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Introduction
The demand for effective bio-preservation methods in the medical community continues to
increase with advances in transplantation and transfusion medicine [1]. In reproductive medicine,
pre-implantation embryo cryopreservation has become an integral component of overall patient
care, increasing the success rate per oocyte retrieval cycle [2,3]. Oocyte cryopreservation is
becoming increasingly important due to legal restrictions on the creation and transplantation of
supernumerary preimplantation embryos as well as ethical considerations surrounding the
cryopreservation of pre-implantation embryos [4,5].
Early investigations into the effects of sub-physiologic temperatures on living cells have been
reviewed in great detail [6]. The current chapter will attempt to provide a broad overview of
cryobiology, and refer to the reproductive biology literature when appropriate. Readers interested
in learning more details are directed at several excellent texts and reviews on the various subjects
[7–20].
Anatomy of Cryopreservation
Cryopreservation is the successful preservation of the normal function of cells or tissues by a
reduction in temperature below which biochemical reactions take place. It is not the long-term
storage of cells at these temperatures that is damaging, but the progression to these temperatures
and back to normothermia that results in cryoinjury. Cryopreservation nearly always entails the
use of one or more compounds that confer protection to cells during freezing. These so-called
cryoprotectants are typically very simple, low molecular weight molecules with high water
solubility and low toxicity. One feature that is common among these compounds is their ability
to interact with water via hydrogen bonding [21]. Application of cryoprotectants is done (in most
cases) simply by incubating the cells in solutions into which these compounds have been
dissolved. After this exposure, the cells are cooled to a low sub-zero temperature (specimens are
typically held at the temperature of liquid nitrogen; −196°C). At the appropriate time, the
specimen is warmed, washed free of the cryoprotectants, and used in whatever manner is deemed
appropriate. While this seems like a relatively straightforward procedure, many types of injuries
can result from any one of the steps; thus numerous lethal effects need to be avoided.

The Effects of Water Precipitation (as Ice) During Cooling

Ice Nucleation, Crystallization, Vitrification, and Devitrification
Figure 7.1 shows a supplemented phase diagram for a generic aqueous solution. The physical
transitions of water in solution which occur as a result of cooling and warming are described
with such a diagram. The temperature at which these transitions occur depends upon the
concentration of solutes in the solution. The curve

labeled Tm describes the melting temperature of the solution (which is also the equilibrium
freezing temperature). The dashed extensions of the curves represent extrapolations across
hypothetical boundaries. As the solute concentration of the solution increases (moving along the
X-axis from left to right), the melting temperature of the solution decreases. This is a well known
result of the colligative effects of the solutes.
The curve labeled Th characterizes the homogenous nucleation temperature.
Homogenous nucleation is defined as the nucleation of ice crystals in the absence of nucleating
agents. Aqueous solutions will usually crystallize at temperatures much higher than this due to
impurities which act as effective ice nucleators. A solution containing pure water (i.e., free of
heterogeneous nucleators) will remain liquid down to ~−39°C, at which point the entire solution
will crystallize (the point where Th intersects the Y-axis). The homogenous nucleation
temperature decreases with increasing concentration of solutes.
The reason why water can remain liquid below its melting point is because the creation of a
crystal entails the creation of a liquid–crystal interface with an associated interfacial free energy.

The size of a thermodynamically-stable crystal (i.e., one that will continue to grow by the
addition of water molecules) is dependent upon temperature (smaller crystals are more stable at
lower temperatures). So as the temperature is lowered, the probability of formation of a stable
crystal increases until Th, where the probability is 1.
The curve labeled Tg represents the glass transition temperature. At this temperature, liquid
solutions will transition to a stable glass (vitrify) and remain vitreous upon further cooling.
In region I of this chart (solutions with concentrations <= ~45 wt% (weight/ weight) in this
example), achieving true vitrification is nearly impossible. Nucleation (both homogenous and
heterogeneous) is essentially unavoidable (at least with practical cooling rates). In region II, the
difference between the Th and Tg curves is small enough that vitrification can be achieved with
practical cooling rates. However, a solution which does attain a vitreous state in this region is
thermodynamically unstable. In the regions marked III and IV, vitrification is easily achievable.
Notice that the Th curve actually intersects Tg at the transition between regions II and III.
Heterogeneous ice formation will not occur at temperatures below the glass-transition
temperature.
If a sample with a composition described by regions II and III is cooled fast enough to vitrify, ice
may still form during warming due to nucleation. The temperature at which this happens is
described by Td, the devitrification temperature. Essentially, between Tg and Tm, a solution free
of ice is in a metastable state. Above Tg during warming, the solution is no longer a glass (the
glass “melts” to form an unfrozen liquid with the molecules having translational mobility), and
nucleation and ice growth can occur. Ice formation and crystal growth during warming is more
likely than during cooling, all else being equal.
Why is this so? Consider the following two facts: (1) The probability of ice nucleation increases
as temperature decreases (notice that as temperature decreases, the sample will get closer to Th;
(2) crystal growth, however, being a kinetic phenomenon, will be faster at higher temperatures.
Now, imagine the following scenario. A sample with solutes at a concentration of 40% (w/w) is
cooled very quickly so that nucleation occurs only at the temperature around Th (~−70°C).
However, at −70°C, ice crystal growth is very slow (at least relative to higher temperatures).
Thus, crystal growth from the nucleation sites will be slow, especially considering that cooling is
still taking place. However, during warming, once the sample gets above Tg (~−120°C), ice
crystals can grow from the nucleation sites. However, it will still be slow at low temperatures,
but the rate will increase as the sample warms. Because there were no ice nuclei above −70°C
during cooling in this example, ice growth at higher temperatures could not happen. However,
ice nuclei are present during warming and crystal growth can occur until Tm. Therefore, if
nucleation does occur during cooling, warming must be very fast to avoid crystal growth at
temperatures below Tm. The striking differences between the critical cooling rate (defined as the
cooling rate necessary to achieve vitrification) and the critical warming rate (defined as the
warming rate necessary to avoid more than 0.2% crystallization during warming) are illustrated
by the analysis of Baudot and Odagescu [23]. According to their calculations, for a 40% (w/w)
solution of ethylene glycol in water, the critical cooling rate is 569°C/min, but the critical
warming rate is 1.08 × 1010°C/min.

Solute Concentration as a Result of Ice Crystallization, The Associated Osmotic Effects, and
Cell Death at Supra-Optimal Cooling Rates
As ice forms during cooling, only water molecules comprise the ice crystals. As a result, all other
components (salts, etc.) become concentrated in the remaining solution. As the solution
concentration increases, the chemical potential of the water in the solution decreases. Water will
continue to crystallize until the chemical potential of the water in the liquid phase equals the
chemical potential of the water in the solid phase. In other words, the remaining solution will
reach its equilibrium freezing point (the curve defined by Tm). Therefore, the concentration of
the remaining liquid phase can also be determined from a phase diagram.
For example, assume that Fig. 7.1 represents the phase diagram of a sodium chloride–water
binary solution. If you start with an isotonic saline solution (0.9 wt%) and cool it to −20°C, ice
will form until the remaining solution is at its equilibrium freezing point. In this example, the
remaining solution will attain a concentration of ~45 wt% (note the point where the Tm curve
reaches −20°C). In this hypothetical example, the unfrozen solution would be roughly 14 mol/L
sodium chloride (compared to 0.15 mol/L initially). In reality, sodium chloride will only
concentrate to ~4 mol/L at −20°C (the phase diagram for sodium chloride is markedly different
than the one shown in Fig. 7.1).
When cells are frozen in suspension, the cells are sequestered in channels of concentrated
unfrozen medium. The high concentration of this unfrozen solution establishes an osmotic
gradient across the cell membrane, and as a result, water will flow out of the cell via exosmosis.
Below a cell’s equilibrium freezing point, the cytoplasm is in a supercooled state. If the sample is
cooled slowly enough, exosmosis occurs to a sufficient degree to keep the cells in a nearequilibrium state with the extracellular solution. Such a situation will preclude intracellular ice
formation. On the other hand, if the cooling rate is relatively rapid, water cannot leave the cell
fast enough to maintain a near-equilibrium state with the extracellular solution, and at some point
equilibrium will be re-established by intracellular ice formation (see Fig. 7.2).
This situation is described schematically in Fig. 7.3. The formation of intracellular ice is usually
(but not necessarily) fatal to cells (see below for more details). Direct cryomicroscopic
observation of intracellular ice formation in mouse oocytes (similar to that which is seen in Fig.
7.2) and the correlation to cell survival were some of the most convincing data to support the
assertion that ice formation was the lethal cause of cell death at supra-optimal cooling rates
[24,25].
The rate at which water flows out of a cell is dictated by the cell membrane water permeability.
The permeability of cells to water is dependent upon several factors including temperature and
the presence of cryoprotectants. For example, in the absence of cryoprotectant, human sperm
water permeability is 1.84 μm/min/atm at 22°C, but is reduced to 1.23, 0.84, 0.77 and 0.74
μm/min/atm in the presence of propylene glycol, dimethylsulfoxide, glycerol, and ethylene
glycol, respectively [26]. Furthermore, water permeability can vary greatly across cell types. For
example, water permeability for human erythrocytes [27] is an order of magnitude higher than
the value for human oocytes [28]. Because intracellular ice formation is

dependent upon the degree of supercooling (hence the water content), the rate of cooling which
results in intracellular ice formation differs widely across cell types. The theory of cell death due
to intracellular ice formation resulting from the interaction of cooling rate and water loss outlined
above was developed quantitatively by Peter Mazur [30] (see Mazur [19] for a recent review).
The practical benefit of this theory comes from its potential to predict optimal cryopreservation

procedures. For example, if one knew the degree of supercooling that a cell could tolerate during
cooling and the membrane permeability, it would be possible to predict the cooling rate which
would prevent intracellular ice formation and the temperature at which cooling could stop and
the sample could safely be transferred to liquid nitrogen [31]. See the original description of
mammalian embryo cryopreservation for a relevant example [32].
Ice formation in the cytoplasm of cells is not necessarily damaging. Studies over the years have
investigated the correlation between the morphology of cytoplasmic ice, cooling and warming
rates, and survival [33,34]. Results from such studies have shown that larger ice crystal size
correlated positively with cell damage. As discussed above for bulk solutions, devitrification and
re-crystallization can occur to cell water/ice during warming [35] resulting in the growth of large
ice crystals [34]. Re-crystallization is the phenomenon whereby large ice crystals grow at the
expense of small ice crystals due to the greater stability of large crystals at a given temperature.
According to a more recent study, the formation of small ice crystals may actually be beneficial
to cell survival [36]. Such a result is likely due to the reduced level of cell dehydration when
water is trapped inside the cell in small ice crystals and the reduced level of osmotic stress and
associated water flux during warming. However, the warming needs to be fast enough under
such circumstances to avoid re-crystallization as just discussed.
Attempts have been made to explain the mechanism(s) which cause intracellular ice formation,
and to date several theories have been put fourth. As explained in more detail by Mazur [19],
theories of intracellular ice formation must account for several experimental facts: (1) in order
for ice formation to occur in cells above ~−30°C, extracellular ice must be present, and the
proximity of the cells and ice is important; (2) extracellular ice is not a necessary precondition
for intracellular ice below ~−30°C; (3) intracellular ice formation usually happens immediately if
the cells and the surroundings are supercooled −15 to −20°C and extracellular ice is rapidly
initiated; (4) if extracellular ice forms near the cell’s equilibrium freezing point, intracellular ice
usually does not form at slow cooling rates; and (5) the nucleation temperature decreases
substantially if the extracellular solute concentration increases.
Several lines of evidence suggest that intracellular ice formation can be triggered by more than
one mechanism. It is generally agreed that ice formation below ~−30°C in the absence of
extracellular ice is due to the presence of intracellular nucleators (or as a result of homogenous
nucleation at lower temperatures). The fact that intracellular ice formation above this
temperature requires the presence of extracellular ice strongly suggests that the extracellular ice
is acting to nucleate the intracellular ice. As extracellular ice does not nucleate intracellular ice at
low degrees of supercooling, an intact plasma membrane effectively blocks the passage of ice
into the cell. However, the plasma membrane is implicated mechanistically in the major theories
put fourth to explain the initiation of intracellular ice formation above ~−30°C.
Mazur [37] hypothesized that ice crystals can grow through membranes via protein pores like
aquaporins. While evidence exists that ice can grow through channels which connect cells (i.e.,
gap junctions [38–40]), the pore size in these channels is much larger than those in aquaporins,
making ice growth more likely. Mazur and colleagues are currently using genetic engineering
techniques in oocytes as a means to test this hypothesis directly (see [41–43] for results from
initial experiments). Toner and colleagues [44,45] have suggested that ice interaction with the

plasma membrane causes a structural change to the inner membrane surface, resulting in an
increase in the efficiency of ice nucleation. Muldrew and McGann [46,47] have put fourth a
different mechanism altogether which suggests that ice grows through the membrane after the
formation of a lesion as a result of the osmotic pressure gradient and resultant water efflux. A
similar argument regarding the formation of a membrane lesion as a prelude to intracellular ice
formation had been proposed by Steponkus and colleagues several years earlier [48,49].
Despite the debate as to the nature of intracellular ice nucleation, the evidence that intracellular
ice formation is a very damaging (and usually lethal) event is overwhelming. Hence, preventing
ice formation in the cytoplasm (at least to a large degree) during cryopreservation is critical.
Cell Death at Sub-Optimal Cooling Rates and the Role of Cryoprotectants in Mitigating Cell
Damage
Given that the probability of intracellular ice formation decreases proportionally with cooling
rate, an obvious question is: why not just cool cells at very slow rates to prevent damage from
intracellular ice? The simple answer is because intracellular ice formation is not the only cause
of cell damage during freezing, and some of the other causes are more detrimental at lower
cooling rates. When cell survival is plotted as a function of cooling rate, an inverted “U-shaped”
curve is generated (Fig. 7.4). The peak of this curve represents the optimal cooling velocity, cell
viability being lost at both higher and lower cooling rates.
The shape of this curve has been interpreted to suggest at least two mechanisms
of cell damage, each of which is oppositely dependent upon cooling rate. As
Fig. 7.4 The relationship between cooling rates and cell survival, for different cell-types,

described above, damage due to intracellular ice formation can explain the loss of cell viability at
cooling velocities higher than optimal (the right side of the curve). The mechanisms responsible
for the loss of viability at lower than optimal cooling rates are varied, and we still do not have a
comprehensive understanding of the nature of these injuries. Nevertheless, a general idea has

emerged as to the nature of some injuries which occur at slow cooling rates. One of the principal
mechanisms of cell injury at sub-optimal rates of cooling is directly tied to the nature of
cryoprotectants.
Cryoprotectants: Beneficial Effects
Cryoprotectants are defined in a functional manner as compounds that allow a higher degree of
cell survival during freezing in their presence than in their absence (see [15,21,51,52] for
reviews). Although our knowledge of the mode of action of cryoprotectants is still incomplete, it
is likely that the effects of cryoprotectants are multi-factorial, and cryoprotectants of different
classes (e.g., alcohols, sugars, diols, amides, large polymers) may act by different mechanisms
[15,53]. One of the earliest theories of the mechanism of action of cryoprotectants was developed
from a series of experiments investigating the protective action of glycerol on erythrocytes.
James Lovelock, a physical chemist by training, studied the effects of salt concentration on
hemolysis. In his initial experiment [54] he investigated the relationship between the salt
concentrations in partially frozen saline solutions which caused cell damage with the degree of
cell damage when cells were exposed to the same salt concentrations without freezing. He
determined that the degree of damage could be explained by the increase in salt concentration
due to ice precipitation (Fig. 7.5).
Since that time, others have repeated these experiments and confirmed Lovelock’s original
findings [55,56]. Lovelock proceeded to show that when cells are frozen in solutions containing
glycerol, the temperature at which hemolysis began was progressively lower as the amount of
glycerol was increased [57]. As discussed above, solutes depress the equilibrium freezing point
of a solution. By adding glycerol to a cryopreservation solution, the amount of water that freezes
at any given temperature will be reduced. As a consequence, the final concentration of the salts
in the remaining solution will also be reduced. Lovelock’s experimental results supported the
conclusion that the colligative depression of the freezing point and concomitant reduction in salt
concentration explained the protective mechanism by which glycerol exerted its effect (Fig. 7.6).
Hemolysis always began at the same concentration of sodium chloride (~0.8 mol/L).
Several other modes of action have been proposed for cryoprotectants. One effect includes
interacting with water molecules and altering the water structure in a solution, and reducing the
ability of water to join the ice phase [58,59]. Polymers can also facilitate vitrification upon
cooling and reduce the concentration of permeating cryoprotectants necessary to attain a glassy
state [7].

Cryoprotectants have also been shown to either directly interact with or be preferentially
excluded from biosurfaces (e.g., the surface of lipid bilayers or proteins) [61–64]. The apparent
opposite nature of these modes of interaction seems to suggest opposite effects. However, each
mode of interaction can be beneficial to the stability of these structures. In addition, Rudolph and
Crowe [65] have shown that trehalose and proline can prevent freezing-induced fusion of lipid
vesicles. For more details on these mechanisms, interested readers are directed to recent reviews
[53,66–68] and references therein.
Perhaps it is not surprising that many organisms living in climates where freezing temperatures
are encountered have evolved to include the metabolic production of cryoprotectants as a
survival strategy. As discussed by Erica Benson [69] and reviewed by Ken Diller [70], the
cryoprotective properties of sugars and glycerol in plants were described by Nikolay Maximov in
the early 20th century (following on the work of others). The farsighted nature of his conclusions
is remarkable considering what has been learned about cryoprotectants and their mechanisms
since that time.
A great deal of research has been conducted to understand the response of various members of
the animal kingdom to freezing temperatures. The metabolic production of cryoprotectants is
also a common strategy in these organisms. Inhibition of freezing at high sub-zero temperatures
is one strategy among arthropods and fish,

and is accomplished by regulative supercooling. In many instances the freezing point of
physiological solutions is regulated by thermal hysteresis proteins [72].
The tertiary structure of these proteins allows them to directly interact with ice crystals due to
polar residues along the protein backbone [73]. These proteins lower the freezing point of water
without significantly altering the melting point. Thus, their mode of action is not colligative.
According to a general model for their activity, these proteins bind to ice crystals and alter the
radius of curvature of the growing crystal, which reduces the temperature at which it is
thermodynamically favorable for additional water molecules to join the crystalline phase [74,75]
(see Raymond et al. [76] for more detail on an early model of the mechanism of fish hysteresis
proteins, and Kristiansen et al. [77] for a recent review on the mechanism of action). Overall,
these proteins restrict ice growth when the environmental temperature is slightly below the
equilibrium freezing temperature of the body fluids.
As an alternate strategy, organisms across many phylogenetic groups have developed
mechanisms of regulating ice formation in situ. In naturally freeze-tolerant organisms, avoiding
the formation of intracellular ice is managed by actively promoting and regulating the formation
of extracellular ice. This allows freeze-induced dehydration of the cells and prevents ice from
forming in the cytoplasm. As a coupled strategy, mechanisms to avoid the damaging
consequences of cellular dehydration and ischemia that accompany freezing have also evolved.

Ken and Janet Storey, in a recent review on the subject [78], described four requirements for the
successful freeze tolerance in animals: (1) ice must be confined to extracellular spaces and
damage from ice crystals must be minimized; (2) the rate of freezing must be slow and
controlled; (3) cell volume reduction beyond a minimum tolerable volume must be avoided; and
(4) mechanisms must be present to prevent damage from resulting ischemia. These requirements
are often met through both behavioral and physiological adaptations. For example, slow,
controlled temperature change is often facilitated by the chosen hybernaculum of the organisms.
Controlled ice nucleation can be performed by specific ice nucleating proteins in the blood
[79,80]. Cryoprotectant synthesis (e.g., glucose production) in some organisms is initiated by
freezing [81] (see the review by Storey and Storey [82] for more details). Membrane adaptations
to cold have also been described [83]. As improved cryopreservation methods are sought, it is
likely that attention paid to nature’s laboratory will provide insights into appropriate means to
avoid cryodamage.
Cryoprotectants: Detrimental Effects
As their name implies, cryoprotectants are beneficial during freezing. Their use, however, is not
necessarily benign. Since the time of Lovelock’s original work, it has been pointed out [84] and
experimentally confirmed [55] that the correlation between the freezing damage in the presence
of glycerol and the associated increase in salt concentration is strongest at low levels of
hemolysis. In addition, as the concentration of glycerol is increased, the concentration of salt that
causes a given degree of hemolysis decreases, suggesting that high concentrations of glycerol
contribute to cell damage during freezing (Fig. 7.7). This suggests that high glycerol
concentrations (particularly as a result of ice precipitation) contribute to the damage of cells
frozen slowly. Similar results have also been shown for dimethylsulfoxide [85,86].
Injury from cryoprotectants is not limited to those which occur during freezing. Exposing cells to
solutions containing cryoprotectants prior to cooling can be damaging due to an osmotic effect.
Many of the commonly used permeating cryoprotectants have lower plasma membrane
permeability coefficients compared to that of water. This relationship results in cells
experiencing osmotically driven volume excursions during cryoprotectant addition to and
removal from the cell during the course

of a cryopreservation procedure. It has been shown in numerous cell types that damage to cells
can occur as a result from volume excursions alone [87–106]. Furthermore, many studies have
demonstrated a beneficial effect of prolonging the cryoprotectant addition and/or removal
process which reduces the associated volume excursions [107–109].
The rate of water movement across the plasma membrane is determined by several
factors and can be described by (7.1):

where dVw/dt represents the change in the cell water volume over time, Lp and A represent the
cell membrane hydraulic conductivity and surface area, respectively, R and T represent the gas
constant and temperature, M represents molal concentration, n represents the number of moles of
solute (collectively, the terms in parentheses represent the concentration gradient across the cell
membrane). The letters e, i, s, and n in the super- and subscripts represent the extra- and
intracellular compartments, and permeating (s) and non-permeating (n) solutes respectively.
A concentration gradient of permeating cryoprotectants will also result in movement of these
compounds across the cell membrane. The rate of change in intracellular cryoprotectant resulting
from such a gradient can also be described by an ordinary differential equation (7.2):

where dni s/dt represents the change in the number of moles of intracellular cryoprotectant over
time, Ps represents the membrane permeability, and the remaining variables are equivalent to
those in (1). Here we have shown the so-called two-parameter membrane transport model (Lp
and Ps are the phenomenological parameters defining the permeability of the cell membrane to
water and cryoprotectant). A three-parameter model incorporating an interaction coefficient (s)
was proposed on the basis of irreversible thermodynamics for membranes where water and
solute move through a common pathway [110]. It has been argued that the interaction coefficient
is not applicable to biological membranes as water and cryoprotectants usually travel through
independent pathways. Furthermore, being phenomenological in nature, a three-parameter model
is less parsimonious than a two-parameter model. Interested readers can find more details on this
debate in a recent review [111].
Osmotic damage is often ascribed to the associated volume reductions [60, 93]. Cell volume
response can be controlled during cryoprotectant addition and removal by modifying the
procedures for loading and unloading these compounds [112]. As a result, cryoprotectant
addition and removal can be accomplished in a manner that prevents injury due to excessive
volume excursions. Because the volume response of cells can be modeled on a computer when
the parameters in (1) and (2) for the cells are known, one can proactively predict optimal
methods for this process (see Gao et al. [26] for a more thorough discussion).

True chemical toxicity is also a concern associated with the use of cryoprotectants [51,113]. This
is particularly true for vitrification methods (see below) as very high concentrations of these
compounds are necessary to achieve and maintain a vitreous state at practical cooling rates. The
precise nature of the toxic effects of cryoprotectants remains, to a large degree, uncertain. Fahy
and colleagues have concluded that protein denaturation is not a general effect of cryoprotectants
[114]. They offered an argument that effects on membranes could provide an alternate
explanation to a direct effect on proteins that would be consistent with some data and proposed
models. Cryoprotectants have been shown to alter cytoskeletal components in mammalian
oocytes, particularly the filamentous actin network and meiotic spindle [115–117]. Repolymerization after treatments is common, but the particular organization of the polymers often
does not resemble those of untreated oocytes. Frequently, toxicity is argued to be a significant
cause of cell death in oocyte cryopreservation studies. However, rarely is the chemical effect
isolated from the osmotic effect in such experiments. In a previously unpublished experiment in
our laboratory, the osmotic effects associated with exposure to 2.5 mol/L 1,2-propanediol and
ethylene glycol were controlled when assessing the effects of exposing mouse oocytes to these
cryoprotectants by including a treatment simulating the volume excursions associated with
cryoprotectant addition and removal. The results suggested that the damage associated from
exposure to 1,2-propanediol was not a result of the osmotic effects, but a true chemical effect.
Exposure to the same concentration of ethylene glycol was not detrimental to mouse oocyte
survival (Fig. 7.8).

It was mentioned earlier that most cryoprotectants have hydrogen bonding capability, and
altering water structure is one of the mechanisms by which cryoprotectants are hypothesized to
function. It is also recognized that the toxic concentration differs for different cryoprotectants. In
a more recent report [118], Fahy and colleagues have determined that a compositional variable
they call qv* is directly associated with the toxic properties of a cryoprotectant when toxicity is
non-specific. The proposal these authors make is that qv* is related to the degree of hydration of
a cryoprotectant. In their report, Fahy et al. show that the total concentration of cryoprotectants
was not as strong of a predictor of toxicity as was the ratio of the molarity of water (MW) in the
solution to the molarity of polar groups in the solution (MPG; i.e., qv* = MW/MPG). Polar

groups were defined as hydroxyl groups (−OH), sulfoxide groups (−S=O), carbonyl groups
(−C=O), and amino groups (−NH2) on the cryoprotectant. In their experiment, they initially
tested the toxicity of various cryoprotectants with differing qv* indices using rabbit renal cortical
slices and examined the K+/Na+ ratio after exposure. As qv* increased in the range from 2 to 6,
the K+/Na+ ratio decreased from ~80% to ~10% relative to the controls.
The significance of the polar groups is such that they account for the interaction with water
molecules, and compounds with a lower qv* can interact with fewer water molecules. Such
compounds are poorer glass formers compared to those with a higher qv*. Hence, weak glass
forming cryoprotectants are less toxic. Using this new information, the investigators were able to
predict and confirm that substitution of 1,2-propanediol (a very good glass former) with ethylene
glycol (a very poor glass former) in a previously developed vitrification solution (VS41A) would
be a superior vitrification solution using rabbit renal cortical slices and mouse oocytes. Others
have also shown that the protective potential of cryoprotectants was correlated to the molarity of
potential hydrogen bonding groups [119]; (see the review by Mazur [120] for a more complete
discussion). As discussed below, reducing cryoprotectant toxicity is one approach to improving
vitrification methods.
Cell Death at Sub-Optimal Cooling Rates
Many of the factors which might contribute to cell damage as a result of freezing are
interdependent. For example, ice crystal formation may have deleterious mechanical effects on
cells in suspension or in tissues [46,55,71,121] and the amount of ice formed and the crystal
structure is dependent upon cooling rate, warming rate, and the presence of cryoprotectants. Not
surprisingly, the idea of a single optimal cooling rate for a cell is an oversimplification. The
cooling rate at which cell survival is highest is dependent upon other factors such as
cryoprotectant concentration and warming rate [50,122].
Intracellular cryoprotectants have noticeable effects on intracellular ice formation [50,41,42,123–
125]. In general, in the presence of a permeable cryoprotectant, cell water will crystallize at a
slower cooling rate compared to the cooling rate resulting in crystallization in the absence of an
intracellular cryoprotectant [126]. This effect is likely a result of several factors. One includes
the reduction in the water permeability of cell membranes in the presence of cryoprotectant as
mentioned above. A second is likely a result of lowering the freezing point of the cytoplasm
which causes a general reduction in the temperature at which a given driving force for water
efflux is present. Because of the temperature dependence of water permeability, less water can
move out of the cell in a given amount of time under such circumstances [124,127]; as discussed
in Mazur [19].
The generic term “solution effects” has been coined to collectively describe the various forms of
injury to cells cooled slowly enough to preclude damaging intracellular ice formation [128]. This
term reflects a notion that the damage results from the solution conditions created by ice
formation as described above. Meryman and colleagues suggested that damage was a physical
and not a biological event [128], resulting either from the osmotic dehydration of the cells and
the resulting stress placed upon the cell membrane due to cell volume reduction, or a direct
osmotic effect on the membrane itself. In earlier work, Meryman described a hypothesis of

cryoinjury based upon the cell reaching a minimum critical volume [129]. This later work
supports this theory.
Another interesting hypothesis has been put fourth to explain solution effects damage in relation
to the formation of ice. In a series of studies, Mazur and colleagues investigated the effects of the
fraction of the solution which remained unfrozen on cell damage [71,130–132]. Their data
showed a strong correlation between survival and the unfrozen fraction when the unfrozen
fraction was low (5–15%). They proposed that as the unfrozen fraction was reduced, the cells
were damaged by mechanical effects of the ice and/or close apposition with other cells. When
the unfrozen fraction is increased, damage was less strongly dependent on that variable and more
on the salt concentration until the effects of the unfrozen fraction were lost. When the unfrozen
fraction is not a damaging mechanism, the loss was attributed to the osmotic effect of the solute
(both during exposure and dilution) [133].
The interpretation of these data came under scrutiny as Pegg and Diaper [134] pointed out that
the unfrozen fraction variable was confounded by the treatments used to change the unfrozen
fraction (changing the initial osmolality of the solution). Such treatments would systematically
alter the volume excursions which the cells would undergo during the experiment, and this
difference could also result in the outcome seen. Mazur [19] goes into greater detail about this
debate and adds additional evidence for the unfrozen fraction hypothesis.
Perhaps the most important message to get from this particular debate is the difficulty in
designing experiments to isolate the effect of a single variable on cell damage during freezing
when numerous potential variables are interdependent (see [55,134] for an elaboration). Another
good example of this is the challenge to the explanation for slow-cooling injury resulting from
increased salt concentration. As discussed above, concentrated solutes cause exosmosis and
result in a reduction in cell volume. Thus, either high salt concentration or volume reduction
could explain the damage (it could also be an interaction of the two factors). The minimum
volume hypothesis was strongly supported by the results of Williams and Shaw with
erythrocytes [93] following up on earlier work by Meryman [60].
In more recent years, the molecular mechanisms of cryodamage, particularly the induction of
apoptosis, have been investigated [135]. John Baust and colleagues have suggested that the
trigger for apoptosis is not necessarily an immediate effect of the cryopreservation stresses, but
can be delayed for several hours as the cells try to recover from these stresses [136]. Clearly, at
the present time we are far from understanding all of the mechanisms which result in
cryodamage.
Cooling and Cooling Injury/Cold Shock
Even in the absence of ice, cold temperatures have profound effects upon cells. Injury from
cooling is often differentiated by the degree to which the rate of cooling causes the specific
event. Injuries from rapid cooling are usually categorized as cold shock injuries. These types of
injuries occur quickly after cooling, and are generally independent of the warming rate. In the
context of cryopreservation, a significant body of literature has been produced which describes
the effects of cold shock on cell membranes, particularly for spermatozoa [18,137].

A description of the liquid crystalline model of cell membranes can be found in a standard cell
biology text [138]. In general, amphipathic lipid molecules form a bilayer structure with various
proteins being integrated throughout. At physiologic temperatures, the membrane is fluid such
that molecular mobility is high and many of the proteins and lipids are free to diffuse laterally
within the bilayer (however, opposite faces of the bilayer are not identical, and moving from one
face of the bilayer to the other is energetically unfavorable). The structure that lipids can take in
solution is more diverse than just a simple bilayer configuration. A lamellar (i.e., bilayer)
structure is common, but micelles, inverted micelles (micelles within the bilayer), hexagonal-II,
and cubic-phase structures can occur (see Fig.1 in the review by Quinn [139]). The particular
arrangements lipids take is dependent upon factors such as water activity, temperature, pH, salt
concentration, and interactions with other molecules (e.g., proteins).
When membranes are cooled, they exhibit thermotropic behavior; that is to say they tend to
undergo phase transitions. As membranes are cooled, the lipids tend to transition from a liquidlike state to a gel-like state, with the molecules being arranged in an orderly, crystalline fashion
with a characteristic hexagonal arrangement [140]. Due to the complexity of biological
membranes, a transition is not like a crystallization event in a simple solution (i.e., a rapid
precipitation), but more like a (relatively) slow lateral separation of membrane lipids into distinct
domains (see Fig. 7.9). Nevertheless, this transition is a distinct change from the usual lipid
arrangement, and can have significant effects on membrane function.
The temperature at which this transition occurs is dependent upon several factors, including the
length of the hydrocarbon chain in the lipid group, the presence and location of cis-unsaturated
bonds (transition temperatures decrease as the position

of the bond moves away from the polar group and toward the middle of the chain), and the
concentration and valence of cations in the solution. An increase in the concentration of
polyvalent cations increases the phase transition temperature, whereas monovalent cations
increase lipid fluidity and decrease the phase transition temperature. The presence of cholesterol
in a membrane can also affect phase transition behavior by (1) altering the ability of lipid species
to transition to a gel-like configuration; and (2) increasing the disorder of the gel phase.
The propensity to develop a lamellar or hexagonal-II structure varies across lipid species.
Different species tend to aggregate into domains during the phase change, and the creation of
inverted micelles (hexagonal-II structures) within a bilayer can occur as a result (Fig. 7.9) [142].
Rearrangements such as these can alter the selective permeability of membranes, resulting in the
loss of cell homeostasis.
Changes in the biochemistry of spermatozoa as a result of cold shock have been examined. A
reduction in anaerobic glycolysis and respiration, ATP levels, Cytochrome C loss from the
mitochondria, and release of numerous intracellular enzymes have all been described (reviewed
in [18,143]). Furthermore, changes in the distribution of intracellular ions have also been noted.
Numerous compounds have been shown to confer protection to spermatozoa from cold shock.
Protective agents include glycerol, phosphatidylserine, egg yolk, lecithin, milk, and albumin. The
low density lipoprotein fraction of egg yolk is particularly effective at preventing cold shock
injury [144], with phosphatidylcholine being a particularly active component [145]. The results
from Quinn and colleagues [145] suggest that the effect is a result of interactions with the surface
of the membrane, and not as a result of components intercalating within the lipid bilayer. The
mechanisms of these compounds are not fully understood, but one model for the effect of
adhering cryoprotectants on phase separations of membranes has been put fourth [4] and is
shown schematically in Fig. 7.10.

Studies during recent years have focused on the genetic regulation of the response to cold shock
[146–148]. While it seems a bit ironic, members of the heatshock protein family are often upregulated as a response to cold stress. Other proteins that have been referred to as cold-shock

proteins are also up-regulated as a response to cold temperatures. Compared to that which is
known in prokaryotes, our knowledge of the genetic response to cold temperatures in eukaryotic
cells is just developing. For further review of these topics, see [149–152] and references therein.
Vitrification as an Alternate to Equilibrium Cryopreservation
As has been alluded to several times in this chapter, vitrification can be employed as an
alternative to equilibrium freezing. The obvious benefit of this approach is that the damage due
to intracellular ice formation can be completely avoided. Unfortunately, other kinds of damage
are more likely to occur when using this method.
Recalling the initial discussion of phase transitions in solutions during cooling, it was mentioned
that with a sufficiently high solute concentration, ice formation could be avoided altogether. The
easiest way to achieve vitrification would be to use a solution that has a concentration as
indicated in section IV of Fig. 7.1. Water in solutions with such a composition will not
crystallize nor devitrify even at cooling rates applicable to equilibrium freezing methods.
Unfortunately, the toxicity of such solutions is too high to render them practical. Similarly,
solutions with concentrations around 60 wt% (Region III) are often too toxic to be useful,
although they can also be cooled slowly without crystallization. Various strategies have been
described to counter the potential toxicity of solutions, and include: (1) the use of a combination
of solutes, each of which is below a concentration that is very toxic, yet in combination will
facilitate vitrification; (2) the substitution of polymers in the extracellular medium for the smaller
permeating agents; (3) the application of hydrostatic pressure; (4) the use of compounds which
counteract the toxicity of other agents (e.g., acetamide with dimethylsulfoxide [114]); and (5)
reducing the time for which and/or the temperature at which the biomaterial is exposed to high
concentrations of cryoprotectants. Hydrostatic pressure has an effect by shifting the Th (lower)
and Tg curves (higher) such that their intersection point occurs at lower concentrations of
solutes.
As discussed above, when solution concentrations are reduced, the likelihood of devitrification
during warming increases. Hence, the warming rate is an especially important consideration
when designing vitrification strategies. In the first report of successful vitrification of
mammalian embryos, Rall and Fahy [153] used a combination of these strategies (1, 4, and 5) to
overcome the toxicity associated with the vitrification solution (VS1). Mouse embryos (8-cell)
could survive exposure to the solution for up to 15 min at 4°C; survival dropped precipitously
with increasing time. Furthermore, loss of viability occurred when samples were cooled slowly
compared to rapidly when the concentration of VS1 used was reduced by 25%, and when the
warming rate was reduced to 10°C/min from 300 or 2,500°C/min.
These results support the idea that vitrification at moderate solute concentrations (region II in
Fig. 7.1) can be precarious. This region is labeled “doubly unstable” on the chart, as the use of
solutions in this range are likely to be highly nucleated upon cooling, and prone to devitrification
and re-crystallization upon warming. Reducing the solute concentrations in combination with
higher cooling rates is a strategy being currently employed for vitrification of mammalian
oocytes [154– 156]. However, modification of the cooling and warming rate is not the only
strategy that might lead to improvements [157]. As has been discussed throughout this chapter,

several types of cryoinjury exist, and the development of optimal cryopreservation strategies will
require that all of these factors are taken into account, along with the specific cryobiological
properties of the cells under study [158].
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