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Principles of Low Temperature Cell Preservation
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Abstract. Cell transplantation is becoming an important
technique for treatment of heart failure. Preservation is an
integral step in any procedure using cells. There are two
primary modes of cell preservation at low temperature, hy-
pothermic preservation at temperatures above freezing and
cryogenic preservation at temperatures below freezing. Op-
timal preservation protocols require a fundamental under-
standing of the principles involved. This review briefly de-
scribes the basic mechanisms of damage during hypothermic
and cryogenic preservation and the basic principles for de-
veloping optimal protocols for preservation of cells.
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Introduction

Cell transplantation is becoming an important
technique for treatment of heart failure. The lo-
gistics of cell transplantation require the ability
to preserve cells for extended periods of time, a
requirement common to every method of tissue
engineering. The principle of cell preservation is
ingrained in the observation that life processes
are temperature dependent chemical reactions,
whose sum is the metabolism. Similar to the ki-
netics of every chemical reaction, the metabolism
can be also reduced by lowering the temperature.
Most enzymes of normothermic animals show a
1.5 to 2-fold decrease in metabolic activity for ev-
ery 10°C decrease in temperature, purely from ki-
netic predictions. A decrease in temperature from
37 to 0°C will decrease the metabolism by 12—
13 folds. Consequently, the preferred method for
long term cell preservation is through reduced
temperatures. (Another, much less commonly used
method is by dehydration; which will not be dis-
cussed here.) It is important to recognize that cell
preservation techniques are cell type specific, and
can vary widely from cell type to cell type and even
with the age of the cell and organism. As new cell
types are being used, with various properties and
from various sources it is important to have the
ability to develop optimal preservation protocols
for each of these cell types. The goal of this review
is to summarize in a concise form the general prin-
ciples of cell preservation.

Since the reduction of metabolic rates is a
strong function of temperature, it is obviously
most desirable to preserve cells at close to abso-
lute zero—where the chemical reactions cease and
cells can be preserved indefinitely. However, bi-
ological materials are mostly water, in a physio-
logical saline solution. At atmospheric pressure,
physiological saline freezes at about —0.56°C. The
freezing removes water from solution, in the in-
ert form of ice crystals and completely modifies
the biophysical environment the cells experience.
Therefore preservation protocols are designed dif-
ferently when ice is present in the solution. As
a function of the presence of ice and temper-
ature there are three modes of low tempera-
ture preservation. Hypothermic preservation—in
which there is no ice, freezing preservation in
which there is ice and vitrification in which
the fluid is in a vitreous (glassy) form. Freez-
ing preservation and vitrification are known as
cryopreservation—because they involve cryogenic
temperatures, i.e. temperatures in the range in
which gases liquefy at atmospheric pressure.

Hypothermic Preservation

Hypothermic preservation is mostly used for the
preservation of whole organs, while cryopreser-
vation is more commonly used with cells. How-
ever, during short term transportation it is some-
times desirable to preserve cells by hypothermia
rather than freezing. Short term hypothermia is
often reversible. The extent of reversibility is time
and temperature dependent [1]. The techniques
for preserving cells by hypothermia are similar to
those used for preserving the whole organ, heart
in this case. The information summarized here is
therefore also relevant to methods for preserving
the whole heart by hypothermia.

Most mammalian cells can withstand low tem-
peratures, for short periods of time, when ice is not
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present. While hypothermia reduces metabolism,
energy storage degradation and oxygen demand,
thus increasing ischemic tolerance, lowering the
temperature has also negative effects. Cells con-
tain a highly specific intracellular chemical con-
tent separated from the non-specific extracellu-
lar milieu by a selective membrane barrier made
of a lipid bilayer. A detrimental aspect of cooling
the cell to a temperature lower than normother-
mic is the lipid phase transition, which affects ev-
ery membranous structure in the cell, in partic-
ular the cell membrane [2]. The lipid membrane
bilayer is in a fluid state during physiological
temperatures. As the temperature is reduced the
lipids undergo phase transition into a gel phase
or into other three dimensional crystalline struc-
tures with lower Gibbs free energy. In the pro-
cess membrane proteins become segregated and
very often also the various lipids in the mem-
brane segregate. The phase transition and the
segregation make the membrane leaky and usu-
ally allow ions to enter the cell in uncontrollable
ways [3,4]. While passive ion channels are usually
not affected by hypothermia, the energy efficiency
of ionic pumps (Na+/K+ ATPase, Mg2-+/Ca2+
ATPase) is temperature depended and reduced.
The combination of ionic leakage and reduced ionic
pump efficiency cause changes in the intracellu-
lar composition and osmolality, with significant
consequences. These include protein denaturation
and edema. The damage is cumulative, a func-
tion of time and is particularly expressed when
the cells are returned to their normal physiolog-
ical temperature. In addition to ionic imbalance
hypothermia can cause acidosis, free radical pro-
duction and contracture. Because the cytoskeleton
depends on chemical bonds between membrane
proteins and the cells scaffold, lowering the tem-
perature weakens these bonds and makes them
particularly vulnerable to mechanical damage [5].
Furthermore, increased levels of intracellular cal-
cium during hypothermia could activate calcium
dependent proteases and phospholipidases which
can damage the cell cytoskeleton. Apoptosis could
be also induced by exposure to cold. Because all
the mechanisms of damage listed above are re-
lated to reaction kinetics, and therefore dependent
on time most cells can naturally withstand expo-
sure to cold for short periods of time and recover.
Many of the cold induced changes occur at temper-
atures lower than the lipid phase transition tem-
perature, from about 6 to 18°C, depending on the
cell type. For preservation on the order of days cells
should be preserved near freezing temperatures.
However, for short periods of time, on the order of
single hours it may be advisable to keep cells at
room temperature rather than on ice. This is par-
ticularly true with cells in which the ionic compo-
sition plays a key role in their function and which

can be irreversible modified by changes in their
ionic content. For instance, at temperatures be-
low the lipid phase transition platelets cannot be
preserved because they become activated by ionic
leakage and uncontrollable calcium influx.

In developing methods for hypothermic preser-
vation, preserving solutions are designed which
address the issues listed above [6]. Nonelectroly-
tes (sucrose, raffinose, saccharoids), citrate and
magnesium chelates or high molecular weight
anions (lactobionates) are used to prevent in-
tracellular edema. Buffers (phosphate, histidine,
citrate), manitol or glutathione and glutamate
are used to address the issues of acidosis, free
radical production and contracture, respectively.
After preservation the cells are washed with solu-
tions that have high energy substrates added for
energy regeneration and compounds that reduce
apoptosis.

There are several cardioplegic solutions used
for hypothermic preservation. They differ in the
basic ionic composition, which can be either intra-
cellular (rich in K+) or extracellular (rich in Na+).
Solutions that are based on the intracellular com-
position include: standard University of Wiscon-
sin solution (UW), Bretschneider solution (HTK),
Stanford solution (STF), and Euro-Collins solu-
tion (EC). Solutions that are based on the extra-
cellular composition include: Celsior solution, St.
Thomas Hospital solutions 1 and 2 (STH-1, STH-
2), the modified University of Wisconsin solution
(UW-1). These solutions have slightly different in-
dications and effects on myocytes. For instance,
the original Collins solution was developed first
for kidney preservation, and is extensively used
for this application. It tries to mimic the intra-
cellular composition, and is rich in K+. There is
a strong phosphate buffer and the osmolal load
is carried by glucose. Some of the problems with
this solution are related with the glucose which
when broken down to lactate can increase intra-
cellular osmolality. The University of Wisconsin
(UW) solution was developed first for liver preser-
vation. Because of its success it is now used es-
sentially for every organ and type of cell, although
not specifically designed for all. The high viscosity
solution is also based on an intracellular composi-
tion and boasts three improvements. Glutathione,
allopurinol and adenosine were added as oxygen
radical scavengers. Metabolically inert lactobion-
ates and raffinose are used to attain the desired
osmotic load instead of glucose in the Collins solu-
tion. Also the colloidal carrier hydroxyethylstarch
(HES) was added. While commonly used with ev-
ery organ, including the heart, there is a potential
of problems with myocytes. The high concentra-
tion of potassium (125 mmol) can cause calcium
sequestration, enzyme dysfunction and myocyte
depolarization and decreases membrane stability.



On the other hand the UW solution may inhibit
intracellular calcium levels from rising. Neverthe-
less, at this stage it seems that the UW solution
is ubiquitously used whenever a new preservation
protocol is tested. While commonly used with the
heart the St. Thomas Hospital solution is not a
prolonged storage medium. It was developed for
brief periods of heart preservation in situ and tem-
peratures that are moderately hypothermic. In
principle for applications in which the preserva-
tion is at moderately hypothermic temperatures
and short, a buffered physiological saline solu-
tion may suffice. Celsior was specifically designed
for the heart. It contains manitol and lactobion-
ates to reduce cell swelling; histidine, glutathione
and manitol to reduce oxygen free radical injury;
glutamate to enhance energy production and re-
duce contracture; high magnesium content and
slight acidosis to limit calcium overloading. A re-
cent comparison of several hypothermic preserva-
tion solutions can be found in [7]. Various other
hypothermic solutions are being continuously de-
veloped to address the problems caused by hy-
pothermia. In developing a preservation protocol
for various cell types it is recommended that the
several solutions be tested, as they could have a
different effect on the cell line preserved.

It is interesting to mention that a recent area
of major interest to hypothermic preservation is
the study of survival of cold tolerant organisms in
nature and hibernators. The study of cold tolerant
organisms has revealed that two naturally occur-
ring compounds, trehalose and thermal hystere-
sis proteins, can provide hypothermic protection to
cells [8,9]. It is anticipated that major advances in
hypothermic preservation will be generated from
further studies in the survival mechanisms of cold
tolerant organisms and hibernators.

Cryopreservation

Preservation of cells at temperatures lower than
the freezing temperature of the solution involves
a complex process. In order to develop an optimal
cryopreservation protocol it is important to under-
stand the complexity of the process and in par-
ticular the mechanisms of damage. Than, on the
basis of this understanding the cryopreservation
protocol can be designed. In discussing the mech-
anisms of damage it should be remembered that
the basic solution for preservation of cells is either
a buffered physiological saline solution, or one of
the hypothermic preservation solutions discussed
earlier.

a) Damage to Cells during Freezing
During the cryopreservation protocol cells first ex-
perience cooling. The process of cooling can be di-
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vided into two stages, prior to the onset of freezing
and after. Prior to the onset of freezing the cells
experience hypothermia and the related mecha-
nisms of damage, discussed earlier. However, be-
cause the period of time in which cells are exposed
to hypothermic conditions is short, on the order of
minutes, the damage from hypothermia is usually
minor and can be ignored.

When the temperature becomes lower than
the intracellular or extracellular solution freezing
point temperature, freezing may occur. However,
freezing is a probabilistic event. For ice to form,
water molecules must assemble, during their ran-
dom movement, into an ice like structure (nucleus)
with a critical size or assemble around an impu-
rity in a critical nucleus size [10]. Pure water, in
the absence of nucleation sites can supercool to
temperatures as low as—40°C [11]. Preservation
of biological materials at a very low temperature,
in a supercooled state, could be an ideal means for
significantly lowering the cell metabolism without
inducing freezing damage. Unfortunately, super-
cooling and ice nucleation is a probabilistic event,
and in reality solutions of cells usually freeze
at temperatures higher than—5°C, in an unpre-
dictable manner.

The probability of ice nucleation is a function
of the volume of the solution. Therefore ice nu-
cleation usually occurs first in the much larger
extracellular space. The probability for cells to
freeze intracellularly is much lower, because of
their smaller volume. Furthermore, even when a
cell in a solution occasionally freezes the ice will
not trigger ice formation in other cells in the so-
lution. Therefore, when cells are frozen in a solu-
tion ice will form first in the extracellular space
and propagate throughout that space in the direc-
tion of the temperature gradient, while most of
the cells will remain unfrozen. Freezing is a pro-
cess in which energy needs to be removed from
the system. When a solution begins to freeze the
ice front propagates in the direction of the temper-
ature gradients, along which energy is removed
from the system. Ice, is a crystalline structure of
water molecules assembled very tightly. It can in-
corporate very few impurities and solutes. There-
fore, when a solution begins to freeze the solutes
are rejected by the formation of ice and the concen-
tration of solutes on the interface between ice and
water increases rapidly. Figure 1 illustrates the
rapid growth of solutes on the freezing interface
[12]. This accumulation of solutes leads to a phe-
nomenon known as “constitutional supercooling”,
which causes ice to grow in the form of finger like
structures, at the microscale. This phenomenon,
which is of importance in understanding the mech-
anism of damage during freezing of cells, is dis-
cussed in detail in many material science texts
[13]. Typical finger like ice crystals, known also as
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Fig. 1. Concentration distribution in the aqueous solution
adjacent to the freezing interface as a function of the time after
freezing begins and as a function of distance from the freezing
interface.

dendrites, grown in physiological saline are shown
in Figure 2. The figure was obtained with a di-
rectional solidification cryomicroscope, [14]. (Cry-
omicroscopy is an important technique, commonly
used for studying the fundamental aspects of the
process of freezing in cells [15]. During the freez-
ing of cells in a solution, the cells usually are un-
frozen and entrapped in the unfrozen channels be-
tween the ice fingers like structures. These chan-
nels also contain the solutes rejected by ice. The
solution surrounding the unfrozen cells becomes
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Fig. 2. Microscale ice crystal, finger like, morphology during
the freezing of a physiological saline solution. The freezing
interface propagates from left to right. Scale bar 100 micron.

Fig. 8. Red blood cells in the unfrozen solution between ice
crystals. The temperatures for which these figures were taken
increase from (a) to (d). It is possible to observe how at lower
temperatures and high consequently higher extracellular
concentrations the cells have shrunk more. Scale bar 50
micron.

increasingly hypertonic as the temperature of the
solution is reduced. The exposure of cells to the
hypertonic extracellular solution between the ice
crystals is one of the major mechanisms of damage
during freezing. Figure 3 illustrates this mecha-
nism [16]. When unfrozen cells are exposed the hy-
perosmotic solution, to equilibrate the difference
in chemical potential between the intracellular so-
lution that is supercooled and the extracellular so-
lution that is hypertonic and in equilibrium with
ice, water will leave the cell through its membrane.
As water leaves the cell, it shrinks and the intra-
cellular solution becomes also hypertonic. Figure 3
shows how red blood cells shrink as the temper-
ature of the freezing solution is reduced to lower
values. It was originally proposed by Lovelock [17]
and later incorporated in his comprehensive the-
ory by Mazur [18] that increased hypertonic intra-
cellular solution damages the cells. It is not entire
clear what is the mechanism; chemical denatura-
tion of proteins and other molecules or changes in
the cell structure or both. Nevertheless, it appears
that the damage to cells increases with increas-
ing extracellular concentration and with time of
exposure, which is typical of a chemical related
damage.

During freezing of solutions, since the extra-
cellular solution is in thermodynamic equilibrium
with ice, that solution will become increasingly
hyperosmotic as the temperature of freezing de-
creases. The damage to cells during freezing ap-
pears to be related to chemical reactions and rates
of chemical reactions increase with concentration,
time and temperature. If the intracellular compo-
sition would have been exactly equal to the extra-
cellular composition than the chemical damage to



cells should continuously increase with a decrease
in temperature. Experiments show that indeed,
the damage to cells during freezing increases with
a decrease in temperature—which validates the
concept of chemical damage, e.g. [19].

Cellular damage increases with a decrease in
the temperature to which the cells are frozen.
However, experiments have also shown that it is
not only the temperature which affects the sur-
vival of cryopreserved cells. In fact, the rate with
which the cells are brought to cryogenic temper-
atures is probably the most important thermal
parameter of cryopreservation. This parameter is
known as the cooling rate and is usually given in
C/min. The effect of cooling rates is related to the
process of mass transfer (primarily water trans-
port) across the cell membrane during cooling in
the freezing zone of temperatures. The intracellu-
lar composition does not become instantaneously
equal to the extracellular composition. The mass
transfer across the cell membrane and the cell
shrinkage are a rate dependent function of time,
cell membrane permeability and driving force, i.e.
extracellular solution osmolality. Since the chemi-
cal damage is a function of temperature and since
the mass transfer and cell dehydration are a func-
tion of time, it should be anticipated that if cells
are frozen rapidly to cryogenic temperatures the
chemical mode of damage during freezing could
be eliminated. Indeed, it has been observed that
increasing the cooling rates during freezing im-
proves cell survival [18,20].

In developing optimal cryopreservation proto-
cols for cells, it is always observed that increas-
ing cooling rates improves cryopreserved cells sur-
vival. However, experiments have shown that this
increase in viability suddenly reverses when the
cooling rates exceed a certain optimal value, and
cell survival decreases precipitously with a further
increase in cooling rates. When cells survival is
plotted as a function of cooling rates, the survival
signature has an inverse U shape, with survival
gradually increasing with an increase in cooling
rates to a certain so-called optimal cooling rate
and than decreasing with a further increase in
rate. While, this is an ubiquitous behavior of every
cell the values of each so-called “inverse U shaped
survival curve” is cell type specific and the optimal
cooling rate can vary even by orders of magnitude
from cell type to cell type. Experiments have corre-
lated the decrease in cell survival with the sudden
formation of intracellular ice [18,20—-22]. The sud-
den formation of intracellular ice is also related
to the dynamics of mass transfer across the cell
membrane during freezing. When cells are cooled
too rapidly for the intracellular solution to equi-
librate osmotically with the extracellular solution
than the intracellular solution is thermodynami-
cally supercooled. The probability for intracellular
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ice nucleation increases with thermodynamic su-
percooling. It is not clear if the nucleation site for
intracellular ice formation are intracellular, extra-
cellular or on the membrane [23]. However, what-
ever the cause of intracellular ice may be, it is
almost always lethal to the cells, and should be
avoided in designing cryopreservation protocols.

In addition to the modes of damage by freezing
listed above there are others, there are several oth-
ers which are less explored. One of them relates to
the possible mechanical interaction between ice
crystals and the cells entrapped between them,
which has been originally observed by Nei [24],
and referred to by Mazur as the “unfrozen fraction
hypothesis”. Recent experimental evidence shows
that the spacing between ice crystals can indeed
cause cell destruction [16]. Another possible mode
of damage is the contact and interaction between
ice and the lipid bilayer, which by itself may be
damaging [25].

b) Damage to Cells during Storage,

Thawing and Warming

At any temperature above absolute zero chemical
reactions continue to take place, with a temper-
ature dependent rate. Therefore damaging chem-
ical reactions can continue to take place during
both storage and thawing. However, in general
when the storage temperature is in the cryogenic
range, liquefied gases temperature, cells can be
preserved for decades. Nevertheless, experiments
show that at temperatures higher than that of dry
ice cells become noticeable damaged during the
storage and these higher temperatures should be
avoided.

During thawing, cells obviously experience ele-
vated temperatures as they reach the melting tem-
perature. In this range the chemical damage con-
tinues to occur. In addition, recrystalization, the
minimization of Gibbs free energy by formation
of large ice crystal through the annealing of ice
grain boundaries, is another mechanism of dam-
age during storage and thawing [26]. Recrystal-
ization will cause further disruption to cells en-
trapped between ice crystals. It is enhanced with
an increase in temperature and time of exposure
to the elevated temperature, during thawing. Be-
cause of the way cellular solutions freeze, the
frozen domain is made up of regions with various
solute compositions, with different melting tem-
peratures. Therefore, occasionally circumstances
may occur in which, as ice melts, cells will be ex-
posed to solutions that are less concentrated than
the cells themselves. This can cause water to enter
the cell, expand them, and rupture the cell mem-
brane. Experimental studies suggest that usually
slow rates of warming are more detrimental to cry-
opreserved cells than higher rates. Furthermore,
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the volume of the container in which the cells are
preserved may also be a factor in the ability to
rapidly thaw cells—with containers that have a
larger outer surface area preferable [27].

c¢) Damage to Cells by Apoptosis

Most of the studies on the process of cell death
during freezing have employed viability tests that
evaluate survival of cells immediately after thaw-
ing. However, recent studies suggest that the less
lethal modes of damage may eventually result in
gene regulated cell death (apoptosis) [28]. This
areais only beginning to be explored and the use of
anti-apoptotic compounds and protocols may ben-
efit cryopreservation protocols.

Cryopreservation of Cells

In 1941, Luyet, reported the survival of frozen
vinegar eels when immersed in ethylene glycol
[29]. However, the breakthrough in the field was
made in 1948 when Polge Smith and Parkes dis-
covered that a 10% solution of glycerol could pre-
serve cattle sperm at —79°C, and that this pro-
tective effect is general and applicable to other
cells [30]. This ushered in the era of modern cry-
opreservation. The work of Lovelock, who found
that dymethyl sulfoxide can also protect cryop-
reserved cells, began the quest for chemical ad-
ditives that protect cells from freezing damage
[31]. These chemical are collectively known as cry-
oprotectants. Many of them are polyalcohols, such
as glycerol, ethylene glycol, 2,3 butanediol, and

most, with a few exceptions, are chemicals that
penetrate the cell membrane and function by re-
placing part of the water in the cell. It should be
emphasized that various cryoprotectants have dif-
ferent effectiveness for various cells, and their op-
timal use requires designing optimal cryopreser-
vation protocols. Figure 4 illustrates the effect of a
commonly used cryoprotectant, glycerol, on the in-
verse U shaped survival curve of mouse stem cells.
Itisimportant to recognize that survival of the cry-
opreserved cells is a function of cooling rates also
in the presence of cryoprotectants. Furthermore
the optimal cooling rate usually occurs at lower
cooling rate values with an increase in cryoprotec-
tant concentration.

Cryoprotectants usually afford protection dur-
ing freezing with cooling rates in the ascending
part of the inverse-U shaped survival curve. Their
effect is therefore obviously chemical and relates
to their presence inside the cells. Inside the cell
they serve an osmotic function and decrease the
concentration of salts at any subfreezing temper-
ature. Because of the presence of cryoprotectants
inside the cells, the dehydration is reduced dur-
ing freezing. While generally beneficial, the larger
intracellular volume can induce intracellular ice
formation at lower cooling rates, as illustrated by
Figure 4. This suggests that the arbitrary use of
cryoprotectants without seeking the optimal cool-
ing rate for the particular cell type preserved and
the particular cryoprotectant may not lead to op-
timal preservation.

From the nature of the protecting effect of cry-
oprotectants it may appear that replacing the

2

By,

Fig. 4. Inverse U shaped survival curve for mouse stem cells preserved in concentrations of 0.4, 0.8, and 1.25 M glycerol. The curves
depict percentage cell survival as a function of cooling rates, during freezing to cryogenic temperatures.



water inside the cells entirely with cryoprotec-
tants could completely eliminate freezing dam-
age. However, cryoprotectants are toxic them-
selves and their toxicity is both concentration and
cell type dependent. Hobbs and Higgins have stud-
ied the toxic effect of several cryoprotective com-
pounds on the heart [32]. They have found that
dymethyl sulfoxide and glycerol have great chem-
ical toxicity on the heart than ethylene glycol,
which could be used with concentrations as high
as 3 mol. It should be noted that the toxicity of
various cryoprotective compounds may be manu-
facturing process related. The following example
is one of many. For instance, since ethylene gly-
col is commercially prepared from the sterilization
used ethylene oxide gas, any traces remaining in
the solution can kill cells. This toxic effect can be
removed by allowing the ethylene glycol to stay for
48 h at 37°C [32].

In summary, optimal preservation of cells by
freezing can be accomplished through the design
of protocols that involve the optimal choice of
type and concentration of cryoprotectants and the
appropriate optimal cooling rate. The design re-
quires experimentation, as it is cell type specific,
and can vary significantly. In addition to experi-
ments, mathematical models exist which can be
also used to guide in the developing of the proto-
col, e.g. [33]. In designing optimal cryopreserva-
tion protocols, attempts should be made to deter-
mine the effect of warming rates—although rapid
warming is usually beneficial. In addition consid-
erations may be given to removing recrystalization
damage—which could be done by adding trace con-
centrations of antifreeze proteins (0.001 mg/ml).
Anti apoptosis treatment has also been proposed,
such as the addition of Caspase I inhibitorV [28].

Vitrification

Luyet was the first to report in 1938 cryogenic
preservation of frog sperm after dehydration in su-
crose [29]. This may have been the first report of
cryopreservation by vitrification. In cryopreserva-
tion, the goal is to reach cryogenic temperatures
without chemical damage and without the forma-
tion of intracellular ice. This can be ideally accom-
plished by vitrification. Thermodynamics show
that if a liquid is cooled sufficiently quickly to
cryogenic temperatures it can avoid freezing and
form a highly viscous and amorphous glassy state,
known as a glass or vitreous solid. A glass in amor-
phous (unlike a crystal it has no long range order)
and is essentially a fluid with the mechanical prop-
erties of a solid. A material is said to be a glass if
its viscosity reaches 10 E-14, Pa[11]. If a cell could
be brought to a glassy state at cryogenic tempera-
tures, while still technically a liquid the high vis-
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cosity halts molecular diffusion and the probabil-
ity for ice nuclei formation becomes negligible—
allowing essentially preservation for millennia.
The necessary conditions for vitrification of pure
water are cooling rates of millions of degrees
per second. However, conventional cryoprotec-
tants which naturally increase the viscosity of
the intracellular solution require much lower cool-
ing rates, on the order 10 to 1000°C/min, depend-
ing on the concentration of the cryoprotectants.
While highly desirable, developing cryopreser-
vation protocols by vitrification require: (a) the
use of high concentrations of cryoprotectants—
which may be toxic when introduced into cells,
(b) the use of high cooling rates which may be diffi-
cult to achieve in large volumes and (c) high warm-
ing rates—which may be also difficult to achieve in
high volumes. Nevertheless reports on successful
vitrification of cells are available, e.g. [34].

Conclusion

Low temperature preservation of cells is an impor-
tant aspect of cell transplantation for treatment
of heart failure. There are two primary modes of
cell preservation at low temperature, hypother-
mic preservation at temperatures above freezing
and cryogenic preservation at temperatures below
freezing. Optimal preservation cannot be achieved
by indiscriminant cooling. This review briefly de-
scribes the basic mechanisms of damage during
hypothermic and cryogenic preservation and the
basic principles for developing optimal methods of
preservation.
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