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Resum6 : Si on represente l e  eaux de surv ie  de globules rouges r e f r o i d i s  
jusqu'8 l a  temperature de l ' a z o t e  l i q u i d e  en fonc t ion  de l a  v i tesse  de 
ref ro id issement  lorsque l a  v i tesse  de rechauffement u l t e r i e u r e  e s t  rapide, 
c e l l e - c i  c r o i t ,  d e c r o i t  pu is  rernonte aux p lus  g r a n ~ e s  v i tesses en presence de 
suffisamment d ' a d d i t i f  cryoprotecteur. Cette dern iere remontee co inc ide avec 
l a  decroissance de l a  quan t i te  de glace c r i s t a l l i s e e  dans l a  so lut ion,  aussi 
b ien en pr6sence de diverses concentrat ions de 1,3-butanediol que de 1,2- 
propanediol. Aux p lus grandej vi tesses, une surv ie  6lev6e correspond 5 l a  
v i t r i f i c a t i o n  t o t a l e .  Au rechauffement, s i  l a  s o l u t i o n  e t a i t  to ta lenen t  
amorphe, de l a  glace cubique se fo rne  d'abord. E l l e  se t ransforne ensui te  en 
glace hexagonal e. Les degats du gel accornpagnent ou su i  vent irtimGdi atenent 
c e t t e  t r a n s i t i o n .  

Abstract : I f  the  surv iva l  r a t e  o f  r e d  blood c e l l s  cooled down t o  l i q u i d  
n i t rogen  temperature i s  p l o t t e d  versus coo l ing  rate,  i t  increases, decreases, 
then increases again a t  the h ighest  coo l ing  ra tes  i f  the cryoprotectant  
concentrat ion i s  s u f f i c i e n t ,  when subsequent rewarming i s  f a s t .  This 1 ast  
increase coincides w i t h  the decrease o f  the quan t i t y  o f  i c e  c r y s t a l l i z e d  i n  
the so lu t ion ,  i n  the presence o f  various concentrat ions o f  1,3- butanediol  o r  
1,2-propanediol. The h igh  surv iva l  a t  the  h ighest  coo l ing  r a t e s  corresponds t o  
t o t a l  v i t r i f i c a t i o n .  On rewarming, i f  the s o l u t i o n  was whol ly  amorphous, cubic 
i c e  f i r s t  c r y s t a l l i z e s .  It transforms afterwards i n t o  hexagonal i ce .  Freezing 
damage p a r a l l e l s  o r  fo l l ows  immediately a f t e r  t h i s  t r a n s i t i o n .  

I - INTRODUCTION 

Having dexermined among a v a r i e t y  o f  po lya lcohols  those which most favour the 
whol ly  amorphous s t a t e  i n  t h e i r  aqueous so lut ions,  even a t  low concentrat ions, i t  
was i n t e r e s t i n g  t o  see whether o r  no t  the  most e f f i c i e n t  so lutes were e f f e c t i v e l y  
good cryoprotectants  f o r  c e l l s .  Therefore red  blood c e l l s  were chosen as a model, 
due t o  the s i m p l i c i t y  o f  t h e i r  s t ructure.  Their su rv iva l  has been studied versus 
cool ing r a t e  when they are cooled down t o  l i q u i d  n i t rogen  temperature and rewarmed 
up t o  room temperature. 

Surv iva l  curves o f  ery throcytes i n  buf fered so lu t ions  conta in ing various 
concentrat ions o f  g l ycero l  o r  1,2-propanediol had been p l o i t e d  f o r  cool ing ra tes  
vary ing from 1 t o  4 OOO°C/nin ( 1  1. They were cooled i n  c y l i n d r i c a l  straws o f  0.5 nl. 
They were rewarmed e i t h e r  slowly o r  r a p i d l y .  Rapid rewarming was obtained by 
immersing t h e  straws, i n i t i a l l y  a t  -196OC i n  a water bath a t  37OC (warning r a t e  o f  
about 5.000°C/min) and slow warming? by leav iny the  straw, i n i t i a l l y  a t  -196°C i n  
the a i r  a t  room temperature (warming r a t e  o f  about 100-200°C/min). Glycerol was 
chosen because i t  i s  the mosr comnonly used cryoprotectant  and 1,2-propanediol 
because i t  most favours the  whol ly amorphous seaLe. 
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With  10, 15 o r  2b % (w/w) g l y c e r o l  ( 1 )  o r  1,2-propanediol  (F ig .  1 )  as t h e  
c o o l i n g  r a t e  i s  increased,  t h e  s u r v i v a l  increases,  passes through a  maximum, thec 
decreases. Such a  cu rve  w i t h  a  maxinum o f  s u r v i v a l  i s  ve ry  common and has beer 
observed f o r  a  v a r i e t y  o f  c e l l s  i n  r h e  presence o f  d i f f e r e n t  c r y o p r o t e c t a n t  (2-4) .  
A t  t h e  l owes t  c o o l i n g  r a t e s ,  as pure  i c e  c r y s t a l l i z e s  o u t  o f  t h e  c e l l s ,  coo much 
water has enough xime t o  f l o w  o u t  t h e  c e l l s  i n  response t o  t h e  r e s u l t i n g  osmot ic 

pressure.  They a re  k i l l e d  by an excess ive  shr inkage. A t  t h e  h ighes t  rates', water  
does n o t  have enough t i m e  t o  l eave  t h e  c e l l  and i c e  can c r y s t a l l i z e  i n  t h e  d i l u t e d  
i n t r a c e l l u l a r  s o l u t i o n ,  k i l l i n g  t h e  c e l l s .  

F ig .  1  : S u r v i v a l  ( % )  o f  r e d  b lood  c e l l s  a f t e r  
c o o l i n g  a t  d i f f e r e n t  r a t e s  t o  -196°C i n  b u f f e -  
r e d  s o l u t i o n s  w i t h  A : 10 %, @ : 15 %, 

X : 20 % and 0 : 30 % (w/w) (hypo ton i c  
s o l u t i o n  ( 1  ) )  1,2-propanediol  and thawing by 
immersion o f  t h e  s t raws i n t o  a  37OC water  
bath,  and w i t h  30 % ( ) (w/w) 1,2-propane- 
d i o l  ( hypo ton i c )  ; f o r  a  c o o l i n g  r a t e  o f  
2000°C/min, these s t raws were rewarmed i n  
water a t  37°C i n  t h e  k leenex i n  which i t  had 
been cooled, and f o r  a  c o o l i n g  a t  3500°C/min, 
these s t raws were rewarmed i n  a i r  a t  room 
temperature.  

More r e c e n t l y ,  t h e  s u r v i v a l  has been compared w i t h  t h e  q u a n t i t y  o f  i c e  c r y s t a -  
l l i z e d  on c o o l i n g ,  t h e  c o n d i t i o n s  where damage occurs on rewarming have been s t u d i e d  
no t  o n l y  f o r  e r y t h r o c y t e s  b u t  a l s o  f o r  o t h e r  c e l l s .  Also,  s u r v i v a l  curves have been 
p l o t t e d  i n  1,3-, 2,3- and 1,2-butanediol  due t o  t h e i r  i n t e r e s t i n g  p h y s i c a l  
p r o p e r t i e s  ( 7 ) .  T h i s  i s  what i s  presented here. 

W i th  30 o r  35 % (w/w) 1,2-propanediol ,  when t h e  c o o l i n g  r a t e  i s  f u r t h e r  
increased, a f t e r  a  minimum, s u r v i v a l  aga in  increases t o  about 90 % (1  when 
subsequent warming i s  f a s t  (F ig .  2 ) .  Such an i nc rease  i s  n o t  observed w i t h  30 o r  35 
% g l y c e r o l  a t  s i m i l a r  c o o l i n g  r a t e s .  I t  was suggested t h a t  t h i s  c o u l d  be due t o  t h e  
h ighe r  g lass- forming tendency o f  t h e  1,2-propanediol  s o l u t i o n s  : i c e  would have n o t  
enough t i m e  t o  c r y s t a l l i z e  bo th  o u t s i d e  and i n s i d e  t h e  unshrunken e ry th rocy tes .  

I1 - SURVIVAL RATE AND OUANTITY OF ICE CRYSTALLIZED ON COOLING : CASE OF 
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I n  f i g .  2  , one sees t h a t  t h e  i nc rease  o f  s u r v i v a l  a t  c o o l i n g  r a t e s  f a s t e r  t han  
t h a t  cor respond ing t o  t h e  minimum, c o i n c i d e  w i t h  t h e  decrease o f  t h e  q u a n t i t y  o f  i c e  

Q)(KDIO RATE (.clmk) c a l o r i e s  pe r  100 g  o f  s o l u t i o n  by m u l t i p l y i n g  q  
by 79.78 ; t h e  va lues o f  q  are  g i ven  f ros i  r e f .  6. 

a u m v u  (7.1 
Fig .  2 : Comparison o f  t h e  s u r v i v a l  ( % )  o f  r e d  
b lood c e l l s  a f t e r  c o o l i n g  a t  d i f f e r e n t  r a t e s  t o  

-y"l(-'Jl ! % -196OC (0) i n  o r  i s o t o n i c  35 % ( ( 1 )  1 (w/w) b u f f e r e d  l ,2 -proyaned io l ,  s o l u t i o n s  w i t h  and 30 
t l ~ o w i n g  by immersion o f  t h e  s t raws i n t o  a  water  
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ba th  a t  37OC,with t h e  q u a n t i t y  o f  i c e  c r y s t a l l i -  
zed on c o o l i n g  i n  aqueous s o l u t i o n s  w i t h  30 % 

o ( X ) o r  35 % ( + ) (w/w) 1,2-propanediol .  ( . 
% straws were warmed s l o w l y  by exposure t o  a i r  a t  

' - m i  room temperature.  The q u a n t i t y  o f  i c e  
8 c r y s t a l l i z e d  i s  represented by t h e  number q  of 

,,% grams o f  i c e  whose s o l i d i f i c a t i o n  a t  O°C would 
- l i b e r a t e  t h e  same amount o f  heat  as f r om 100 g  

s o l u t i o n  on c r o s s i n g  t h e  cor respond ing peaks O,w~ '.;k';b100 ~ 0 0 0  ( r e f .  5  p. 554). One o b t a i n s  t h a t  hea t  i n  



c r y s t a l l i z e d  i n  t h e  aqueous s o l u i i o n ,  bo th  w i t h  30 o r  35 % 1,2-propanediol .  I t  i s  
very  l i k e l y  t h a t  t h e  1.2-propanediol  c o n c e n t r a t i o n  i s  t he  same i n s i d e  and o u t s i d e  
unshrunken e r y t h r o c y t e s  s i n c e  a  l o r  o f  t i n e  has been g i v e n  f o r  e q u i l i b r a t i o n  o f  t h i s  
v e r j  permeable s o l u t e  b e f o r e  f r eez ing .  The i n t r a c e l l u l a r  s o l u t i o n  a l s o  c o n ~ a i n s  
so lu tes  o t h e r  than 1.2-propanediol .  Never ihe less , the  above co inc idence s u ~ g e s t s  
t h a t  t h e  q u a n t i t y  o f  i c e  c r y s t a l l i z e d  has t h e  same v a r i a t i o n  i n s i d e  unshrunken 
e r y t h r o c y t e s  as i n  a  s o l u t i o n  o f  1,2-propanediol  c o n c e n t r a t i o n  than t h e  
e x t r a c e l  l u l a r  s o l u t i o n  : t h e  g lass - fo rm ing  tendency i s  t h e  same i n s i d e  t h e  
e r y t h r o c y t e s  as when 1,2-propanediol  i s  mixed w i t h  pure  water.  Th i s  a l s o  suggests 
t h a t  i c e  i s  always damaging when i t  c r y s t a l l i z e s  i n s i d e  t h e  c e l l s  on coo l i ng ,  and 
t h a t  t h e  h i g h  s u r v i v a l  cor respond ing t o  t h e  h i g h e s t  c o o l i n g  r a t e s  corresponds t o  
complete v i t r i f i c a t i o n  o f  t h e  e x t r a c e l l u l a r  and i n t r a c e l l u l a r  s o l u t i o n .  

Nei a l s o  observed a  minimum and an i nc rease  o f  s u r v i v a l  r a t e  o f  e r y t h r o c y t e s  
coo led w i t h  g l y c e r o l ,  b u t  a t  much h ighe r  c o o l i n g  r a t e s  ( 8 ) .  He observed by 
microscopy t h a t  c e l l  shr inkage i s  weak near  t h e  minimum o f  s u r v i v a l ,  and t h a t  no i c e  
was v i s i b l e  i n s i d e  o r  o u t s i d e  t h e  c e l l s  a t  t h e  h i g h e s t  c o o l i n g  r a t e s .  

111 - SURVIVAL OF ERYTHROCYTES IN  1,3-BUTANEDIOL SOLUTIONS WHEN SUBSEQUENT REWARMING 
W A S 1  

1.3-butanediol  was chosen s ince  t h e  g lass- forming tendency on coo l i ng ,  and 
s t a b i l i t y  o f  t h e  w h o l l y  amorphous s t a t e  on r e ~ a r m i n g  o f  i t s  aqueous s o l u t i o n s ,  a r e  
almost as h i g h  as those of 1.2-propanediol  s o l u t i o n s  f o r  t h e  same water con ten t  
( 9 ) .  The t o x i c i t y  o f  1,3-butanediol  f o r  e r y t h r o c y t e s  i s  ve ry  low. With 35 % 1.3- 
butaned io l  i n  t h e  bu f fe red  s o l u t i o n  (101, t h e  hemolysis reaches o n l y  3.5 % t e n  hours  
a f t e r  t h e  a d d i t i o n ,  when t h e  c e l l s  a re  main ta ined a t  0°C (10 ) .  

4 S U ( V I V A I  ( % I  

~ O O L  F i g  3 : S u r v i v a l  ( % )  o f  r e d  b lood c e l l s  a f t e r  

YO - . h f i * - + - - -  c o o l i n g  a t  d i f f e r e n t  r a t e s  t o  -196OC i n  i s o t o n i c  

w -  . phosphate-buf fered s o l u t i o n s  w i t h  20 % ( X ), 30 
3, 7% % (0) and 35 % ( m )  (w/w) 1.3-butaneaiol  and 

'O 1 ,.'\7 ; thawing by immersion o f  t h e  s t raws i n t o  a  37OC 
t o i  \ 1 -  'x,. t p  water  bath.  

wL  ~ O L  .' ,/" ii.J' S u r v i v a l  curves o f  e r y t h r o c y t e s  i n  1.3- 

30;' 

. , , , . , a,. bu taned io l  s o l u t i o n s  a re  g i v e n  i n  f i g .  3. Wi th  
20 % a l coho l ,  o n l y  t h e  c l a s s i c a l  peak o f  

lot s u r v i v a l  i s  observed. Wi th  30 o r  35 % o f  t h i s  

' O r  
so lu te ,  t h e  minirnum and t h e  subsequent i nc rease  
of s u r v i v a l  a re  observed as w i t h  1,2- 

loola, vromo -' propaned io l .  But ma in l y  w i t h  35 % so lu te ,  t h e  
COOLING RATE L.Clmm) minimum occurs a t  h i ghe r  c o o l i n g  r a t e s  w i t h  

1,3-butanediol ,  i n  agreement w i t h  i t s  sma l l e r  g lass - fo rm ing  tendency. 
I n  f i g .  4, t h e  i nc rease  of s u r v i v a l  a t  t h e  h i g h e s t  c o o l i n g  r a t e s  (10)  here  

a l s o  c o i n c i d e  w i t h  t h e  decrease o f  t h e  q u a n t i t y  o f  i c e  c r y s t a l l i z e d  i n  t h e  co r res -  
ponding 1,3-butanediol  aqueous s o l u t i o n  (9 ) .  I f  i t  was mere ly  due t o  chance, i t  
would be ve ry  u n l i k e l y  t h a t  t h i s  co inc idence 
would occur  f o r  two concen t ra t i ons  o f  two , 
d i f f e r e n t  s o l u t i o n s .  

F ig .  4 : Comparison o f  t h e  s u r v i v a l  ( % )  r e d  
b lood c e l l s  a f t e r  c o o l i n g  a t  d i f f e r e n t  r a t e s  
t o  -196°C i n  i s o t o n i c  b u f f e r e d  solutions w i t h  
30 % ( (O ) o r  35 % ( (O (w/w) 1,3-butanediol ,  
and thawing by immersion of t h e  straws i n t o  a  
water ba th  a t  37OC w i t h  t h e  q u a n t i t y  o f  i c e  
c r y s t a l l i z e d  on c o o l i n g  i n  aqueous s o l u t i o n s  
w i t h  30 % ( A )  o r  35 % ( ( V )  (w/w) 1,3- 
bu taned io l .  Fo r  t h e  u n i t s  o f  q, see t h e  com- 10 
ments i n  F ig .2  legend. The values o f  q  a re  
g i ven  f rom r e f .  9. COOLING RATE (*C/rn~n 



I V  - SURVIVAL, WARMING RATE AND TRANSITION FROM CUBIC INTO HEXAGONAL ICE 

It i s  much more d i f f i c u l t  t o  impede i c e  c r y s t a l l i z a t i o n  on rewarming than on 
cool ing. The coo l ing  ra tes  necessary t o  avoid i c e  c r y s t a l l i z a t i o n  on coo l ing  are 
respec t i ve ly  about 300, 1000, 500 t o  1000 and 4000 o r  5000°C/min, w i t h  respec t i ve ly  
30 o r  35 % 1,2-propanediol o r  1,3-butanediol i n  water (Figs. 2 and 4).  The warming 
ra tes  necessary t o  avoid c r y s t a l l i z a t i o n  on rewarming are much higher : 7.5 x 
10* "~ /m in  w i t h  35 % 1,2-propanediol and 2.7 x 1012 " C h i n  w i t h  35 % 1,3-butanediol. 

However, a warming r a t e  o f  about 5000°C/min (straws rewarmed i n  a water bath 
a t  37°C) i s  s u f f i c i e n t  t o  insure  a h igh surv iva l  o f  the  ery throcytes a f t e r  coo l ing  
a t  4000°C/min w i t h  30 % . o r  35 % 1,2-propanedjdl o r  35 % 1,3-butanediol. Through, i n  
the absence o f  shrinkage on coo l ing  the polyalcohol cannot concentrate i n s i d e  t h e  
c e l l s .  This suggests t h a t  i c e  has c r y s t a l l i z e d  i n s i d e  the  c e l l s  on rewarming, b u t  
that ,  when i t  c r y s t a l l i z e s  on ly  on rewarming, i t  i s  n o t  necessar i ly  damaging. Indeed 
Ra l l  e t  a1 (11) observed innocuous i c e  c r y s t a l l i z a t i o n  on rewarming c e l l s  o f  mouse 
embryos. I f  erythrocytes are rewarmed a t  on ly  100-200°C/mi n (straws rewarmed i n  a i r )  
damage occurs on rewarming ( f i g s .  2 and 5).  

Fig. 5 : Surv iva l  (%)  o f  red  blood c e l l s  a f t e r  
x?+El-~ coo l ing  a t  d i f f e r e n t  r a t e s  t o  t196°C i n  an 

i so ton ic  bu f fe red  s o l u t i o n  w i t h  35 % (w/w) 
1,3-butanediol and thawing by immersion o f  the  
straws i n  a 37°C water bath ( X ) o r  by 
expasure t o  a i r  a t  room temperature ( + ). 7 , , R ,,,,, '+[::c: ,,,,,, , , , amorphous When solut ion,  i c e  c r y s t a l l i z e s  i t  i s  f i r s t  from cubic a (7 )  who l l y  ( i c e  

+-+ 
I c )  (12) then hexagonal (ord inary i c e ) .  

20 Comparison o f  various X-ray experiments show 
10 t h a t  the  speed o f  the  t r a n s i t i o n  from cubic 

i n t o  hexagonal i c e  i s  s i m i l a r  i n  pure water and 
1 2 3 5 10 50100 5001000 i n  1,2-propanediol so lu t ions  (1, 7, 13) and i n  

COOLING RATE (OC/rnin. 1.3-butanediol so lut ions.  thouah a 1 i t t l e  
siower i n  these l a s t  ones: Using an expression 

etabl ished by Dowel1 and R i n f r e t  f o r  pure water, one can deduce t h a t  t h e  proporxion 
x o f  hexagonal i c e  formed a t  a temperature T i s  r e l a t e d  t o  t h e  warning r a t e  v by 
( 1 , l l )  : x(T) = ( l / v )  exp(0.126 T - 26.5) [I] 
idhen T i s  i n  K and v i n  OC/min (unless t h i s  equation g ives x>l : i n  t h i s  case x = l ,  
a l l  i c e  has become hexagonal. T,,, equals -13 and -16°C w i t h  respec t i ve ly  30 and 35 % 
(w/w) 1,2-propanediol and -10.5 and -12.5"C w i t h  respec t i ve ly  30 and 35 % (w/w) 
1,3-butanediol i n  water. One f i n d s  x = l  a t  Tm f o r  a l l  these so lu t ions  a t  a low 
cool ing r a t e  o f  200°C/min. A t  5000°C/min a t  T, , Eq. [I] gives respec t i ve ly  x=0.10, 
0.07, 0.14 and 0.11 f o r  these f o u r  so lut ions.  Therefore almost no damage has occured 

x A A 
on f a s t  rewarming where i c e  has remained 
mainly cubic, w h i l e  more than h a l f  o f  

1 - - '  the  erythrocytes are hemolysed a f t e r  
-90  slow rewarming where i c e  has enough t ime 

t o  become hexagonal. 
- 80 

Surv iva l  (%)  o f  ery throcytes 
( 1  a f t e r  f a s t  coo l ing  and f a s t  
rewarming from -196OC t o  various ho ld ing  

. temperatures f o r  30 min and f a s t  50i rewarming t o  room temperature (14). The 
other  curve represents the  p ropor t ion  x 

has become hexagonal a t  the  
end o f  storage a t  the  ho ld ing  

To check whether t h i s  coincidence i s  more general, comparisons have a lso  been made 
w i t h  other  experiments. Nei (14) cooled erythrocytes r a p i d l y  i n  l i q u i d  n i t rogen,  



then rewarmed then r a p i d l y  t o  various temperatures where the c e l l s  were maintained 
f o r  30 min. before r a p i d  rewarming t o  room 'temperature. I n  f i g .  6 are represented 
both the s u r v i v a l  ra tes  of the  c e l l s  and the  q u a n t i t y  o f  hexagonal i c e  formed a t  the  
end o f  the hold ing temperatures deduced from the  equation ( 1 0 , l l )  : 

x = 0.388 . lo-'' t . exp (0.126Tl 
4 

PI 
4 .S f o r  the t ransformat ion a t  constant temperature. 

d 

100 - 0 
- 1  = - $ Fig. 7 : Surv iva l  o f  e i g h t - c e l l  mouse embryos cooled 
-0.8 s lowly  t o  -40°C and then r a p i d l y  t o  -196"C(X) as a 

f func t ion  o f  the  temperature Tsr a t  which slow 
-0.6 warming t o  Z°C/min was converted t o  r a p i d  warming a t  + 50O0C/min (11, 13!. On the  same f i g u r e  i s  repor ted 

the propor t ion x o f  hexagonal i c e  formed a t  T,, . 
I n  the case o f  the experiments o f  Ra l l  on 

- 100 -80 -60^ ..-40 
D embryos (F ig.  7) the  t r a n s i t i o n  from cubic i n t o  he- 

xagonal i c e  coincides w i t h  the  decrease i n  su rv iva l .  
Temperature ( O C  ) 

V - SURVIVAL OF ERYTHROCYTES AFTER COOLING WITH 2,3-BUTANEDIOL OR 1,E-BUTANEDIOL 

2,3-butanediol has been tes ted  because the  whol ly amorphous s t a t e  o f  i t s  
aqueous s o l u t i o n  can be e a s i l y  obtained on cool ing,  but  la rge  amounts o f  i c e  and 
hydrate c r y s t a l l i z e  on r~warming.  U n t i l 1  now ir  i s  on ly  the  harmfullness o f  i c e  
which has been studied. The quest ion was : i s  hydrare c r y s t a l l i z a t i o n  also harm- 
f u l l  ? The t o x i c i t y  o f  2,3-butanediol f o r  ery throcytes i s  low. When these are main- 
ta ined a t  about 17-20°C w i t h  30 % 2,3-butarlediol, the  hemolysis reaches 5 % a f t e r  10 
hours. Surv iva l  curves have been drawn a f t e r  coo l ing  t o  -196OC ax cool ing r a t e s  from 
1 t o  3500°C/min w i t h  20, 30 o r  35 % (w/wT 2,3-butanediol. Unfortunately, su rv iva l  
was always very low, whether subsequent rewarming was f a s t  (straws rewarmed i n  a 
water bath a t  37°C) o r  slow (straws rewarmed i n  a i r ) .  The hydrate c r y s t a l l i z a t i o n  
always k i l l s  the  c e l l s .  

Attempts have a lso  been made t o  measure f reez ing  damage i n  the presence 1,2- 
buranediol, s ince t h i s  so lu te  favours cubic i c e  c r y s t a l l i z a t i o n  ( 9 )  and seems inno- 
cuous. Unfortunetely, 30 % (w/w) o f  r h i s  so lu te  i s  t o x i c ,  and the  erythrocyees are 
already henolysed before f reez ing.  

V I  - CONCLUSION 

T r a d i t i o n a l l y ,  c ryob io log is ts  use g lycero l  o r  d imethy lsu l fox ide f o r  cryopre- 
servat ion o f  c e l l s .  Studies o f  i c e  c r y s t a l l i z a t i o n  i n  water so lut ions have allowed 
us t o  f i n d  two new cryoprotectants, 1,2-propanediol, and 1,3-butanediol. With these 
solutes h igh surv iva l  r a t e s  o f  ery throcytes are obtained a f t e r  coo l ing  i n t o  l i q u i d  
ni trogen, n o t  on ly  i n  the c l a s s i c a l  case where shrunken c e l l s  are surrounded by ice,  
bu t  a lso i n  the  case o f  complete v i t r i f i c a t i o n .  The i n t e r e s t i n g  proper t ies o f  1,3- 
butanediol  have been found too  r e c e n t l y  t o  have, u n t i l 1  now, any other appl icat ions.  
On the  other  hand, s ince our studies, l,2-propanediol has proved t o  be very in te res -  
t i n g  f o r  the  cryopreservat ion o f  o ther  c e l l s .  Using t h i s  so lute,  Renard obtained 
surv iva l  r a t e s  c lose t o  100 % w i t h  mouse o r  r a b b i t  embryos (15, 16), even a t  stages 
o f  development considered t i l l  now as being d i f f i c u l t  t o  cryopreserve. He appl ied 
h i s  mezhod r o  the bank o f  mouse embryos o f  the  Pasteur I n s t i t u t  i n  Paris.  I n  sorde 
cases, he could r e l a t e  su rv iva l  t o  the phys ica l  p roper t ies  o f  the  so lu t ions  (171. 
The cechnique has been extended t o  humans embryos by Testar t  (18) .  Babies have been 
born i n  1986 from embryos cryopreserved i n  l i q u i d  n i t rogen  w i t h  1,2-propanediol a t  
the hosp i ta l  o f  Clamart, near Paris.  Using t h i s  cryoprotectant  the  r a t e  o f  pregnan- 
c ies  i s  3 times t h a t  using g lycerc l  o r  d imethy lsu l fox ide ( f i r s t  babies born i n  
Aus t ra l ia )  (19) .  It i s  comparable t o  t h a t  wi thout  f reez ing.  1,2-propanediol can be 
used f o r  c l i n i c a l  preservat ion o f  ery throcytes (20) .  Using a s o l u t i o n  conta in ing a 
mixture o f  1,2-propanediol , dimethylsulfoxide, acetami.de and polyethylene g lycol ,  
Ra l l  and Fahy succeeded i n  cryopreserving mouse embryos by complete v i t r i f i c a t i o n  
(21 1. 
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The encouraging r e s u l t s  suggest t h a t  t h e  s tudy o f  g lass- forming rendency and 
s t a b i l i t y  o f  t he  who l l y  amorphous s t a t e  would perhaps be t h e  way t o  f i n d  how t o  
preserve r h e  major  organs o f  man and ma~imals by ro-ial v i t r i f i c a ~ i o n .  

A t  l e a s t  i n  t h e  case o f  e ry th rocy tes  t h e  s u r v i v a l  o f  unshrunken c e l l s  seems 
d i r e c t l y  r e l a t e d  t o  t h e  g lass- forming tendency on coo l i ng .  I t  i s  n o t  r e l a t e d  t o  t h e  
s t a b i l i t y  o f  t h e  w h o l l y  amorphous s t a t e  on rewarming, b u t  damage seems c o r r e l a t e d  t o  
the t r a n s i t i o n  f rom cub ic  i n t o  hexagonal i c e .  S ince t h e  warming r a t e s  t o  avo id  t h i s  
t r a n s i t i o n  are  sma l l e r  than those necessary t o  avo id  any i n t r a c e l l u l a r  
c r y s t a l  1 i z a t i o n  i n  unshrunken c e l l  s, warming r a t e s  about 2000 t o  5000°C/min would be 
s u f f i c i e n t  t o  rewarm v i t r i f i e d  t i s s u s  o r  organs w i t h o u t  damage, by u s i n g  perhaps a 
microwave oven. T h i s  shows t h a t  t h e  s tudy o f  t h e  t r a n s i t i o n  f rom cub ic  i n t o  
hexagonal i c e  i s  ve ry  u s e f u l .  I n  t h e  case o f  e ry th rocy tes ,  damage comes j u s t  a f t e r  : 
i t  may be c o r r e l a t e d  t o  t h e  subsequent growth o f  t h e  hexagonal i c e  c r y s t a l s .  
Therefore a more d e t a i l e d  s tudy i n c l u d i n g  t h e  de te rm ina t i on  o f  t h e  s i z e  and shape o f  
t he  c r y s t a l s  versus temperature cou ld  be a l s o  u s e f u l  (22) .  30 % 1,2-butanediol  i s  
t o x i c ,  b u t  perhaps t h e  use o f  t h i s  s o l u t e  i n  t e r n a r y  systems, o r  o t h e r  so lu tes  
f a v o r i n g  cub ic  i c e  c o u l d  be promis ing.  The s t a b i l i t y  o f  t h e  who l l y  amorphous s t a t e  
c e r t a i n l y  p lays  a r o l e  i n  t h e  case o f  shrunken c e l l s  which can be rewarmed a t  r a t e s  
much lower than 200O0C/min. I n  t h e i r  i n t r a c e l l u l a r  medium c o n t a i n i n g  very  h i g h  
concent ra t ions t h e  warming r a t e  necessary t o  avo id  any i c e  c r y s t a l l i z a t i o n  can be 
much lower than t h a t  necessary t o  avo id  the  t r a n s i t i o n  f rom cub ic  i n t o  hexagonal 
i ce .  2,3-butanediol  hydrate  i s  damacing. Another method f o r  c ryop rese rva t i on  may be 
t o  f i n d  innocuous hydrates. 2,3-butanediol may i t s e l f  be i n t e r e s t i n g  i n  t e r n a r y  
systems impeding a t  l e a s t  p a r t i a l l y  i t s  hyd ra te  c r y s t a l l i z a t i o n .  
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COMMENTS 

J. PEREZ 

When amorphous water-alcohol is transformed i n t o  c r y s t a l l l n e  phase, aamage or u v r r r g  
c e l l s  is genera l ly  explained i n  terms of e i t h e r  osmotic p ressure  d i f f e r e n c e  o r  
mechanical e f f e c t s  induced by change i n  d e n s i t y .  I f  t h e  damage is due t o  t h e  
cubic-hexagonal i c e  t r a n s f o r n a t i o n  how t o  understand t h e  mechanism of damage ? 

Answer : 

No r e l a t i o n  h a s  even been obse rved  between damage due t o  i n t r a c e l l u l a r  i c e  
c r y s t a l l i z a t i o n  and change i n  dens i ty .  When damage occurs  a t  t h e  t r a n s i t i o n  from 
c u b i c  i n t o  hexagonal  i c e  o r  j u s t  f o l l o w s  i t ,  i t  cou ld  be due e i t h e r  t o  t h e  
consecut ive growth of  hexagonal ice c r y s t a l s  l a r g e r  than cubic  ice c r y s t a l s ,  o r  t o  
t h e  sharper  shapes of  hexagonal c r y s t a l s .  These a r e  only hypothesis  till now t h e  
mechanism o f  t h i s  damage has  not  been observed experimentally.  


