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Effects of Cryoprotectant on Thermal Expansion of Articular Cartilage during
Freezing Process by DSC Method

Yu Huaxing Li Daixi Xu Yi Zhou Guoyan Liu Li Zhai Zhen Zhang Yan

(Institute of Medical Instrument and Food Engineering, University of Shanghai for Science and Technology, Shang-
hai, 200093, China)

Abstract The thermal expansion caused by the growth of ice crystals is the main reason for low-temperature fracture of articular carti-
lage. With non-isothermal DSC method , this article investigated the thermodynamics and crystallization kinetics parameters of the pig carti-
lage. The results for four kinds of cryoprotectants were analyzed by the modified Avrami kinetic equations. It shows that the crystallization
peak of the cartilage becomes wider with increasing cooling rate which lead to an incomplete crystallization ; freezing from 0 °C to —60 °C ,
the value of Avrami is 4. 156 when only 4.5 mol/L 1, 2-propanedio is added. The crystallization would exhibit three-dimensional spherical
growth on heterogeneous nuclei and contribute best protective effect compared to other cryoprotectants. While different effects of cooling
rate on crystallization and thermal expansion also suggest that low temperature injury is not only determined by the growth of ice crystals,

but also affected by the buffering of extracellular matrix.

Keywords articular cartilage; DSC thermo analysis; cryoprotectant; crystallization kinetics

W N 11 28 % A B 22 0 IR, 1 S5 3 50
KM R NS B OB, G B B AR IR
SPE PRI R F B " SR A T
B HEAT AR L DR AT I, 2 UL 56 B R Ol DR 2 B
G270 I Bx AR IR B0 L EE A R
By Z B R LR S BT B T
556t 380 3 TR R O 47 700 0 0B 7 R 4 i e PR i
TSRS, RGNS T 80 R AR A o 7
RAEMEY T R AL . SR A5 R 5 AL ST
FoA R T BoA B Y A58 A7 16 22 57, 1X Al RE MG 19
B A AN AE RS Y I S a3, %o 45 it i £

HEETWH . FRERFEIE4 (50906056 ) % BT H ., (The project was
supported by the National Natural Science Fundation of China ( No.
50906056). )

IS8R AIEA (RS

R T IAIE ERES AR SR R BRI 22 5300 Ry 1
°C/min 3 °C/min.5 °C/min 183 FFE 7, DAY Fh
sy o A AR PR 0], A1 22 78 F A ( Differential
Scanning Calorimeter, DSC) F14& 1F (1 Avrami zf] ] %%
DR 432 B AR IR IR A A 1oL R B (1 e 25
mn 3 1 2SR AR W9 T R S il Ry 3
ek O HERR T HCE AR AN BT A 2R, AR )
SR E AT ST T O R AR IR R A T R
(2 S AL, B DR AR (8 AR ) ) 2 O H LR 5
PR T AR A

Weks H 1 .2014 429 A 16 H



$36%5 FIH &2

Journal of Refrigeration

2015 £ 6 B

¥ | Vol. 36,No. 3

June, 2015

1 R 575

1.1 LIG/RE

— P 1R Y- TR A 2o PR SR 3k 45 A
AR AR Kt B O T R s 2 A
BEWFSE O B E IR PR A S AR P i 25 AL, X T
R A5 AR, AR B IE B Aveami Bl ) 2% 7
TR R BB R TR R AT 1o b A 1 B 25 3
T2 284 . Avrami — T FRUNE

=X, =exp( - Z1") (1)
XFEC(1) HATAZ AT
In( =In(1-X,)) =In(Z,) +nln(t) (2)

2 IR SR A R R L Y R
ALY Jeziomy ATVKE Aveami S5 B Iy 0y BT
SR AR, R A U Ry R -

1-X =exp( -Z.1") (3)
AR AR A A BRI R Z, BB IEN TR L
In(Z.) =In(Z,)/D (4)

A X G I E] ¢ B 2 B AR 45 R 0
Avrami F854, 5 BUZHLE A SRR KO 06 56, B4
TR A A 23 (R 4145 5 A 3o 7 0 ) TR) 4E B R
Z RS R AR, AL A NS T T, O S 4
Al A G, D SRR IR R
1.2 XK HE

TEI b TR A AR JBOREAR A P ) A o
() R R o T ARBRE A Mgy X, el
32 T3 SRR B i Hh BRI T R AR R
FHEANS mm, JEEEN 3 ~4 mm (ECE IR 5
SR B NEE IR BE (1.5 mol/L F1 4.5 mol/L) HY
O L1, 2-P8 s CH (R AR 24 e A
afi, T b 2 A A AR A R | AR
PRAPF, 2303647 2. 5 h BB I AE T 4 CIk
Fig

F227m 33 4 B AL (DSC-Pyris Diamond , I & T
K IE Perkin-Elmer 23 7)) AR AL 2% o 01275 325 4n
T BGRAR S, WT AR Ky, BT R T B, R
R RIS E . BT, BRI
To AL HPEHILLT °C/min 3 °C/min .5 °C/min
IR E R 0 C P FEIR 2 - 60 °C, Il sk B>
TR B AR £ o e R 0 BT R Pyrds Se-
ries ( 3€ [ Perkin-Elmer A7) ,5. 0 A ) fZHriZ
P 2, BIFE 5T B0 R GG ok T BRIt {8 S 4 i 51
F15 AR A R 53 B 4B IR A A DL ARG IR
PRI S Hem IR PR LR

— 98 —

2 ZWERG S

2.1 FERERIER BRI BRI

AN [5]3R5 T 2 2 10 R T A
T AN 1 s, JH AR XTI Ak 0 5 285
PITFH T ME2 H,

R 1 EARRMERERT, 53R INARERER ZEEF
ZZEERE) DSC R EME R NFSH
Tab. 1 Heat flow and crystallization Kinetics parameters of
cartilage protected by ethanol and glycol at different

concentrations and cooling rate respectively

L, IR AR/ AH/

no Z
(mol/L) (°C/min) (J/g)
1.5 1 Z233.771 £0.003 1.849 15. 305
1.5 3 165907 £0.005 1.617 2.280
1.5 5 ~172.094 +0.002 1.741 1.531
4.5 1 189.354 +0.006 1.885 11.784
4.5 3 ~142.372£0.003 1.620 1.886
4.5 5 —149.677 +0.005 1.762 1.680
LR, RREHR/ AH/ 7
(mol/LL) (°C/min) (1/g) o
1.5 1 172951 £0.004 1.680 11.801
1.5 3 156062 +0.002 1.505 1.985
1.5 5 _144.547 £0.004 1.574 1.566
4.5 1 ~69.793 £0.003 1.270 11.036
4.5 3 ~96.931 £0.004 2.948 2.129
4.5 5 -69.432£0.002 1.436 1.497

R2 AERBERRTRMARREL, 2-W_E:.
HibRWRAREMERDNESH
Tab.2 Heat flow and kinetics parameters of crystallization
of cartilage protected by 1, 2-propanediol and glycerin

at different concentrations and cooling rate

12-N Rk R/ AH/ . 7

E/(mol/L)  (°C/min) (J/g) ‘

1.5 1 —181.726 £0.003 1.409 5.200
1.5 3 ~178.166 £0.002 1.598 2.277
1.5 5 -192.027 £0.002 1.370 1.542
4.5 1 -87.151 £0.006 1.702 3.877
4.5 3 —108.988 +0.005 1.308 1.639
4.5 5 —105.758 £0.001 0.989 1. 301
HR EE/ [ IR %/ AH/ . z

(mol/L) (°C/min) (J/g) ‘

1.5 1 —152.791 £0.004 1.43414.011
1.5 3 —125.572 £0.003 1.614 2.626
1.5 5 ~146.558 £0.003 1.700 1.943
4.5 1 ~57.975 £0.002 3.352 4.314
4.5 3 —-71.54 £0.002 4.156 1.896
4.5 5 ~56.957 +0.005 2.949 1.155
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Fig.1 Heat flow curves of articular cartilage protected by alcohol and ethylene glycol determined at different molar
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Fig.2 Curves of crystallization fraction vs temperature with alcohol at different concentrations and cooling rate
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Fig. 3 Crystallization enthalpies of cartilage with four kinds of alcohol protectants



$£36% F3IH
2015 £ 6 A

BERARIPFI AT BB RIS 728 DSC AR

Vol. 36, No. 3
June, 2015

F S BELAS 1Koy B0 A%, BETRZ 0 1 oK 89 2 Kl
Fo XFTUSINT ZBERIRE A, BEASAF 7 I 2 i v B
GG AR WL R B R . XU, LR TR
TURGE AR R WA IR 1Y, X AT RE S L TR
I, LA BB AP 55 P T A G

WL 3 s nl LUA L SHAmAR R, L, 2-70 TR
A KSR/, K G P B, 2D DRl LA Pk
PBONE” e figp e B 1, 2-P0 P AR A H DI T
1, 2-N B TR AL 2 (B 85, B R T 5K 1
ZIEA AR S BORE L, 2- R
Wi, JE2 BB D et 20 s SR T T TG T A K, R AR
PIZH BRI AR B/ IN 0 TR AR IR AT B PR 1
PSS, X 53R TR RS R IKA T W BT FE 4
R—2,

3 &g

1) WS I ERAP IR0 1 2P B 05 it A B o T 3 4 g 49
TAS T, 45 b B B) R, 45 A AN 58 38 TR 4.5
mol/ L I LRI, BB B 25 S S /N T U A 47 79 ke
JEH 1.5 mol/L N By &G ks, SR a0l 45 s 5 &
B L RE CHmMARLE 1, 2-T8 R 45 s TN, K
AR, A TR BRI DR A

2)FE - 60 ~0 C B [, w4 dn ol 72 1
Avrami F8EUEAR F4-F 0.989 ~1.885 ZJa], 4t il
SR —4E D7 2 RN 4.5 mol/L 1, 2-N
Py, H Aveami F5E0AT IR 4. 156, HEWT H vk i =48
BRAROT AR K X T e R R RICR I R R 22—

3) Fifi A I s 3 58 a v BE RSN, 5 Tk
A% 5 SR T 45 it 24 i o Uk 38 4 1) P o T A ARt 152 1
AH s o3 TR 38R 23 X6 Kt A R A 4 A X T R A DK Y
e AR . 3X 5 RN S A 7R B AR iR R
18 S B4 SR AN — 20, A ) e 3 ) A4 52 38 ) A1t 45
PidtA 58 4 2 oK i 8l g 2R K e, LA BE By
IR0 He e R 2 LA 5t 28 O E 2

A bR R AT B i R B R A AR
(12430702000) , 17 5 ni =R} (T0503 1 PO502) , 11T
AP ik G (12ZR1420400 ), I i 17 280 2= AT 61 8 0 H
(14YZ092) F i T Bk W4T % 51 H % B, (The project was
supported by the Innovation Foundation for International Coopera-
tion of Shanghai Committee of Science and Technology ( No.
12430702000 ) , Key Disciplines Program of Shanghai ( No.
T0503 & No. P0502), the Natural Science Foundation of Shang-
hai ( No. 12ZR1420400 ), the Innovation Foundation from the
Education Commission of Shanghai City (No. 14YZ092) and Al-

liance Program in Shanghai. )

% 30k

(1] IR, fihdte, REA-F, 4. B0 R 5 BRI iF 5 it
RLT]. EHbraReaded, 2008, 29(4) : 262-263. (Cao
Le, He Yaohua, Ji Weiping, et al. Progress on candidate
genes of osteoarthritis[ J]. International Journal of Ortho-
paedics, 2008, 29(4) . 262-263. )

(2] X, FEE, @A, 55 RESIBKERES AT N B
EmBRRAISE)]. TRRY I, 2005, 26(6)
1013-1015. (Xu Yi, Zhou Guoyan, Gao Cai, et al. Study
on the thermal expansion behaviors of rabbit artery during
freezing and affecting factors [ J]. Journal of Engineering
Thermophysics, 2005, 26(6) ; 1013-1015. )

[3] Shi X L, Dalta A K. Thermal stresses from large volumet-
ric expansion during freezing of biomaterials[ J]. Transac-
tion of the ASME, 1998, 120.720-726.

[4] Xu Yi, Hua Zezhao, Sun Dawen, et al. Effects of greezing
rates and fimethyl dulfoxide concentrations on thermal ex-
pansion of rabbit sorta during greezing phase change as
measured by thermo mechanical snalysis [ J]. Journal of
Biomech, 2007, 40 3201-3206.

(5] ®5, HE MESHZEIM]. e HERER R
#t, 1987.

(6] BX, INGH, B RYWHE RSP T
RGN R O[], b A B TR
2012, 31(5): 742-748. (Xu Yi, Sun Huijun, Lii Ya.
Thermal expansion behaviors of articular cartilage during
freezing and affecting factors[ J]. Chinese Journal of Bio-
medical Engineering, 2012, 31(5) .742-748. )

(7] R, 20, F L, . B0 PR P R
KRR AR [T ] v 224, 2014, 35(4): 113-
118. ( Yu Huaxing, Li Daixi, Xu Yi, et al. Effects of
cryoprotectant on thermal expansion of articular cartilage
during freezing process [ J]. Journal of Refrigeration,
2014, 35(4) . 113-118.)

[8] Jeziorny A. Parameters characterizing the kinetics of the
non-isothermal crystallization of poly ( ethylene tereph-
thalate) determined by DSC [ J]. Polymer, 1978, 19
(10): 1142-1144.

[9] Ishine N, Rubinsky B, Lee C Y. A histological analysis of
liver injury in freezing storage[ J]. Cryobiology, 1999, 39
(3):271-2717.

[10] Zaus. $optr[M]. dbst. Wbt 1987.

[11] ARMERR ERLAR, HAAE, A K- [ AR A2 3l T 274
PEOFSELT]. dilvesadi, 2008, 29(4): 30-33. (Du Yanxia,
Gui Yewei, Xiao Chunhua, et al. Investigation on solid-liquid
phase change kinetics of supercooled water droplets[ J]. Jour-
nal of Refrigeration, 2008, 29(4) ; 30-33.)

[12] De Visser C, Heuvelsland W J M, Dunn L A. Molar heat ca-
pacities of binary mixtures of water and some smides at 298. 15

K[J]. Z. Phys. Chem. NeueFolge, 1974, 92. 159-170.

BISEEREN

A, 5 RIS AR W, R TR AR, (021)
55271117 ,E-mail ; dxli75@ 126. com, #F55 77 7] : 7554 W24 F0
IR AE AR

About the corresponding author

Li Daixi, male, Ph. D., associate professor, master instructor,
University of Shanghai for Science and Technology, + 86 21-
55271117, E-mail; dxli75@ 126. com. Research fields: compu-
tational biology and cryobiology thermal science.

— 101 —



