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Abstract

Attempts to cryopreserve oocytes by freezing have, to date, been based mostly on empirical approaches rather than on 
basic principles, and perhaps in part for this reason have not been very successful. Theoretical considerations suggest some 
fairly ‘heretical’ conclusions. The concentrations of permeating cryoprotectants employed in past studies have probably 
been inadequate, and the choice of propylene glycol (PG) as a protective agent is questionable. The use of non-penetrating 
agents, such as sucrose to preshrink oocytes prior to freezing and which, therefore, exacerbate osmotic stress during freezing, 
may be inappropriate, yet may protect in part by reducing the concentration of PG during freezing. The methods used to 
add and remove cryoprotectant may be suboptimal, and may be based on an inadequate understanding of the cryobiological 
constraints for oocyte survival. Given these concerns, it is not surprising that fully satisfactory results have been elusive, but 
there is every reason to believe that greater success is possible using a more theoretically appropriate approach. 
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Life is complex, and the responses of living systems to 
environmental perturbations can be counter-intuitive and even 
contrary to theoretical expectation. Perhaps in part for this 
reason, most studies of oocyte cryopreservation have been 
empirical in nature. However, the introduction of variables, 
such as the use of sucrose (Fabbri et al., 2001) or choline 
chloride (Stachecki, 2006), prior to freezing has been pursued 
for the most part in lieu of an attempt at rational analysis and 
understanding of the biophysics of oocyte freezing injury. This 
approach, unfortunately, has not been very successful, and it is 
suggested here that closer attention to basic theoretical concepts 
may be helpful for accelerating progress. Here, a few basic and 
proposed principles of cryobiology will be briefl y considered  
that may allow errors to be avoided and may permit a better 
understanding of the true needs of the oocyte, which in turn 
should allow those needs to be better met.

Vitrifi cation is a promising approach to cryopreservation in 
general (Fahy et al., 1984; Vajta, 2006; Desai, 2007; Fahy, 

2007) and oocyte cryopreservation in particular (Fahy et al., 
2004a; Kuwayama et al., 2005), but is the subject of a separate 
contribution to this compendium. Therefore, only the problem 
of freezing oocytes is considered here.

Freezing and thawing as a form of 
osmotic stress

Freezing and thawing cell suspensions is, to a fi rst approximation 
and under most circumstances relevant to the present discussion, 
believed to result from the indirect effects of ice formation 
and not from direct effects such as cell crushing by spearing 
or adhesion to ice (Lovelock, 1953; Mazur, 1984, 1988). The 
formation of ice in an aqueous solution is well known to involve 
the formation of crystals that, for all practical purposes, usually 
consist only of water molecules and exclude all dissolved solutes. 
Freezing and thawing injury has, therefore, been successfully 
simulated (Lovelock, 1953; Takahashi and Williams, 1983; 
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Pegg and Diaper, 1988) by changing the concentration of 
solutes surrounding cells in suspension so as to simulate the 
changes in concentration that take place upon freezing, in which 
liquid water is subtracted from the suspending medium, and 
then upon thawing, in which water is added back to yield the 
original pre-freezing concentrations. Furthermore, the effects of 
freezing and thawing in a wide variety of cryoprotectants have 
been successfully related to the highest concentrations of non-
cryoprotective solute reached during freezing (Lovelock, 1953, 
1954; Lovelock and Polge, 1954; Meryman et al., 1977).

The mechanisms that link hypertonic exposure to injury have 
been investigated primarily in human erythrocytes. The collective 
works of many authors (Soderstrom, 1944; Lovelock, 1953; 
Meryman, 1968, 1970; Zade-Oppen, 1968; Farrant and Woolgar, 
1970, 1972a,b; Mazur et al., 1970; Takahashi and Williams, 
1983; Pegg and Diaper, 1988) have, in the case of red blood 
cells, supported a link between observed injury after thawing 
and a failure of membrane semipermeability during freezing that 
allows solute uptake during freezing and entrapment of the solute 
upon thawing (dilution) as membrane resealing takes place. This 
may lead to cell swelling and haemolysis as thawing or dilution 
is completed (post-hypertonic haemolysis) (Farrant and Woolgar, 
1970, 1972b; Meryman, 1970).

Although the biological generality of observations made on 
erythrocytes can be questioned, studies from Diller’s laboratory 
(Knox et al., 1980) showed a net increase in cell volume in 
comparison with expectations both during and after thawing in 
nucleated cells, implying solute inleak during freezing. Lovelock 
was also able to show that freezing injury in spermatozoa from 
four different species follows the same predictive rules as freezing 
injury in red blood cells (Lovelock and Polge, 1954), and spinach 
chloroplast grana also behave similarly to red cells (Williams and 
Meryman, 1970). For oocytes, more subtle effects of cell volume 
reduction, such as signifi cantly increased membrane permeability 
to calcium (Gardner et al., 2007), might occur well before general 
loss of membrane semipermeability to ions takes place.

The primary factor that links hypertonic exposure to membrane 
injury may be cell volume reduction below a tolerated critical 
minimum value (osmotic stress) (Meryman, 1971, 1974). For 
example, Meryman and colleagues calculated the osmolality of 
salts during the freezing and thawing of red cells under a variety 
of conditions and were able to show consistent relationships 
between salt osmolality and injury during freezing in the presence 
of a wide variety of cryoprotectants (Meryman et al., 1977). 
Meryman proposed that injury is linked to an inability of the cell 
to shrink below a critical minimum volume, and that this causes a 
hydrostatic pressure gradient across the cell membrane that causes 
the increased membrane permeability to solute (Meryman, 1968, 
1970, 1971, 1974), but this is not a necessary postulate for linking 
osmotic stress to freezing injury (Williams and Meryman, 1970; 
Meryman, 1974). Excessive cell shrinkage can cause extrusion 
of membrane lipids (Lovelock, 1955; Dowgert and Steponkus, 
1984) and proteins (Takahashi et al., 1985) by mechanisms that 
remain to be fully elucidated. Regardless of the mechanisms, the 
practical empirical observation is that these events are related to 
reduced cell volume.

Meryman’s minimum cell volume hypothesis, whether including 
or excluding the concept of a hydrostatic pressure gradient across 
a rather fragile cell membrane, seems to be the only plausible 

way to explain the shape of the curve of cell survival after 
freezing and thawing versus cooling rate. It is well known that 
this curve, sometimes called the Oak Ridge curve by those who 
remember its initial explanation by Peter Mazur in Oak Ridge, 
Tennessee in 1963 (Mazur, 1963), has the general shape of an 
inverted U, survival rising with increasing cooling rate until an 
optimum is reached and then declining with further increases in 
cooling rate. The descending portion of this curve is linked to 
the formation of intracellular ice, and the cooling rate at which 
this descent takes place has been very convincingly linked to the 
permeability of the cell to water (Mazur, 1984, 1988). Cells that 
are very permeable to water can lose water osmotically at a high 
rate during freezing, and therefore it is more diffi cult to cool them 
fast enough to leave enough residual supercooled water inside 
the cells to nucleate into intracellular ice crystals.

Based on this understanding, it is not surprising that the cooling 
rate needed to reduce cell survival due to intracellular freezing 
can vary widely from cell type to cell type. But what is all but 
impossible to explain without Meryman’s hypothesis is the fact 
that the cooling rate required to suppress slow-freezing injury 
varies in proportion to the cooling rate required to produce 
intracellular ice. For example, Chinese hamster cells must be 
cooled ~100 times faster than mouse marrow stem cells to freeze 
intracellularly when both are protected with 1.25 mol/l glycerol, 
but they must also be cooled ~100 times faster to attain the same 
degree of escape from slow-freezing injury (Mazur et al.degree of escape from slow-freezing injury (Mazur et al.degree of escape from slow-freezing injury (Mazur , 1970).

Why should the hamster cell membrane be injured by slow 
freezing 100 times more rapidly than the mouse marrow stem cell 
membrane when intracellular ice does not form? One explanation 
is that the cooling rate dependence of slow-freezing injury, 
like the cooling rate dependence of intracellular ice formation, 
is directly related to the transport of cell water across the cell 
membrane. At cooling rates low enough to avoid intracellular 
freezing, progressively lowering the cooling rate will allow more 
and more cell volume reduction. If cell volume reduction is 
injurious, this would explain why the ascending and descending 
limbs of the Oak Ridge curve must always be coupled to one 
another rather than being able to vary independently of one 
another as one should expect if slow-freezing injury were caused 
by, for example, a denaturing effect of intra- or extracellular 
electrolytes, whose time dependence should be independent of 
membrane water permeability.

An alternative explanation for the coupling of faster slow-
freezing injury to faster water transport might be that substantial 
solute loading on cooling is caused by solute transport through 
aquaporins. In this scenario, cells with high water permeability 
would have to be cooled rapidly to avoid slow-freezing injury 
through solute loading through aquaporins at lower cooling 
rates. Aquaporins are impermeable to salts but they are 
permeable to cryoprotectants (Edashige et al., 2003; Yamaji et 
al., 2006). However, because cryoprotectants can move in either 
direction through aquaporins, their transport into cells during 
freezing would not be expected to be damaging in the way 
that salt infl ux, which is essentially irreversible, is apparently 
damaging. Some net loading of cells with cryoprotectants might 
be possible under conditions of slow cooling and rapid thawing, 
but slow cooling tends to eliminate the transmembrane gradient 
for cryoprotectant uptake, and net fl ux rates are quantitatively 
unlikely to be signifi cant under most circumstances (Fahy, 
1981). Therefore, the general coupling of slow-freezing injury 710
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and fast-freezing injury as in the Oak Ridge curve seems 
unlikely to be explicable on the basis of water and solute 
cotransport through aquaporins, leaving cell shrinkage as the 
only apparent explanation. 

These observations all suggest that the fate of slowly frozen 
oocytes depends fi rst on the amount of ice that forms in the 
solution, which determines the total amount of potential 
osmotic stress, and second on the cooling rate, which 
determines how much of that potential osmotic stress is 
realized. Mathematical models describing how to calculate 
appropriate cooling rates for avoiding intracellular ice 
formation have been described elsewhere (Mazur, 1963, 1984, 
1988; Mazur et al., 1970; Fahy, 1981) and are well known. 
Here, this paper will consider only how to estimate the amount 
of ice that forms during equilibrium freezing, and therefore 
how to estimate the amount of cryoprotectant needed for 
adequate cryoprotection.

Cryoprotecting the oocyte

There are several ways of estimating or calculating the amount 
of ice formed in an aqueous cryoprotectant solution at different 
temperatures. One of the simplest methods is to make use of 
estimates based on the behaviour of ideal solutions (solutions 
that obey Raoult’s law). Lovelock set forth such a method in 
a classic paper (Lovelock, 1954) that related freezing point 
depression to the mole fraction of dissolved solute:

 ΔT = kXs (1)

where ΔT is the difference between the freezing point of pure 
water (0°C) and the temperature to which the solution has been 
frozen under equilibrium conditions and Xs is the mole fraction 
of solute (in his case consisting of Na+, Cl–, and cryoprotectant). 
A similar and better known relationship, derived in the same 
way, relates the freezing temperature to the osmolality of the 
solution:

 ΔT = θπ, (2)

where θ = 1.86°C/osmolal and π is the osmolality of the solution 
(in osmoles per kilogram of water [Osm]). For an ideal solution, 
the osmolality is equivalent to the molality of the solution when 
molality is calculated taking the dissociation of species such as 
NaCl into osmotically active components into account.

From the form of equations (1) and (2) it can be seen that the 
relationship between freezing temperature and mole fraction 
is essentially equivalent to the relationship between freezing 
temperature and osmolality. Therefore, correlations between 
freezing injury and mole fraction support a relationship between 
freezing injury and osmotic stress.

Lovelock used equation (1) to calculate the amount of 
cryoprotectant needed to protect red cells at a given freezing 
temperature. Let Xs = 2Xn + Xc, where 2Xn is the corrected 
mole fraction of non-penetrating solute (NaCl or culture 
medium consisting mostly of NaCl), and Xc is the mole fraction 
of permeating cryoprotectant. Let CFD be the concentration 
factor, or the fold change in Xs caused by freezing, that is just 
suffi cient to begin to cause cell damage. Then the temperature 

descent below 0°C at which damage will just begin to occur, 
ΔTD, is given by:

 ΔTD = kCFD(2Xn
i + Xc

i) (3)

where the superscripted i refers to the initial (pre-freezing) 
concentrations of salt and cryoprotectant, and where 2Xn

i

represents an isotonic solution. Based on this equation, Xc
i, 

the concentration of cryoprotectant that must be present before 
freezing to allow undiminished survival just to TD, can be 
calculated from k and CFD if CFD is known. Lovelock found 
that for human red cells, CFD = 5, so, given Xn

i = 0.00286, the 
expected concentration needed to protect is:

 Xc
i = (ΔTD – 2kCFDXn

i)/kCFD = (ΔTD – 3)/525 (4).

Equations (3) and (4) basically defi ne the concept of colligative 
cryoprotection.

Assuming that slow cooling is needed at least to –40°C to 
prevent intracellular ice formation upon subsequent plunging 
into liquid nitrogen (Fahy et al., 1984), Xc

i = 37/525 = 0.0705. 
Given a molecular weight of 92.1 for glycerol, a glycerol 
density of 1.26 g/ml and an initial salt concentration of 0.16 
mol/l, this value of Xc

i equates to 3.24 mol/l glycerol, or 30% w/
v. In practice, Lovelock found that he needed 24% w/v glycerol, 
or 2.6 mol/l, to protect his cells to –40°C, which is reasonably 
close to his approximate theoretical prediction and consistent 
with the errors expected from dilute solution assumptions. 

For comparison, it is typical for investigators to freeze oocytes 
in only 1.5 mol/l permeating cryoprotectant, but the human 
oocyte may tolerate much less ice formation than the amount 
tolerated by red cells, CFD being perhaps as low as 2.0 (Mullen 
et al., 2004). Lovelock’s work on sperm freezing indicated that 
spermatozoa, for which CFD = 2.0 to 2.7, require much more 
than 2.6 mol/l glycerol for full protection during equilibrium 
freezing to –40°C (Lovelock and Polge, 1954). Furthermore, 
propylene glycol (PG) has become popular for the freezing of 
oocytes, but Lovelock found he needed more PG (3.9M), than 
glycerol to fully protect red cells to –40°C (Lovelock, 1954). 

Sucrose, which does not penetrate cells and therefore cannot 
nominally protect them against osmotic stress, provided little 
protection to red cells in Lovelock’s experience (Lovelock, 
1954). Preshrinkage of oocytes with sucrose would be expected 
actually to exacerbate shrinkage injury during freezing in the 
presence of a permeating cryoprotectant just as has been found 
or simulated for red cells and platelets (Meryman, 1970, 1971), 
yet it has been advocated for the protection of human oocytes 
by many investigators (see discussion below). 

These observations suggest that currently reported attempts to 
freeze oocytes may have employed approaches that are far from 
optimal in view of fundamental cryobiological principles.

Equations (1) to (4), while simple and convenient, are 
approximations based on dilute ideal solution assumptions. More 
accurate calculations can be made on the basis of explicit phase 
diagram information when this is available (Fahy, 1980, 1986; 
Pegg, 1983, 1986; Pegg and Arnaud, 1988) and on the basis of 
osmotic virial coeffi cients when it is not (Elliott et al., 2007).
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Osmotic stress above 0°C

To use cryoprotectants to prevent freezing injury while 
minimizing injury from the cryoprotectants themselves, 
it is necessary to avoid step changes in concentration that 
correspond to changes in osmolality that are greater than CFD. 
The best way to do this is to base cryoprotectant addition and 
washout protocols on mathematical models of cryoprotectant 
and water permeation rates (Kleinhans, 1998; Newton et al., 
1999; Edashige et al., 2003; Paynter, 2005), but this is often 
not done, nor is it yet very clear how much oocyte shrinkage 
is acceptable in shrink–swell curves typically associated with 
such models. Once the osmotic limits of the oocyte become 
better established, very high-effi ciency loading and unloading 
protocols may become possible (Meryman, 2007). 

Cryoprotectant-associated freezing 
injury 

In 1977, it was pointed out that although glycerol protects 
human red cells against freezing injury by postponing ice 
formation to lower temperatures as described above, it also 
sensitizes the cells to injury once injury begins, the amount 
of osmotic stress required to kill half the cells, for example, 
being less in the presence of glycerol than in its absence (Fahy 
and Karow, 1977). This effect was later confi rmed for red cells 
(Rall et al., 1978; Pegg and Diaper, 1988) and is now known 
to pertain to many different biological systems and many 
different cryoprotectants (Fahy, 1986; Pegg and Arnaud, 1988). 
This type of cryoprotectant-associated freezing injury can be 
subtle, and may become apparent only upon careful analysis of 
actual versus expected rates of survival. In other cases, injury 
from cryoprotective additives such as ethanol or methanol can 
become more overt after these agents become concentrated 
by freezing to beyond a critical threshold concentration for 
cytotoxicity (Meryman et al., 1977). This effect was noticed 
at least as long ago as 1954, when Lovelock fi rst compared a 
variety of different cryoprotective agents for the protection of 
human red cells and found that no concentration of either ethanol 
or triethylene glycol could protect to –30°C (Lovelock, 1954). 
Toxic effects of solutes during freezing have been referred to as 
‘cryotoxicity’ by some investigators (Hincha et al., 1993).

Cryotoxicity might explain, at least in part, the relatively weak 
benefi ts of the inclusion of sucrose in combination with PG for 
the freezing of oocytes (Chen et al., 2005; Coticchio et al., 2006): 
extracellular sucrose and intracellular solutes concentrated by 
the shrinkage induced by sucrose prior to freezing will reduce 
the extracellular and intracellular concentration of PG at any 
given temperature during freezing in accordance with equations 
(1) and (3) with the insertion of a new term for the mole fraction 
of sucrose, thereby minimizing the toxic effects of PG. Similar 
effects have been demonstrated in other systems (Ulrich et al., 
1979; Withers, 1980), and the existence of cryotoxic effects of 
PG in particular has been convincingly demonstrated in platelets 
(Arnaud and Pegg, 1990) and successfully reduced by using 
glycerol to depress PG concentrations during freezing (Pegg 
and Arnaud, 1988). Empirical observations on whole kidneys 
(Pegg et al., 1987) and theoretical observations on kidney slices 
(Fahy et al., 2004a) also indicate that PG can be a particularly 
cytotoxic cryoprotectant when it is present in suffi ciently 

high concentrations despite its compa tibility with spindle 
reassembly after thawing of frozen oocytes (Rienzi et al., 2004; 
Chen et al., 2005; Coticchio et al., 2006). In fact, 2.5 mol/l PG 
has recently been shown to kill 80% of mouse oocytes even 
when osmotic injury from this agent was precluded, whereas 
2.5 mol/l ethylene glycol was non-toxic (Mullen, 2007).

Despite the arguments above for cell shrinkage as a primary 
cause of slow-freezing injury, cryoprotective effects of non-
penetrating cryoprotectants are well established and can be 
powerful, particularly when frozen cells are thawed rapidly 
(see, for example, Mazur, 1970; Mazur et al.(see, for example, Mazur, 1970; Mazur et al.(see, for example, Mazur, 1970; Mazur , 1970). Shrinking 
oocytes prior to freezing will remove intracellular water that 
might otherwise be more liable to freeze, and this argument 
has been put forth as one reason for the effi cacy of sucrose. 
However, a greater benefi t might be obtained in principle 
by freezing more slowly in the absence of sucrose if lower 
freezing rates are feasible. Sucrose will also raise the glass 
transition temperature of the extracellular solution, and may 
therefore protect by arresting cell volume reduction at a higher 
temperature (Takahashi et al., 1988). On the other hand, the 
absence of sucrose will also raise cell volume at any given 
temperature during freezing, and judicious choice of the 
temperature from which the cells are transferred into liquid 
nitrogen would also preclude fatal cell shrinkage. The presence 
of sucrose also reduces the total amount of ice formed and the 
concentration of salts during freezing (Farrant and Woolgar, 
1970, 1972b) while also raising viscosity, all of which may 
minimize the infl ux of sodium chloride should membrane 
semipermeability be compromised (Farrant and Woolgar, 1970, 
1972b). In addition, the added sucrose would provide osmotic 
support by its presence after thawing, which might reduce 
post-hypertonic cell swelling and allow more opportunity 
for extrusion of leaked electrolyte before or after dilution to 
isotonic conditions. Meryman has also presented evidence that 
sucrose can stimulate potassium effl ux during cell swelling, 
which would reduce the chances of cell lysis due to post-
hypertonic swelling (Meryman, 1970). However, minimizing 
or compensating for the infl ux of extracellular solute that 
arises as a result of a breach in membrane semipermeability 
may be more risky than preventing the breach in permeability 
from taking place in the fi rst place (Meryman, 1970; Williams, 
1976), particularly for a cell as delicate as the oocyte. 

In some systems, cryoprotectant-associated freezing injury can 
be reduced by using permeating cryoprotectant mixtures that 
have less intrinsic toxicity (Fahy, 1983, 1984, 1986; Pegg and 
Arnaud, 1988; Fahy et al., 1990). This supports the existence 
of directly cryotoxic effects of ordinary cryoprotectants 
during freezing and at the same time provides at least a partial 
remedy for this problem. Recent advances in the formulation 
of minimum-toxicity cryoprotectant formulas for vitrifi cation 
(Fahy et al., 2004a,b) may offer superior freezing solutions 
when the same mixtures are used in low enough concentrations 
to permit freezing.

Theoretical analysis as a learning 
tool
Oocytes may or may not behave in accordance with theoretical 
predictions, but only by analysing their behaviour from 
a theoretical point of view can departures from theory be 712
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identifi ed and new hypotheses of injury be developed. Isolating 
and reconciling the requirements of the plasma membrane, the 
spindle, and intracellular targets may be diffi cult, but careful 
observations of the dependence of injury on basic cryobiological 
variables should be instructive (Lovelock, 1953, 1954; Fahy 
and Karow, 1977; Meryman et al., 1977; Rall et al., 1978; Pegg 
and Diaper, 1982, 1988; Fahy, 1986; Mazur, 1988; Pegg and 
Arnaud, 1988) and should be able to provide new directions for 
research and, hopefully, improved outcomes. 

Conclusions

The biology of the oocyte provides many challenges for 
cryopreservation by either freezing or vitrifi cation. Although 
recent advances in oocyte vitrifi cation have been encouraging 
(Fahy et al., 2004a; Kuwayama et al., 2005), cryopreservation 
by freezing remains a viable though not a well-realized option. 
Perhaps greater attention to the fundamental cryobiological 
needs of the oocyte can facilitate and add direction to ongoing 
efforts at oocyte cryopreservation by both freezing and 
vitrifi cation.
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