrBo Temneparypa, °C b x10-5 | b. x10-? | b x10-2 b b R KOHH&ggfa;HH c Hcrounuk
Substance Temperature, °C a4 3 2 1 0 Concent.ragion Reference
range C,% (w/w)
CaCl, 15,6 0 0 55,42 —66,184 | 41855 0,9979 0+30 [35]
15 0 47,1 —1288 | —32,878 | 41855 0,9664 5+25
ggﬁf 18 0 0 943420 | —51066 | 41829 | 09978 00,13
NaCl [10,19,47]
20 0 1217 —41962 | —7028 4181,6 0,9903 0+25
60 0 54,5 —13592 | —3%82 4184,1 0,99 0+25
AneraMup 25 0 0 0 —14912 | 41793 0,9991 0+20 2]
Acetamide
AMA1 _ _ -
DMAc 25 0 0 12,74 8,7384 | 41793 0,9995 0+100 [2]
5 0 0 —885 — 12,155 | 42019 0,9977 0+100
25 0 0 — 10,47 | —10,713 | 41793 0,9996 0+100
AMOA
DMFA (2.12]
35 0 0 —12,81 | —8,4064 | 41779 0,9995 0+100
50 0 0 —1511 | —6,0981 | 41804 0,9987 0+100
2 0 0 22,6 —33,513 | 42138 0,9997 0+33
5 0 0 17,17 —31,377 | 42019 0,9999 0+39
AMUABL
Amides
10 0 0 11,83 — 28,64 4191,9 0,9998 0+39
Modepria 20 0 0 1026 | —27,364 | 41816 1,0 0+45 2]
rea
25 0 0 10,27 —26,753 | 4179,3 0,9999 0+6
30 0 0 8,08 —25864 | 41782 1,0 0+51
40 0 0 6,91 —24,84 4178,3 1,0 0+51
25 0 0 — 4,66 — 16,266 | 4179,3 0,9983 0+100
MOA
MFA [2,12]
35 0 0 — 5,07 — 15556 | 41779 0,9988 0+100
;’?ﬁ 25 0 0 4,44 —22,078 | 41793 0,9993 0+100 [2]
5 0 0 46,84 —33,383 | 42019 0,9884 0+10
‘i‘;{?;(;; DL-a-araHUH )
o DL-a-alanine 25 0 0 16,4 —26,763 | 4179,3 0,9984 0+10 2]
ino
acids
40 0 0 21,91 —26019 | 41783 0,9954 0+10
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IIponomxenue Tad. 3
Table 3. (Continued from the previous page)

ApanazoH
BermectBo Temneparypa, °C b x10-5 | b. x10-? | b x10-2 b b R KOHHﬁ:gga;HH C Hcrounuk
Substance Temperature, °C 4 3 2 ! 0 Concenfragion Reference
range C,% (w/w)
San 25 0 0 0 —14753 | 41793 | 0991 02,5
aline
5 0 0 49,97 —43,588 | 42019 1,0 0+13
Tannun _ .
AMUHO — Glycine 25 0 0 26,51 36,392 | 4179,3 1,0 0+19
KHUCAOTBI [2]
Amino
acids 40 0 0 21,25 | —33907 | 41783 1,0 0+17
Ii'np OAMH 25 0 0 0 —26,660 | 4179,3 0,9997 0+2
-proline
Dr-cepumt 25 0 0 0 —30,359 | 41793 | 09993 0+3,6
-serine
TIBI1
{ra.2.28000) 0 0 49 —409 | —34211| 42124 | 09967 0+40
(m.w. 44000)
-8 0 26,7 —175 4,8333 3980 1,0 10+40
—13 0 26,7 —175 3,8333 4010 1,0 10+40
Bopo —
pacTBo —
puMbIe —18 0 21,7 —150 | —0,1667 | 4050 1,0 10+40
TIOAMEPBI TIBITT [59]
Water (M.M.44000)
soluble (TB. dasa) ;
polymers S -23 0 -5 40 —44,5 4410 1,0 10+40
(m.w. 44000)
(solid phase)
—28 0 —383 290 —107,17 | 4970 1,0 10+40
—-33 0 —66,7 500 —160,33 | 5510 1,0 10+40
—38 0 0 265 —171,5 6260 1,0 10+40
Cyabd —
OKCHARL AMCO 25 0 0 —145 | —20799 | 41793 | 09993 0+100 12]
; DMSO
Sulfoxides
rgfuef’“ 25 0 0 —1,94 | —17628 | 41793 | 09923 0+100 [2,18]
ycerol
10 0 0 —372 | —15695| 4192 0,9995 0+100
A2T
DEG [41]
37,8 0 0 —6,12 | —1246 4178 0,9995 0+100
MaHH.“T 25 0 0 0 —16,933 | 4179,3 0,9999 0+15,5 2]
annitol
0 —2,569 | 7,097 —64,66 | 2834 4217,4 0,9999 0+100
CrupTel
Alcohols
10 —3348 | 8895 —80,32 | 8884 4191,9 0,9999 0+100
20 —3,566 | 9,438 —86,96 12,87 4181,6 1,0 0+100
MeraHoA 12]
Methanol
30 —3,112 | 8473 —82,84 14,58 4178,2 0,9999 0+100
40 —2,445 | 7,091 — 76,09 15,86 41783 0,9999 0+100
50 —2306 | 6,806 — 7596 18,21 4180,4 0,9997 0+100
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IIponomxenue Tad. 3
Table 3. (Continued from the previous page)

Apanazon
o KOHIeHTpanuii C,
BermectBo TeMr{epaTypayo C b, x10-% | b, x10-3 | b, x10- b b R Mace, % Hcrounuk
Substance Temperature, °C 4 3 2 ! 0 c . Reference
oncentration
range C,% (w/w)
60 —2,064 6,214 — 73,06 20 4184,1 0,9995 0+100
Meramoa 70 2049 | 001923 | —46,11 19,02 41893 | 09984 0+75 121
Methanol
80 0 —21,84 58,36 10,74 4196,1 1,0 0+30
0 0 0 —592 —16,186 | 42176 0,9996 0+100
10 0 0 —6,32 — 15114 | 42073 0,9995 0+100
Tor 20 0 0 —67 | —14079| 41996 | 0,9995 0+100 55]
TEG
30 0 0 — 7,06 — 13,082 | 41944 0,9995 0+100
40 0 0 — 7,42 —12,124 4191,7 0,9994 0+100
50 0 0 —1517 | —70036 | 41804 0,9965 0+46
30 0 0 —7.25 — 12,425 | 41782 0,9808 0+100
25 0 0 —-516 —12,832 | 41793 0,9983 0+100
20 0 0 —6,05 — 13,605 | 4181,6 0,9978 0+90
15 0 0 — 13,29 — 5,342 4185,5 0,9956 0+60
CrupTel or [2,7,47,56,
Alcohols EG 60]
10 0 0 —4,43 — 15721 | 41909 0,9987 0+90
0 0 0 1,25 — 18,768 | 42174 0,9973 0+46
—10 0 0 —1855 | —6,9119 | 40354 0,9974 27+46
—15 0 0 —31,31 2,5783 3841,6 0,9964 27+46
—20 0 0 —51,94 20,963 3419,1 0,9926 35+46
25 — 1,997 7,136 —93,84 25,04 4179,3 0,9991 0+100
30 —2,128 7,199 —92,49 24,89 4178,2 0,9992 0+100
OTaHOA 12]
Ethanol
40 —1,538 5,734 —380,88 23,1 4178,3 0,9994 0+100
50 —2,109 6,479 —82,19 23,82 4180,4 0,9983 0+100
—80 0 0 — 18,64 22,063 1536 0,9516 0+50
1,2-TTA, —70 0 0 —712 22,176 1609 0,9608 0+50
(TB. (basa)
1,2-PD [4:56]
(solid phase) —60 0 0 — 8,77 30,722 1681 0,9944 0+50
—50 0 0 4,19 40,198 1751 0,9976 0+50
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IIponomxenue Tad. 3
Table 3. (Continued from the previous page)

Apanazon
Bemjecro Temmneparypa, °C b.x10-5 | b x10-3 | b.. x10-2 b b R? KOHH;ggga;HH c HcroyHuk
Substance Temperature, °C 4 3! 2! 1 0 Concent'razion Reference
range C,% (w/w)
1,2-TIA,
(e, dhasa) —30 0 0 —232 1153 1882 | 00934 0+40 [4,56]
(solid phase)
—-10 0 0 —34,08 9,5986 3872 1,0 3050
0 0 0 —11,16 | —85927 | 42174 | 09973 0+50
10 0 0 —574 —13647 | 41909 | 09924 0+90
15 0 0 —13,63 | —54877 | 41855 0,9988 0+60
20 0 0 —676 | —11,085 | 41816 | 0,9831 0+100
Crmpret 30 0 0 —14,99 | —37542 | 4178,1 0,9772 0+50
Alcohols 1,2-TIA
1,2-PD [1,56,60,62]
40 0 0 3,15 —24,47 4707 0,9997 30+100
50 0 0 2,5 —23,155 | 4698,8 1,0 30100
60 0 0 2,32 —22,649 | 4710,7 0,9997 30+100
70 0 0 2,26 —22,036 | 47124 | 09997 30+100
80 0 0 0,6 —19,536 | 46665 | 0,9999 30100
) 0 0 0,42 —18958 | 46737 0,999 30100
1,3-TIA, _ _ "
13.pD 30 0 0 13,85 4,6103 | 41782 | 09947 0+100
16 0 0 0 —16,681 | 40888 0,999 415
24 0 0 0 —16,824 | 41163 0,9988 4+15 [2]
I'rrokosa
Glucose
32 0 0 0 —16,899 | 41495 | 0,9987 4+15
39 0 0 0 —16,711 | 41849 | 0,9989 4+15
/]‘_aKT°3a 20 0 0 0 —24264 | 41816 | 09998 0+20 [2]
actose
0 0 0 0 —25598 | 42174 | 09995 0+90
YTAEBOABI
Carbo —
hydrat
varaes 10 0 0 0 —24453 | 41919 | 0,995 0+90
20 0 0 0 —23451 | 41816 | 09998 090
Csaxap‘m 25 0 0 0 —22,831 | 41793 | 09999 066 [2,48]
ucrose
30 0 0 0 —22705 | 41782 | 0,9995 0+90
40 0 0 0 —21,882 | 41783 0,9996 0+90
50 0 0 0 —21,267 | 41804 | 0,9993 090
npo6nembl 156 problems
Kpuobuonorum of cryobiology

T.21,2011, Ne2

Vol. 21, 2011, Ne2



IIponomxenue Tad. 3
Table 3. (Continued from the previous page)

ApanazoH
o KOHIeHTpanui C,
BermectBo Temnepatrypa, ; C b, x10-% | b, x10-3 | b, x10- b b R Mace, % Hcrounuk
Substance Temperature, °C 4 3 2 ! 0 c ! Reference
oncentration
range C,% (w/w)
— 100 0 0 11,718 2,2547 1279,8 0,9817 10+50
—70 0 0 0,53074 6,5351 1246 0,9726 10+50
—60 0 0 13,14 7,342 1309,7 0,9985 10+50
M33r
(5. dasa) —50 0 0 16262 | 98043 | 1470 | 0976 10+50
Odupst :
Ethers (solid phase) [4]
—40 0 0 40,77 5,8584 1818 0,9934 0+50
—30 0 0 26,1 39,318 1882 0,9923 0+50
—20 0 0 — 22,67 121 1943 0,9924 0+40
M33r L
MEEG 20 0 0 —22,572 | —58015| 4181,6 0,9924 0+50

Tabauna 4. Koapuunentsr ypaBHenust (2) aist paciyera TEINIOEMKOCTH psiia CMecei KpHOIPOTEKTOPOB
B 3aBHCUMOCTH OT KOHIIEHTPALMHX IIPH (PUKCHPOBAHHBIX TEMIIEpaTypax; AUCTIEPCHH allIPOKCHMAaNUii
U MaNa30Hbl KOHIEHTPAaUUi NPUMEHEHHs YPABHEHUS

Table 4. Coefficients of equation (2) to calculate thermal capacity of cryoprotective agents’ mixtures depending on
concentration at fixed temperatures, approximation dispersion and temperature ranges of equation application

Apnanaszon
BemectBo Temneparypa, °C b, x10-5 b, x10-2 b b R? KOHHS?EEE‘;HH c Vcrounuk
Substance Temperature, °C 3 2! ! 0 Concentlragion Reference
range C,% (w/w)
Aneramup + 80+100
AMOA 25 0 0 — 5,408 2530,5 0,9998 AM®OA 2]
Acetamide + DMEA
DMFA
—15 0 —1,11 2,0381 2067,2 0,9959
AM®DA + 5 0 —0,87 3,3105 2038,4 0,9998 0100
];{\F/?;IXA + 3TaHOAA [15]
thanol
ethanol 25 0 -0,55 4,428 2052,2 10 ethano
45 0 —0,03 55176 2078,1 1,0
MoueBnHa + 89+100
AM®DA 25 0 0 ~10,168 30074 0,999 AM®A 2]
Urea + DMFA
DMFA
—15 —60 735 — 12,665 2072,4 0,9997
AM®£ + 5 —50 4,85 — 11,069 2044,4 0,9994 0100
xAropodopm
xAopodopma [15]
DMEA + chloroform
chloroform 25 —50 507 — 11,306 2057,6 0,9995
45 —50 5,06 — 11,469 2083,1 0,9996
OTaHOA + 10+100
TAUL[EPHH _ _
Ethanol + 25 3,864 1,688 1,305 2321 0,8442 rAI/iuggf/(I)}lla [2]
glycerol gy’
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Tabauua 5. TermmoeMKoCTH psijia KPHOMIPOTEKTOPOB U UX PACTBOPOB
Table S. Thermal capacity of some cryoprotective agents and their solutions

o o TernnroeMKOCTB,
BerrecTBO Konnenrpanus, % macc. Temneparypa, °C J HcrouHuk
Substance Concentration, % (W/w) Temperature, °C Thermal capacity, J/kglK Reference
Iaunepun
Glycerol 50 0 3393,9 [18]
or
EG 60 20 3094 [44]
14,55 -6 42920
OI'(10% Abpa)
EG (10% of ice) [49]
36,08 —24 10210
1,2-TIA,
12-PD 60 20 3161,9 [44]
15,49 —6 41760
1,2-TIA, (10% AbAQ) [49]
1,2-PD (10% of ice)
38,79 —24 9870
OTaHOA 80 20 3008 [40]
Ethanol
11,59 -6 46100
Oranoa (10% Abag) 40
Ethanol (10% of ice) [40]
30,46 —24 13680
8,22 -6 48280
Meranoa (10% Abag) 49
Methanol (10% of ice) [49]
25,8 —24 15090
25 1966,9 [33,38]
100
AMCO
DMSO 18,5 1957 [54]
15,6 25 4090 [33]
NaMnO, 4186
2,16 —04 [32]
NaMnO
(TB. q)aaa/solié phase) 1950
46640
NaCl 831 6
(10% Abpa/of ice) [49]
22,49 —24 9880
PacrBop XapTmaHa _
Hartman's solution 20 4153 (28]
0-nAaKTosa 100 25 1171,8 [53]
a-lactose
B-aakTo3a
B-lactose 100 25 1104,84 [53]
g‘MaHH?‘T 100 25 1383 =9 [29]
-mannite
Arap-reab
Agar gel 1 38 4180 [43]
DA
FA 100 20 2737,6 [46]
158 problems
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