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Mechanics of Freezing in 

Living Cells and Tissues 


IVell in to  modern  t imes,  man's  interest 
i n  biological freezing appears t o  have 
heen concerned primarily w i t h  his de-  
fense against i t .  T h e  vast literature con- 
cerning l o w  temperature i n  biology has 
been iredominantly directed toward the  
therapy o f  clinical and experimental cold 
injury wi thout  particular concern for the  
basic mechanisms o f  ice formation.  
W i t h i n  t h e  last 20 years, t h e  preservation 
o f  food b y  freezing has stimulated m u c h  
general interest i n  the  potential useful-
ness o f  l o w  temperature,  b u t  still sur-
prisingly little basic work  has been under-  
taken  o n  the  mechanisms involved. T h e  
majori ty  o f  t h e  earlier investigations into 
biological freezing have been m a d e  b y  a 
f e w  scattered workers primarily inter-
ested i n  the  preservation o f  tissue cells 
and microorganisms. T h e  principal i m -
petus t o  low-temperature biological re-
search came w i t h  the  availability o f  lique- 
fied gases i n  the latter part o f  the  19th 
century, a f ter  w h i c h  a n  infinite variety o f  
tissues and organis~ns were subjected t o  
freezing and thawing.  Primary interest, 
how-ever, invariably centered about the 
cluestion o f  survival, and at tempts t o  con- 
struct a picture o f  the  mechanism o f  
freezing and freezing injury were pre-
dominantly deductive. T o  the  m o d e r n  
student o f  this subject, it  is somewhat 
reassuring t o  find that  t h e  major  part o f  
t h e  literature o n  biological freezing is 
ful ly  as contradictory and confusing as 
that o f  any other growing field, indicating 
that its principles are neither totally sel f-  
e l ident  nor wi thout  challenge. 

I n  very recent years, the  appearance 
o f  the biophysicist and the  growing ap-  
preciation o f  the  basic physical nature o f  
hiological phenomena has resulted i n  a 
reappraisal o f  m u c h  o f  the  earlier work  
r ~ n d  the  development o f  n e w  evidence 
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which  has led t o  a considerable clarifica- 
t ion o f  t h e  mechanism o f  freezing i n  cel- 
lular materials i n  terms o f  simple and 
consistent physical phenomena. T h e  ex-  
tensive work o f  Luye t  ( I  ], w i t h  his par- 
ticular attention t o  ultra rapid freezing 
and "vitrification," and the  work  o f  Love- 
lock o n  the  mechanism o f  slow-freezing 
injury and glycerol protection (2-4) 
havr done m u c h  t o  insert a foundation o f  
theory under the  wide-spread b u t  empiri-  
cal applications o f  freezing. Suflicient o f  
the principles underlying freezing, freez- 
ing injury, and the  means for its control 
are now- available so tha t  a reasonably 
well-integrated picture o f  the  process can 
he hypothesized. 

T h e  existing and potential applications 
o f  freezing, b o t h  as a means o f  preserva- 
t ion  and as a vehicle for the  suspension 
and study o f  transient phenomena,  are 
legion. T h i s  article is a n  a t tempt ,  n o t  t o  
accumulate i n  detail the m a n y  existing 
techniques applicable t o  hprcial problem5 
or tu review the  literature i n  its entirety-, 
h l ~ tto present a n  integrated hypothesis o f  
t h i  irlechanism o f  biological freezing 
and the  k n o w n  means o f  preventing 
otherwise inevitable damage,  w i t h  t h e  
hope o f  making more  immedia te ly  recog- 
~ l ~ f ' i h l ethe  potential meri t  o f  the  biolog- 
ical ,olid state as a unique and use fu l  
r e v a r t  h tool. 

Physical Principles 

o f  Ice-Crystal G r o w t h  

Rrl,it~\ el> unspectacular f o ~  t h e  biolo- 
q~\t, perhaps, bu t  nonetheless essential t o  
a n  understanding o f  the  rule< o f  freezing 
and thawing,  are the  general concepts o f  
it e-crystal nucleation and growth. I t  is 
the\( t u  o phenomena that  13 ill interact 

t o  determine crvstal size. a factor o f  ob- 
vious significance i n  any biological freez- 
ing. O n l y  b y  understanding t h e  factors 
governing ice-crystal development can w e  
hope  t o  inf luence t h e m  for our o w n  ends. 
I t  m a y  perhaps m a k e  t h e  following dis- 
sertation o n  crystallization more  palat-
able t o  t h e  biologist i f  I point out tha t  
t h e  single mos t  important  and funda-
mental  concept i n  biological freezing is 
that ,  regardless o f  t h e  mysterious c o m -
plexity o f  the  biological matr ix ,  freezing 
represents nothing more  t h a n  t h e  re-
moval o f  pure water f r o m  solution and 
its isolation into biologically inert foreign 
bodies. t h e  ice crvstals. All  t h e  biochemi-  
cal, anatomical, and physiological se-
quelae o f  freezing are directly or indi-
rectly the  consequences o f  this single 
phj sical event. 

T h e  ul t imate crystal size is i m m e d i -  
ately dependent  o n  the  crystal nucleation 
rate and the  crystal growth rate. Both  o f  
these rates are temperature dependent ,  
and their control is primarily a problem 
i n  heat  exchange which ,  i n  turn,  depends 
u p o n  t h e  thermal and geometric char-
acteristics o f  the  specimen,  the tempera- 
ture and characteristics o f  t h e  coolant, 
and the  nature o f  the  specimen-coolant 
Interface. All materials possess def ini te  
crystal nucleation and growth coefficients 
w h i c h  can b e  changed b y  altering t h e  
composit ion o f  t h e  material. I n  addit ion,  
once crystallization has been  comple ted ,  
there remains yet another factor, lecrys- 
tallization, the  growth  o f  large crystals 
at t h e  expense o f  smaller, w h i c h  can 
radically alter t h e  state o f  af fairs  even 
a f ter  the  solid state has been achieved. 

As will b e  evident  f r o m  t h e  m o r e  de-  
tailed discussion t o  fol low, t h e  various 
factors influencing crystal development 
are themselves somewhat controllable, 
rendering t h e  peculiar problems o f  bio- 
logical freel ing i n  turn  more  amenable 
t o  discipline. 

Crystal nucleation. A crystal nucleus 
is a n  aggregation o f  molecules tha t  m a y  
grow t o  f o r m  a larger crystal. T w o  
mechanisms for the  format ion  o f  nuclei 
are presunled t o  exist ( 5 , 6 ) . T h e  first, 
homogeneous nucleation, results f r o m  
random fluctuations i n  t h e  density and 
configuration o f  water molecules. A n u -
cleus is said t o  b e  o f  critical size w h e n  
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it has an equal chance of growing or 
diminishing. In  thermodynamic terms, 
this is the size at  which the free energy 
available from the spontaneous transfor- 
mation is equal to the surface free energy 
of the nucleus. Under these conditions, 
the free energy of the nucleus will dimin- 
ish with either the addition or subtrac- 
tion of molecules; it is in unstable eclui- 
librium and must grow or vanish. The 
radius of a nucleus of critical size is 
directly proportional to the liquid-crystal 
interface energy and inversely propor-
tional to the liquid-crystal free energy 
difference. This makes the size of a criti- 
cal nucleus strongly temperature de-
pendent. At temperatures near the melt- 
ing point, the critical size becomes very 
large, approaching infinity at  the melting 
point. As the temperature is reduced 
below the freezing point, the critical size 
becomes smaller. Generally, the proba- 
bility of homogeneous nucleation is very 
low until rather extreme degrees of 
supercooling are attained, when the prob- 
ability rises sharply within the ranwe of 
a few degrees to very high values.'rhis 
sharp rise in nucleation rate effectively 
limits the temperature to which super-
cooling can be carried. This maximum 
supercooling temperature, designated by 
Turnbull (6)  as ( A T - )  m,x , generally 
bears a fixed relationship to the absolute 
melting temperature, T o .  For water, the 
experimentally determined ratio of 
(AT-), , ,  to T o  is 0.14, placing the 
limit to which water may be supercooled 
at -3g0C (7 ) .  

Whereas for most metals crystalliza- 
tion appears to be inevitable once 
( A T - )  ,,, has been attained, fox some 
other substances the rate of nucleation 
apparently falls again if the temperature 
passes below this level before crystalli/a- 
tion is completed (7 ,  8 ) .  The cause of 
this is not fully clear, although it seemv 
probable that a rapid increase in xiscos- 
ity may be responsible. 

The second means for the formation 
of crystal nuclei is called heterogeneous 
nucleation, and is considered to be the 
result of catalysis by inclusions that pre- 
sumably provide a substitute ~mcleus 
about which further crystal growth may 
take place. The probability for hetero- 
geneous nucleation is quite poor near the 
freezing point, so that relatively small 
volulncs (-10 milliliters) can be easily 
and repeatedly supercooled. The temper- 
ature to which any given sample can be 
repeatedly supercooled has been shown 
by Dorsey (9 )  to be quite reproduceable 
and has been called by him the tempera- 
ture of spontaneous freezing ( t 5 f ) .These 
temperatures ranged, for different sarn-
ples of pure water, to as low as - 20°C 
and at  no time was freezing initiated at 
a temperature higher than - 3OC. From 
this evidence it appears that O°C is not, 
for water, a consistent nucleation tem- 

perature. Supercooling is, then, utually 
necessary to initiate nucleation but, once 
having occurred, freeling can then pro- 
ceed at  the conventional freezing tem- 
perature. Since homogeneous nucleation 
is virtuallv imnossible until extreme de- , A 

grees of supercooling are obtained, heter- 
ogeneous nucleation is undoubtedly the 
dominant mechanism in all freezing of 
large volurrles (6) .  

A reduction in the temuerature of 
spontaneous heterogeneous nucleatio~l 
( tsr)  with the addition of solutes has 
been shown by Dorsey ( 9 ) ,  and also by 
Lusena ( l o ) ,to be of the same magni- 
tude as the reduction in freezine ~ o i n t .  

D 1 

No attempt has been made to investigate 
the effect of solutes on the minimum tem- 
perature for homogeneous nucleation, 
( A T - )  max. 

Crystal growth. Companion to nucle- 
ation rates in determining crystal size is 
the velocity of crystal growth. Contrary 
to intuitive expectations, crystallization 
velocity, when considered independently 
from nucleation, does not increase with 
decreasing temperature but, as de-
manded -by physical theory, crystal 
growth rates are reduced exponentially 
with decreasing temperature ( I 1) . 

Thus, when freezing occurs in rela-
tively large volumes (greater than 1 cubic 
centimeter) a t  or near the melting point, 
the principal and perhaps only source of 
nucleation will be heterogeneous f ron~  
inclusions. If these are absent or if cool- 
ing rates are sufficiently rapid so that 
crystal growth from a few inclusions is 
insufficient to prevent supercooling, ho- 
mogeneous nucleation becomes dominant 
at a lower temperature. The increase in 
the nulnber of nucleation centers is fur- 
ther aided by the reduction at  low tem- 
peratures of the crystal growth rate, en- 
couraging the appearance of new nuclei 
rather than the growth of existing crys- 
tals. 

A final landmark in the descending 
temperature scale is the glassy trans-
formation temperature, roughly - 130°C, 
below which ice-crystal growth cannot 
take place. The only well-documented 
demonstrations of noncrystalline ice have 
been obtained by the slow condensation of 
water vapor on a condenser surface held 
at  liquid air temperature (8, 1 2 ) .  These 
exncri~nents also demonstrated that nu-
cleation and crystallization can occur at  
any temperature higher than this critical 
point inasmuch as glass ice, whpn 
warmed to - 12g°C, crystallized precipi- 
tously ( 8 ) .The attainment of the glassy 
state through the supercooling of bulk 
water is extremely difficult if not impos- 
sible because of the ease and rapidity 
with which water is transformed into its 
low-energy crystal structure. However, 
once the sanctuary of the glassy transfor- 
mation temperature has been reached, 
further change of state cannot occur re- 

gardless of the latent instability of thc 
system. 

Whereas the creation of pure glass ice 
is an extremely difficult procedure, it 
can be achieved without difficultv bv the , d 

addition of certain compounds that are 
effective in reducing the crystallization 
velocity. Tammann and Buchner ( 1 3 )  
determined the retardation effect of sev- 
eral compounds, and this investigation 
has been repeated and extended by 
Lusena ( 1 4 ) .Both these authors demon- 
strate that relatively small amounts of 
certain alcohols, glycols, sugars, and pro- 
teins can exert considerable effect on the 
retardation of crystallization velocities, 
some reducing it by a factor of 10 at  
a concentration of approximately 5 per-
cent and, for ethanol, by as much as a 
factor of 1000 at  a concentration of 30 
percent. The mechanism of this action 
is not clearly understood. I t  is highly 
unlikely that simple alteration ~f viscos-
ity could account for the effect. A more 
plausible suggestion is that these com-
pounds may act as impurities, included 
in the oriented structure of a growinq 
crystal face by virtue of their bound and 
electrostatically associated water layers 
or as interfacial hydrates, crcating an oh- 
stacle to the subsequent growth of that 
particular crystal face. 

Crystal size. Ultimate crystal size will 
be inversely proportional to the popula- 
tion density when crystallization is com- 
plete. Crystal size is, thus, allnost com-
pletely dependent on the nulnber of 
nuclei formed. Since heterogeneous nu-
cleation is temperature dependent, sllght 
supercoolSng can increase nucleation 
from this source. If heat is removed from 
the specimen no faster than it can be 
supplied by a few growing crystals, the 
over-all temperature will fall to and re- 
main at the freezing point, at which the 
probability of further nucleation is at a 
minimum. Under these conditions, a 
very few initial crystals can grow to com- 
pletion without the formation of addi-
tional nuclei. If the removal of heat i c  
rapid, new nuclei will be formed at a rate 
comparable to the degree of supercool-
ing attained through the discrepancy be- 
tween heat removal and the supply of 
latent heat and internal energy, which is 
a function of the specific heat of the 
material. Thus, with increasing rates of 
heat loss, increasing numbers of crystals 
are formed. When ( A T - )  is reached, 
homogeneous nucleation is dominant. 
When the glassy transformation tempera- 
ture is reached, crystallization ceases. 

I t  is apparent, then, that crystal size is 
ultimately a function of the rate of cool- 
ing, and it is to the factors influencing 
this rate that we now turn our attention. 

Rate of freezing. The rate of freezing 
is defined as the rate of advance of a 
freezing boundary in a linear direction 
through the medium. Since this rate and 



tile rate of cooling and nucleation anx 
inseparably interdependent, we shall 
consider the rate of freezing as the con- 
trolling factor in crystal size. Experimen- 
tally, a t  intermediate rates of freezing, 
crystal size is found to be approximately 
inversely proportional to the rate of 
freezing (15) .  At very low rates ap-
proaching those obtained when single 
crystals are formed or at  high rates pro- 
ducing incomplete crystallization, this 
relationship is obviously inapplicable. 

Three physical characteristics of thc 
specimcn materially affcct the rate of 
heat transfer and hence the rate of frcez- 
ing : specific heat, thermal conductivity, 
and latent heat of fusion. In  any non-
steady state, where temperature gradients 
are changing, specific heat and thermal 
conductivity become interdependent. As 
a thermal gradient flattens, internal 
energy is released at  every point, but at 
a rate depending on its removal by con- 
duction. The amount of heat to be lost 
depends, in turn, on the specific heat of 
the material. These two thermal con-
stants (plus density, here of negligible 
importance) are often included in the 
single term, thcrmal diffusiuity. An ex-
ample of the significance of this relation- 
ship may be seen in the case of water 
and ice. While the ratio of thermal con- 
ductivities between the two is nearly 
1/5, the ratio of specific heats is roughly 
2/1, indicating that it will be about ten 
times easier to remove heat from ice as 
from water (neglecting convection). 

The roles of thermal conductivity, spe- 
cific heat, and latent heat of fusion in 
determining freezing rates may best be 
examined by considering separately the 
phases of a freezing material: the un-
frozen interior, the frozen exterior, and 
the freezing boundary. 

If the internal, unfrozen portion ik 
above the freezing point, it will contain 
heat which must be lost prior to freezing. 
Since all this heat must pass across the 
freezing boundary, which is a t  a fixed 
temperature, the rate of heat loss from 
the interior will be wholly independent 
of coolant temperature or any factors out- 
side the freezing boundary except as they 
affect boundary advance. The interior, 
in effect, "sees" only the freezing point 
as its temperature for eventual equili- 
bration, much as water in a reservoir 
equilibrates at the height of the darn 
regardless of the drop beyond. The in- 
ternal volume of a freezing material will. 
then, tend to approach equilibrium with 
the temperature of the freezing bound- 
ary. Whether or not it does so will de- 
pend on the efficiency of heat removal 
from the interior (thermal diffusivity) 
and on the rate of advance of the freezinq 
boundary, which may or may not allou 
adequate time for internal equilibration. 

Within the outer fro7en portio~i of the 
~pecimen, a gradient exists between the 
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oxter11;ll surfac(7, a t  or I~ ( - ; I I .  coolant tc.111- 
perature, and the freezing boundary ;it 

a fixed temperature. Not only must heat 
from the interior and the freezing bound- 
ary be transmitted across this gradient, 
but, as the interface advances, the dis- 
tance increases, and the gradient flat- 
tens, necessitating the liberation of in-
ternal energy from the solid phase and 
the introduction, again, of thernlal diffu- 
\ivity as a factor. 

From the freeling boundary itself orig- 
(nates latent heat of which must f ~ ~ s i o r ~  
par5 to the coolant ;tcro\\ thc solid phasr. 
It is now clear th'it specimen character- 
istics will influence the rate of freezing 
in the following manner: ( i )  the internal 
energy (dependent on specific heat) and 
the rate at  which it may be removed froni 
the unfrozen interior (thermal diffu-
sivity), (ii)  the amount and rate of pro- 
duction of heat from the freezing bound- 
ary (latent heat of fusion), and (iii) the 
efficiency of conduction of heat from 
these two sources through the frozen 
volume (conductivity) plus the removal 
of heat from the frozen volume itself 
1 diffusivity) . 

The third major factor influencing rate 
of freering is the geometry of the speci- 
men (15,16). A one-dimensional sys-
tem, in which the freezing boundary ad- 
vances as a plane front into a solid, show.; 
rate of advance as a square root function 
of distance advanced. In  the case of ex-
perimental models, using a dilute starch 
solution as the specimen, the diffusivity 
of the unfrozen starch solution is sufFi- 
cicntly poor so that, despite the decreas- 
ing rate of boundary advance, the un-
frozen portion at  no time reaches tht, 
freezing point before the arrival of the 
freezing boundary. 

In  a two-dimensional case, as exempli- 
fied by freezing inward from the periph- 
ery of a cylinder, the situation is vastly 
different from that of an advancing one- 
dimensional plane boundary. Herr, as 
freezing progresses, the unfrozen portion 
is being reduced in volume, not linearly, 
but as the square of the radius, while the 
area of the freezing boundary is reducing 
only ac; a linear function of advance. I n  
other words, as the freezing boundary ad- 
vances into the cylinder, it receives from 
the interior and produces itself an ex-
ponentially decreasing quantity of heat 
to be removed to the outside. This, in 
r)ffect, counterbalances the increasing dis- 
tance from boundary to coolant. Experi- 
mental freezing curves show, for the cyl- 
inder, an initial rapid rate, stabilizing 
to a nearly linear rate of freezing until 
an acceleration is again observed as freez- 
ing is almost complete at  the center. I t  
is also interesting to note that, despite 
the poor diffusivity of the unfrozen in- 
terior, the rapid increase of surface-to-
volume ratio, 2/r, with boundary ad-
vance permits the interior of the speci- 

men to approach tcrnpelature equi1il)-
rium with the frer~ing hoclndarv prior t o  
the arrival of the boundary. This is t h r  
cause of the familiar plateau at  the freez- 
ing point obtained by thermocouple 
measurement from the interior of a freez- 
ing biological specimen. 

In a three-dimensional case, freezing 
inward f r ~ m  the periphery of a sphere, 
the surface-to-volume ratio becomes 3 / r ,  
nnd the shapr of the freezin~ curve is 
iirnilar to that nf the cylinder hut  rnorf* 
r'ipid in tc.1 ms of lineal advance. lntrrnal 
trmprrature equilibration at the free7ing 
point ii seen earlier and becomes com-
plete when free~ing has progressed only 
about half way to the center. 

The same principles enumerated here 
for freezing apply equally to thawing. 
There is, however, one major practical 
difference: in general, the positions of 
the high and low diffusivity phases are re- 
versed. Whereas in freering, heat is re- 
leased slowly from the internal, low-
diffusivity material and rapidly removed 
through a good conductor, in thawing, 
heat is easily distributed throughout thr 
internal, high-diffusivity solid but, as 
thawing proceeds, the heat is provided 
to the thawing boundary through an in- 
increasing layer of poorly conducting 
melt. This is strikingly shown in tempera- 
ture records obtained from the two situa- 
tions. In  freezing, the boundary moves 
in rapidly, advancing well into the speci- 
men before equilibration of the interior 
takes place, if at all. O n  thawing, heat 
is rapidly distributed through the volumr 
of the high-diffusivity solid, which equili- 
brates throughout at the melting point, 
almost before any melting has taken 
place. The melting boundary then pro- 
ceeds into the specimen at a much re-
duced rate compared with that of freez- 
ing. The significance of this difference 
ill become apparent in later discussions 

of biological applications. 
liecrystallization. I n  addition to the 

factors operating during the transition 
from liquid to solid and solid to liquid, 
there is one more aspect of crystalli7a-
tion that is of great importance in many 
applications of freeling to biology. This 
is recrystallization, the phenomenon of 
preferential growth in the solid state of 
large crystals a t  the expense of smaller 
ones. Recrystalli7ation results primarily 
from surface energy differences between 
large and small crystals and to differ-
ences in free energy due to internal strain. 
.\lthough in frozen biological media in- 
terfacial energy difference~ between th- 
crystal and other phases, the intervening 
viscosity of solutions between crystals, 
and the complex influence of impurities 
seriously affect recrystallization rates, 
they are, nevertheless, still temperaturc 
dependent. The recrystalli7ation of purc 
ice appears to obey the Arrhenius equa- 
tion for rate processes (17) .  



At ver) OM temperatule, recrpstalll/a- 
tlon is relatively slow, and equilibrium 1s 
approached while the crystals are quite 
small. At temperatures near the melting 
point, recrystallization is rapid, and crys- 
tals may grow to nearly visible size in less 
than an hour. The low temperatures a1 
which significant changes in crystal S17r 

can occur are surprising. Electron miclo- 
~ o p estudies of recrystallization from ,I 

rloncrystalline ice film show the develol) 
tnent of crystals 1 micron long in 30 wc-
onds at - 70°C (17) .  

When a complex solution is froren, 
cach crystal will be surrounded by a layel 
of concentrated solute that will impede 
the diffusion of water molecules from one 
~rvstal  to the next and reduce the rate 
of recrystalli7ation. Although no figures 
are available for ice-crystal growth in 
biological solutions at  very low tempera- 
tures, Luyet and Gibbs (18) describe thr 
development of innumerable microscopic 
crystals into a single crystal filling an 
onion root tip cell after 2 hours' storage 
nt -4' to - 8OC. 

With decreasing ternperaturc, the ratr 
of migratory recrystalli7ation falls, ap-
proaching zero at the glassy transforma- 
tion temperature. For pure ice, this tern- 
perature is in the vicinity of - 130°C 
:8,17) .  For solutions containing several 
elements with differing glassy transfor- 
rnation temperatures, the resultant will 
be approximately the mean of all trans- 
formation temperatures corrected for 
I elative concentration. 

Freezing in Cellular 

Biological Systems 

One of the most intriguing phenomen,l 
of freezing in tissue, or any viable cellulal 
suspension, is the fact that with slov 
freezing, crystal nucleation is generall) 
confined solely to the extracellular space\ 
(19-21), although Heard reports (22) 
intranuclear crystals in slowly frozen 
liver. Whether this tendency for extra- 
cellular crystallization results from an ab- 
sence of heterogeneous nucleation sites 
within the cell or simply from minuti. 
differences in freezing point is unknowil 
I t  is nevertheless a fact that crystallr7a- 
tion is wholly or predominantly extracel- 
lular until rather rapid rates of freezing 
are obtained and nucleation becomes 
general throughout the medium. I t  is 011 

this phenomenon that we prefer to bar(, 
the definition of rapid and slow freezinq 
rather than on some particular, arbitrai -
11y chosen, numerical rate. Subsequent 
references to slow freezing will indicate 
conditions under which only extracellu- 
lar crystallization is obtained; the term 
rapid freezinq refers to rates of cooling 
that are sufficiently high to cause intra- 
cellular crystal qrowth. 

The mechanlsrns of Injury by s l o ~  
freeling and by rapid freezing are con- 
sidered in detail in subsequent para-
graphs. These are followed by an analysis 
of known means for the prevention of 
wch injury. 
Slow freezzng. IVith the formation of 

nn extracellular crystal nucleus and its 
wbsequent growth, extracellular osmotic 
pressure is incrrased, ant1 \t atcr I \  with-
drawn from the cell and is ultimately 
ndded to the growing crystal. The in- 
c reased concentration of the medium sul- 
lounding the crystal 1occrc.r~ the freezinq 
point and hence the local temperature, 
permitting a lowering of the temperature 
in advance of the freezing boundary. New 
nuclei form here, effectively widening the 
freenng boundary without increasing the 
numerical density of crystals. The ulti- 
mate result is the development of a few 
large ice crystals that have incorporated 
all available free water and have rele- 
gated the saturated solution of electro-
lyte, carbohydrate, protein, and other 
cell constituents, with their "bound" 
water, to thr crystal interfaces. 

In most. i f  not all. soft-tissue cells 
there is no' gross membrane rupture by 
slow freezing. Even though it is frozen 
for long periods of time, upon thawing, 
the water is reimbibed by the cells, and 
their immediate histological appearance 
is often indistinguishable from the nor-
rnal (21,22). More remarkable still, 
Inany cells show complete recovery pro- 
\.ided that the exposure has not been of 
c~xcessive duration (23) .  I t  is therefolx, 
apparent that extracellular crystal forma- 
tion is not per se a uniformly lethal event. 
'The lethal factor, a direct result of crys- 
tal formation, is the exceedingly high 
concentration of electrolyte resultinq 
from the removal of \vatcar from solution 
4 ,24) .  Since this is a biochemical fac- 

tor, it shows both time and temperature 
dependency as well as species differences 

Not only is there temperature depend- 
cxnce because of the slowing of chemical 
lates with reduced temperature but, be- 
tween O 0  and about - 10°C, because of 
both freezing point lowering and thr 
\&able degree of binding of water, on11 
part of the freezable water is removed 
from solution. Lowering the temperaturc 
increases the amount of water frozen 
from as little as 50 to 60 percent a t  the 
freezing point to more than 90 percent 
nt - 10°C (24,25) .  

.4 wide variabil~ty exists In the re-
aponse of different tissues to freezinc 
\$'hile epidermal and muscle cells can 
withstand mild freezing fox an hour 01 

inore (23, 261, erythrocytes seem to suc- 
i ~ ~ m balmost instantly ( 2 ) .  Lovelock (4 1 

considers -5OC as the lowest tempera- 
ture to which mammalian cells may be 
slowly fro7en and still survive. In  anv 
case, the increaue in concentration, a\  

temperature is lowe~ed to about - 10°C, 
has far more influence on the rate of bio- 
chemical injury than the opposing effect 
of lowered temperature in reducing bio- 
chemical rates. 

A hypothetical action spectrum of the 
rate of injury with decreasing tempera- 
ture might be expected to appear as fol- 
lows. ( i )  With a fall of 1 or 2 degrees 
below the freezing point, only part of thr 
water has been frozen out and the de 
riaturation from electrolyte concentratioii 
is very slow or prrhaps nonexistent. (ii)  
With a further reduction in ternperaturc.. 
more watcr is frozen out, and the result- 
ant concentration becomes more acute, 
reaching its maximum somewhere he-
tween -5' and - 10°C, lvith a corres-
ponding rapid increase in the rate of pro- 
duction of injury. (iii) If the specimen 
survives this far. further decrease in tem- 
perature causes no further change in the 
degree of dehydration but simply results 
in a logarithmically decreasing rate of 
chemical denaturation, presumably 
reaching a standstill at the glassy trans- 
formation temperature somewhere in the 
vicinitv of - 100°C or below. 

Reversing the process results in a log- 
arithmic increase in rate of injury with 
increasing temperature until the vicinity 
of - 10°C is reached. Here it appears that 
there may be some hysteresis of the 
action spectrum (27) .  That is to say, at 
- 4OC, for example, 10 percent of the 
freezable water in a given system may 
have remained liquid during freezing be- 
cause of some sort of adsorption or bind- 
ing. However, once frozen, it will not 
necessarily return to the liquid state upon 
being raised again to -4OC. Thus, the 
degree of dehydration and the rate of 
injury therefrom may be far greater at 
temperatures between 0 and - 10°C 
upon warming from a lower temperature 
than they were during the initial freezing. 

thaw in^ can thus affect the slowl\." 
frozen tissue in two ways. ( i )  Exposure to 
high electrolyte concentration at  high 
temperature will produce a high rate of 
injury, particularly if an action spectrum 
hysteresis such as suggested in the previ- 
ous paragraph exists to a significant 
degree. (ii)  A prolonged cxposure at 
higher temperatures may permit the 
yrolvth of ice crystals by recrystallization 
prior to actual melting, although, in 
view of the apparent inoffensiveness of 
the large extracellular ice crystals to 
begin with, their slow redistribution i i  
probably equally innocuous. 

Identical reasoning applies to the 
question of storage temperature. Crystal 
growth through recrystallization \\rill 
presumably be of little consequence be- 
cause of the extracellular position of thr. 
crystals. The deleterious effects of storagc 
can be attributed primarily to the bio- 
chemical process of dehvdration denat~lr- 
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ation. 'l 'his, being temperature depcnd 
ent ,  reduces i n  rate exponentially wit11 
temperature decrease, presumably reach- 
ing zero rate at the  glassy transformation 
temperature.  

I t  should b e  pointed ou t  tha t  there is 
a t  least one  situation i n  w h i c h  the  phc- 
n o m e n o n  o f  extracellular growth w i t h  
slow freezing does n o t  occur. Cells that 
have been frozen under conditions know^ 
t o  be letlial d o  no t  shorv a preferential 
extracellular crystallization o n  a second 
freezing, b u t  crystallize uniforml!  
throughout w i t h  t h e  growth o f  large.. 
destructive intracellular crystals ( 2 11 .  
, l h i s  is one  reason for the  familiar acl- 
l i c e  o n  frozen foods,  " d o  not  refreeze." : 
W h e t h e r  this is s imply a reflection o f  
loss o f  viability and membrane  perm(,- 
ability or o f  some more  subtle e f f e c t  of 
freezing per se has no t  been  experimen- 
tally investigated. 

Rapid freezing. W h e n  t h e  rate o f  freey- 
ing becomes sufficiently rapid,  the  tend-  
ency for preferential extracellular n11-
cleation is subordinated and nuclei 
appear un i formly  throughout t h e  speci- 
m e n ,  forming  crystals tha t  are predomi- 
nantly intracellular. T h e  rates o f  freezing 
necessary t o  achieve this condition arc 
quite  high,  producing crystals w h i c h  arc 
small and  numerous.  Experimental freez- 
ing i n  rabbit liver showed that ,  w h e n  
freezing was rapid enough t o  introduci- 
intracellular crystals, the  crystal size had 
been. reduced t o  about twenty  microni: 
( 2 1 ) .  

Whereas ,  w i t h  slow freezing, the  physi- 
cal presence o f  t h e  extracellular crystal 
appears t o  b e  o f  minor significance, ail 
intracellular crystal created b y  rapid 
freezing cannot b e  dismissed so casually. 
I f  its size exceeds tha t  o f  the  cell w h i c h  
contains i t ,  t h e  result is obvious. T h e  si7e 
~ v h i c h  i t  can  at tain wi th in  t h e  cell wi th-  
ou t  exerting lethal t rauma has no t  been 
determined,  b u t  i t  is clear f r o m  the  f e w  
records o f  successful rapid freezing that 
the  rate mus t  b e  extremely h igh  and t h ~  
crystal size extremely small for the re-
sult t o  b e  completely benign ( 2 8 ,  2 9 ) .  

I n  t h e  addit ion t o  the  lethal potential 
of intracellular crystal growth, rapid 
freezing also creates a dehydration witil 
the  same potential for denaturation as 
that  responsible for injury following slo\\. 
freezing. T h i s  being t h e  case, the  samc 
concern over rates o f  denaturation will 
also influence t h e  choice o f  storage t e n -  
perature. I t  is impossible, as yet, t o  stat<. 
with assurance whether t h e  l imitat ion i n  
the  choice o f  storage temperatu le  will bl- 
because o f  crystal growth or dehydratioli 
denaturation. I n  all probability this will 
involve a substantial species factor, ; n  
which  cells resistant t o  dehydration will 
succumb principally t o  crystal growth 
and vice versa. I n  any  case, this represents 
one  o f  t h e  restrictions o f  t h e  rapid-free/-  

ing ~(achnique,  m t \ h l ~ l i  stordq(* ~ ' 1 1 1  l)c 
conducted satisfactorily only a t  very low 
temperatures, certainly below -50°C, 
where crystal growth and biochemical de- 
naturation are minimized.  

T h e  rapidity w i t h  w h i c h  destructive 
ice crystals can grow i n  the  solid state 
renders t h e  thawing procedure equally, 
i f  n o t  more ,  demanding  t h a n  t h e  freel ing 
procedure. T h i s  is particularly true i r ~  
c iew o f  the  observations tha t  bo th  d(.-
~raturatiori and crystal growth rates In- 
t rrase rxponentially w i t h  tenlperatulc 
and tha t ,  as discussed previously, t h e  
kinetic? o f  heat  exchange durinq thawinq 
nre far less favorable t h a n  t h r y  are dur-  
ing freezing. T h e  m a n y  experiments o f  
Luye t  ( I ,  2 8 )  and others ( 2 6 ,  2 9 )  d e m -  
onstrate beyond question tha t  very rapid 
thawing is essential t o  survival a f ter  rapid 
freezing. 

O n e  ex t reme subdivision of rapld 
freezing w h i c h  has been  extensively in-  
vestigated b y  Luye t  ( 1 )  is the at tainmer~t 
o f  cooling rates sufficiently rapid t o  avoicl 
any crystallization whatsoever. T h i s  
achievement,  vitrification, is extremrly 
difficult t o  attain, no t  only requiring ti-~t, 
ul t imate i n  small specimen size and fav-  
orable geometry, b u t  t h e  addit ion also o f  
compounds  designed t o  shrink cells and 
bind water. Inasmuch as Luyet's ulti-
m a t e  criterion o f  noncrystallinity has 
been  optical isotropy as demonstrated b y  
polarized light, crystals smaller t h a n  a 
f e w  tenths o f  a micron  m a y  not  have beer! 
detected i n  his apparently vitrified speci- 
mens.  W h i l e  i t  m a y  b e  true tha t  somc. 
organisms can withstand rapid freezing 
only i f  crystallization is wholly prevented. 
i t  has at least b e e n  shown tha t  total vitri- 
fication is no t  a mandatory prerequisite 
for t h e  survival o f  m a m m a l i a n  erythro- 
cytes. X-ray  d i f f rac t ion  studies o f  rapidly 
frozen blood show crystallization t o  b e  
present, al though survival o f  t h e  cell? i i  
n o t  a f fec ted  ( 2 9 ) .  

I f  true vitrification were necessary foc 
t h e  survival o f  certain specimens, t h r  
upper liinit for  storage would t h e n  he. 
sharply l imited b y  t h e  glassy transforma- 
t ion  temperature,  below w h i c h  t h e  vitre- 
ous state is stable and above whicli 
crystallization goes precipitously t o  c o m -  
pletion i n  t h e  f o r m  o f  numerous and 
extremely small crystals ( 8 ) .  T h e  re-
quirements for  t h e  thawing o f  vitreous 
specimens wi thout  permitting crystal l i~n- 
t ion  would b e  extremely stringent. 

Practical Application 

of Freezing to Preservation 

Slow freezing. As discussed i n  previous 
paragraphs, the  principal cause o f  injury 
f r o m  slow freezing is n o t  t h e  physical 
presence o f  extracellular ice crystals, b u t  
the  dcnaturation incurred b y  the  d r h y -  

dldt lon ~ c s u l t i n g  froin the  lnco~porat ion  
o f  all free water in to  ice. T o  prevent 
this injury,  there appear t o  b e  on ly  t w o  
alternatives. First, i f  w e  presume that  
the  brief  exposure t o  initlal freezing 
can b e  tolerated, t h e  temperature m a y  b e  
reduced immedia te ly  a f ter  freezing. t o  
very low,  stabilizing temperatures. W i t h  
some cells, such as erythrocytes, this i\ 
not  oractical since destruction is virtu 
ally i m m e d i a t e  once dehydration ha,, 
reached a critical level. W i t h  other cclls 
that  will survive sloxv freezing for bric~i 
intervals, this technique appears t o  havv 
I ~ e e n  successfully applied b y  the  storagcl 
at dry-ice temperature o f  m a n y  organ- 
isms and tissue specimens i n  w h i c h  t h f .  
survival o f  isolated individual cells is 
acceptable. 

A second alternative is t o  prevcnt a 
lethal degree o f  concentration b y  reduc- 
ing the  amount  o f  ice tha t  forms.  T h i s  is 
the  basis for t h e  use o f  glycerine. Most 
sugars and glycols are strong hydrogen 
bonders and are ef icient  binders o f  water.  
O n e  m o l e  o f  glycerine will prevent ap-
proximately 3 moles o f  water f r o m  frecr- 
ing. T h e  addit ion o f  glycerine or any 
other ef f icient ,  nontoxic binder that  wiil 
pass through cell membranes  ( 3 0 )  t o  a 
hiological solution reduces t h e  amount  
o f  water available t o  crystallize and hence 
l imits  the  degree o f  dehydration pro-
duced.  A s  pointed out  earlier, some de- 
hydration is compatible w i t h  survival: 
hence i t  is unnecessary t o  t ie  u p  all 
the  water.  T h e  relationships be tween  
qlycerine, freezing temperature,  salt con- 
centration, and survival have  been  c o m -  
pletely determined for erthrocytes br 
120velock ( 3 ) .  N o t  all cellular materials 
will withstand freezing even  i n  t h e  pres- 
ence o f  glycerine. I n  m a n y  cases i t  i t  
t h e  glycerine i tsel f  w h i c h  becomes toxic 
i n  concentrations sufficient t o  protect 
against freezing.. 

u 

E v e n  w h e n  i m m e d i a t e  denaturation is 
prevented b y  reducing dehydration w i t h  
glycerine, there is still a slow decay i n  
l iabil i ty ,  perhaps again t h e  result o f  thc  
glycerine itself which ,  because o f  it\ 
properties as a strong hydrogen bonder.  
m a y  denature protein directly ( 3 1  ) . T h l s  
e f f e c t  is, l ike any other biochemical proc- 
ess, temperature dependent  and can b e  
letarded b y  lowering the  temperature;  
it eventually becomes negligible a t  t e m -  
peratures around - 80°C or below. 

W i t h  the  glycerine m e t h o d ,  t h e  rat(' 
o f  thawing is o f  little significance sincc 
t h e  crystal size has already apploached 
its m a x i m u m  and since dehydration de-  
naturation has b e e n  prevented w i t h  qlyc -
erine. An excellent discussion o f  this tech- 
nique,  as well  as a n  extensive review o f  
the  literature o f  low-temperature biology 
i n  general, has been prepared b y  S m i t h  
( 3 2 ) .  

Rapid freezing. T h e r e  are three re-
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q~~irc.~nctlts prcscrv,ition 11,for a~~ccc.\sful 
the technique of rapid freezing: ( i )  very 
rapid freezing, (ii)  low-temperature 
storage, and (iii) very rapid thawing. 
Most of the failure of past efforts to ob- 
tain survival after rapid freezing can be 
attributed to insufficient recognition of 
one of these requirements. I t  is not 
enough that a specimen be plunged into 
liquid air; it must also be of such geo- 
metrical form that uniformly rapid freez 
i11g throughout the specimen is permitted. 
1.11yet has attained this by the use of thill 
lilnls on a cover slip or supported by 

lvirc, loop (1 ,  28, 33'1. In our labo-
tatory, we hale folrnd the very small 
sphere formed by spraying from a 
rapidly oscillating jet to be more amen- 
able to quantity production in the freez- 
ing of whole blood and other suspen- 
rions (34) .  In  any case, the attainment 
of a favorable surface-to-volume ratio ii  
of paramount importance. The upper 
limit of size in the freezing of whole blooti 
appears to Le a sphere of nearly 1.0 milli- 
meter diameter. I t  should be pointed out, 
of course, that it is never possible to dis- 
tinguish between the trauma of freezinq 
and the trauma of thawing when sur-
vival is the criterion of success. I t  may 
well be the adverse heat-exchange rela- 
tionships during thawing which are the 
real limiting factors in specimen size. 

Experience with the rapid freezing of 
hlood has shown that even the best at- 
tainable heat-exchange relationships are 
often not sufficient to permit 100-percent 
recovery of intact cells. Fortunately, of 
the several compounds mentioned pre-
viously which are effective in retarding 
crystallization, several are nontoxic as 
M ell as freely transportable through cell 
membranes. Dextrose, in particular, has 
been found to be extremely effective in 
improving the recovery of rapidly fro7en 
erythrocytes. 

There appears to be considerable limi- 
tation in the choice of the coolant in 
which the freezing is done. Adequate 
heat exchange can be achieved only 
through the use of a liquid coolant at very 
low temperature, virtually limiting the 
choice to liquefied gases. The most popu- 
lar gas, nitrogen, is unfortunately one of 
the least efficient since, being easily avail- 
able only at  its boiling point, it can ac- 
quire heat from the specimen only by 
1,aporizing; in so doing, it forms an in- 
sulating gas layer around the specimen. 
Other gases, particularly propane, meth- 
ane, ethane, and ethylene, are far mow 
rfficient when cooled to very low tem- 
peratures because of their relatively high 
boiling points. The freeling of a thin film 
or small droplet in propane at  -195OC; 
appears almost instantaneous to the eye. 
However, the diffusion of the coolant 
into the specimen is extensive, and larqr 
amounts of coolant gas are evolved on 
thawing even after prolonqed expos111 c 

of the frorcn specimen to high vacu11111. 
In the case of blood, no cells survive 
freezing in coolants other than liquid 
nitrogen or liquid air. 

The assumption that it is the diffusion 
of toxic gas into the specimen which is 
responsible for its destruction is not en- 
tirely conclusive since there is also evi- 
dence that there may be such a thing as 
too rapid freezing. The use of centrifugal 
force to accelerate the evolution of gaa 
during freezing in liquid nitrogcn pre- 
sumably improved the rate of freezirlg 
but. resulted in decreased survival of 
r,rythrocytes ( 3 4 ) . There are reports in 
the literature of a phenomenon which 
has been termed "thermal shock" wherein 
rapid change of temperature above freez- 
ing results in destruction (32). 1,ovelock 
(35) proposes that this is due to differ- 
ential thermal expansion between struc- 
tural components of the cell. I t  is wholly 
plausible that, on rapid freezing, the 
rapid temperature change prior to free7- 
ing becomes lethal if the rate of thermal 
expansion exceeds the rate of relaxation 
permitted by the modulus of elasticity 
of cellular components. I t  is unfortu-
nately impossible to cool slowly first, then 
freeze, since, in order to avoid the domi- 
nance of heterogeneous crystal nuclea- 
tion from catalytic inclusions, the speci- 
men must be rapidly supercooled to near 
- 40°C to initiate homogeneous nuclea- 
tion before other crystal growth can take 
place. This supercooling can be accorn- 
plished only by extremely rapid heat ex- 
change which may, in itself, be a source 
of thermal shock. Lecithin is reported to 
alleviate thermal shock (32) .  

Storage of rapidly frozen specimens 
will be successful only if carried out at 
a temperature below that at which ice 
crystals can grow to lethal size or dr-
naturation proceed at  an appreciablv 
rate. For mammalian erythrocytes, thr 
minimum useful storage temperature ap- 
pears to be roughly - 60°C (34) .  Above 
this temperature, hemolysis develops 
rapidly. Luyet (36) has shown that the 
rate of hemolysis increases continuously 
\vith temperature increase and that thew 
is no discontinuity at any fixed tempera- 
ture. I t  is impossible to interpret thih 
initial data as indicating either crystal 
growth or denaturation as the primar) 
cause of injury Future studies of the 
storage of cells known to be resistant to 
dehydration may shed more light on this 
question. Regardless of the maximum 
storage temperature, further reduction 
effects rapid improvement in results bc- 
cause of the direct logarithmic relation- 
ship between temperature and the ratr 
of both crystal growth and biochemical 
denaturation. Under any circumstances, 
storage in liquid nitrogen, a t  - 197OC: 
can be considered as essentially indefinite. 

Thawing, following rapid freezing, has 
been shown to be a very demanding pro- 

cedure. It sccms high11 duubtful thnt 
there is anything analogous to thermal 
shock which might place an upper limit 
on the rate at  which heat could be ex-
changed in this direction. In  any case. 
the problem of getting heat into a speci- 
men is such that excessive rates are pres- 
ently far from realizable. Heat exchange 
hy conduction from a warm liquid ap- 
pears to be the only immediately practi 
(.able procedure. However, the liquid 
.tnnot be wdrmcr than the upper limits 

of biological tr.nlpcrature. genernll\ 
nround 50°C. This is very disadvanta-
geous because, when the specimen is al>- 
proaching equilibration at  the meltiny 
point, it is in the most lethal temperaturt- 
range; more than half the total heat to 
be exchanged is still represented by it\ 
latent heat of fusion, and the tempera- 
ture differential is only about 50°'. 
Where the specimen is semisolid, as a 
tissue, a large volume of well-agitated 
warming bath is easy to provide. Whew 
a specimen such as blood cannot be di- 
luted or even excessively agitated, the, 
problem of maintaining the maximum 
possible temperature without exceeding 
it becomes acute. 

The use of means of thawing other 
than simple conduction have been ex-
plored. The nonuniformity of radiant 
heat makes it difficult to melt all the 
specimen without overheating what has 
already melted because of the relatively 
poor conductive redistribution of the heat 
put in during the short thawing period. 
I t  is estimated that, for blood, 1 second 
is certainly the upper limit for the .total 
allowable duration of thawing. Micro-
wave heating wrould appear to offer an 
excellent solution except for the unfortu- 
nate fact that the absorption of energy 
by water is several thousand times that by 
ice at  currently available frequencies. 
With this technique, the problem of tim- 
ing to thaw a specimen in 1 second with- 
out boiling it in the ensuing millisecond 
would be nearlv insoluble. even assuming 
that all portions completed thawing at 
exactly the same instant. The successful 
development of a technique other than 
simple heat exchange by conduction 
would probably extend considerably both 
the size and species range amrnable to 
rapid freezing. 

In  many cases, particularly where more 
complex organisms or tissue cells are to 
be frozen, it  is mandatory that some ad- 
ditive be incorporated to prevent injury 
to the cell by rapid freezing and thawing. 
These materials are not always identical 
to those useful for slow freezing. Whereas 
the glycols, particularly glycerine, have 
been found superior for preventing in- 
jury during slow freezing, glycerine is 
nearly valueless in aiding the recovery of 
red blood cells after rapid freezing, while 
glucose and other hexose sugars, urea, 
and sodium citratr have provided sub- 



stantial benefit (34) .  Luyet, on the other 
hand, found glycerine greatly superior to 
glucose or sodium chloride in protecting 
chick embryo heart from damage by 
rapid freezing (37) .  Three possible 
~nechanisms of protection suggest them- 
helves: ( i )  a viscosity increase, retarding 
diffusion of water during freezing and 
creating smaller crystals; ( i i )  "binding" 
of water, reducing the total amount of 
ice formed; and (iii) reduction in crystal 
qrowth rate, permitting the nucleation of 
additional crystals with an ultimate small- 
er size (14).  Regardless of the specific 
additive, it appears essential that it pene- 
trate the cell and, of course, that it be 
nontoxic. Some shrinkage of the cell also 
ceems to be useful provided that this is 
not in itself deleterious. 

Discussion 

Slow freezing, where possible, is prob- 
ably the more practicable technique. 
Crystals are allowed to grow extracellu- 
larly and dehydration denaturation is 
prevented with an additive, usually glyc- 
erine. The technique is obviously re-
4tricted to those specimens in which 
rather high glycerine concentrations arc 
tolerated. Any situation in which extra- 
cellular crystals are mechanically injuri- 
ous is also obviously incompatible. The in- 
troduction of glycerine into a specimen is 
relatively simple. Since glycerine exerts 
little or no osmotic effect. it should be 
used in an isotonic saline solrition. Freez- 
ing should be very slow to prevent thc 
accidental initiation of intracellular crys- 
tals and to permit the constant readjust- 
rnent of osmotic pressures as water i\ 
frozen out of solution. Although the re- 
quirements for storage are not terribly 
demanding-any commercial freezing 
unit is satisfactory-for long storage, 
temperatures in the dry-ice range or 
lower are advisable to reduce slow decay 
to a minimum. Subsequent removal of 
the glycerine by dialysis is a time-con-
5uming and exacting procedure but gen- 
erally necessary following thawing. 

Rapid freezing has the major disad- 
\antage of requiring a division of the 
5pecimen into particles of extremely 
m a l l  size in order to achieve rapid heat 
(axchange. Storage must be at  least a t  
dry-ice temperature and. for some ma- 
terials, possibly much lower. LVhereas 
icmporary temperature increases abovr. 
this range are tolerated by specimens that 
are slowly frozen with glycerine, even 
momentary rises are destructive to the 
rapidly frozen specimen. The technique 
and the equipment are not excessively 
demanding. Good quick freezing can be 
achieved by squirting a suspension from 
a syringe through a very fine-gage needle 
onto the surface of liquid nitrogen or 
liquid air. The needle and syringe should 
he rapidly oscillated back and forth t o  

break up the droplet pattern. The fro~eri 
droplets may be subsequently thawed b! 
sifting them into a warm saline solution. 

The use of thin films is also a satisfar- 
tory method of obtaining rapid heat ex- 
change. This method has the drawback, 
however, that the specimen cannot br 
removed from the film support since ? h ~ s  
requires fracturing the frozen film. Al! 
structures lying in the path of the frac- 
ture will be destroyed 

The use of some additive designed to 
\brink the cells and, more important. to 
pass into the cell and exert a specific 
effect through the binding of free water 
and the reduction of crystallization ve-
locities is a useful device for improving 
the results of rapid freezing. In  fact, in 
more complex organisms and tissue cells, 
it appears to be essential. A great deal of 
work on this subject has been reported 
by Luyet and his associates, who have 
demonstrated the survival of a wide va- 
riety of viable entities following rapid 
freezing and thawing, usually in the pres- 
rnce of ethylene glycol (38). Many of 
the recent achievements of rapid and of 
qlycerine freezing, including the rapid 
freezing of whole blood, have been sub- 
\tantially antedated by modest reports 
from Luyct's laboratory, which, over the 
last several decades, has produced a 
wealth of valuable and important experi- 
mental data. 

Slow freezing, with glycerine protec- 
tion, has attracted considerable interest 
in the last few years, and its practicality 
and usefulness in many applications have 
been well demonstrated (32) .  Examples 
of the successful application of rapid 
freezing to living entities more complex 
than bacteria are few and isolated, stem- 
ming primarily from Luyet and his asso- 
ciates (33, 39) .  Instances of failure to 
obtain survival of mammalian cells after 
rapid freezing are also to be found (40) 
although it is not yet clear whether this 
failure resulted from injury by thermal 
shock, as suggested by the author, or is 
simply a confirmation of the difficulty 
of meeting the stringent heat-exchange 
requirements. 

There are indications that the use of 
glycerine and related compounds may 
significantly extend the applications of 
rapid freezing while requiring lo\vt~l. 
(.oncentrations of these additives than 
\could be necessary with slow freezing. 
'These two techniques, glycerine and 
rapid freezing, shoulcl not be considered 
as in any way independent or competi-
tive since, in all probability, combina- 
tions of the two will greatly extend the 
range of each into areas otherwise denied 
to both. 

With the advent of increasing informa- 
tion regarding the mechanism of freezing 
and freezing injury, the usefulness of lo\< 
temperatures in biology should experi-
r%rrceconsidcr;thlc development. Whether 

through the medium of s lo~c free~ing 
with glycerine, rapid freezing, or combi- 
nations of the two, low-temperature bl-
ology offers exciting potentialities for 
biological research, not only for the pur- 
pose of indefinite preservation, but to 
provide a true state of suspended anima- 
tion for the study of transient phenomena 
~vhichcan in this way be interrupted anci 
inlmobilized for biological eternity in thc 
wlid state. 

References 

1. 	 B. J. Luyet and P. M. Gehenio. Li fe  a ~ t f i  
Death at L o w  Ten~pera tures (Biodynamica. 
Normandy, Mo., 1940). 

2 .  	 J. E. Lovelock, Biochem. et Biophys. Acta 10. 
414 (1953). 

3 .  	--, ib id .  11, 28 (1953). 
4. 	 --, Proc. R o y .  Soc.  M e d .  47, 60 (1954). 
5. 	 D. Turnbull and J. C. Fisher, J .  C h e ~ n .  P h y .  

17, 71 (1949). 
6. 	 D. Turnbull, J. Appl .  Phys. 21, 1022 (1950). 
7 .  	V. J. Schaefer, C h e m .  Revs .  44, 291 (1949). 
8. 	 J. A. Pryde and G. 0. Jones, Nature 170; 685 

(1952). 
9, 	 N. E .  Dorsey, Trans.  Anz. Phil. Soc.  38, 247 

(1948). 
10. 	 C. V. Lusena and W. H .  Cook, Arch. Bio- 

chem. and Biophys. 50, 243 (1954). 
1 1 .  	 G.  Tammann, T h e  States of Aggregation (Van 


Nostrand, New York, 1925). 

I?. 	 E. F. Burton and W. F. Oliver, Proc.  K O ! .  

Soc. London A153, 166 (1936). 
13. 	 G. Tammann and A. Buchner. 2. anore.  7 1 .  


allgem. C h e ~ n .  222, 371 (1935). 

14. 	 C. V. Lusena, Arch.  Bzochen~.  and Bzof~hys. 

57. 277 (1955). , - , - - ~ ~ ,  
15. 	 H.  T. Meryman, in preparation. 
16. 	-,Naval M e d .  Research Inst. R e p t .  Ler-


ture Rev. Ser. 53-3 (Bethesda, Md., 1953). 

17. 	 --- and E. Kafis. Naual M e d .  Research 


Illst. Kep t .  000 018.01.09 (Be-
~ r o j e c t ~ ~ ~  

thesda, Md., 1955). 


18. 	 B. J. Luyet and M. C. Gibbs, Biodynatnica 
1, 1 (1937). 

19. 	 H .  Muller-Thurgau, Thvil Landw.  Jahrb.  15, 

453 (18863. 


20. 	 R. chambers and H. P. Hale, Proc. Roy .  Soc. 
London B110, 336 (1932). 

21. 	 H. T. Meryman and W. T. Platt, Naual ,%fed. 
Research Inst. R e t t .  Proiect NM 000 018.01.08 
(Bethesda, Md., i955). -

22. 	 B. E. Heard, Brit .  J .  Surg. 42, 430 (1955). 
23. 	 F. A. Fuhrman and 1. M. Criamon. , -I. Cliu.  

Invest. 26, 229 (1947). 
24. 	 T.  Moran, Proc.  Roy .  Soc. 1,ondon B105, 17; 

(1927). 
25. 	 B. J. ~ u y e t  and P. Schmidt, Federation P r o ( .  

9, 81 (1950). 
26. 	 R. E. Billingham and P. B. Medawar, , I .  

Exptl. Biol. 29, 454 (1952). 
27. 	 C. H. Lea and R. S. Hannan, Biochim.  , /  

Biophys. Acta 3, 313 (1949). 
28. 	 B. J. Luyet, Biodynamica 6, 217 (1949). 
29. 	 H. T. Meryman and E. Kafig, Proc.  Sac. 

Expt l .  Biol. M e d .  90, 587 (1955). 
30. 	 J. E. Lovelock, Biochem. J .  London 56, 265 

(19541.\---.,. 
31. 	 A. E. Mirsky and L. l'auling, l'roc. .Vat/. 


Acad.  Sci. U.S. 22, 439 (1936). 

32. 	 A. U. Smith, "Effects of low temperature.ol, 


living cells and tissues." in: Biological APPli- 

cations o f  Freezing and L l r y i n ~  (Academic, 

New York, 1954). 


:13. 	 B. J. Luyet and E. L.  Hodapp, Proc. Soc. 
Rrpt l .  Riol. Med.  39. 433 (1938): B. J. L u y ~ t  
and G .  Thoennes, S C ~ ( ' I I C P88; 284 (1938). 

'14. 	 H. T. Meryman and E. Kafig, Naval iMed. 
Reseavch Inst. R e p t .  Project NM 000 018.01.1Cl 
(Bethesda, Md., 1955). 

35. 	 J. E. Lovelock, Brit .  J. Haen~a to l .  1, l l i  

(1955). 


36. 	 B. J. Luyet and P. M. Gehenio, Biodyna,nica 

7, 273 (1955). 


37. 	 B. J. Luyet and J. F. Keane, Jr., Biodynamica 
7. 119 (19523. 

38. 	 B. J. ~uyet , 'Biodyna,nica, numerous papers 
since 1934. 

39. 	 G. Thoennes, Biodynamica 3, 145 (1940). 
-10. 	 A. S. Parkes and A. U. Smith, t'roc. Roy .  

Sac. London R140, 453 (1953). 

521 

http:temperature.ol

