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Abstract
The ideal cryopreservation protocol would combine the benefits of slow freezing with the benefits
of vitrification. This report describes a method for the ultra-rapid vitrification of oocytes using slush
nitrogen in quartz capillaries. The approach minimizes the thermal mass of the vitrification vessel
by using open microcapillaries made of highly conductive quartz and achieves cooling rates of
250,000°C/min. The process of vitrification can be optimized by maximizing the rate at which the
sample is cooled, which allows for the use of lower cryoprotectant concentrations. Mouse oocytes
can be successfully vitrified using 1.5 mol/l propane-1,2-diol and 0.5 mol/l trehalose and achieve
survival rates of 92.5%. Fertilization and blastocyst formation rates of vitrified–warmed and fresh
oocytes were not significantly different. A total of 120 blastocysts from each of the vitrified–warmed
and fresh oocytes were transferred to surrogate mothers and 23 and 27 offspring were born
respectively. All offspring in both groups were healthy, grew and bred normally and gave rise to a
second generation of pups. Thus, an ultra-rapid vitrification technique has been developed for mouse
oocytes that uses low concentrations of cryoprotectants and slush nitrogen in quartz capillaries, which
combines the benefits of slow freezing and vitrification.
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Introduction
Assisted reproduction technology has surpassed three decades of successful cryopreservation
of mouse embryos (Whittingham et al., 1972) and over two decades of success with human
embryos (summarized by Ludwig et al., 1999). The ability to successfully store and bank

5Correspondence: hjlee@partners.org.
4Ho-Joon Lee and Heidi Elmoazzen contributed equally to this work.
Declaration: Dr J Biggers is a consultant to IVFonline LLC, Guelph, Canada. The other authors report no financial or commercial conflicts
of interest.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Reprod Biomed Online. Author manuscript; available in PMC 2011 February 1.

Published in final edited form as:
Reprod Biomed Online. 2010 February ; 20(2): 201. doi:10.1016/j.rbmo.2009.11.012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



human embryos and male gametes has revolutionized human assisted reproduction. While the
cryopreservation of human embryos has become a routine part of the treatment of infertility
and is essential for safe and efficient treatment, advances in the cryopreservation of oocytes
have been more limited. Oocyte cryopreservation is one of the most sought after advances in
assisted reproductive technologies and has been described as the ‘holy grail’ of reproductive
medicine. There have been over 900 verified live births that have resulted from worldwide
efforts in oocyte cryopreservation over the last 20 years (Noyes et al., 2009). Most of those
births have occurred over the last few years due to a tremendous increase in interest to develop
oocyte banks. Success rates with current protocols are not yet high enough to be considered
‘standard of care’ in a clinical setting; thus, clinical oocyte cryopreservation protocols are still
judged to be ‘experimental’ (American Society of Reproductive Medicine/Society for Assisted
Reproductive Technology, 2008).

Traditional applications of oocyte cryopreservation include: (i) the preservation of future
fertility in women at risk of losing their reproductive functions due to cancer treatment
(Meirow, 2000) and (ii) the avoidance of the ethical and legal dilemmas surrounding the
cryopreservation and long-term storage of human embryos (Ragni et al., 2005). More recent
time has witnessed the emergence of a new group of women interested in preserving their
oocytes. There has been an increasing social trend among women to delay initiating pregnancy.
This delay in initiating pregnancy not only results in higher rates of infertility, but also exposes
women and infants to the greater risks of genetic abnormalities associated with advancing
maternal age. Thus, oocyte cryopreservation has emerged as a clinical approach to ensure future
healthy pregnancies and offspring.

There are currently two approaches to achieving cryopreservation of oocytes: the conventional
slow-freezing approach, which uses a low cooling rate of less than 2°C/min, and vitrification,
which is a rapid cooling approach that uses cooling rates of over 1000°C/min. With either
technique, cryoprotective agents are used. With slow freezing, the cryoprotective agents are
used in low concentrations (1–2 mol/l) and are generally non-toxic to the cells. However, the
challenge is that slow freezing is associated with injury due to ice formation (Mazur, 1984;
Mazur et al., 1984). Oocytes are also sensitive to chilling injury and are damaged when cooled
slowly with standard slow-freeze methods (Bernard and Fuller, 1996; Martino et al., 1996;
Eroglu et al., 1998). On the other hand, vitrification involves the solidification of a supercooled
liquid while maintaining the absence of ice, such that a glass is formed without any deleterious
effects of ice formation (Fahy et al., 1984). However, to achieve vitrification, rapid cooling
rates and very high concentrations of cocktails of cryoprotective agents (4–8 mol/l) are often
required. These high concentrations are toxic to most cells (Fahy et al., 1984; Elmoazzen et
al., 2007) and, as a result, multiple steps are required to load and unload the cryoprotective
agents and extremely short exposure times to these high concentrations are needed, all of which
make the process complicated and difficult to control. The ideal cryopreservation protocol,
then, would be one that combines the benefits of conventional slow freezing (i.e., reduced
toxicity secondary to low cryoprotective agent concentrations) with the benefits of vitrification
(i.e., absence of intracellular ice crystal formation).

There is a relationship between the sample volume, cooling rate and the critical cryoprotectant
concentration needed to vitrify. The smaller the sample volume and the higher the cooling rate,
the lower the concentration needed to vitrify (Kuwayama et al., 2005; Berejnov et al., 2006;
Risco et al., 2007). A number of innovations have been used to increase the cooling rate for
vitrification. A minimal volume of cryoprotectant containing the oocyte is exposed directly to
liquid nitrogen. Several devices have been developed such as a thin open straw in which the
oocyte carrier is a narrow plastic tube and the cryoprotectant is loaded into the open end (Vajta
et al., 1998). This method has since been modified to the Cryotop (Kuwayama et al., 2005).
Similarly, electron microscopy grids have been used (Martino et al., 1996) which have since
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been modified to the Cryoloop (Lane et al., 1999). The cooling rates for these devices are in
the range of 2000–30,000°C/min and warming rates are around 40,000°C/min (Kuwayama et
al., 2005; Kuwayama, 2007). A method and device for oocyte cryopreservation using quartz
capillary (QC) vitrification is under development by the authors. The process of vitrification
was optimized by maximizing the rate at which the sample cools, which allows for the use of
lower cryoprotectant concentrations. The cooling rate needed to achieve ‘ice-free’ conditions
directly determines the required concentration of cryoprotectant.

It is of great interest to develop an approach to achieve vitrification of mammalian cells using
a low non-toxic concentration of cryoprotectants, which combines the advantages of the
existing slow-freezing and vitrification approaches while avoiding their shortcomings.
Theoretically, this can be done by ultra-fast cooling (>100,000°C/min) of mammalian cells to
a vitrified/glassy state at cryogenic temperatures. This glassy state can be induced in most
liquids if cooling occurs rapidly enough and even pure water can be vitrified at cooling rates
in the order of 108°C/min (Johari et al., 1987). A technique for mammalian cell
cryopreservation that takes advantage of the unique properties of quartz crystal capillaries has
been pioneered (Risco et al., 2007; He et al., 2008). The small dimensions of the QC compared
with other cooling devices and the extremely high thermal conductivity of quartz (8 W/m/K)
compared with other materials including traditionally used plastics (0.2 W/m/K), allows for
significantly higher cooling rates. As such, this technique has been shown to be significantly
more efficient than conventional vitrification techniques. The thin-walled QC is transparent
and has an inner diameter comparable to that of a human oocyte (about 150 μm). These studies
have also described a convenient way for determining non-vitrification as the appearance of
opacity (or visible ice formation) when solutions are cooled below their freezing point. If there
is no observable opacity, it is called ‘apparent vitrification’. Opacity is very difficult to
determine for the quartz capillaries due to the small dimension. Therefore, a previously
described experimental setup (He et al., 2008) was designed for visualization of opacity in the
quartz microcapillary during cooling by directing two focused lights generated from two fibre
optic lamps on the capillary held against a dark background. This setup was used to determine
the threshold (minimum) cryoprotectant concentration required to completely avoid opacity
during cooling of various cryorpotectant solutions. Previous work has also examined the
thermal histories of the quartz capillaries when filled with a 1.5 mol/l propane-1,2-diol (PrOH)
and 0.3 mol/l sucrose cryoprotectant solution and plunged into slush nitrogen. The thermal
history revealed no indication of a freezing or melting process. When the sample was inspected
visually after quenching, it appeared transparent, indicating that ‘apparent vitrification’ was
achieved. Previous results revealed that the combination of slush nitrogen and quartz capillaries
raised the cooling rate to 250,000 ± 30,000°C/min, between 20°C and −150°C. The QC
technique seeks to bridge the gap between slow freezing and vitrification.

This study was designed to develop an ultra-rapid vitrification technique for oocytes using
quartz capillaries. Two different cryoprotectant solutions were compared and tested as well as
the use of liquid compared with slush nitrogen. The optimal protocol was then tested with
mouse oocytes.

Materials and methods
Animals

Six-week-old B6CBF1 female mice, 10-week-old male B6CBF1 mice and 8-week-old CD1
female mice were purchased from Charles River Laboratories (Boston, MA, USA). All animal
experiments were carried out with the approval of the animal care and use committee at
Massachusetts General Hospital.
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Retrieval of oocytes
The 6-week-old B6CBF1 female mice were superovulated with 7.5 IU of pregnant mare serum
gonadotrophin (Sigma–Aldrich, St Louis, MO, USA) and 7.5 IU of human chorionic
gonadotrophin (Sigma–Aldrich) given by intraperitoneal injections 48 h apart. Fourteen hours
after human chorionic gonadotrophin injection, females were anaesthetized with avertin
(Sigma–Aldrich) then killed by cervical dislocation and their oviducts were removed. The
cumulus–oocyte–complex was released from the ampullary region of each oviduct by
puncturing the oviduct with a 27-gauge needle. Cumulus cells were removed by exposure to
hyaluronidase (80 IU/ml) (Irvine Scientific, Santa Ana, CA, USA) for 3 min and washed three
times with human tubal fluid (HTF) medium (Irvine Scientific) with 10% fetal bovine serum
(FBS; Gibco, Carlsbad, CA, USA). Oocytes were transferred and cultured in HTF medium
(Quinn et al., 1995) containing 10% FBS at 37°C and 5% CO2 in air until they were vitrified.

Cryopreservation and warming
All cryoprotectant solutions were filter-sterilized and stored at 4°C prior to use. The base
cryoprotectant solutions used were PrOH (Sigma–Aldrich) and trehalose (Ferro Pfanstiehl
Laboratory, Waukegan, IL, USA). The concentrations and types of cryoprotectants used were
similar to those used in traditional slow-freezing protocols for human oocytes (Gook et al.,
2007) and are not typically vitrifiable. For vitrification, isolated mature oocytes were placed
into HTF medium supplemented with 10% FBS. Two vitrification protocols using a HEPES-
buffered physiological salt solution (FHM; Specialty Media, Lavallette, NJ, USA) (Lawitts
and Biggers, 1993) as a base medium were tested. In the first protocol, the oocytes were
equilibrated in a 30 μl droplet of 0.75 mol/l PrOH in FHM20 (FHM medium containing 20%
FBS) for 5 min, then transferred to a 30 μl droplet of 0.5 mol/l trehalose + 1.5 mol/l PrOH in
FHM20 for 5 min. In the second protocol, oocytes were equilibrated in a 30 μl droplet of 0.75
mol/l PrOH in FHM20 for 5 min, then equilibrated in a 30 μl droplet of 1.5 mol/l PrOH in
FHM20 for 5 min before being transferred to a 0.5 mol/l trehalose 2.0 mol/l PrOH in FHM20,
for 5 min. The QC straws (The Charles Supper Company, USA) used for vitrification have an
outer and inner diameter of approximately 0.2 mm and 0.18 mm, respectively, and a wall
thickness of 0.01 mm (He et al., 2008). Figure 1 shows an image of the QC vitrification device.
After exposure to the vitrification solution, the oocytes were then loaded into the 200 μm QC
and plunged into liquid or slush nitrogen for comparison. For warming, the vitrified oocytes
were immediately immersed in a holding medium containing 0.2 mol/l trehalose in 1x
phosphate-buffered saline (PBS; Gibco) at 37°C for 1 minute. The oocytes were then expelled
in a 30 μl droplet of 0.5 mol/l trehalose in FHM20 for 5 min, then transferred to 0.25 mol/l
trehalose containing 20% FBS for 5 min, followed by transfer to 0.125 mol/l trehalose
containing 20% FBS for 5 min. The oocytes were washed three times in FHM20 and transferred
into HTF with 0.4% bovine serum albumin (BSA; Sigma–Aldrich). The oocytes were then
cultured in an incubator at 37°C and with 5% CO2 in air.

IVF and embryonic development
For IVF, spermatozoa were released from the caudal epididymis of 3-month-old males
(B6D2F1) into HTF. The spermatozoa were then dispersed by incubating them in the protein-
free medium at 37°C for 15 min and the sperm concentration was determined using a
haemocytometer. To obtain a final concentration of 106 spermatozoa/ml, an appropriate
volume of sperm suspension was transferred to each insemination drop and allowed to
capacitate at 37°C for 1 h before insemination. Oocytes were introduced into the insemination
drops containing capacitated spermatozoa. After incubation with spermatozoa for 6 h, oocytes
were removed from the insemination drops, washed once in HTF medium containing 0.4%
BSA and then transferred to potassium simplex optimized medium with amino acids (KSOM;
Specialty Media) (Biggers et al., 2000) containing 0.4% BSA for further culture. Both IVF
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and subsequent culture of embryos were performed in the modified KSOM medium at 37°C
under a humidified atmosphere of 5% CO2 in air. Fertilization was assessed by the presence
of male and female pronuclei as well as cleavage to the two-cell stage at 24 h after sperm
insemination. Development was then followed through to the blastocyst stage for 72 h.

Blastocyst assessment
Embryos from non-treated and vitrified–warmed groups were stained using the Hoechst
nuclear staining for cell numbers (Handyside and Hunter, 1984). Briefly, blastocysts were
incubated for 1 min in 1% sodium citrate until the cells swelled visibly. They were moved to
a clean slide, and the nuclei of blastocysts were fixed and spread with a drop of 3:1
ethanol:acetic acid. After air-drying, the nuclei were labelled with Hoechst stain and mounted
in a medium for the detection of fluorescence. The number of cells in the blastocysts were
counted with a fluorescence microscope using ultraviolet excitation (TMD, Nikon, Japan).

Embryo transfer
Blastocysts from non-treated control oocytes and cryopreserved oocytes were transferred into
uterine horns of day-3.5 pseudopregnant CD1 females that were obtained by mating them to
vasectomized CD1 males. The pseudopregnant CD1 females were anaesthetized by an
intraperitoneal injection of avertin (0.4 mg/g body weight), and 10 embryos were transferred
to each female. Embryo transfer into oviducts and uterine horns was performed using the
method described by Nacy et al. (1993). First-generation pups were allowed to grow to sexual
maturity and second-generation pups were produced by cross-mating of the first-generation
pups. The litter sizes were compared in untreated and cryopreserved groups. Pups behaviours
of both the first and second generations were observed and their fertility was assessed up to
the second generation.

Slush nitrogen
Slush nitrogen was made using a vacuum chamber and pump or with the VitMaster (IMT
International Ltd, UK). For the vacuum chamber and pump system, a styrofoam container
holding 750 ml of liquid nitrogen was placed inside the vacuum chamber. The vacuum pressure
in the chamber was then reduced to 6500 Pa. The nitrogen was left at this pressure for 15 min
and then removed. As a result, two-phased slush nitrogen was obtained. Liquid nitrogen has a
temperature of −196°C. The slush nitrogen has a temperature of roughly −205°C to −210°C.
To maximize the effect of slush nitrogen, the slush nitrogen was used within 5 min of removal
from the vacuum chamber.

Statistical analysis
The 2×2 and 4×2 contingency tables were analysed using Fisher’s exact test. In those
experiments consisting of more than one replicate, the homogeneity of the replicates was
assessed with the Cochran–Mantel–Haenszel test. In all cases, the replicates could be assumed
to be homogeneous and the data of all replicates pooled and analysed with Fisher’s exact test.
The data on the number of cells in the blastocysts were analysed with a t-test. P <0.05 was
assumed to be statistically significant. All analyses were performed using StatXact 8 (Cytel,
Cambridge, MA, USA).

Results
The morphology of the oocytes before and after exposure to the vitrification solutions was
examined. The morphology of the oocytes remained intact after equilibration in 0.75 mol/l
PrOH in FHM20, as well as after exposure to both 0.5 mol/l trehalose + 1.5 mol/l PrOH in
FHM20 and to 0.5 mol/l trehalose + 2.0 mol/l PrOH in FHM20 (data not shown).
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The effects of vitrifying oocytes in liquid and slush nitrogen were examined in simultaneous
tests with two different concentrations of PrOH (1.5 mol/l and 2.0 mol/l) + 0.5 mol/l trehalose
in the final vitrification solution (Table 1). All of the oocytes that were loaded into the QC
were recovered after vitrification. Oocyte survival was significantly higher when plunged into
slush nitrogen compared with liquid nitrogen (P = 0.048). Further analyses showed no
significant differences in the survival rates observed when either concentration of PrOH were
used with liquid nitrogen and the oocyte survival rates in the 0.5 mol/l trehalose + 1.5 mol/l
PrOH in FHM20 vitrification solution and in the 0.5 mol/l trehalose + 2.0 mol/l PrOH in
FHM20 were 45.0% and 47.5%, respectively. The survival rates observed when slush nitrogen
was used with 0.5 mol/l trehalose + 1.5 mol/l PrOH in FHM20 vitrification solution compared
with slush nitrogen with 0.5 mol/l trehalose + 2.0 mol/l PrOH in FHM20 were 90.0% and
70.0%, respectively. The difference between the survival rates approached, but did not quite
reach, statistical significance.

The oocyte survival rate after vitrification in slush nitrogen in the two different vitrification
solutions immediately after warming and 2 h after warming were assessed. Figure 2 shows the
survival rates for the two vitrification solutions. Immediately after warming, the survival rates
in the 0.5 mol/l trehalose + 1.5 mol/l PrOH in FHM20 vitrification solution and in the 0.5 mol/
l trehalose + 2.0 mol/l PrOH in FHM20 were 92.5% and 82.5%, respectively. Two hours after
warming, the survival rates in the 0.5 mol/l trehalose + 1.5 mol/l PrOH in FHM20 vitrification
solution and in the 0.5 mol/l trehalose + 2.0 mol/l PrOH in FHM20 were 90.0% and 72.5%,
respectively.

This study was also interested in the effects of the concentration of PrOH in the vitrification
medium on the rates of fertilization of mouse oocytes. The results are summarized in Table 2.
Fertilization rates observed using the two concentrations of PrOH (1.5 mol/l or 2.0 mol/l) were
not significantly different (75.0% versus 61.5%, respectively). However, the efficiency of the
method was significantly greater when 1.5 mol/l PrOH was used compared with 2.0 mol/l
PrOH (P = 0.024; 67.5% versus 40.0%, respectively).

Based on the above results, the vitrification solution chosen for the subsequent experiments
was 0.5 mol/l trehalose + 1.5 mol/l PrOH in FHM20 and plunging was performed in slush
nitrogen. The survival rates, fertilization rates and blastocyst development rates of the oocytes
after vitrification in 0.5 mol/l trehalose + 1.5 mol/l PrOH in FHM20 were compared with fresh
controls. The survival rate of the vitrified–warmed oocytes was 90% compared with the
survival rate of 100% of the fresh controls. Table 3 summarizes the fertilization rates and
blastocyst formation rates of vitrified–warmed and fresh oocytes. The fertilization rate was
62.9% for the vitrified–warmed oocytes compared with 65.3% for the fresh controls while the
blastocyst development rate was 59.1% for the vitrified–warmed oocytes compared with 66.7%
for the fresh control. Overall, there was no statistically significant difference in survival rates,
fertilization rates or development rates between the vitrified–warmed oocytes and the fresh
controls.

Table 4 summarizes the number of cells in each blastocyst that were derived in vitro after
oocyte vitrification compared with the fresh controls. There was no significant difference
between the two groups when comparing the number of blastocysts derived and the number
of cells of the blastocysts when stained with Hoechst stain. Table 5 summarizes the in-vitro
development of the 2-cell embryos and the pups that were derived from the transferred
embryos. Of the vitrified–warmed oocytes, 46% developed to the blastocyst stage as compared
with 47% of fresh oocytes. A total of 120 blastocysts from each of the vitrified–warmed and
fresh oocytes were transferred to surrogate mothers and 23 live offspring (19%) were born
from vitrified–warmed oocytes and 27 pups (23%) born from fresh oocytes. All offspring in
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both oocyte groups were healthy and grew and bred normally and females from first generation
gave rise to a second generation of healthy pups (Table 6).

Discussion
It is well known that one of the main obstacles to vitrification is the deleterious effects of high
cryoprotectant concentrations, which are often necessary to induce the glassy vitrified state
(Fahy et al., 1984). Consequently, one of the most promising approaches for oocyte vitrification
in order to obtain improved survival is to minimize osmotic injury and cryoprotectant toxicity
by reducing the cryoprotectant concentration (Kuwayama et al., 2005). An ultra-rapid
vitrification technique for the preservation of mammalian cells has been developed using quartz
capillaries and slush nitrogen. The concentrations of cryoprotectants used in this vitrification
study are similar to those used in standard slow-freeze preservation protocols (Porcu et al.,
1997; Tucker et al., 1998; Chen et al., 2003; Fosas et al., 2003; Gook et al., 2007).

The critical cooling rate to achieve vitrification is a function of the cryoprotectant
concentration. Previous work has demonstrated that in order for a 1.8 mol/l solution of
cryoprotectant to vitrify, cooling rates in the order of 105–106 °C/min are required. In a study
by Risco et al. (2007), the cooling rate for a 1.8 mol/l cryoprotectant solution in the quartz
capillaries and slush nitrogen was measured to be approximately 250,000 °C/min and was in
the range necessary to vitrify the cryopreservation solution. The ultra-rapid vitrification
technique has overcome some of the main issues encountered using traditional vitrification
protocols, including high cryoptrotectant concentrations, multiple loading steps and the need
for short exposure times (seconds) to these high concentrations, all of which make traditional
vitrification processes complicated and difficult to control.

Recently, the feasibility of the ultra-rapid vitrification technique using quartz capillaries and
low concentrations of cryoprotectants was demonstrated with mouse embryonic stem cells. In
the study by He et al. (2008), they showed that using 2 mol/l PrOH and 0.5 mol/l extracellular
trehalose was sufficient for vitrification in liquid nitrogen. The proliferation or growth of the
attached embryonic stem cells post vitrification was very similar to the proliferation of the
control non-vitrified samples.

Alterations in the cryogenic liquid can also increase the desired cooling rates (Martino et al.,
1996; Yoon et al., 2007). A previous study demonstrated the capability of QC, plunged into a
two-phase slush nitrogen and compared it with the thermal performance of the conventional
open pulled straw (OPS) (Risco et al., 2007). Significantly, higher cooling and warming rates
were achieved with the QC. The use of QC in slush nitrogen increases the cooling rate one
order of magnitude over other approaches developed to reach high cooling rates for cell
vitrification (Risco et al., 2007). The QC approach minimizes the thermal mass of the
vitrification vessel by using microcapillaries made of highly conductive quartz and achieves
cooling rates of 250,000°C/min (Risco et al., 2007). Similarly, there were advantages of
warming QC from slush nitrogen that took into account the importance of achieving high
warming rates to avoid devitrification and recrystallization (Risco et al., 2007). In the current
study, significantly higher oocyte survival was observed when cells were plunged into slush
nitrogen compared with liquid nitrogen. Slush nitrogen has been used in the past to reduce the
insulating vapour layer that forms on the surface of the sample when plunged from room
temperature into liquid nitrogen (Leiden frost effect) (Steponkus et al., 1990). Liquid nitrogen
has a temperature of −196°C while slush nitrogen has a temperature of roughly −205°C to
−210°C. However, the main benefit of quenching with the slush over liquid nitrogen does not
come from this temperature difference, but from a reduction of vapourization when submitted
to relatively high temperatures (Luyet, 1960; Sjostrand and Elfvin, 1964; Mazur et al., 1993).
This reduction of vapourization exposes the sample to a more direct contact with the cryogenic
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media and, in this way, increases the cooling rate. Slush nitrogen has been used in the past for
the cryopreservation of embryos (Yavin et al., 2009) and oocytes (Martino et al., 1996;
Isachenko et al., 2001; Yoon et al., 2007). In a recent study by Yoon et al. (2007), they reported
high survival of human oocytes when using slush nitrogen and electron microscope grids. In
these studies, the vitrification solution used was 5.5 mol/l ethylene glycol and 1.0 mol/l sucrose.

In summary, an ultra-rapid vitrification technique has have been developed for mouse oocytes
using low cryoprotectant concentrations and slush nitrogen. The concentrations of
cryoprotectants used in the protocols are similar to those used in traditional oocyte slow-freeze
protocols. The fertilization rates and blastocyst formation rates of vitrified–warmed oocytes
using a vitrification media of 1.5 mol/l PrOH in FHM20 and 0.5 mol/l trehalose were not
significantly different compared with fresh controls. It was found that 46% of the vitrified–
warmed oocytes developed to the blastocyst stage as compared with 47% of fresh oocytes. A
total of 120 oocytes from each of the vitrified–warmed and fresh oocytes were transferred to
surrogate mothers and 23 live offspring were born from vitrified–warmed oocytes and 27 pups
born from fresh oocytes. All offspring were healthy, grew and bred normally and gave rise to
a second generation of healthy pups. This study has demonstrated the feasibility of using the
quartz capillary technique for the ultra-rapid vitrification of oocytes and, as far as is known,
this is the first report of oocyte vitrification using slow-freeze cryoprotectant concentrations.
The quartz capillary system appears to be a novel ultra-rapid vitrification technique for mouse
oocytes that combines the benefits of slow freezing and vitrification.
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Figure 1.
Quartz capillary (QC) vitrification device and oocyte loading method. (a) The QC device;
(b) schematic illustration of the QC loaded with oocytes; and (c) photomicrograph of oocytes
loaded into QC and loaded oocytes (arrowheads). VS = vitrification solution.
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Figure 2.
Oocyte survival rate after vitrification in slush nitrogen in the two different vitrification
solutions, 0.5 mol/l trehalose + 1.5 mol/l propane-1,2-diol (PrOH) in HEPES-buffered
physiological salt solution containing 20% fetal bovine serum (FHM20) or 0.5 mol/l trehalose
+ 2.0 mol/l PrOH in FHM20, immediately and 2 h after warming.
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Table 1

The effect of liquid and slush nitrogen on survival rates of mouse oocytes.

Type of nitrogen Concentration of PrOH (mol/l) Surviving oocytes

Liquid 1.5 18/40 (45.0)

Liquid 2.0 19/40 (47.5)

Slush 1.5 36/40 (90.0)

Slush 2.0 28/40 (70.0)

Values are number/total (%) unless otherwise stated.

PrOH = propane-1,2-diol.

P-values (Fisher’s exact test): overall table <0.001; liquid nitrogen = not statistically significant; slush nitrogen = 0.048.
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Table 2

The effect of propane-1,2-diol concentration on the rate and efficiency of fertilization of vitrified–warmed mouse
oocytes.

Concentration of PrOH (mol/l) Fertilizationa Efficiencyb

1.5 27/36 (75.0) 27/40 (67.5)

2.0 16/26 (61.5) 16/40 (40.0)

P-value NS 0.024

a
Fertilization = 100 × no. of pronucleate 2 cell/no. of recovered vitrified–warmed oocytes.

b
Efficiency = 100 × no. of pronucleate 2 cell/no. of vitrified–warmed oocytes.

NS = not statistically significant.
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Table 3

A comparison of the rates of fertilization and blastocyst formation of vitrified–warmed and fresh mouse oocytes.

Oocyte group Fertilization Blastocyst formation

Vitrified–warmed 22/35 (62.9) 13/22 (59.1)

Fresh 27/40 (67.5) 18/27 (66.7)

Values are number/total (%).

There were no statistically significant differences.
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Table 4

Number of cells in blastocysts derived in vitro.

Oocyte group Blastocysts (n) Cells (mean ± SE)

Vitrified–warmed 20 78.70 ± 4.80

Fresh 20 81.15 ± 6.12
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Table 6

Second-generation offspring born from vitrified–warmed or fresh oocytes.

Oocyte group First-generation females Pregnancies Deliveries Offspring

Vitrified–warmed 10 10 (100) 10 (100) 72 (7.2 ± 0.36)

Fresh 10 10 (100) 10 (100) 75 (7.5 ± 0.36)

Values are number, number (%) or number (mean ± SE).
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