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Abstract
As survival of mouse oocytes subjected to vitrification depends far more on the warming rate than
on the cooling rate, we wished to determine whether the lack of correlation between survival and
cooling rate was mirrored by a lack of correlation between cooling rate and vitrification of the
medium (EAFS), and between survival and the vitrification of the medium. The morphological
and functional survival of the oocytes showed little or no relation to whether or not the EAFS
medium vitrified or froze. We studied if the droplet size and the elapsed time (between placing the
droplet on the Cryotop and the start of cooling) affects the result through modification of the
cooling rate and solute concentration. Dehydration was rapid; consequently, the time between the
placing the droplets into a Cryotop and cooling must be held to a minimum. The size of the EAFS
droplet that is being cooled does not seem to affect vitrification. Finally, the degree to which
samples of EAFS vitrify is firmly dependent on both its solute concentration and the cooling rate.
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Our laboratory at the University of Tennessee has recently demonstrated that the survival of
mouse oocytes subjected to vitrification procedures depends far more on the warming rate
than on the cooling rate. Furthermore, if the warming rate is high, survival is high not only
in full-strength vitrification solutions but also in a 2-fold dilution of that solution [11]. The
experiments cited were carried out by transferring ~6 oocytes in 0.1 to 0.2 µl drops of the
vitrification solution (EAFS 10/10 ) that had been placed on the blade of a Cryotop. EAFS
10/10 is composed principally of etheylene glycol (EG), acetamide, Ficoll, and sucrose. The
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total solute concentration is 7.4 molal. It was developed by Pedro [5] and Pedro et al.[6] as a
vitrification medium for mouse oocytes. Cryotops (Kitazato Corp, Japan) consist of a minute
blade of plastic measuring 0.1 × 0.7 × 20mm attached to a plastic handle. The Cryotop was
then immersed into liquid nitrogen (LN2), either naked or surrounded by some form of
insulation to lower the cooling rate. These rates ranged from 100 to 70,000°C/min. They
were warmed at rates ranging from 600 to 118,000°C/min. When warmed at the latter rate in
full-strength EAFS, survivals ranged from 70 to 85% for the four cooling rates studied.
When warmed at 610°C/min, survivals ranged from 0 to 25% for the four cooling rates.
Although we referred to these as vitrification procedures, we in fact had no direct evidence
as to whether the oocytes and the medium vitrified or froze. Determining the former would
be difficult, but determining the latter was not. In more general terms, we wished to
determine whether our previously published lack of correlation between survival and
cooling rate was mirrored by a lack of correlation between cooling rate and vitrification of
the medium, and between survival and the vitrification of the medium. Two secondary
questions were whether the droplet size and the elapsed time between placing the droplet on
the Cryotop and the start of cooling affects the results through alteration of the cooling rate
and the solute concentration.

Evaporation rate of droplets of EAFS solutions
In prior work, the volume of the droplet of medium placed on the Cryotops has been
estimated to be 0.1 to 0.2 µl. We wanted to determine that more quantitatively and at the
same time determine the rates at which droplets evaporated. The former might influence the
likelihood of vitrification or freezing by an effect on cooling rate; the latter might affect the
likelihood of vitrification or freezing of the medium by concentrating the solutes.

Using a micro-mouth pipette, 10 separate small drops of two EAFS dilutions- 0.5× or 0.33×
-were placed into a 35 mm plastic Petri dish (process took 10–20 seconds) which in turn was
placed on an analytical balance with 0.05 mg sensitivity. The weight was recorded
immediately and monitored each minute for 10 minutes. The temperature in the laboratory
was 23°C and the relative humidity runs about 45%. The evaporation measurements were
repeated two additional times for each EAFS concentration and for each mode of delivery.
The observed mass at zero time of the 10 droplets was converted to volume by dividing by
the densities of the two solutions; namely, 1.076 and 1.051g/ml, respectively [9]. The whole
experiment was then replicated using a 10µl Hamilton syringe (Hamilton Company, Reno,
Nevada, USA) to deliver the droplets, Figure 1 shows the observed weights of 10 droplets of
the two different EAFS dilutions over~10 min (Log 10 = 1). The mean mass of an individual
droplet is 1/10th of the values on the ordinate. The mass of the droplets is seen to be a linear
function of the logarithm of time. The mean volume of a droplet at zero time was 0.22µl for
the mouth-delivered droplets and 0.08, and 0.13 µl for the droplets delivered by Hamilton
syringe in the four runs, values that confirm the previous qualitative estimates. As would be
expected, the evaporation rate was higher in the 0.33× EAFS solution than in the 0.5×
solution (60% and 50% respectively after 10 min). The differences in the initial droplet size,
however, had no apparent effect on the evaporation rate.

Two factors that influence the evaporation rate are the concentration of solutes in the drop
and its surface to volume ratio. The higher the concentration of solutes, the lower the vapor
pressure or chemical potential of the water in the drop and the lower is the difference
between it and the ambient vapor pressure of water. This reduces the driving force for
dehydration and thus slows it. With respect to the second factor, the higher the surface to
volume ratio (S/V), the faster will be the dehydration. If the drops remain spherical, larger
drops will have a lower S/V than smaller ones and should dehydrate more slowly. But the
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droplets are not spherical because of surface tension and probably do not maintain a constant
S/V as drying progresses.

Dehydration was rapid. In three of the four cases, they lost 20 to 26% of their mass in 2 min.
In the fourth they lost 38%. In our prior experiments involving oocytes, the loss was less
than that because less that 1 min elapsed between the time the droplet of EAFS was placed
on a Cryotop, the oocytes inserted into the drop, and vitrification initiated. Furthermore,
most of our previous experiments have used 1× EAFS which would have evaporated more
slowly.

Droplet volume and vitrification of EAFS solutions
Although the evaporation rate of EAFS droplets was not significantly affected by a 2 to 3-
fold difference in volume, whether or not they vitrified might be. Consequently, we checked
the percentages of triplicate samples of full strength EAFS (1× EAFS) and of 0.75×, 0.5×,
0.4× and 0.33× dilutions that underwent vitrification as a function of droplet volume. Using
a 1µl Hamilton syringe that we had purchased, we deposited droplets of 0.1, 0.2, 0.5, 0.75 or
1 µl on a Cryotop and plunged it directly into liquid nitrogen. The LN2 was held in an
unsilvered Dewar. This enabled us to observe whether a droplet was clear (vitrified) or
opaque (frozen) after cooling. Thermocouple measurements/óscillographic recordings by
Kleinhans et al [3] on 0.1 µl droplets of 1× EAFS yielded a cooling rate of 69,000°C/min.

The Cryotops holding the larger and more dilute droplets would be expected to cool
somewhat more slowly. In spite of that, the results (Figure 2) show that all of the droplets of
1× and 0.75× EAFS vitrified even when the droplet volume was as large as 1 µl, 10-times
the normal. At the other extreme, none of the droplets of 0.33× EAFS vitrified, even using
the smallest volume (0.1 µl). Droplets of 0.5× and 0.4× EAFS behaved in an intermediate
fashion. One-third to two thirds of the 0.1 µl drops froze, as did all of the 0.5 µl drops.

Vitrification of EAFS solutions and cooling rate
The next matter was to determine the effects and interactions of cooling rate and EAFS
concentration on the percentages of triplicate samples undergoing vitrification. A 0.1 µl
droplet of EAFS solution - 1×, 0.75×, 0.6×, 0.5×, 0.4×, 0.33× and 0.25×- was placed on a
Cryotop and cooled to −196°C at 69,000, 1830, and 522°C/min. The highest cooling rate
was achieved by plunging the naked Cryotop blade directly into liquid nitrogen. The two
lower cooling rates were achieved by suitably insulating the blade of the Cryotop as
indicated in Table 3 of Seki and Mazur [11]. As mentioned, the liquid nitrogen was held in
an unsilvered Dewar flask, thus permitting us to observe visually whether the EAFS droplet
vitrified or froze. Those droplets that remained clear were deemed to have vitrified. Those
that turned sugary white were considered to have frozen. The drops in a small percentage of
cases had the appearance of skim milk and they also were scored as frozen.

Fig. 3 shows the percentages of the triplicate samples of seven concentrations of EAFS that
underwent vitrification after cooling at 522, 1927, and 69,250°C/min. At one extreme were
the samples of 1× EAFS, all of which vitrified at all three cooling rates. At the other extreme
were the samples of 0.33× and 0.25× EAFS. All of them froze at all three cooling rates. The
results for 0.75×, 0.6×, 0.5×, and 0.4× EAFS were intermediate. With 0.75× EAFS, 100%
vitrified when cooled at 1827°C/min or faster, but 100% froze when cooled at 522°C/min.
With 0.6× EAFS the transition from 100% frozen to 100% vitrified occurred between
cooling rates of 1827 and 69,250°C/min. The results for 0.5× and 0.4× were similar but only
66% and 33% vitrified even at the highest cooling rate.
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A reviewer of this paper brought to our attention that Forsyth and MacFarland [1] published
data indicating that solutions of EG and other solutes could exhibit situations during
warming where differential scanning calorimetry (DSC) shows them to be frozen, but visual
observation shows them to be transparent. This seeming paradox could arise if the size of
the ice crystals were below the wave length of visible light. This raises the question as to
whether that could be the case here during cooling. We think not for the following reasons:
One is that in their experiments, all the samples were cooled at very high rates to −196°C
and all their measurements were made on the state of the solutions during warming above
the glass transformation temperature, Tg,. In our experiments, the samples were cooled at
rates of 95°, 880°, and 69,000°C/min, and no warming was involved. In their experiments,
the concentrations of EG and propylene glycol ranged from 35 to 50 wt %. In ours, the
concentrations of EG, formamide, and other solutes (excluding Ficoll) ranged from 11.4 wt
% for 0.33× EFAS to 31 wt% for 1× EAFS. A final point is that they were able to use DSC
to determine thermal peaks during relatively slow warming at 10 or 80°C/min. DSC
machines can not cool at the two higher cooling rates we used, and thermograms obtained at
our lowest cooling rate would be unreliable because of supercooling.

Vitrification of external media and oocyte survival
In previous experiments, Mazur and Seki and Seki and Mazur [4,11] determined the
morphological survival and partial functional survival of oocytes suspended in 1×, 0.75×,
and 0.5× EAFS, cooled at 95°, 880°, and 69,250°C/min, and warmed at 117,500°C/min. In
their experiments, approximately six freshly collected oocytes were pipetted into a 0.1 µl
droplet of each the three EAFS concentrations placed on a Cryotop a few seconds
previously. The Cyotops were then appropriately insulated (Table 3 of [11]), and abruptly
immersed into LN2. For ultrarapid warming, the insulation was removed from the Cryotops
at −140°C or below, and the Cryotop immersed in a small volume of 0.5 M sucrose in PB1
solution. When basing survival on morphology, the criteria also included membrane
integrity and osmotic responsiveness. Functional survival meant the ability of an oocyte to
undergo in vitro fertilization and develop to 2-cell embryos. In the present study, we wanted
to determine if there is a correlation between survival and whether or not the EAFS medium
vitrified. As can be seen in Fig. 4, the correlation is poor or non-existent. In the top left
graph (1× EAFS), the EAFS samples vitrified at all three cooling rates whereas in 0.75× and
0.5× EAFS, the only ones that vitrified were those cooled at the highest rate. In contrast,
survivals were quite similar with all three EAFS concentrations. To make the vitrification
observations, a 0.1 µl droplet of the EAFS solution was placed on the Cryotop using a 1µL
Hamilton syringe. The Cryotop, appropriately insulated to achieve the three desired cooling
rates (95°C/min, 880°C/min, and 69,250°C/min [See footnote in Table 1]), was then
abruptly immersed in LN2 in an unsilvered Dewar and observed to see whether a given
droplet froze or vitrified.

In 2009, Seki and Mazur [10] reported that when mouse oocytes suspended in 1× EAFS
10-10 vitrification medium were cooled to −150°C at 187°C/min in straws, the medium
froze. Nevertheless, 82% survived if warming was rapid. That was also the cooling rate that
Pedro [5] found to yield the highest survivals.

Conclusions
The most significant finding in this study is that the morphological and functional survival
of the oocytes shows little or no relation to whether or not the EAFS medium froze or
vitrified. For example, for 0.75× EAFS in Fig. 4, we see two examples at the lower cooling
rates where survivals are reasonably high in spite of the fact that all the samples of the EAFS
froze. The same is true for 0.5× EAFS. The simplest explanation is that the interior of the
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oocyte vitrifies under conditions that result in the freezing of the EAFS medium. Rall [7] has
argued rather persuasively that this will occur because the oocyte or embryo cytoplasm
contains significant concentrations of macromolecules (proteins and nucleic acids) which
will augment the glass-forming ability of the permeating solutes in EAFS. Furthermore, the
concentration of these endogenous macromolecules will rise well above normal because the
cells shrink extensively prior to cooling because of the strong hyperosmoticity of the solutes
in EAFS.

In Fig. 4, morphological/osmotic survival is nearly independent of cooling rate. But that is
not true of functional survival (development to 2-cell). It drops as the cooling rates is
lowered to 880°C/min, and particularly as it is lowered to 95°C/min. Furthermore, it does so
even when the oocytes are warmed at the highest rate, The simplest hypothesis is that at the
lower cooling rates, some of the oocytes undergo sufficient intracellular freezing to incur
injury that prevents them from undergoing IVF and further development. Such an
interpretation is reasonably consistent with the data for 0.75× and 0.5× EAFS in Fig. 4. in
that the drop in survival occurs at cooling rates that cause the EAFS to freeze. Mazur [3] has
made the argument that external ice is the agent that nucleates intracellular supercooled
water. It is not consistent with the data for 1× EAFS, for in that case, the medium vitrified at
all three cooling rates.

Another possibility is that the loss in survival is a consequence of something other than
intracellular ice formation (IIF). We believe that is unlikely, but it is difficult to reject or
prove because of the difficulty in determining whether a given treatment results in IIF.
Electron microscopy on freeze-substituted or freeze fractured cells is one method but it is
labor intensive. Another potential method is to use differential scanning calorimetry to
distinguish freezing exotherms inside cells from those in the external medium. Seki et al. [8]
successfully applied this method to detecting IIF in yeast cells, but the method requires very
high cell cytocrits, the attainment of which would require the unacceptable use of too many
animals.

An important matter technically is our finding that the submicroliter drops of EAFS lose
water rapidly. In 10 min., droplets of 0.33× and 0.5× EAFS in air lose 60% and 40% of their
mass. In two minutes they lose 20–30%. In most of our previous experiments, only a few
seconds elapsed between placing a droplet on a Cryotop, introducing the oocytes into the
drop, and initiating cooling; consequently, the degree of evaporation ought to have been
small. Nevertheless, the data show that unless the time between the addition of the droplets
to a Cryotop and the initiation of cooling is held to a minimum, the concentration of solutes
through evaporation can be a source of confounding.

Another potential source of variation might be expected to be the size of the EAFS droplet
that is being cooled, but that has proved pretty much not to be the case. In Fig. 2 we see that
100% of droplets of 1× and 0.75× EAFS vitrify when the droplet varies from 0.1 to 1 µl. In
contrast 100% droplets of 0.33× EAFS freeze over the same range of volumes.

Not surprisingly, the degree to which samples of EAFS vitrify is strongly dependent on both
its solute concentration and the cooling rate. Thus, as shown in Fig. 3, in 1× EAFS, 100% of
the samples vitrify at all three cooling rates tested (533, 1827, and 69,250°C/min.), whereas
in 0.33× or 0.25× EAFS, 100% of the samples freeze at all three cooling rates. The transition
between 100% vitrification and 0% vitrification occurs abruptly as the EAFS relative
concentration is reduced from 0.6× to 0.4×.

The physical measurements in this paper deal only with events occurring before the cooling
of the EAFS solution (evaporation) and whether or not the EAFS samples have vitrified as

Paredes and Mazur Page 5

Cryobiology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



they are cooled to −196°C. Survival, of course also depends on the events occurring inside
cells and events occurring during warming. We have shown in previous papers [4,9–11] that
the major event is whether or not the warming rate is high enough to prevent the growth of
any intracellular ice by recrystallization. That continues to be our position.
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Fig. 1.
Loss of weight of 10 droplets of 0.33× and 0.25× EAFS as a function of the log of time in
air.

EAFS Drops add by Symbol in
fig.*

Initial mass
(mg)

Mass @
10

min
(mg)

% loss
mass in

10 minutes

Position of
curve

Equation of linear
fit**

0.33×

Pipette 2.35 0.97 59% 1 (top) Y = −1.472x
+2.475

Hamilton 0.84 0.32 62% 4 Y = −0.506x +
0.788

0.5×

Pipette ○ 2.31 1.12 52% 2 Y= −1.215x +
2.344

Hamilton 1.43 0.75 48% 3 Y = −0.657x +
1.391

*
Each point is the mean of three replicate runs.

**
Y = mass in mg of 10 droplets;×= log time (min)

Paredes and Mazur Page 7

Cryobiology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Percentages of triplicate droplets of various concentrations of EAFS undergoing vitrification
as a function of the mean volumes (µl) of individual droplets. The EAFS concentrations
were 1× (□), 0.75× (▲), 0.5× (○). 0.4× ( ), and 0.33× ( ). The droplets on a Cryotop were
abruptly plunged into LN2. This produces a cooling rate of ~69,000°C/min.
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Fig. 3.
Percentages of triplicate droplets of various concentrations of EAFS undergoing vitrification
as a function of the cooling rate. The EAFS concentrations were 1× (□), 0.75× (▲), 0.6×
(×), 0.5× (○). 0.4× (♦), 0.33× ( ), and 0.25× (Δ). The three different cooling rates were
achieved as indicated in Table 2.
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Fig. 4.
Percentage survival of mouse oocytes (left ordinate) and percentage of triplicate samples of
EAFS that vitrified (right ordinate) as functions of the relative concentrations of EAFS (1×,
0.75×, and 0.5×) and the cooling rate (95, 880, or 69,250°C/min. The percentages vitrified
(○) were determined in the present study. The three cooling rates were achieved by the
methods described in Table 3 of Seki and Mazur [11]. The survivals (■, □) are from
columns 3 and 5 in Table 6 of Seki and Mazur [11]. The symbol ■ refers to survival based
on morphological normality and membrane integrity. The symbol □ refers to oocytes that
underwent IVF and developed to 2-cell embryos.
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Table 2

The Percentage of EAFS samples vitrified as a function of the EAFS dilution and the cooling rate.

EAFS Cooling rate* % vitrified

dilution (°C/min)

1× 69250 ± 4300 100 ± 0

1827 ± 210 100 ± 0

522 ± 54 100 ± 0

0.75× 69250 100 ± 0

1827 100 ± 0

522 0 ± 0

0.6× 69250 100 ± 0

1827 0 ± 0

522 0 ± 0

0.5× 69250 66.7 ± 33.3

1827 0 ± 0

522 0 ± 0

0.4× 69250 33.3 ± 33.3

1827 0 ± 0

522 0 ± 0

0.33× 69250 0 ± 0

1827 0 ± 0

522 0 ± 0

0.25× 69250 0 ± 0

1827 0 ± 0

522 0 ± 0

*
The cooling rates of (1) 69,000°C/min., (2) 1827°C/min., and (3) 522°C/min. were achieved by (1) immersing the blade of a cryotop with 0.1 µl

of EAFS directly into LN2, (2) immersing a 0.25 ml insemination straw (IMV Technologies, l’Aigle, France) containing EAFS into LN2, and (3)

Inserting the 0.25 ml straw into a 0.5 ml straw before immersion into LN2. The rates were measured with thermocouples by Seki and Mazur [10]

and Kleinhans et al. [2].

[1] for the 1× EAFS solutions, but have not been measured for the more dilute ones. We doubt that they would be affected noticeably because the
overall specific heats of the sample + container ought not to vary significantly with the EAFS solute concentration. We have calculated the heat
capacities of 1 ml of 1×, 0.5×, 0.33×, and 0× EAFS to be 0.34, 0.41, 0.45, and 0.5 cal/°C, respectively. The heat capacity of the Cryotop and straws
itself would of course be constant.
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