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CucteMaTu3upoBaHbl JaHHBIE PA3HBIX JIUTEPATyPHBIX HCTOUHHUKOB 10 TEMIIEpaType U TEIUIOTE IUIaBJICHHs BOIHBIX PACTBOPOB psijia
KpruonpoTekTopos. [TomydeHs! sMnupuueckre GopMysIbl [Uls pacyeTa TeMIepaTyp IUIaBIeHHs BOAHBIX PACTBOPOB 38 KpHOIPOTEKTOPOB
B 3aBUCHMOCTH OT HX MacCOBOW KOHIICHTPAIIMH, a TaKXkKe GOpMyJIbI [JIsl pacyeTa CKPhITOH TEIJIOTHI IIaBJICHHUS BOAHBIX pacTBOPOB 11
KPUOIIPOTEKTOPOB B 3aBUCMOCTH OT X MACCOBOM KOHIIEHTPALUH U 7151 3 KPHOIIPOTEKTOPOB U BOJIBI B 3aBUCUMOCTH OT IIEPEOXJIKICHHS.

Knrwouesvie cnosa: KpuonpoTeKTOp, TEMIIEpaTypa IUIaBICHU, CKPbITasl TEIUIOTA IJIaBJICHHS, SMINPUYECKHUE 3aBUCUMOCTH.

CucTeMaTH30BaHO JaHi Pi3HUX JITEpaTypHUX JIKEpeN IOJO0 TeMIIEPAaTypH i TEIUIOTH ILIaBJICHHS BOJHUX PO3YMHIB PSIY
KkpionpotekropiB. OTpuMaHo eMmipuyHi GopMyIH U PO3paxyHKy TEMIIEpaTyp IUIaBICHHsS BOJHHUX PO3YMHIB 38 KPiONPOTEKTOPIB
B 3aJIOKHOCTI BiJ] X MacOBOI KOHIIEHTpAIlil, a TaKo)K (OPMYITH ISl PO3paxyHKY MPUXOBAHOI TEIJIOTH IUIaBICHHS BOJHUX pPO34HHIB 11
KPiOIPOTEKTOPIB B 3aJISKHOCTI BiJl IX MaCOBOT KOHIIEHTpALIiT Ta AJsI 3 KPiOMPOTEKTOPIB i BOAM B 3aJIE)KHOCTI BiJl IEPEOXOIOMKCHHSL.

Knrouoei crosa: kpionpoTeKTOp, TEMIIepaTypa IUIABJICHHS, IPUXOBaHAa TEIUIOTA IUIABJICHHS, EMITIPUYHI 3aJICKHOCTI.

The data from different literature sources about temperature and heat of melting for aqueous solutions of some cryoprotectants

were systematised. There were obtained the empirical formulae to calculate melting temperatures for aqueous solution of 38
cryoprotectants depending on their mass concentration, as well as the ones to calculate the latent heat of melting for aqueous solutions

of 11 cryoprotectants versus their mass concentration and for 3 cryoprotectants and water depending on overcooling.
Key-words: cryoprotectants, temperature of melting, latent heat of melting, empirical dependencies.

B nHacrosiiee BpeMsi B JOCTYIHOW JUTEpaType
OTCYTCTBYIOT CHCTEMAaTH3UPOBAHHBIC AAHHEIE O
(hMBUKO-XMMHYECKUX U TeTIO(QU3HUECKUX CBOHCTBAX
KpHOIIPOTEKTOPOB. MiMeroruecs AaHHbIe pa30pocaHbl
[0 pa3JIMYHBIM HCTOYHHKAM, HETIOJIHBI ¥ MAJIOUUCIICH-
Hbl. K ToMy ke nmaxke 11 OTHOTO BUIA OOBEKTa
JTAaHHBIEC HE BCET/Ia COBMA/IAIOT, M 3TH OTIINYHS OBIBAIOT
BeCbMa CyIIeCTBEHHBIMU. OYEBUIHO, 3TO CBSA3aHO C
METOJIaMH HCCJICIOBAaHUI U C HCIOJIb30BAHUEM Be-
IIECTB OT Pa3HBIX IPOU3BOAUTEICH.

OnHumHu U3 HanOoIee BOCTPeOOBaHHBIX B KPUOOHO-
JIOTHU JTaHHBIX SIBIISIOTCS 3HAYEHUsS TEMIIEPaTyphl U
TEIUIOTHI IUIABJICHUS BOJAHBIX PACTBOPOB KPHOIIPOTEK-
TopoB. OJHAKO Naxe I TaKWuX, Ka3aloCh Obl, U3y-
YEHHBIX PACTBOPOB, KaK BOJTHBIC pACTBOPHI INIHUIICPHHA,
pa30dpoc AaHHBIX JOCTUTAET CYIIECTBEHHOM BEINYM-
HbI, YTO 3aTPYAHSET UX UCIOJIBb30BaHNE, OCOOCHHO B
TEOPETUICCKUX HCCIICTOBAHUSIX.

Lens paboTel — 0000IIEHNE U CHCTEMATH3AIUS
JIAHHBIX JIUTEPATyPbl HA OCHOBE ITOCTPOCHUS IMITUPH-
Yyeckux (GopMyIT sl pacueTa 3HAYCHUH TeMIIEPaTyPhl
Y TETUIOTHI TUTABIICHUS BOJHBIX PACTBOPOB KPUOIIPO-
TEKTOPOB B 3aBHCUMOCTH OT UX KOHIICHTPAIUH.
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In literature there are no systematised data about
physical, chemical and thermophysical properties of
cryoprotectants. The available data are spread over
various sources, they are not complete and not nume-
rous. However even for one type of object the data
are not always consistent, the differences occur to
be quite significant. This is evidently associated to
research methods and usage of substances from
different producers.

The values of temperature and heat of melting for
cryoprotective aqueous solutions are the most actual
in cryobiology. However, even for such seemingly
well studied solutions as glycerol aqueous ones, the
data spread achieves significant value, complicating
their usage, especially in theoretic studies.

The research was aimed to summarise and syste-
matise the literature data, based on building empirical
formulae to calculate values of temperature and heat
of melting for cryoprotective aqueous solutions depen-
ding on their concentration.

To systematise the available literature data for
each type of cryoprotectant we built graphs of values
of temperature and heat of melting for cryoprotective
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Puc. 1. 3aBrcHMOCTb TEMIIEPATyPHI ITTABICHUS BOIHBIX pacT-
BOPOB IIMIEPHUHA OT IO MACCOBOM KOHIIEHTpauu: A — naH-
HBI€E JUIsl TOCTPOEHHS JIEBOH BeTBH quarpammbl; O — TaHHbIE
JUTS TIOCTPOCHUS MPaBON BETBU JHATPAMMBI;, — — alIIpo-
KCUMHPYIOIIast KPUBas.

Fig. 1. Dependency of melting temperature of glycerol
aqueous solutions on its mass concentration: A — data for
plotting the right arm of diagram;— — approximation curve.

s cucteMaTH3anuy UIMEIOIINXCS TUTEPATYPHBIX
JAHHBIX MO0 KAXIOMY KPHOIPOTEKTOPY MOCTPOEHBI
rpaduKy 3HAYCHUH TEMIIEPaTypPhl ¥ TEIUIOTHI TIaBIIe-
HUS BOJHBIX PACTBOPOB KPHUOIIPOTEKTOPOB B 3aBHCH-
MOCTH OT UX MaccoBoi KoHIeHTpauuu. C IOMOIIBIO
PErpecCHOHHOTO aHAIN3a IOy YeHBI aIPOKCUMHUPYIO-
[IHe KPUBBIE, OTHCHIBAEMbBIC TOJIMHOMAMH.

B nmanHo# pabote mpuBoasaTcs kK03 OUIIMEHTHI
SMIIMPUYECKUX 3aBUCUMOCTEH TeMIepaTyp U TEIUIOT
IUTaBJICHUS OT KOHIIEHTPALIMK TeX BOAHBIX PACTBOPOB
KPHUOIIPOTEKTOPOB, ISl KOTOPBIX UMEETCS JOCTATOU-
HOE KOJTMYECTBO JTaHHBIX.

Temmneparypa naBiaeHust UTpaeT BasKHYIO POJIb KaK
B TEOPETUYECKUX HCCIEIOBAHUAX (KaK TpaHHUYHOE
YCIIOBHE Ha IpaHUIIle pa3zaena a3 mpy pereHu: 3a1a49
TerurooOMeHa B IpoIiecce 3aMOPAKIBAHNA-TIIABIICHAS
00BEKTOB), TAaK U B IPAKTUIECKON KPHOOUOTIOTHH.

B kauectBe npumepa npuBeaeM psij rpadukos 3a-
BHUCUMOCTEH TeMIIEpaTyphl IJIaBICHHUS OT MacCOBO
KOHICHTPAIMH HEKOTOPBIX KPHOIIPOTEKTOPOB.

dazoBas fuarpaMma BOAHBIX PACTBOPOB TIIMLEPH-
Ha, IpeJICTaBJICHHAs Ha pHC. 1, MocTpoeHa Ha OCHOBA-
HHHU TaHHBIX, MOTy4YeHHBIX 13 [4, 8, 11, 13, 1618, 20,
25,29,33,36,37,40,42,43,45,50,57, 58, 63, 67, 69,
72,76). Ha neBoii BeTBH TuarpaMmbl pa30poc JaHHBIX
10 TeMIepaType IUIaBICHUs JIs1 OJHHUX U TEX JKe KOH-
LEHTpauid KPHOMIPOTEKTOpa JOXOIUT 0 9, Ha mpa-
Bo# — 110 4,5°C.
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aqueous solutions depending on their mass concen-
tration. Using regressive analysis there were obtained
the approximating curves, described by polynomials.

This paper shows the coefficients of empirical
dependencies of temperature and heat of melting on
the concentration of the aqueous solutions of cryo-
protectants, for those the number of data is sufficient.

Melting temperature plays an important role in both
theoretical research (as a boundary condition at inter-
face when solving the tasks of heat exchange during
freeze-melting of objects) and in practical cryobiology.

The series of graphs of melting temperature de-
pendencies on mass concentration of some cryopro-
tectants, are exemplified.

Phase diagram of glycerol aqueous solutions,
shown in Fig. 1, is built, basing on the data, obtained
from the papers [4, 8, 11, 13, 16-18, 20, 25, 29, 33,
36,37,40,42,43,45,50,57, 58, 63,67,69, 72, 76]. In
left and right diagram branches the data spread on
melting temperature for the same concentrations of
cryoprotectant reaches 9 and 4.5°C, correspondingly.

Difference in melting temperature for similar
concentrations of ethylene glycol (Fig. 2) is more
significant both for left and right branches of phase
diagram [9, 10, 12, 15, 18, 27, 37, 44, 46, 57, 58, 63,
69, 73, 75, 76]. For left and right branches this
difference reaches 15+18.5 and 6°C, correspondingly.
Of note is also the fact, that in various sources the
difference in melting temperature of pure ethylene
glycol gets 4°C.
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Puc. 2. 3aBHCHMOCTh TEMIIEPATYpPbl IUIABICHHUS BOIHBIX
PacTBOPOB ATHIICHIIIUKOIS OT €r0 MACCOBOM KOHIIEHTPALIHIL
O003Ha4eHus T€ ke, 4TO Ha puc. 1.

Fig. 2. Dependency of melting temperature of ethylene gly-
col aqueous solutions on its mass concentration. Legends
are the same as in Fig. 1.
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Puc. 3. 3aBucUMOCTh TeMIepaTypbl MJIABJIEHUS BOJHBIX
pactBopoB JIM®DA ot ero maccoBoii koHIeHTpamuu. 0603-
HaueHUS T JKe, 4TO Ha puc. 1.

Fig. 3. Dependency of melting temperature of DMFA
aqueous solutions on its mass concentration. Legends are
the same as in Fig. 1.

Pa3nwnma B Temneparype miaBiIeHus A OTHHAKO-
BbIX KOHIICHTPALMH STHUJICHITIUKOIIS (pHC. 2) SIBIsETCS
0oyiee CyIMECTBEHHOMW Kak s JIEBOHM, TaK W IS
mpaBoii BeTBel (azoBoii nuarpammer [9, 10, 12, 15,
18,27,37,44,46,57,58,63, 69, 73,75, 76]. ns neBoit
BETBU 3Ta pa3HuLa goxoaut 1o 15+18,5°C, a s npa-
Boit — 10 6°C. HeoOXoauMo Tak:ke OTMETHTh, YTO B
Pa3HBIX UCTOYHHUKAX PA3HHIIA B TEMIIEPATYPE TIaBIIe-
HUS YUCTOTO 3TUIEHIINKOIS focturaet 4°C.

Ha puc. 3 n 4 npencrasieHsl JaHHBIE IO TEMIIEpa-
Type IUIaBJICHHs BOJHBIX PACTBOPOB TUMeTUI(GopMa-
vuga (AM®PA) u gumeruncynspokcuga (AMCO)
cootBeTcTBeHHO. {151 IM®DA naHHBIE MTOTyYEHBI U3
[1,14,15,18,43,63]; ma IMCO —u3[16, 17, 20, 25,
33,37,43,50, 58, 63, 69]. Pa30poc naHHBIX 110 TEMIIE-
patype mnasnenus 1 AM®A noxomut no 14+35 u
10°C myst ieBo W NpaBoOi BETBU COOTBETCTBEHHO, a
g JIMCO — mo 10°C mist obenx BeTBeid.

Ha puc. 5 u 6 npuBeeHs! IeBbIE BETBU IUarpaMm
[IJIaBJI€HUS BOTHBIX PAacTBOPOB 1,2-mpomaHanoia
(1,2-I10) u peranossl. [IpaBeie BeTBU 3THX AUarpamMm
HE MMOCTPOEHBI U3-32 OTCYTCTBHS COOTBETCTBYIOIINX
JaHHBIX B JOCTYITHOW JUTEpaType (MMEIOTCS TOIBKO
TOYKH TUIABJIEHUS YUCTHIX BemecTB: 1,2-11]] —
t =50+60°C[10, 57, 68, 73], muruapat Tperaso3nl —
t = 91+-103°C; mernapaTMpoBaHHas TPErano3a —
t =203+218°C [70]). Pazbpoc JaHHBIX 1O TemIepa-
Type riasneHus A 1,2-11J] MeHsbIe, yem a1 npesl-
nyux Bemiects (10 5°C) [6, 10, 16, 17,26, 29, 35,37,
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Fig. 3 and 4 show the data on melting tempe-rature
of aqueous solutions of dimethyl formamide (DMFA)
and dimethyl sulfoxide (DMSO), corres-pondingly.
For DMFA and DMSO the data were obtained from
the papers [1, 14, 15, 18,43, 63] and [16, 17, 20, 25,
33, 37, 43, 50, 58, 63, 69], corres-pondingly. Data
spread on melting temperature for DMFA reaches
14+35 and 10°C for left and right branches,
correspondingly, and for DMSO it does 10°C for both
ones.

Fig. 5 and 6 demonstrate the left branches of
melting diagrams of 1,2-propanediol (1,2-PD) and
trehalose aqueous solutions. Right branches of these
diagrams are not built due to the absence of
corresponding data in available literature (there are
only melting points of pure substances: ¢ = 50+60°C
for 1,2-PD [10, 57, 68, 73]; t = 91+103°C for
trehalose dihydrate; ¢, = 203+218°C for dehydrated
trehalose [70]). Data spread on melting temperature
for 1,2-PD is less, than for previous substances (to
5°C) [6, 10, 16, 17, 26, 29, 35, 37, 46, 54, 57, 64, 65,
68, 73, 74]. For trehalose [16, 62, 69] the spread
achieves 5°C as well.

As demonstrated, under such differences in mel-
ting temperature for the same concentrations of cryo-
protectants it is complicated to tell which of the values
may be used as the information ones.

In addition to the mentioned above cryoprotec-
tants, we considered the following: hydroxyethyl
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Puc. 4. 3aBucuMocTh TeMIepaTyphl IJIABJICHHUS BOIHBIX
pactBopoB JIMCO oT ero mMaccoBOi KOHLIEHTpPAIUH.
O003Ha4eHus T€ ke, 4TO Ha puc. 1.

Fig. 4. Dependency of melting temperature of DMSO
aqueous solutions on its mass concentration. Legends are
the same as in Fig. 1.
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Puc. S. 3aBucuMOCTh TeMmepaTypsl IJIABJICHUS BOIHBIX
pacTBOpoB 1,2-nponaHanoia OT €ro MacCoBOM KOHIIEHTpa-
LMH.

Fig. 5. Dependency of melting temperature of 1,2-PD aque-
ous solutions on its mass concentration.

46, 54,57, 64,65, 68,73, 74]. lns tperano3sl [16, 62,
69] pazopoc Takxke goxoaut a0 5°C.

Kak BuITHO, TIpY TaKMX pa3IU4HLX B TEMIIEpAType
IJIABJICHUS TSI OTHUX U TeX YK KOHIIEHTPALU KpUO-
MIPOTEKTOPOB CII0KHO CKA3aTh, KAKAE BETMYUHBI MO-
I'YT OBITh MCIIOJIB30BAHBI KaK CIPAaBOYHBIE.

Kpowme BhImenepeuncieHHbIX, HAMH OBLITH PACCMO-
TPEHBI CIEAYIOIINE KPUOITPOTEKTOPBI: THAPOKCUITHII-
kpaxman (I'O3K) [44, 51]; mmroko3a [22, 66, 69];
mumerwnaneramuna (AMA) [1, 5, 14, 15, 63]; nuatui-
cynshokeun (12CO)[16, 17, 56]; mansroza [16, 69];
MeTunoBeIi criupt [13, 18, 43, 47, 63, 69, 73]; moHO-
MeTHIIOBEIN 3¢up rutiepuHa (MMDOI) [6, 76]; MoHO-
METHIIOBBIN 3¢up nponuierrmukons (MMDOIID) [76];
MOHOMETHIIOBBIH 3¢up stunenrmukons (MMOI2I)
[76]; MoHO3THIIOBEIH 3¢up muuepuaa (MI3OI) [6];
okcuaTIIIMpoBaHHbIe ruiepuHsb! (OOI) co crenensMu
3amernenus 71 =3, 5,7, 12 [19], noaMBUHIIUPPOITUIOH
(ITBIT) [2, 3, 18, 44, 55, 69]; NOIUATHICHOKCHIBI
(IT20) ¢ monexynspuoit maccoit 100, 200, 300, 400,
900, 2000 [16-20]; pubo3a [16, 69]; caxaposa [22, 49,
69]; copour [41]; sTunoBsii criupt [13, 36,47, 63,69,
73], 1,3-BA [15, 31, 37, 38, 58]; 1,4-BJ1 [15, 38, 39];
2,3-B/1[15, 38, 71]; Levo-2,3-6ytanauon (B/1) [31, 37,
58]; 1,3-metokcu-2-npomanon (1,3-m-2-I1) [76]; 1,3-
I1J1[2, 10, 15], ataxxe NaCl[18, 19,22,48, 51, 66, 69].

Jis ipyTrUX KPHOTIPOTEKTOPOB COOTBETCTBYIOIIUE
JAHHBIC B JIOCTYITHOM JINTEpaType OTCYTCTBYIOT.

3aBucuMoCTH TeMneparypsl iasinenus (f, , °C)
BOJTHBIX PACTBOPOB KPHOTIPOTEKTOPOB OT HX MACCOBOI
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starch (HES) [44, 51]; glucose [22, 66, 69]; dimethyl
acetamide (DMAc) [1, 5, 14, 15, 63]; diethyl sulfoxide
(DESO) [16, 17, 56]; maltose [16, 69]; methyl alcohol
[13, 18, 43, 47, 63, 69, 73]; monomethyl ether of
glycerol (MMEG) [6, 76]; monomethyl ether of
propylene glycol (MMEPGQG) [76]; monomethyl ether
of ethylene glycol (MMEEG) [76]; monoethyl ether
of glycerol (MEEG) [6]; oxyethylated glycerols
(OEG) with substitution degree of n = 3,5, 7, 12 [19],
polyvinylpyrrolidone (PVP) [2, 3, 18, 44, 55, 69];
polyethylene oxides (PEO) with 100, 200, 300, 400,
900, 2000 molecular mass [16—20]; ribose [16, 69];
sucrose [22, 49, 69]; sorbite [41]; ethyl alcohol [13,
36,47, 63,69, 73], 1,3-BD [15, 31, 37, 38, 58]; 1,4-
BD [15, 38, 39]; 2,3-BD [15, 38, 71]; Levo-2,3-
butanediol (BD) [31, 37, 58]; 1,3-metoxy-2-propanol
(1,3-m-2-P) [76]; 1,3-PD [2, 10, 15]; as well as NaCl
[18,19, 22,48, 51, 66, 69].

There are no relevant data for other cryoprotec-
tants in available literature.

Dependencies of melting temperature (¢, , °C) of
cryoprotective aqueous solutions on their mass con-
centration may be described by polynomials of 3%
degree, taking the following form:

t,=a,C+a,C+aC+ag D

where a +a, are polynomial coefficients with °C
dimension; C is mass concentration of solution. Values
of polynomial coefficients and dispersion of approxi-
mation 0® are shown in Table 1.
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Puc. 6. 3aBucuMocTs TeMIepaTyphl MJIABICHUS BOIHBIX
PacTBOPOB TPErayo3bl OT €€ MACCOBOM KOHIICHTPAIIHH.
Fig. 6. Dependency of melting temperature of trehalose
aqueous solutions on its mass concentration.
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KOHIICHTPAIIAH MOTYT OBITh OITUCAHBI TIOJTMHOMaMH 3-i
CTEIICHU, UMCIOIITIMU BHI;

t,=a,C+a,C+aC+a (1

e a,*a, — Ko3QQUIUEHTHI MOJMHOMA, UMEIOINE
pasmepHocTh °C; C — MaccoBasi KOHIEHTpALHs pacT-
Bopa. 3Ha4eHUs KOAPPUIIMEHTOB OIMHOMA U TUCTIEP-
CHH aNnpOKCUMAaNUK O° PUBEICHbI B Ta0. 1.

Hapsiny ¢ Temmepatypoii miaBieHust B KpHOOHO-
JIOTUH OOJIBIIYIO POJIb UTPAET CKPBITAs TETIOTA IIJ1aB-
neHusi. OHa OKa3bIBAaET HEMOCPEICTBEHHOE BIMSHHE
Ha CPETHIOI0 CKOPOCTh OXJIAYKIACHHUS IIPH OTHOITAITHOM
3aMOpaKUBaHUU OM000BEKTOB. [1pu 3aMOpaKMBaHUH
BBIJICIICHUE CKPBITOH TEIUIOTHI TUTABJICHUS U3 TITy OUHBI
o0pasiia 3aMeJIsIeT OXJIaXICHHE €r0 BHEIIHUX CIIOEB,
YTO HETPEMEHHO CKaXKeTCA Ha COXPAaHHOCTH 3aMOpa-
KUBAEMOTo OMOO0BEKTA.

Ha puc. 7 npeacraBneHsl 3aBUCUMOCTH CKPBITOU
TErI0THl (a30BOro mepexona BOIHBIX PacTBOPOB
mmunepura u 1,2-11J] or MaccoBol KOHIIEHTPAITNHU
KpPHOIIPOTEKTOPA, a Ha pUC. 8 —3aBUCHUMOCTHU CKPBITOU
TEIUIOTHI IUTaBJICHUS BOAHBIX PACTBOPOB H30MEPOB
oyranauonoB (b/l) or ux MaccoBoi KOHIICHTpAIUH.
I'padpuxu mocTpoens! u 00pabOTaHbI C yCIOBHEM, YTO
[IpH HYJIEBOW KOHIIEHTPAIMH KPHOIPOTEKTOpa TEILIOTa
(ha3oBoro nepexoaa paBHa TEMIOTe GPa3oBOro Nepexo-
na Bogel (334,14 xJIx/kr).

3aBucuMocTH TeroThl miaBiernst AH (xJx/kr)
BOJHBIX PACTBOPOB KPHOIPOTEKTOPOB OT UX MAaCCO-
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Puc. 7. 3aBUCHMOCTb TEILIOTHI IUIABJICHUS BOJHBIX PACTBO-
pos rmuepuna (@) u 1,2-I1J1 (A) oT X MaccoOBBIX KOH-
LIEHTPALHUH.

Fig. 7. Dependency of melting heat of glycerol (@) and 1,2-
PD (A) aqueous solutions on its mass concentration.
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Along with melting temperature the key role in
cryobiology is played by the latent heat of melting. It
directly affects an average cooling rate under one-
step freezing of bioobjects. Under freezing the release
of latent melting heat from a sample’s depth slows
down the cooling of its external layers (that will
certainly affect the integrity of frozen bioobject).

Fig. 7 shows the dependencies of latent heat of
phase transition of glycerol and 1,2-PD aqueous
solutions on mass concentration of cryoprotectant,
and Fig. 8 does the dependencies of latent melting
heat of aqueous solutions of butane diols (BD)
isomers on their mass concentration. Graphs are built
and treated with the condition, that at a zero con-
centration of cryoprotectant the heat of phase tran-
sition equals to that for water (334.14 kJ/kg).

Dependencies of melting heat AH (kJ/kg) of
cryoprotective aqueous solutions on their mass
concentrations, as well as melting temperature, are
described by polynomial of 3™ degree:

AH = b,C*+ b,C*+ b C+ 334,14, )

where b +b, are polynomial coefficients (kJ/kg), C is
mass concentration of cryoprotectant.

The values of polynomial coefficients are summa-
rised in Table 2.

From cryobiological point of view, of importance
is the dependency of phase transition heat on over-
cooling degree, which is observed at each procedure

350

300 A

250 4

200 4

150 -

AH, kOx/kr
AH, kJ/kg

100 A

50 A

O T T T T 1
0 10 20 30 40 50

KoHueHTpauus, macc. %
Concentration, mass %

Puc. 8. 3aBUCHMOCTB TEIIOTHI IUIABJICHHS BOJHBIX PACTBO-
POB OyTaHAMOJIOB OT X MAaCCOBBIX KOHIIeHTpauuil: @ —1,3-
BJ;O0-2,3-B1; A —Levo-2,3-BI.
Fig. 8. Dependency of melting heat of aqueous solutions
of butane diol isomers on its mass concentration: @ — 1,3-
BD;O0-2,3-BD; A —Levo-2,3-BD.
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of cryoprotective aqueous solutions

Tadmuna 1. 3Hauenus kodppuurueHToB ypaBHeHus (1) 1 AuCIepcuy annpoKCUMAaIuH
JUTS psiia BOJHBIX PACTBOPOB KPHOIIPOTEKTOPOB

Table 1. Values of equation coefficients (1) and dispersion of approximation for series

Amnana3oH
KOHIIeHTpaIui,
Kpuonporekrop a,x107° a,x107* a a o2 macc. %
Cryoprotectant ’ : ' ! Concentration
range, % (W/w)
—9,3843 —9,2173 0,20001 0 0,9873 0+66,7
I'aunepun
Glycerol
0 3,157 1,8496 —170,2 0,9986 66,7+100
%"l}OK“a —7,8534 21,426 —0,1227 0 0,9921 0+75
ucose
TO3BK .
HES —6,9672 37,87 —0,0742 0 0,9961 0+60
— 5,366 — 104,23 0,0321 0 0,9926 0+55
AMAL
DMAc
0 81,37 —0,8623 — 1514 1,0 55+100
0 —84,93 —0,3808 0 0,9576 0+70
AMCO
DMSO
0 229,6 — 1,055 — 105,605 0,9944 70+100
0 — 96,28 —0,0992 0 0,9982 0+40
ADCO
DESO
0 705,7 — 10,421 359,74 0,9917 80+100
—5,8323 —101,31 —0,070 0 0,9454 0+80
AM®A
DMFA
0 500,84 —6,9579 135,43 0,9591 80+100
Mansrosa —21 — 6,867 —0,0483 0 1,0 0+60
Maltose
N — —29,119 137,47 —1,0468 0 0,9919 0+77
crmpT
Methanol 0 —106,2 3,6452 — 355,78 0,9992 77+100
MM3T -
MMEG 0 —958 —0,0269 0 0,9975 0+60
MMO3IIIr .
MMEPG 0 — 87,4 —0,1637 0 0,9901 0+50
MM3B3Ir .
MMEEG 0 —117,4 —0,1489 0 0,9996 0+50
M23T -
MEEG 0 — 78,7 —0,0198 0 0,9985 0+60
O3r'n = 3 .
EEGn = 3 —89,58 471,04 —0,9381 0 0,9926 0+40
O3r'n =5 .
OEGn = 5 —153 64,89 —0,37044 0 0,9854 0+50
O3r'n = 7 .
OEG n = 7 —61,3 329,5 —0,6712 0 0,9929 0+50
O9l'n = 12 .
OEGn = 12 —10,92 89,47 —0,3563 0 0,9982 0+60
TIBTT .
PVP —25,02 1254 —0,1925 0 0,8997 0+60
0 — 78,58 —0,0936 0 0,9967 0+60
I150-100
PEO-100
0 60,0 —0,36 —33,0 1,0 60+100
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IIponomxenue Tadm 1

Table 1 (continued)
AnanazoHn
KOHIIEHTpAaI Ui,
Kpuonporekrop a,x10~° ax10~* a a o? macc. %
Cryoprotectant ’ : ' ! Concentration
range, % (W/w)
I120-200 .
PEG200 —17,66 47,03 —0,149 0 0,9935 0460
I190-300 .
PEO.300 —18,12 44,08 —0,1121 0 0,9952 0+60
—243 11,9 —0,239 0 0,995 0+68
[190-400
PEO-400
0 —103,2 3,026 —200,15 0,9996 68+100
— 1,692 —32,36 0,0245 0 0,9961 0+55
[120-900
PEO-900
53,832 —1424,8 13,32 —401,7 0,9987 55+100
—6,697 —7,234 0,0021 0 0,9994 0+55
T190-2000
PEO-2000
0 —198,5 4,3536 — 187,35 0,9621 55+100
PuGosa 24713 150,36 —0,3332 0 0,9966 0+70
Ribose
Csaxapma — 11,042 61,948 —0,2068 0 0,9918 0+65
ucrose
Cop&urt —4,8918 —17,451 —0,0255 0 0,9959 0265
Sorbitol
Tperanosa 0 —21,265 —0,0931 0 0,882 0+70
Trehalose
0 —1235 —0,1289 0 0,9504 0+62,6
OTUAEHTAUKOAD
Ethylene glycol
0 —413,7 7,8604 — 387,37 0,925 62,7100
—1531 119,6 —0,8856 0 0,9568 0+90
OTUAOBBIM CIIUPT
Ethanol
0 —1404,4 28,333 —1544,2 0,9234 92,5+100
1,3-m-2-T1 _ _ o
L3P 0 81,6 0,1121 0 0,9948 0+60
1,2-TIA, _ _ "
12.PD 16,17 16,38 0,3399 0 0,9938 0+65
1,3-TIA, _ _ "
130D 42,59 200,9 0,6119 0 0,995 0+60
1,3-BA, _ _ "
13ED 0 78,4 0,0913 0 0,9983 0+50
0 —30,1 —0,6775 0 0,9867 0+40
1,4-BA,
1,4-BD
52,585 —1050,6 7,3225 — 187,51 0,9902 40+100
2,3-BA, _ _ "
538D 0 1038 0,0385 0 0,9673 0+40
Levo-2,3-BA _ _ .
Lovo-23-BD 0 92,4 0,1132 0 0,9977 0+50
NaCl 0 —178,51 —0,4811 0 0,999 0+23,2
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BBIX KOHIIEHTPALMI KaK U TeMIlepaTypa IJIaBIeHUS
OIHCBIBAOTCS TOJMHOMOM 3-1 CTENEHH:

AH = b,C*+ b,C*+ b, C+ 334,14, )

rie b +b, — kodddunments nonuuoma (kJ/bx/xr); C —
MaccoBasi KOHIEHTPALHsI IPOTEKTOPa.

3HaueHust K03 PUITUSHTOB MOJUHOMA IPUBEACHBI
B TalmI. 2.

C KpHOOMOIOTHYECKOW TOUKH 3PEHUSI OUCHB BaKHA
3aBHCUMOCTB TEIUIOTHI ()a30BOT0 IIEpexoia OT CTere-
HU NIePeOXIIKICHHS, KOTOPOE HAOII0aeTCs MPaKTH-
YeCKH MPH KaxI0H MPoLieaype 3aMOpaKMBaHUs OHO-
00bexToB. UeM Ooibllie cTeneHb NepeoXIaKACHUS
BEIIECTBA, TEM MEHBIIE TEIJIOTHI BBIACISACTCS.

3aBUCUMOCTD TETJIOTHl ()a30BOTO MEpexoaa Be-
IIECTB U PACTBOPOB OT TEMIIEPATYPHI MEPEOXIaxKie-
HUS TAaKXKe MOXKET OBITh ONMCaHa TIONMHOMOM 0 3-#
CTENEHH:

AH=df +df+dt+d, 3)

of bioobject’s freezing. The higher is the degree of
substance overcooling, the less heat is released.

Dependency of phase transition heat of substances
and solutions on overcooling temperature may be also
described by the 3™ degree polynomial:

AH=dpf +drf+dt+d, 3)

where d +d, are polynomial coefficients with
following dimension: d, is kJ/kg, d, is kJ/(kg-°C); d,
is kJ/(kg-°C)* d, is kJ/(kg-°C)’; t is overcooling
temperature, [°C].

Fig. 9 shows the data [21, 28, 53] for dependency
of phase transition heat of water on overcooling
degree (data spread on heat reaches 119 kJ/kg). This
graph may be divided into two pronounced branches,
which were treated both apart and together, the results
are shown in Table 3.

Fig. 10 demonstrates the data on heat of phase
transition for overcooled 1,2-PD aqueous solution of
different concentration [6].

Taonuna 2. 3HaueHns k03hHUITNEHTOB YpaBHEHNUS (2) U AUCTIEPCUH allIPOKCUMALIUN
JUISl PsiZia BOJIHBIX PACTBOPOB KPHOIIPOTEKTOPOB
Table 2. Values of equation coefficients (2) and dispersion of approximation
for series of cryoprotective aqueous solutions

AmamazoH
KOHIIeHTpaIui,
Kpomorexrop |, S e o | Heroumu
ryop Concentration
range, % (w/w)

Tannepun 0 0,0819 — 9,552 0,9748 0+50 8,24, 30, 34, 36,
Glycerol 37]
AMCO _ -

BMSO 0 0,0779 10,395 1,0 0+50 [37]
A2CO _ _ "
DESO 0,0015 0,2017 12,889 0,9981 0+40 [56]
MXIT* .
MOHGH —0,00194 0,19451 —8,0566 0,988 060 7
TIBIT .
PVP —0,0133 0,9397 —22,14 0,9898 0+38 [3]

T150-400 .

PEO-400 0 0,2479 —10,013 0,9805 0+20 [24]
Tperanosa 0 0,0524 —7,2814 0,9971 0+40 [62]
Trehalose

L2-TIA, 0 0,1052 ~ 11,268 0,0866 0+55 30, 32, 35, 37, 59,
1,2-PD i
1,3-BA, B .
13-BD 0 0,1212 11,425 0,9985 0+45 [30, 37, 38, 59]
2,3-BA, B "
2.3-BD 0 0,1238 10,869 0,8015 0+45 [30, 38]
Levo-2,3-BA _ _ .
Levo-2.3-BD 0,00201 0,25134 13,92 0,9994 0+50 [30, 31, 37]
Ipumeyanue: * — MOHOXJIOPTUIAPHH [IMIICPHUHA.
Note: * — monochlorhydrin of glycerol.
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e d0+d3 — kK03 PUIUEHTH TOJMHOMA,
MMEIOIIHE Pa3sMEPHOCTh: d, — KJK/KT, d| —
kJx/(xr-°C), d, — x{x/(xr-°C?), d, —

Tadauna 3. Koappuuuenrs! ypasHenus (3) u mucriepeus

almpoOKCUMaIuu 1J1s1 BOJAbI

Table 3. Equation coefficients (3) and dispersion

of approximation for water

kJ[x/(xkr-°C?), t — Temmeparypa mepeox-
naxnaeHus, °C. Betss T@g;g;;;’;‘p
rpaduka ° '
Ha puc. 9 npusenens! nauusie [21,28,  Padime d, d, d, o’ Tempeature
53] nanst 3aBHCHMOCTH TEIUIOTHI Pa3oBOr0O curve range,°C
Iepexoia BOALI OT CTEIICHU IePEOXIaxK-

Bepxuag .
neHus (pa3dpoc TaHHBIX 110 TETJIOTE J0XO0- %)p —0,0134 1,9247 334,34 0,9572 —38+0
mut 10 119 xJx/kr). MoXXHO pa3naennThb
3TOT TpauK Ha JIBE€ SAPKO BBIPAKCHHBIC I?glf)ﬁgﬁlﬁ 0,0191 6,629 333,73 0,9998 —35:0
BETBH, KOTOpBIE OBUIM 00pabOTaHBI Kak
paslenabHO, TaK U COBMECTHO, PE3YJIbTaThI OTﬁoﬁﬂ 0 33567 14,14 05225 380
MIpUBEACHBI B Ta0I. 3.

Ha puc. 10 npencraBieHs! JaHHBIE IO
TeruIoTe (Pa3oBOro Mepexo/a A mepeox-
JAXIEHHBIX BOIHBIX pacTBopoB 1,2-11]] pazmuuHon
KOHILIEHTpauuu [6].

Kpome Toro, 6bimu 00paboTaHbl JaHHBIE IO
TerioTe (pazoBoro nepexoa NepeoxaaxaeHHbIX BOJI-
HbIX pacTtBopoB MMDOI" u MOJI'. Pesynbrarsr oOpa-
OOTKHM IpUBEAEHHI B Ta0II. 4.

BbiBOADI

Kak BugHO U3 rpadukoB pa3dbpoc JaHHBIX MO 3HA-
YEHUAM TEMIIepaTypsl U TEIJIOTHI IUIABICHUS A
OHUX U TEeX e KOHIIEHTPAIMi BOTHBIX PacTBOPOB
KpPHOMIPOTEKTOPOB, MOIY4YEHHBIX U3 HECKOIBKUX HCTOY-
HUKOB, BECbMa CYIIIECTBEHEH, YTO 3aTPyIHSIET IPUMe-
HEHUE yKa3aHHBIX JaHHBIX KaK CIIPaBOYHOIO MaTe-
puana.

400
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T2 200
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P
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Temnepatypa, °C
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Puc. 9. 3aBucuMOCTb CKPBITOH TEIUIOTHI Pa30BOTO Iepexoa
BOABI OT nepeoxnaxaenus: O — nannble us [29, 54]; A —
naHHble 3 [21]; — — coBMecTHO 00paboTaHHBIC TaHHEIC.
Fig. 9. Dependency of latent heat of water phase transition
on overcooling: O — data from [29, 54]; A — data from [21];
— — co-processed data.
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Additionally the data on heat of phase transition
for overcooled MMEG and MEEG aqueous solutions
[6] were processed. The processing results are
shown in Table 4.

Conclusion

As shown in graphs, the data spread on values of
temperature and melting heat for the same concentra-
tions of cryoprotective aqueous solutions, obtained from
several sources, is quite significant, that compli-cates
applying the mentioned data as the reference data.

Obtained by us literature data-based empirical
dependencies of melting temperatures of aqueous
solutions for 38 cryoprotectants on their concentration,
are demonstrated.

270
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AH, kOx/kr
AH, kd/kg

190 +

170 ~

150 T T T
-35
Temnepartypa, °C

Temperature, °C

Puc. 10. 3aBUCHMOCTB TETUIOTHI (Ha30BOTO TIEPEX0/1a BOAHBIX
pactBopoB 1,2-I1]] ot TemMnepaTypbl IpU pa3HbIX KOHIEHT-
paumsix, %: € —10,4; O —20,5; A —30,3; B—40.6.
Fig. 10. Dependency of heat of phase transition for 1,2-PD
aqueous solutions on temperature under various concen-
trations, %: 4 —10.4; O —20.5; A —30.3; B —40.6.
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Tadmuna 4. Koaddunuentst ypasuenus (3) u qucnepeun anmpoxcumanuu yuist 1,2-ITJ], MMOT, MOOT!
Table 4. Coefficients of equation (3) and dispersion of approximation for 1,2-PD, MMEG, MEEG

KoHneHTpanusa BelecTsa, Teh%;(jH;;OH"C
MaccoBbie % d, d, d, d, o Tem peraSt,&e
Solute concentration, % (w/w) P o
range,’C

10,4 0,0403 3,4856 103,38 1248,3 0,978 —34+—20
20,5 —0,0414 —3,0937 —69,088 —215,05 0,9957 —34+—20

1,2—TIA

1,2—PD
30,3 0,0326 3,1668 104,87 1362,4 0,997 —34+—22
40,6 —0,0264 —1,8079 —31,514 146,72 0,9877 —34+—22
54 —0,0349 —2,3911 — 45375 26,324 0,9927 —33+—13
10,5 —0,0337 —2,3511 —46,5 — 14,121 0,9923 —33+—16
21 0 0,5934 36,745 753,16 0,9839 —33+—20

MMOr

MMEG
31,1 0,1696 14,374 407,92 4072,3 0,9897 —33+—24
40,6 0 1,25 76,078 1328,7 0,9831 —33+—26
49,9 0,2381 22,071 683,4 7248 1,0 —33+—26
99 —0,0491 —3,5447 — 77,492 —308,3 0,9889 —31+—18
19,9 0 —0,2439 — 5,659 199,99 0,9745 —31+—18

M33ar .

MEEC 30,4 —0,0513 —3911 —90,999 — 440,07 0,9982 —31+—18
41,2 —0,0665 —4,9363 — 114,74 — 638,54 0,9994 —31+—18
50 0 0,6333 37,7 722,07 1,0 —31+—26

IIpuBeneHbl MONy4YEHHbIE HAMU Ha OCHOBaHUU
JaHHBIX JIATEPATYPbl SMIUPHUUECKUE 3aBUCUMOCTH
TEMIIEpaTypPhl ILIABJICHUS BOAHBIX PACTBOPOB 38 KPHO-
MPOTEKTOPOB OT UX KOHIIEHTPALIUH.

[TocTpoens! sMmupudecKue hopMyIIBI TSI pacdeTra
3HAYEHUN CKPBITOM TEIOTHI IIABICHUS BOIHBIX PacT-
BOpoB 11 KpHUOMPOTEKTOPOB B 3aBUCUMOCTH OT UX
MacCOBOW KOHLIEHTPALUU.

ITomy4eHbl 3aBUCUMOCTH CKPBITOM TETIOTHI I1J1aB-
JIEHUS OT CTENIEHU NEPEOXIXKACHUS BOJIBI U BOAHBIX
pPacTBOPOB TPEX KPUOMPOTEKTOPOB Pa3HON KOHIIEHT-
paimu.

Jlutepatypa

1. Abakymosa H.A. MexgayyacTnyHoe B3aumopencTeme B 6u-
HapHbIX cuctemax pacTtsoputenb (H,0) — pactBopeHHoe
BELLECTBO (anpoTOHHbIE U MPOTOHHbIE AUMOMSPHbIE opra-
Hu4Yeckune BellecTBa): uc. ... kaHg. xum. Hayk. — M., 1982.—
232 c.

2. benoyc A.M., puweHko B.M. Kpnobuonorusa.— Kues: Hayk.
aymka, 1994.— 431 c.

3. benoyc A.M., llipazo M.U., lNywkapb H.C. KpnokoHcepBaH-
Tbl.— Kues: Hayk. gymka, 1979.— 198 c.

NMPOBJIEMbI
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Empirical formulae to calculate the values of latent
melting heat of aqueous solutions of 11 cryoprotec-
tants depending on their mass concentration, are built.

There are obtained the dependencies of latent
melting heat on overcooling degree for water and
aqueous solutions of three differently concentrated
cryoprotectants.
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