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Preface

Cryopreservation of oocytes, sperm, and ovarian and testicular tissues, as well as embryos, is
one of the most critical procedures to preserve the reproductive capacity of individuals. To
grasp its importance it is essential to know that in the United States alone, there are over
forty thousand women younger than 40 years old who develop malignant tumors every
year—many of whom do not have children/families and whose fertility capacity is at risk
because of the disease or the medical therapy applied against the disease. Their best chance
to have children in the future is to cryopreserve their gametes or reproductive tissues/
organs. Medical conditions can also affect adult men and adolescents, where sperm or
testicular tissue cryopreservation serves as the best option to maintain their future fertility.
In addition to men and women with medical conditions healthy individuals may also
consider preserving their fertility at a younger age to ensure that when they are ready to
have a family, they would be able to have their biological offspring. It is a well-known fact
that most countries are facing an infertility “epidemic” because social conditions are chang-
ing and individuals are postponing marriage and/or having children. As a result, over 20 %
of women at the age of 45 are childless, mostly involuntarily. In the past, cryopreserving
ovarian tissue and oocytes were a challenge, but today, with recent breakthroughs in
technology, female reproductive cells and tissues can be preserved much more efficiently.
Age-related decline in female fertility is well established; however, there are indications that
age (ageing) may affect men also. There is an increasing number of studies that show a
correlation between paternal age (above 45) and higher incidence of different disorders,
including autism and certain mental illnesses. For these reasons, cryopreservation of repro-
ductive cells and tissues is fast becoming a critical part of modern reproductive medicine.

Furthermore, it is for these reasons that we aimed to bring a book to readers of the
medical profession that provides a comprehensive and technically detailed presentation on
all aspects of cryopreservation of reproductive cells and tissues. This book presents current,
well-established procedures, as well as novel techniques with the latest innovations described
in detail. This book is extremely valuable because each topic is written by a world-renowned
author, who is a leader in their field.

We want to express our sincere gratitude to all of the authors who helped write these
outstanding chapters for this book. Our special appreciation goes to the development
editor, Mike Koy, for his outstanding support from the beginning to the end. The editors
are also thankful to their families for their love and support in this important endeavor.

We are truly honored to be able to bring this book to you.

Atlanta, GA, USA Zsolt Peter Nagy
Mississauga, ON, Canada Alex C. Varghese
Cleveland, OH, USA Ashok Agarwal
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Chapter 1

Historical Background on Gamete and Embryo
Cryopreservation

Jaffar Ali, Naif H. AlHarbi, and Nafisa Ali

Abstract

This chapter describes the development of the science of cryopreservation of gametes and embryos of
various species including human. It attempts to record in brief the main contributions of workers in their
attempts to cryopreserve gametes and embryos. The initial difficulties faced and subsequent developments
and triumphs leading to present-day state of the art are given in a concise manner. The main players and
their contributions are mentioned and the authors’ aim is to do justice to them. This work also attempts to
ensure that credit is correctly attributed for significant advances in gamete and embryo cryopreservation. In
general this chapter has tried to describe the historical development of the science of cryopreservation of
gametes and embryos as accurately as possible without bias or partiality.

Key words Assisted reproduction, Cryopreservation, Cryoprotectants, Embryos, Frozen-storage,
Gametes, Infertility, Oocytes, Spermatozoa, Vitrification

1 Background

Early humans learnt to preserve food and seeds of plants. Ability to
preserve foodmade possible travel over vast lands and oceans. More
importantly the ability to preserve food made it possible to store
food in preparation for leaner times that helped humankind survive
famines, a concept that led us, in recent years, to the development
of techniques for the frozen storage of biological materials for
future use. Frozen storage or cryopreservation is useful for food
production, for treatment of infertility, and for maintenance of
genetic diversity in both domesticated and wild animals. The key
elements in the preservation of food were dehydration; the use of
protectants or preservatives such as vinegar, salt, or sugar that also
served as desiccants; and the use of exposure to low or high tem-
peratures. The lessons learnt in preserving food led humankind to
consider preserving other materials of importance such as organs,
blood, blood products, and a large number of biological materials,
spermatozoa, eggs, and embryos in a number of species. In very

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_1, © Springer Science+Business Media LLC 2017
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simplistic terms, precisely the same elements used in food preserva-
tion such as dehydration and preservatives and low temperature
were utilized to cryopreserve gametes and embryos. After many
years of research and experimentation, we appear to have succeeded
in this quest.

Cryobiology supposedly originated in ancient Egypt where
cold temperatures were used to stop bleeding and reduce inflam-
mation and as local anesthesia. One of the earliest reports of an
attempt at preservation of biological material related to animal
reproduction was that of stallion spermatozoa by the Arabs in
1322 [1]. As the story goes, an Arab chieftain got his spy to steal
semen from a prize stallion belonging to a rival tribe. The spy
collected the stallion semen in a sponge to which he had added
camel milk as a preservative. After his fruitful escapade, the spy
successfully inseminated his chieftain’s mare using the stolen stal-
lion’s semen. The inseminated mare later became pregnant and
delivered a normal foal. The actual nature of the concoction of
protectants used by the spy to preserve the viability of the sperma-
tozoa except for milk is not known. However, it is of interest to
note that centuries later, reproductive biologists used milk in cryo-
preservation solutions for the cryopreservation of mammalian sper-
matozoa. In more recent times, cryobiology was investigated in
detail by Luyet and coworkers beginning in the late 1930s till about
the 1960s [2].

1.1 Accuracy
of Historical Accounts

Historical accounts should be accurate and devoid of bias or dis-
crimination on the basis of language or origin. Polge et al. [3] have
been credited with being the first to cryopreserve spermatozoa in
1949 using the cryoprotectant glycerol although Bernstein and
Petropavlovski demonstrated much earlier in 1937 the cryoprotec-
tive effects of glycerol for the cryopreservation of spermatozoa
(cited in ( [4])). Oftentimes when recording historical facts, there
appears to be a tendency to cite only work published in mainstream
journals in the English language. Indeed it is seldom mentioned
that Smirnov had also cryopreserved spermatozoa in 1949 [4] in
the same year as Polge, probably because Smirnov’s work was
published in Russian. Likewise, work published in national journals
of developing countries is often not accorded any recognition
whatsoever. For instance, the work of Mukerji and coworkers [5]
in India, published in the Indian Journal of Cryogenics in 1978, was
even to this date not accorded any recognition. Rather, it was
dismissed as a hoax, not only by the rest of the world but even by
their own compatriots. Mukerji’s group reported the first live birth
of a baby on 3 October 1978 from an IVF embryo that was
successfully cryopreserved at the 8-cell stage using 1.5 M DMSO,
a cryoprotectant. The frozen embryo was cryostored for about 50
days before transfer. Mukerji’s team consisted of a Cornell-trained
cryobiologist which suggests the team had skilled personnel who

4 Jaffar Ali et al.
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had the ability to cryopreserve embryos. Indeed a scrutiny of their
lab records favors the conclusion that Mukerji’s group succeeded in
cryopreserving the human embryo at the 8-cell stage in 1978 [6].

To this day, however, the world does not acknowledge the fact
that Mukerji’s group reported the first live birth of a human from a
frozen embryo, a mere 2 months and 9 days after the birth of the
first IVF baby on 25 July 1978 reported by Steptoe and Edwards
[7]. The extreme ostracism faced by Mukerji following his report
and his subsequent unfair chastisement by the authorities, ulti-
mately, led to his untimely and unnatural demise [6]. The historical
account of Mukerji’s predicament and subsequent chastisement
was clearly recorded by Anand Kumar in 1997 [6] and is freely
available. Anand Kumar knew of and lost his own place in history as
the architect of India’s first test tube baby when he revealed the
truth about Mukerji. The fraternity must reflect on the misfortune
which befell Mukerji. This was the direct consequence of according
recognition to only those reports which appear in mainstream
publications. Interestingly both Robert Edwards and Subhas
Mukerji obtained their doctorate at the University of Edinburgh,
Scotland.

2 Cryopreservation of Spermatozoa

About four and a half centuries after the Arabs demonstrated the
ability to retain viability of stallion spermatozoa in a concoction
containing camel milk, Lazzaro Spallanzani, in a landmark devel-
opment, demonstrated that spermatozoa frozen in snow did not
die but were merely temporarily inactivated under cold conditions
and brought to life after the semen was thawed [8]. This was in
1776. Spallanzani was an Italian priest. Spallanzani may be thought
of as the Father of Gamete Cryobiology. He was born in Scandiano,
in the province of Reggio Emilia, Italy, in 1729. He obtained his
education at the University of Bologna where he came under the
influence of an accomplished kinswoman, Laura Bassi, who was
thought to have influenced his subsequent scientific career and
discoveries. Spallanzani’s work would not have been possible with-
out the use of the microscope which was invented by Leeuwenhoek
about a century earlier. Indeed Leeuwenhoek was the first to
describe human spermatozoa using his microscope in 1677. In
Greek “cryos” means “cold.”Most of the early work in cryobiology
was performed in spermatozoa because they were readily available
and their motility can be used as an index of viability post-thaw.

The cryoprotective properties of glycerol were discovered quite
by chance. As a research student in Alan Parkes’ Laboratory at the
Medical Research Council, UK, Christopher Polge, together with
Audrey Smith, was trying to cryopreserve fowl spermatozoa using a
levulose (sugar) solution without much success. The work on

Historical Background on Gamete and Embryo Cryopreservation 5
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spermatozoa cryopreservation was an extension of the work of CS
Schaffner (1942) on vitrification [9]. Polge temporarily gave up
freezing fowl spermatozoa for more productive endeavors. Later
on, when Polge decided to have one last try, the frozen-thawed
fowl spermatozoa survived and retained their motility, but when
the experiment was repeated with freshly prepared cryoprotectant
solution, the spermatozoa did not survive. It would have been
baffling if the laboratory technician had not mentioned that the
labels had previously come off and been refixed. This revelation
raised the possibility that the labels could have been switched.
Glycerol solution was used in their laboratory to mount microtome
section. The bottles were tested. The presence of glycerol was
confirmed by its characteristic smell when burnt. The test revealed
the solution that gave the better result contained about 25 %
glycerol instead of the intended cryoprotectant, levulose. This
serendipitous discovery of the cryoprotective property of glycerol
laid the foundations for future scientific developments in gamete
and embryo cryopreservation. The observation that followed was
that the frozen-thawed fowl spermatozoa though motile appeared
to have lost their fertility. What probably happened was the pres-
ence of glycerol prevented the loss of motility in the frozen-thawed
spermatozoa but had caused the loss of its fertilizing potential. The
problem was resolved when the glycerol was removed from the
suspension prior to insemination. Parkes immediately foresaw the
immense potential of this discovery for the cattle industry. He
proceeded to organize artificial insemination using frozen-thawed
spermatozoa in cattle. However they obtained only a single success.
Polge called the calf “Frosty.” Frosty was the first calf to be pro-
duced from frozen-thawed spermatozoa. Polge moved to Cam-
bridge where he joined Tim Rowson. At Cambridge both Polge
and Rowson modified the frozen-thawed spermatozoa preparation
protocol to successfully perform artificial insemination in the cattle.
This work was reported in 1952 [9].

The artificial insemination program in farm animals and the
treatment of infertility in human patients provided the impetus to
seek the means to effectively cryostore spermatozoa. Following on
the work of Polge and Rowson, Bratton et al. also demonstrated in
1955 the successful cryopreservation of bull spermatozoa which
achieved high fertility following insemination. It was Sherman and
Bunge in 1953 who reported the first successful cryopreservation
of human spermatozoa and their use to achieve pregnancies and live
births (cited in ( [9])) following insemination with frozen-thawed
sperm. It is noteworthy that the use of liquid nitrogen for cold
storage of spermatozoa was first reported by Sherman. He demon-
strated the superior qualities of liquid nitrogen storage at !196 "C
over the then prevailing convention of !75 "C. Subsequently, in
1963, Sherman was able to establish that there was no loss of
motility after storage of spermatozoa at the lower temperature
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after 1 year of storage, but, on the contrary, motility diminished
with time when stored at !75 "C. In 1964 Perloff et al. [10]
demonstrated for the first time that spermatozoa can be stored
for more than 5 months and indeed for long periods of time,
without loss of viability. It is now well recognized that spermatozoa
can retain their capability to fertilize eggs and give rise to
normal pregnancies in the human even after frozen storage for 28
years [11].

Apart from artificial insemination, frozen-thawed spermatozoa
have been used to successfully achieve pregnancies in intrauterine
insemination [IUI] in 1990 [12], in vitro fertilization [IVF] in
1984 [13], subzonal insemination [SUZI] in 1992 [14], and intra-
cytoplasmic sperm injection [ICSI] with frozen-thawed ejaculatory
spermatozoa in 1994 [15]. The first pregnancy following ICSI with
cryopreserved testicular sperm was reported by Romeros et al. in
1996 [16]. The successful cryopreservation of ejaculatory and
testicular human spermatozoa with establishment of a clinical preg-
nancy in a synthetic cryoprotectant medium devoid of added donor
proteins was demonstrated in 2010 [17].

3 Cryopreservation of Embryos

The history of embryo cryopreservation is far more extensive than
that of oocyte cryopreservation. Efforts and successes in embryo
cryopreservation predate oocyte cryopreservation. For this reason
the history of embryo cryopreservation shall precede that of oocyte
cryopreservation in this chapter; however, advances in sperm,
oocyte, and embryo cryopreservation have been interrelated. The
earliest scientifically formulated attempts to achieve cryopreserva-
tion point to B.J. Luyet as the pioneer of this area of endeavor that
began in the 1930s. Ferdows and coworkers (1958) attempted to
cryopreserve rabbit zygotes with little success (cited in ( [18])). The
report of Whittingham in 1971 [19] on the successful survival of
mouse embryos in polyvinylpyrrolidone (PVP) is the first successful
cryopreservation of embryos, but others were unable to repeat
Whittingham’s successes.

Real success in embryo cryopreservation ensued when Whit-
tingham combined forces with Mazur and Leibo where the skills of
Whittingham in embryo handling were combined with the cryobi-
ological knowledge of Mazur and Leibo. Leibo calculated that, to
avoid intracellular ice formation in cells the size of mouse embryos,
the freezing should not be faster than 1 "C per minute. The
experiments that followed in which the effects of the composition
of the suspending medium, consisting of glycerol and DMSO,
together with the cooling and warming rates showed Leibo’s cal-
culations to be accurate and true. This collaboration led to suc-
cesses in embryo cryopreservation in which 65 % of surrogates
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became pregnant and 40 % of them proceeded to term [20]. In the
same year, Wilmut [21] then working in Cambridge came to the
same conclusion independently of Whittingham and coworkers. He
too reported successful mouse embryo cryopreservation in 1972.
Two years later, Whittingham and Whitten [22] demonstrated the
survival of frozen mouse embryos after transatlantic transport in
liquid nitrogen. Most workers reported high embryonic death
when embryos were exposed to cryoprotectants in a single step so
Willadsen and coworkers developed a stepwise exposure to cryo-
protectant to avoid loss of embryos [23].

Most of the early work on embryo cryopreservation was on
mouse embryos, but other species were successfully cryopreserved
within a short span of time in the ensuing years. These included
successful embryo cryopreservation in cattle [24–26], rabbits
[27, 28], rats [29], sheep [30], goats [31], horses [32], baboons
[33], marmoset monkeys [34], cats [35], and many more.

The history of embryo cryopreservation in the human is some-
what complicated. The first report of a live birth from a frozen-
thawed embryo was reported by Mukerji and coworkers from India
in 1978 [5], but this report is largely unacknowledged by the
scientific community because it was published in nonmainstream
literature. Later in 1983, Trounson and Mohr of Monash Univer-
sity, Australia, reported a stillbirth from a frozen-thawed human
embryo which many consider to be the first report of a successful
cryopreservation of a human embryo [36]. The first human live
births were reported by the group of Zeilmaker in 1984 from
Holland [37].

By the mid-1980s, the slow controlled-rate freezing technique
was well documented with reasonable success in most laboratories
worldwide for embryos of numerous species. The methodology for
slow freezing was however tedious, very expensive, and demanding
in time of laboratory workers. Typically, each cycle of slow
controlled-rate cooling could take 3–4 h to complete. Naturally
investigators searched for methods that are less demanding. This
search led to investigations of rapid and ultrarapid freezing. This
has yet to meet with universal acceptance although early studies of
rapid and ultrarapid freezing of embryos of numerous species using
glycerol and sucrose or propylene glycol and sucrose did show
promising results with high survival post-thaw [38–44]. It is note-
worthy that sucrose was used to achieve partial dehydration initially
by Mazur, Miller, and Leibo [45] in 1974 for bovine blood cells
and applied to embryos by Kasai, Niwa, and Iritani [38] and in
almost all subsequent work on cryopreservation of embryos and
gametes. Using rapid freezing methods, post-thaw survival has
been as high as 95 % [44] in the mouse. Likewise in the mouse, a
post-thaw survival of 92 % and in vivo survival similar to that
observed with fresh embryos were obtained when DMSO and
sucrose were used as cryoprotectants [46]. DMSO proved more
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efficacious than glycerol for ultrarapid freezing procedures. Early
studies on the ultrarapid freezing of human embryos using DMSO
and sucrose were also encouraging with live births [47, 48], but
ultrarapid freezing did not gain much foothold probably because its
development was overshadowed by the reemergence of the vitrifi-
cation technique of cryopreservation. Around the first quarter of
the 1990s, work on ultrarapid freezing ceased, and attention shifted
to vitrification which appeared to promise excellent survival and
outcome. This is likely to be attributable to the fact that, in vitrifi-
cation, both intracellular and extracellular ice formation can be
avoided [49].

In the mid-1980s, the report by Rall and Fahy [50, 51] of
successful cryopreservation by vitrification of mouse embryos
with live births created considerable interest in this unique tech-
nique of cryopreservation. This led to the revival of vitrification as a
strategy for ultrarapid cryopreservation. Vitrification is a curious
state in which a highly concentrated solution, when cooled,
becomes a very viscous solid called a “glass.” This viscous solid
has the molecular structure of a liquid but the mechanical proper-
ties of a solid. Vitrification had been previously abandoned due to
chemo-toxicity associated with the high solute concentration of
VS’s needed to achieve glass formation. Later Kono et al. [52]
successfully vitrified rat embryos using the VS1 solution formulated
by Rall and coworkers [50, 51]. Soon after this report, Kasai et al.
[53] reported the vitrification of mouse day 4 morulae with almost
complete survival using an ethylene glycol-based VS. This was a
major development, and it fulfilled the promise of almost total
survival envisioned by many cryobiologists for vitrification. How-
ever the result of vitrification in other mammalian species was not
quite as spectacular. This is probably because, according to this
author’s (JA) opinion, the VS’s used were not well researched for
a given developmental stage of the embryo of a given species for
which it was used. In any event, the report of Kasai et al. [53]
indicated without any doubt that very high survival and viability
could be obtained following vitrification if the conditions were
right. There was a need to find the “right” conditions.

By the time the Kasai report came out, Ali and Shelton had
completed a systematic and extensive study of 3044 ternary cryo-
protectant solutions to identify cryoprotectant solutions possessing
glass-forming properties. Of these 3044 cryoprotectant solutions,
66 ternary cryoprotectants could form glass when cooled [54]. Of
these, three VS’s appeared less toxic based on simultaneous toxi-
cology studies undertaken by the same group. Of these three VS’s,
VS14 was the least embryotoxic [54–56]. Ali and Shelton success-
fully vitrified all developmental stages of the mouse and day 6 stages
of the sheep embryo using VS14 (5.5 M ethylene glycol and 1.0 M
sucrose) with no appreciable loss of viability in vitro and in vivo
followed by live births. Later, Ali used the VS14 technique to
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successfully vitrify human day 2 embryos with insignificant inter-
ference with survival in vitro [57–59]. In the mid-1990s, Ali moved
to the Middle East where he was not permitted to perform research
on vitrification due to regulations. This, plus the lack of an animal
facility and the retirement of Shelton at around this time effectively
ensured Ali did no more work on vitrification until 2015. However,
many workers from around the world managed to successfully
vitrify oocytes and embryos of various species, some followed by
live births, between the 1990s and 2010s [60–85] using the VS14
formulated by Ali and Shelton [54–56], in some instances with
minor modifications [62, 86–89]. The successful application of
VS14 in a number of species including humans proved its versatility.
It is noteworthy out of all reports that successfully utilized the
VS14 formulated by Ali and Shelton, only one group [84, 85]
attributed the VS14 to the inventors. As a consequence of this
inconsistency in reporting, the credit for the pioneering contribu-
tions of Ali and Shelton to vitrification was not universally known or
acknowledged but instead erroneously attributed to other workers.
Even as recently as 2010 and 2011, some workers who were not
involved in its development claimed VS14 to be “their method.”
Similar parallels can be seen in all areas of scientific endeavor.

4 Cryopreservation of Oocytes

Historical records indicate Picket attempted to cryopreserve
oocytes in 1893 [90]. It is well documented that early attempts to
freeze oocytes failed. In the 1950s, the realization that glycerol [3]
could serve as a cryoprotectant led some workers to use it for the
cryopreservation of oocytes in the mouse and sheep [91, 92], but
they were not successful. It is well recognized that oocytes of almost
all species are prone to chilling injury which made oocyte cryopres-
ervation a challenge [93]. Considerable groundwork on cryobiol-
ogy during the subsequent two and half decades by numerous
workers worldwide provided the knowledge and clues about the
physiological and physicochemical factors which determine the
survival or death of cells when challenged with a variety of chemi-
cals (cryoprotectants) or physical conditions such as temperature,
osmotic pressure, pH, atmospheric pressure, membrane permeabil-
ity, chemical toxicity, and so forth which are likely to affect cells
during cryopreservation (cited in ( [18])).

These studies enabled workers to devise techniques of cryo-
preservation for gametes, embryos, organs, tissues, and cells. Prior
to the 1990s, attempts to cryopreserve oocytes were not successful.
Studies during this period discovered that cooling led to disruption
of the meiotic spindle [94, 95] which would reconstitute itself in an
abnormal configuration with the chromatids strewn in the ooplasm
in a haphazard manner when the temperature was brought back to
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body temperature [95]. Indeed studies by Kola et al. in 1988 [96]
lent credence to this assumption. Nevertheless, two studies pub-
lished 1 year previously and in the same year did not demonstrate
the same effect [97, 98]. Notwithstanding these discordant obser-
vations, the telltale appearance of digynic polyploidy in the latter
studies suggested that, while the effect on the meiotic spindle may
not be obvious, cooling and exposure to cryoprotectant chemicals
impact negatively on the oocyte meiotic process by inducing par-
thenogenesis. Before drawing this conclusion, account should be
taken of the likelihood that, when human oocytes have been used
experimentally, these have usually been aged. Consequently, the
higher incidence of polyploidy reported [99, 100] may reflect
oocyte aging rather than the cryopreservation procedure [101]. A
number of physical factors are known to activate oocytes resulting
in parthenogenesis.

Al-Hasani et al. [100] could obtain fertilization and cleavage
but only one pregnancy from cryopreserved human oocytes. The
following year, there was a report of a birth following the fertiliza-
tion of eggs obtained from frozen-thawed eggs that previously
failed to fertilize during conventional IVF cycles during a
subsequent treatment cycle in the same patient [102]. In both
instances, the poor outcome was probably related to oocyte aging
rather than to the efficacy of the cryopreservation methodology.
Contemporaneously, notwithstanding recurrent negative observa-
tions on oocyte cryopreservation, Chen [103], a Singaporean
working in Australia, reported birth of a set of twins from cryopre-
served human oocytes. Chen’s report heralded a new era in oocyte
cryopreservation and appeared to suggest the problem of oocyte
cryopreservation that had plagued researchers in the field for so
long, and which seemed insurmountable previously, had been
finally solved. The ensuing jubilation was short-lived as it soon
became clear Chen’s success could not be repeated by other work-
ers. This failure suggested that further research would be required
before oocyte cryopreservation could be applied on a routine basis.
One possible explanation for the inconsistent outcomes could
relate to differences in the quality of individual oocytes. While
some oocytes may be able to withstand the physical and chemical
challenges imposed by the cryopreservation procedures, most
others may not do so. There was a need to develop cryopreserva-
tion techniques which were benign for the target cells. Indeed,
another 11 years of research was required before oocyte freezing
could be successfully applied on a routine basis. The first births of
babies from frozen oocytes following the use of ICSI were reported
by Eleonora Porcu and her coworkers at the University of Bologna,
Italy. Subsequently Porcu’s slow controlled-rate freezing oocyte
cryopreservation technique utilizing propanediol [104–108] was
reported to be reproducible in other laboratories, and a number of
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groups elsewhere established pregnancies from oocyte cryopreser-
vation especially from 1998 onward [109–112].

Even as the challenge of slow controlled-rate freezing of the
human oocyte was being resolved in the 1990s, reports of success-
ful oocyte cryopreservation using vitrification appeared. In 1989
one worker, Nakagata [113], in Japan reported the successful vitri-
fication of mature mouse oocytes which were subsequently ferti-
lized resulting in the birth of live young. The technique of
vitrification of mouse oocytes as performed by Nakagata was tech-
nically challenging, and most workers could not reproduce his work
partly because of the extremely short duration (20 s) of exposure to
cryoprotectants before ultrarapid cooling. This was not technically
feasible for other workers. At around the time that Nakagata [113]
reported his work on mouse oocyte vitrification, van Blerkom
[114] reported vitrification of germinal vesicle (GV) stage mouse
oocytes. About 90 % of the GV oocytes survived vitrification to
resume meiosis and normal maturation but, on examination, were
found to have sustained considerable cytoplasmic and nuclear per-
turbations. These perturbations appeared to be corrected during
culture. The matured oocytes were capable of fertilization; never-
theless, van Blerkom warned of possible nuclear defects due to the
potential for deletion of segments of DNA. Reflecting on the
technical challenges and the risk of serious developmental issues
post-rehydration and/or implantation, research on human oocyte
cryopreservation almost ceased.

At a similar time, Porcu et al. [104–108] reported their suc-
cesses with oocyte slow controlled-rate freezing; Alex Martino [60]
then working in the laboratory of Stanley Leibo at the University of
Guelph in Canada demonstrated the successful cryopreservation of
bovine oocytes held in electronic microscope grids using a vitrifica-
tion solution (called VS14) formulated by Ali and Shelton [54–56]
some 3 years earlier. Martino called the VS14, devised by Ali et al.,
“EG5.5” which led to some confusion in other workers on the
origins of the VS14 [115, 116]. VS14 (EG5.5) consists of 5.5 M
ethylene glycol and 1.0M sucrose. About 6 years prior toMartino’s
report, Ali joined Jim Shelton at the John Curtin School of Medical
Research of the Australian National University (ANU) as a graduate
student. The VS14 (or EG5.5) was developed by Ali and Shelton
[54], and the details of its preparation were published in 1993. This
vitrification solution was the product of an extensive evaluation
undertaken by Ali and Shelton in which 3044 cryoprotectant solu-
tions were investigated. VS14 was the least toxic of all the VS’s
investigated. Following the report of Martino et al. of successful
vitrification of bovine oocytes using VS14, Chung et al. and Hong
et al. (cited in ([61])) reported the successful vitrification of human
oocytes during the annual conference of the American Society of
Reproductive Medicine in 1998. They also used the VS14 devel-
oped by Ali and Shelton [54]. Both reports appear to be from the
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same group based in Korea. In the following year, the same group
[61] reported the first pregnancy after vitrification of oocytes with
VS14. Again, in the same year, a case study by Kulosheva et al. [62]
reported a live birth from vitrified oocytes using a similar ethylene
glycol-based VS that consisted of 40 % (approximately 6 M) ethyl-
ene glycol and 0.6 M sucrose. For the next decade or so, workers
affiliated to the Korean group based at Cha General Hospital,
Seoul, achieved pregnancies using VS14-vitrified oocytes [61,
63–67] and embryos. It is noteworthy that a large number of
workers who utilized the VS14, some with minor modifications,
failed to acknowledge the origins of VS14 [115, 116]. The lack of
formulation data on most VS’s employed in clinical investigations
casts doubts on originator claims other than those relating to VS14
since its original description by Ali and Shelton [54–56].

The lack of formulation and toxicological data could also sug-
gest the VS’s may be of whimsical origin rather than products of
painstaking research. Whimsically conceived VS’s could have the
potential for devastating long-term impact on health of individuals
who are derived from embryos vitrified in such less researched VS’s.
A French study warns of nonlethal damage during the cryopreser-
vation process which could have long-term negative effects on the
individual. These workers noted violent behavior in mice derived
from frozen- thawed embryos and have warned of possible similar
consequences in the human [117]. They also predicted delayed
detrimental effects of cryopreservation on the affected individual.

Subsequent to the emergence of VS’s that employed single
permeating cryoprotectants, a number of workers began using
ethylene glycol and sucrose in combination with other permeating
cryoprotectants such as DMSO [118–121] or propylene glycol
[122, 123]. Present-day commercially available VS’s appear to
consist of combinations of permeating cryoprotectants plus
sucrose. It is noteworthy that vitrification appears to have become
the preferred technique for the preservation of oocytes by the late
2000s. A 5-year review of oocyte cryopreservation reports which
described the use of slow cool methods versus vitrification showed
the latter to be more efficacious [124]. By the end of the 2000s,
oocyte cryopreservation by vitrification has become routine in
some laboratories with excellent pregnancy rates almost compara-
ble to those achieved using fresh oocytes [125, 126]. It now seems
the problem of oocyte cryopreservation especially with the use of
vitrification has been finally put to rest [127, 128] although it
remains to be routinely applied universally. However, the long-
term impact of oocyte vitrification on offspring remains to be
elucidated. It is noteworthy that Delphine Parrott had obtained
live young from frozen-grafted ovarian tissue some 30 years earlier
[129]. Her work is seldom mentioned although it augured
attempts to cryopreserve ovarian tissue many decades later.
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From the mid-1990s through to 2015, vitrification as a strat-
egy for embryo cryopreservation has been firmly established espe-
cially in the human with excellent outcomes similar to those
achieved with fresh embryos. Present-day VS’s utilize at least
two permeating plus one non-permeating cryoprotectants. This
practice has resulted in excellent outcomes. Most of the current
commercially available VS’s for human embryos appear to be of
this kind. The proportion of pregnancies from cryopreserved
embryos is now similar to that for fresh embryos [128, 130].
The problems faced by workers in the past in the cryopreservation
of embryos now appear to have been resolved although any long-
term effects of embryo cryopreservation remain to be elucidated
conclusively. A recent review [128] of publications on human
embryo and oocyte cryopreservation, beginning from1980 through
to 2013, indicated improved pregnancy rates from vitrified embryos.
This was especially so in recent years with outcomes almost the same
as those observed with fresh embryos, albeit with a higher rate of
Cesarean section. Significant increases in risks of DNA damage,
spindle configuration, embryonic aneuploidy, and genomic imprint-
ingwere not observedwhen fresh and slow-freezing procedureswere
compared.

Even though the significant and tangible advances made in the
area of cryopreservation of gametes and embryos over the last three
decades promise well for the future of vitrification in healthcare and
other industries, one lingering problem remains to be resolved.
This relates to the use of micro-vehicles in vitrification. In this
situation, asepsis is difficult to attain. Consequently, it is known as
the open system in which human gametes, embryos, and other
tissues in the healthcare and other industries are subjected to
non-asepsis, a practice that is not in keeping with Good Laboratory
Practice/Good Clinical Practice (GLP/GCP). This situation has
persisted to the present time since micro-carriers were first utilized
in the 1990s [131, 132]. Newly innovated safe aseptic methods of
cryopreservation can be adopted or have to be innovated to insti-
tute GLP-/GCP-compliant techniques in healthcare.

In conclusion the quest for the cryopreservation of gametes
and embryos has been largely resolved, but there remains scope for
further improvement.
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Chapter 2

Utility of Animal Models for Human Ovarian Tissue
Cryopreservation

Seul Ki Kim, Jung Ryeol Lee, and S. Samuel Kim

Abstract

Success in cryopreservation of ovarian tissue (OT) in animal models has led to develop efficient cryo-
technologies for human ovarian tissue. In this chapter, cryopreservation protocols developed for animal
experiments are described.

Key words Ovarian tissue, Cryopreservation, Slow freezing, Vitrification, Fertility preservation

1 Introduction

Although the technology of cryopreservation of ovarian tissue
(OT) is still at a relatively experimental stage, it seems to be a
promising strategy for fertility preservation with encouraging
results. Indeed, it is the only available option for fertility preserva-
tion in pre-pubertal girls. In the last decade, a wealth of information
has been collected through studies using different animal models,
and this has led to the development of new technologies and
optimization of existing ones. Success in cryopreservation of OT
in animal models has allowed its application in humans. Today, the
results of those studies still continue to form the basis of OT
cryobiology.

The most commonly used animal models in developing the
principles of OT cryopreservation for application in humans are
sheep and bovine models. Especially bovine ovaries have become
useful due to the similarities in the ovary size and composition as
well as length of folliculogenesis. Nevertheless, the rodent model
has contributed more than any other animal models to scientific
experiments. Although establishing the optimal cryopreservation
protocol is one of the most important steps to improve OT survival
and many laboratories have developed various protocols, cryopres-
ervation of OT has not been fully optimized (especially in humans).

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_2, © Springer Science+Business Media LLC 2017
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Cryopreservation of OT can be done by either slow freezing or
vitrification. To date, the slow freezing method has been consid-
ered a standard technique for OT cryopreservation in clinical set-
tings. Recently, vitrification of OT has been studied by multiple
investigators; however, the results are still controversial. In theory,
vitrification of OT should provide better results than those of
slow freezing; however, it will take some time to perfect the vitri-
fication technology for OT.

Cryoprotective agents (CPAs), by increasing the total concen-
tration of solutes in the system, reduce the amount of ice formation
at any given temperature; however, to be biologically acceptable,
they must be able to penetrate into the cells and have low toxicity.
CPAs commonly used in OT vitrification are dimethyl sulfoxide
(DMSO), propanediol (PrOH), and ethylene glycol (EG) as per-
meating CPAs and sucrose, trehalose, and Ficoll as nonpermeating
CPAs. Some studies suggested that the combination of two or
more CPAs can reduce the toxicity and may be more effective
than a single type of CPA. Nevertheless, the efficacy of different
types and concentrations of CPA should be further investigated.

Here, we describe slow freezing and vitrification protocols for
mouse, sheep, and bovine OTs.

2 Materials

2.1 Mouse
Ovarian Tissue
Cryopreservation [1, 2]

2.1.1 Vitrification

From 4- to 7-week-old B6D2F1 female mice were housed under
controlled conditions as follows: lighting (12-h light/dark cycle),
temperature (20–22 !C), humidity (40–60 %) and fed ad libitum.

1. Basic medium (BM): 20 % fetal bovine serum (FBS) in Dul-
becco’s phosphate buffered saline (D-PBS).

2. Equilibration solution (ES): 7.5 % (v:v) Ethylene glycol (EG),
7.5 % (v:v) Dimethylsulfoxide (DMSO) in BM.

3. Vitrification solution (VS): 20 % (v:v) EG, 20 % (v:v) DMSO,
0.5 M sucrose in BM.

4. Warming solution: 1M, 0.5M, 0.25M, and 0M sucrose in BM.

5. Four-well dish.

6. Sterilized filter paper or gauze.

7. Liquid nitrogen (LN2).

8. Cryovial.

9. Cane.

10. Electron microscopic grid (IGC400)

11. Sterile hood.
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2.1.2 Slow Freezing 1. Basic medium (BM): 20 % FBS in D-PBS.

2. Slow freezing solution: 1.5 M DMSO, 0.1 M sucrose in BM.

3. Warming solution: 0.5 M, 0.25 M, 0 M sucrose in BM.

4. Four-well dish.

5. LN2.

6. Cryovial.

7. Forceps/cotton tips.

8. Sterile hood.

9. Slow freezing machine: Kryo 360, Cryologic etc.

2.2 Sheep
Ovarian Tissue
Cryopreservation [3–5]

2.2.1 Vitrification

Sheep ovaries immersed in cold (0–4 !C) D-PBS were transported
from a local slaughterhouse to laboratory within 2 h on ice (see
Note 1). Prepare the ovarian cortex into thin cortical slices (1 mm
thick).

1. Basic medium (BM): 20 % FBS in L-15 medium.

2. Equilibration solution (ES): 7.5 % (v:v) EG, 7.5 % (v:v)
DMSO in BM.

3. Vitrification solution (VS): 20 % (v:v) EG, 20 % (v:v) DMSO,
0.5 M sucrose in BM.

4. Warming solution: 1 M, 0.5 M, 0.25 M, and 0 M Sucrose in
BM.

5. Sterilized filter paper or gauze.

6. LN2.

7. Curved scissors.

8. Forceps.

9. 35 mm and 60 mm cell culture dishes.

10. Sterile hood.

11. Water bath.

2.2.2 Slow Freezing 1. Basic medium (BM): 20 % FBS in L-15 medium.

2. Slow freezing solution: 1.5 M DMSO þ 0.1 M sucrose in BM.

3. Thawing solution: TS1: 1.0 M DMSO þ 0.1 M sucrose, TS2:
0.5 M DMSO þ 0.1 M sucrose, TS3: 0.1 M sucrose

4. Sterilized filter paper or gauze.

5. LN2.

6. Cryovial.

7. Cane.

8. Curved scissors.

9. Forceps/cotton tips.

10. 35 mm and 60 mm cell culture dishes.
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11. Sterile hood.

12. Water bath.

13. Slow freezing machine: Kryo 360, Cryologic etc.

2.3 Bovine
Ovarian Tissue
Cryopreservation [6, 7]

2.3.1 Vitrification

1. Basic medium (BM): 20 % FBS in L-15 medium.

2. Equilibration solution (ES): 7.5 % (v:v) EG, 7.5 % (v:v) DMSO
in BM.

3. Vitrification solution (VS): 20 % (v:v) EG, 20 % (v:v) DMSO,
0.5 M sucrose in BM.

4. Warming solution: 1 M, 0.5 M, 0.25 M, and 0 M Sucrose in
BM.

5. Sterilized filter paper or gauze.

6. LN2.

7. Curved scissors.

8. Forceps.

9. 35 mm and 60 mm cell culture dishes.

10. Sterile hood.

11. Water bath.

2.3.2 Slow Freezing 1. Basic medium (BM): 20 % FBS in L-15 medium.

2. Slow freezing solution: 1.5 M DMSO þ 0.1 M sucrose in BM.

3. Thawing solution: TS1: 1.0 M DMSO þ 0.1 M sucrose, TS2:
0.5 M DMSO þ 0.1 M sucrose, TS3: 0.1 M sucrose

4. Sterilized filter paper or gauze.

5. LN2.

6. Cryovial.

7. Cane.

8. Curved scissors.

9. Forceps/cotton tips.

10. 35 mm and 60 mm cell culture dishes.

11. Sterile hood.

12. Water bath.

13. Slow freezing machine: Kryo 360, Cryologic etc.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified and use the sterile hood when processing.
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3.1 Mouse
Ovarian Tissue
Cryopreservation [2]

The whole ovary of the BDF1 female mice (see Note 2).

3.1.1 Vitrification

of Mouse Ovarian Tissue

Vitrification procedure

1. Expose intact ovaries to the equilibration solution for 10 min.

2. Expose to a vitrification solution for 3–5 min (see Note 3).

3. Load each of the ovaries onto the EM grid and excess
vitrification solution be removed using sterilized filter papers
(see Note 4).

4. Immediately plunge the ovaries on the EM grids into LN2 for
30 s (see Note 5).

5. Place the vitrified ovaries attached to the EM grids into 1.5 mL
cryovials filled with LN2 and store.

Warming procedure

1. Hold cryovials for 20 s in air at room temperature and then fill
with warming solution (1.0M sucrose in BM) at 37 !C for 30 s.
Move the ovaries with the grids to the 4-well dishes and wash in
warming solutions in a stepwise manner (0.5 M, 0.25 M, and
0 M sucrose in BM, 3 min each).

2. Further incubate the ovaries detached from the grids for
10 min in BM.

3.1.2 Slow Freezing

of Mouse Ovarian Tissue

Freezing procedure

1. After washing in the isolation medium, transfer ovarian tissue
to the dish containing the slow freezing solution.

2. Place each ovary into the cryovial containing a small volume of
slow freezing solution (see Note 6).

3. After 20 min exposure to the cryoprotectant at room tempera-
ture for equilibration, place the cryovials in a programmable
freezer precooled to 4 !C.

4. Cool at 2 !C/min to #7 !C and hold for 5 min (see Note 7).

5. Induce an ice formation (seeding) manually by touching the
cryovial at the level of the meniscus with cotton tip/precooled
scissors/forceps. Hold 5 min after seeding before futher
cooling.

6. Further cool down to #40 !C at a rate of #0.3 !C/min and
then cool to #100 !C at #10 !C/min.

7. Plunge directly into LN2 for storage.

Warming procedure

1. Hold cryovials for 20 s in air at room temperature and place the
cryovials in a water bath at 37 !C for 30–60 s.
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2. Remove the cryoprotectant by serial dilutions of the cryopro-
tectants in medium stepwise, which could avoid rapid osmotic
changes in the cryopreserved tissue.

3. After removing cryoprotectant, wash the thawed ovaries
repeatedly in L-15 medium containing 10 % (v:v) FBS.

3.2 Sheep
Ovarian Tissue
Cryopreservation [8, 9]

3.2.1 Vitrification

of Sheep Ovarian Tissue

Vitrification procedure

1. Equilibrate prepared ovarian cortical tissue (5 $ 5 $ 1 mm) in
equilibration solution for 15-min at room temperature.

2. After the equilibration period, transfer tissues into the vitrifica-
tion solution and equilibrate for 10#15 min at room
temperature.

3. Place the tissues on a piece of gauze to remove the residual
vitrification medium.

4. Place each ovarian tissue in a cryovial.

5. Plunge the cryovial with ovarian tissue into LN2. And then,
close the cover, and place in a LN2 tank for storage.

Warming procedure

1. Hold cryovials for 20 s in air at room temperature and fill with
37 !C pre-warming solution (1.0 M sucrose in BM) for 2 min.

2. Move the ovaries to the 35 mm dishes and wash in warming
solutions for 3 min each in a stepwise manner (0.5 M, 0.25 M,
and 0 M sucrose in BM).

3. Wash in BM (x2–3).

3.2.2 Slow Freezing

of Sheep Ovarian Tissue

Freezing procedure

1. After washing in the isolation medium, transfer ovarian tissue
to the dish containing slow freezing solution. Place each sec-
tion of ovarian tissue into the cryovial containing a small vol-
ume of slow freezing solution (1 ml).

2. After 30 min exposure to the cryoprotectant at room tempera-
ture for equilibration, place the cryovials into the programma-
ble freezer precooled to 4 !C.

3. Cool at 2 !C/min to #7 !C and hold for 5 min.

4. Induce seeding manually by touching the cryovial at the level of
the meniscus with precooled cotton tips/forceps. Hold 5 min
after seeding before futher cooling.

5. Further cool down to #40 !C at a rate of #0.3 !C/min and
then cool to #100 !C at #10 !C/min.

6. Plunge directly into LN2 for storage.
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Warming procedure

1. Hold cryovials for 20–30 s in air at room temperature.

2. Then place into 37 !C water bath for 2–3 min and agitate
vigorously.

3. Thaw stepwise using prepared thawing solutions (TS1:
1.0 mol/L DMSO with 0.1 mol/L sucrose, TS2: 0.5 mol/L
DMSO with 0.1 mol/L sucrose, TS3: 0.1 mol/L sucrose),
3 min each.

4. Wash thawed tissue in L-15 medium (x2–3).

3.3 Bovine
Ovarian Tissue
Cryopreservation

3.3.1 Vitrification

of Bovine Ovarian Tissue

Vitrification procedure

1. Equilibrate prepared ovarian tissue (5 $ 5 $ 1mm cortex) in
equilibration solution for 15-min at room temperature.

2. After equilibration period, transfer ovarian tissue into the
vitrification solution and equilibrate for 10–15 min at room
temperature.

3. Place ovarian tissue on a piece of gauze to remove the residual
vitrification medium.

4. Place each ovarian tissue in a cryovial.

5. Plunge the cryovial with ovarian tissue into LN2. And then,
close the cover and place in a LN2 tank for storage.

Warming procedure

1. Hold cryovials for 20 s in air at room temperature and then fill
with 37 !C pre-warming solution (1.0 M sucrose in BM) for
2 min.

2. Move ovarian tissue to the 35 mm cell culture dishes and wash
in warming solutions for 3 min each in a stepwise manner
(0.5 M, 0.25 M, and 0 M sucrose in BM).

3. Wash in BM (x2–3).

3.3.2 Slow Freezing

of Bovine Ovarian Tissue

Freezing procedure

1. After washing in the isolation medium, transfer ovarian tissue
to culture dishes containing slow freezing solution.

2. Place each section of ovarian tissue into the cryovial containing
a small volume of slow freezing solution (1 ml).

3. After 30 min exposure to the cryoprotectant at room tempera-
ture for equilibration, place the cryovials in a programmable
freezer precooled to 4 !C.

4. Cool at 2 !C/min to #7 !C and hold for 5 min.

5. Induce seeding manually by touching the cryovial at the level
of the meniscus with precooled cotton tips/forceps and hold
5 min more.
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6. Further cool down to #40 !C at a rate of #0.3 !C/min and
then cool to #100 !C at #10 !C/min.

7. Plunge directly into LN2 for storage.

Warming procedure

1. Hold cryovials for 20 s in air at room temperature.

2. Place the cryovials in a water bath at 37 !C for 2–3 min and
agitate vigorously.

3. Wash tissue stepwise using prepared thawing solutions for
3 min each (TS1: 1.0 mol/L DMSO with 0.1 mol/L sucrose,
TS2: 0.5 mol/L DMSO with 0.1 mol/L sucrose, TS3:
0.1 mol/L sucrose).

4. Wash thawed ovarian tissue (x2–3) in L-15 medium.

4 Notes

1. The effect of transport temperature on ovaries is unclear and
different temperatures (0–4 !C, 22–25 !C and 35–38 !C) are
used. And D-PBS or 0.9 % saline can be used as a storage
solution during transportation. We prefer transporting tissue
at 4 !C in D-PBS or L-15 solution.

2. Because of the small dimension (~2 $ 2 $ 2 mm3) of the
mouse ovary, we vitrified whole organs instead of ovarian slices.

3. Keep ES and VS vials at the room temperature (25 !C–27 !C)
at least 1 hour before vitrification.

4. Only cryovials or cryotubes without EM grids can be used.
However, EM grids offer good performance for cooling due to
their very high thermal conductivity.

5. The transparent glassy appearance should be maintained
during cooling and warming.

6. Various kinds of carriers are being used (plastic straw,
cryovial, etc.).

7. Different cooling rates are used depending on the laboratory.
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Chapter 3

Current Challenges in Immature Oocyte Cryopreservation

Ri-Cheng Chian, Yixin Xu, and Dana Keilty

Abstract

Current freezing technology, especially the vitrification method, has markedly improved oocyte survival rate
after warming, and the pregnancy rate is comparable to that achieved with fresh oocytes. However, most
groups report using oocytes matured in vivo for vitrification. Although immature oocytes can be vitrified
successfully, clinical outcomes do not reach that of vitrification of matured oocytes. The current literature
suggests that oocytes should be vitrified at mature metaphase II (M-II) stage following IVM rather than at
the immature germinal vesicle (GV) stage, because the potential for oocyte maturation is reduced when
vitrification is performed on immature oocytes at the GV stage.

Key words Immature oocytes, Metaphase II stage, GV stage, Cryopreservation, Vitrification

1 Introduction

Initial attempts to freeze oocytes employed the same slow-freezing
methods that were considered the gold standard for embryo cryo-
preservation. However, the slow-freezing oocytes were met with
very low survival and pregnancy rates [1–3], and this intervention
was thus considered experimental [4]. With time, the efficacy of the
slow freezing of oocytes has been improved by increasing the
sucrose concentration in the freezing solution [5–8]. With the
recent advancement of the vitrification technique, there has been
a significant improvement in the efficacy of oocyte cryopreservation
[9–18].

A recent guideline issued by the Practice Committees of the
American Society for Reproductive Medicine (ASRM) and the
Society for Assisted Reproductive Technology (SART) indicated
that mature oocyte vitrification and warming should no longer be
considered only an experimental procedure [19]: this technology is
recommended in cases of gonadotoxic therapies when there is a lack
of alternative options for fertility preservation. Several groups
worldwide have reported high survival and pregnancy rates as well
as high live birth rates using vitrified oocytes [20–27]. However, it

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_3, © Springer Science+Business Media LLC 2017
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appears that the majority of the live births were from egg donor
programs [28] rather than from a clinic-specified population seek-
ing to use this technology for fertility cryopreservation.

In addition, to date, most of the literature analyzes oocyte
cryopreservation in the context of ovarian stimulation for
in vitro fertilization (IVF) treatment. Ovarian stimulation with
gonadotropins may not be suitable for many women who are
seeking fertility preservation, especially patients with breast can-
cer and other hormone-dependent cancers, and those who
require immediate chemotherapy. Immature oocyte retrieval
followed by in vitro maturation (IVM) from unstimulated ovar-
ies and then cryopreservation of those of in vitro matured
oocytes is indeed an attractive strategy for these women. Imma-
ture oocyte retrieval followed by IVM has proven effective, with
this treatment resulting in pregnancies and many healthy live
births [29].

2 Cooling and Warming Rates for Oocyte Cryopreservation

The cryopreservation protocols for oocytes can be divided into two
categories: slow freezing/rapid thawing (cooling rates of
0.3–2 !C/min) and rapid cooling/warming or vitrification (it was
previously believed that the cooling rate should be at least
20,000 !C/min) [30]. Freezing induces the precipitation of water
into ice, leading to the separation of water from the dissolved
substances. The presence of both intracellular ice crystals and a
high concentration of solute can be lethal to the oocytes or
embryos during the freezing procedure. Therefore, a slow cooling
rate has been proposed in order to minimize the damage from ice
crystallization, osmosis, and chilling [31].

The typical slow-freezing method uses a cooling rate of
1 !C/min from "5 to "9 !C. Ice crystallization is then induced
by a process known as “seeding,” which results in a heterogeneous
ice nucleation that is more stable than a supercooling or homoge-
nous nucleation. After seeding, the cooling rate is reduced to
0.3–0.5 !C/min until a lower temperature is reached (usually
between "30 and "150 !C), and then the cells are stored in liquid
nitrogen (LN2). Thawing is done rapidly, with temperature
changes that can exceed 360 !C/min [32]. This procedure prevents
the occurrence of recrystallization, where water enters the oocytes
or embryos and transforms into a solid state around previously
formed small ice crystals.

Alternatively, rapid freezing/thawing techniques can be used to
prevent the formation of ice crystals by transforming the oocytes or
embryos into a vitreous- or glasslike state [33]. While this approach
improves the viability of the cells, a high concentration of cryopro-
tectant is required in order to prevent ice crystal formation [34].
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“Vitrification” refers to a glasslike solidification of a solution at a
low temperature, importantly the ice-free solidification of an
aqueous solution: living cells can be successfully frozen because
they are cooled so rapidly that ice crystallization does not occur
[34]. Strictly speaking, a glasslike state also occurs when slow-
freezing procedures are applied at the glass transition temperature
("130 !C); to avoid the intra- and extracellular ice formation at this
temperature, vitrification is done using a high concentration of
cryoprotectant and extremely rapid cooling/warming rates so
that the oocytes or embryos move quickly through the glass transi-
tion temperature [35–39].

The majority of experts believe that the cooling rate is the
most critical factor for successful oocyte vitrification. A strategy of
direct contact of various devices with LN2 has thus been adopted,
which has been able to achieve a cooling rate of >20,000 !C/min
[30]. However, many concerns about this approach have been
raised [40–44]. In addition to the contamination risk from direct
contact, the necessity of direct contact with LN2 in order to
achieve the essential cooling rate for vitrification continues to be
debated.

Until recently, the optimal cooling and warming rates with a
very small amount (<1.0 μL) of solution and samples were
unknown [45]. Mouse models indicate that a slow-warming pro-
cess proves lethal as it allows the growth of small intracellular ice
crystals by recrystallization [45, 46], indicating that the cooling
rate is of less consequence than the warming rate during
vitrification-warming procedures [47]. Interestingly, the same
authors have also demonstrated that a very high warming rate, as
opposed to a high cooling rate, was the essential element to survival
of the oocyte in this method [48]. The data also indicated that
oocytes could be vitrified successfully with the JY Straw vitrification
system (Fig. 1), even with relatively slow cooling (Fig. 2) and
warming (Fig. 3) rates. These approaches have yielded high survival
and pregnancy rates [27, 49], and so the necessity of direct contact
with LN2 to achieve the optimal cooling rate requires further
verification. The literature suggests that the optimal cooling and
warming rates with a very small amount (<1.0 μL) of solution and
samples do not have to reach >20,000 !C/min, indicating that
further understanding of the principles of vitrification is required in
the field.

3 Cryopreservation of Immature Oocytes

With the conventional slow-freezing method, an alternative strat-
egy to avoid spindle depolymerization is to cryopreserve immature
germinal vesicle (GV) stage oocytes. These immature oocytes are
arrested at the diplotene state of prophase I. Theoretically, the use
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of immature GV stage oocytes circumvents the risk of polyploidy
and aneuploidies, because the chromatin is diffuse and surrounded
by a nuclear membrane [50, 51]. Although the oocyte survival rate
seems improved, the maturation and fertilization rates are poor,
and embryonic development is stunted in immature oocyte freez-
ing [52–54] by the slow-freezing method. So far, only a single live
birth has been reported following the slow freezing of immature
oocytes at the GV stage [55]. Therefore, cryopreservation of
mature oocytes (M-II stage) using the slow-freezing method
seems more efficient than immature oocytes. Recently, the mod-
ified slow-freezing methods have been introduced for cryopreser-
vation of oocytes [5, 6, 56–66]. Although the survival and
fertilization rates seem improved, the clinical outcomes need to
be confirmed.

There is limited information on the oocyte survival, fertiliza-
tion rates, and early embryonic development after vitrification at
the immature GV stage. While survival rates have not proven sig-
nificantly different between oocytes vitrified at the GV and mature
metaphase II (M-II) stages (Fig. 4) [67, 68], oocyte maturation
rates were found to be significantly reduced in oocytes vitrified at
the immature GV stage followed by IVM compared to those
cultured without vitrification (Fig. 5) [67, 68]. However, following
insemination by ICSI, there were no significant differences in fer-
tilization, cleavage, or blastocyst development rates between these
two groups. These results suggest that vitrification of mature
oocytes is more efficient than immature oocytes.

Loading part Straw cover part 

Oocyte or embryo loading section

Insert tightly after loading oocytes or embryos

J.Y. Straw after loading oocytes and before plunging into LN2

a

b

Fig. 1 Structure of JY Straw vitrification system. (a) JY Straw has two parts: an oocyte loading part and a straw
cover part; (b) after fitting the straw cover tightly, JY Straw is gently plunged in LN2. This device does not allow
the loading part to contact LN2 directly. As there is space between the loading part and the straw cover, the
cooling rate can be expected to be reduced compared to a direct-contact LN2 method. Reproduced from Wang
et al. [49] with modification
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4 Vitrification of In Vitro Matured Oocytes

Immature oocyte retrieval without preceding gonadotropin stimu-
lation to the ovaries, followed by IVM culture and oocyte fertiliza-
tion, is a safe and effective treatment option for a large population
of infertile patients and has yielded clinical pregnancy rates of 35 %
[69–71], which are comparable to those achieved with standard

Fig. 2 Cooling curve of JY Straw for oocyte vitrification. (a) The cooling rate of the
interior of JY Straw after plunging into LN2. The temperature drop from 25 !C
to "196 !C required approximately 26–30 s, and thus a cooling rate of
approximately 442–500 !C/min was achieved; (b) in contrast, the cooling rate
was approximately 1326–1500 !C/min when the loading part was inserted into
LN2 with direct contact, i.e., without the straw cover. Reproduced from Wang
et al. [49] with permission
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IVF treatment cycles reported by several national registries
[72–74]. It also has been recently demonstrated that babies born
via IVM do not show increased fetal abnormality rates compared to
those born via regular IVF or spontaneous conceptions in fertile
women [75, 76]. Immature oocyte retrieval without ovarian

Fig. 3 Warming curve of JY Straw for oocyte thawing. The loading part of JY
Straw was inserted directly into 25 !C thawing solution. An increase in
temperature from "196 !C to 25 !C required approximately 4–5 s, and thus a
warming rate of approximately 2210–2652 !C/min was achieved. Reproduced
from Wang et al. [49] with permission
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Fig. 4 Survival rates for human oocytes vitrified at immature GV stage and at
mature M-II stage. A total of 298 oocytes (219 immature oocytes and 79 mature
oocytes) were vitrified and thawed. There were no differences in the survival
rates between the two groups. Reproduced from Cao et al. [67] with permission
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stimulation allows the avoidance of expensive medications and
ovarian hyperstimulation syndrome (OHSS). The incidence of
severe OHSS is 0.6–1.9 % but may be as high as 6 % in high-risk
groups, such as young women with polycystic ovaries [77].
Although a number of strategies have been proposed to predict
and prevent this potentially life-threatening complication, the only
preventive strategy that is certain to eliminate OHSS is the avoid-
ance of ovarian stimulation altogether.

At present, there are limited options for fertility preservation
applicable to young cancer patients, many of whom do not have a
male partner, must start chemotherapy quickly, and are concerned
about the long-term effects of gonadotropin stimulation. A stan-
dard ovarian stimulation treatment protocol includes a 4–6-week
delay to allow downregulation of the pituitary, followed by gonad-
otropin stimulation and oocyte retrieval [78]. Even in short
protocols, a delay of at least 2–3 weeks is suggested. The IVM
oocyte cryopreservation protocol, on the other hand, takes only
2–10 days. Women may also wish to avoid repeated gonadotropin
stimulation because of the substantial cost of the drugs and the
long-term effects of repeated doses of gonadotropins on the risk of
developing ovarian, endometrial, and breast cancers [79, 80].

Although it has been demonstrated that healthy live births can
be achieved from the combination of IVM and oocyte vitrification
[81], vitrification of in vitro matured oocytes is currently less effec-
tive than vitrification of in vivo matured oocytes. However, the
combination of IVM and oocyte vitrification has several advantages,
including the elimination of the high cost of drugs and the need for
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Fig. 5 In vitro maturation rates of immature human oocytes with or without
vitrification for IVM. A total of 440 immature oocytes (253 immature oocytes
without vitrification and 187 immature oocytes with vitrification) were cultured
in vitro for maturation. There was a significant difference (P < 0.05) between
these two groups. Reproduced from Cao et al. [67] with permission
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close monitoring. Most importantly, this novel treatment protocol
has the greatest potential to help cancer patients. In estrogen
receptor-positive breast cancer patients, the IVM protocol elimi-
nates the risk of stimulating hormone-sensitive tumors. Moreover,
IVM allows for minimal treatment delay and may be completed in
as few as 2 days.

Chemotherapy has an adverse effect on ovarian reserve, which
may lead to premature ovarian failure and infertility [82]. Cancer
treatment is often commenced without pursing fertility preserva-
tion options as neither cancer patients nor their oncologists wish to
delay chemotherapy. However, there is evidence to suggest that
cancer patients cope better emotionally with their treatment if they
feel that the option of having a biological child in the future is
available to them [83]. Based on the results of a series of healthy live
births achieved from the combination of IVM and oocyte vitrifica-
tion, this fertility-preserving approach should be considered for
some cancer patients before chemotherapeutic treatment [84].

The application of vitrification techniques to human oocytes
has been questioned due to the lack of basic biological studies
addressing its effects on oocyte viability [4]. Indeed, reviewing
current vitrification protocols found that relatively high concentra-
tions of cryoprotectant have been used to vitrify oocytes and the
cytotoxicity of cryoprotectant and osmotic changes of vitrification
solutions are the main concern [85]. The clinical efficiency of, and
safety issues surrounding, vitrified oocytes cannot be precisely
assessed because of the lack of well-controlled clinical trials [83].
While it is important to assess the viability and any abnormalities of
vitrified oocytes using embryological parameters [86], the most
important tool for evaluation is the rate of healthy live births
from vitrified oocytes [87].

5 Expert Commentary

There are no differences in the survival rates between oocytes
vitrified at the immature GV stage and at the mature M-II stage.
However, the potential for oocyte maturation is reduced in imma-
ture oocytes vitrified at the GV stage. This suggests that oocytes
should be vitrified at mature metaphase II (M-II) stage following
IVM rather than at the immature GV stage.

6 Key Issues

Vitrification of in vitro matured oocytes represents a novel option
for fertility preservation. The most important issue remains the
evaluation of healthy live births produced from in vitro matured
oocytes followed by vitrification in the future.
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Chapter 4

Role of Antioxidants and Antifreeze Proteins
in Cryopreservation/Vitrification

Seul Ki Kim, Hye Won Youm, Jung Ryeol Lee, and Chang Suk Suh

Abstract

In recent years, supplementation of antioxidants and antifreeze proteins during cryopreservation/vitrifica-
tion has significantly improved the survival and function of oocytes and ovarian tissues (OT) in animal
models. In this chapter, the experimental protocols for the use of antioxidants and antifreeze proteins in
cryopreservation/vitrification are described.

Key words Oocyte, Ovarian tissue, Cryopreservation, Vitrification, Antioxidants, Antifreeze proteins,
Fertility preservation

1 Introduction

Among the various fertility preservation options, embryo cryopres-
ervation is the most widely used, resulting in thousands of births
each year from frozen embryos. In 2013, the American Society for
Reproductive Medicine (ASRM) and the Society for Assisted
Reproductive Technology (SART) announced that modern proce-
dures for oocyte cryopreservation should no longer be considered
experimental [1]. Following the earlier use of slow freezing for
tissue preservation, rapid advances in the vitrification approach
have led to successful cryopreservation of embryo and mature
oocyte. While clinical application of cryopreservation in assisted
reproduction programs with mature oocytes has resulted in reason-
able success rates, the use of immature oocytes in cryopreservation
remains in its infancy.

Ovarian tissue (OT) cryopreservation may be the best option
for single women and prepubertal girls on the verge of starting
cancer treatment, but this method is still considered experimental.
To date, a relatively small number (~40) of live births have
resulted from using OT cryopreservation followed by reimplanta-
tion, worldwide. In addition, unlike embryo and oocyte

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_4, © Springer Science+Business Media LLC 2017
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cryopreservation, several studies comparing slow freezing and vitri-
fication of ovarian tissue have presented conflicting results [2]. An
optimal protocol for vitrification of the ovarian tissue has not yet
been established, and there are only a few reports of live births
using vitrified human ovarian tissues.

The main problems concerning cryopreservation are cellular
injuries caused due to generation of reactive oxygen species
(ROS), alteration in the antioxidant defense capability, and meiotic
or cytoskeletal spindle disruption [3–5]. One of the effective stra-
tegies for overcoming these obstacles is supplementation with pro-
tective agents such as antioxidants or antifreeze proteins (AFPs).

Several studies have demonstrated the benefits of antioxidant
addition during various phases of the culture, cryopreservation, and
transplantation protocols. These improvements in developmental
outcomes are in turn interpreted as due to the mitigation of
cryopreservation-induced oxidative stress by exogenous antioxi-
dants such as L-carnitine [6, 7], L-glutamine and taurine [8],
N-acetylcysteine [9], alpha-tocopherol [10], ascorbic acid [11],
beta-mercaptoethanol (BME) [12], and SOD and catalase [13].

AFPs (or ice-binding proteins [IBPs]) lower the freezing point
of a solution in a non-colligative manner, leading to an increase in
the difference between the melting point and the freezing point.
This phenomenon known as thermal hysteresis enables to keep ice
crystals very small or prevent their formation. Different types of
AFPs including FfIBP, fish type III AFP, and LeIBP have been
recently studied in the context of oocyte and OT cryopreservation
[14–18].

Here, we organize and describe the protocols for the use of
antioxidants and AFPs in oocyte and OT cryopreservation/vitrifi-
cation in previously published studies.

2 Materials

2.1 Antioxidants
in Mouse Oocyte
Cryopreservation

2.1.1 L-Carnitine

in Immature Mouse Oocyte

Cryopreservation [7, 19]

A. Reagent

1. L-carnitine (Sigma-Aldrich, St. Louis, USA): 3.72 mM
(0.6 mg/mL).

2. Modified potassium simplex optimized medium with amino
acids (mKSOMAA; Caisson, North Logan, USA).

3. MEM-alpha medium (Gibco, Carlsbad, USA).

4. Ethylene glycol (EG; Sigma-Aldrich, St. Louis, USA).

5. Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA).

6. Trehalose (Sigma-Aldrich, St. Louis, USA).

7. Bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, USA).

8. Fetal bovine serum (FBS; Gibco, Burlington, USA).

9. Follicle-stimulating hormone (FSH; Serono, Aubonne,
Switzerland).
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10. Equine chorionic gonadotrophin (eCG; Sigma-Aldrich, St.
Louis, USA).

11. Pyruvate.

12. Streptomycin.

13. Penicillin G potassium salt.

14. Mineral oil.

B. Vitrification Device

and Solutions

1. Cryoloop (20 μm wide; 0.5–0.7 mm diameter; Hampton
Research, Aliso Viejo, USA; see Note 1).

2. Basic medium (BM): 10 % FBS in MEM-alpha.

3. Equilibration solution (ES): 7.5 % EG (v:v) + 7.5 % DMSO
(v:v) in BM.

4. Vitrification solution (VS): 15 % EG (v:v) + 15 % DMSO (v:v)
in BM.

5. Warming solution (WS): 1 M (WS1), 0.5 M (WS2), and 0 M
(WS3) trehalose in BM.

6. In vitro maturation (IVM) medium: 5 % FBS + 25 μg/mL
pyruvate + 300 ng/mL FSH + 50 μg/mL streptomy-
cin + 75 μg/mL penicillin G potassium salt in MEM-alpha.

7. Oocyte collection medium: 5 % FBS + 50 μg/mL streptomy-
cin + 75 μg/mL penicillin G potassium salt in MEM-alpha.

8. Sperm capacitation medium: 0.9 % BSA in MEM-alpha.

9. Washing medium: 0.4 % BSA in MEM-alpha.

10. IVF medium: 0.4 % BSA in MEM-alpha.

11. Culture medium for cleavage and blastocyst stage embryos:
modified potassium simplex optimized medium with amino
acids (mKSOMAA).

C. Equipment 1. Plastic culture dishes (several types).

2. Plastic disposable tubes (15 mL).

3. Forceps.

4. Curved fine scissors.

5. Fine syringe needle (26 G).

6. Pasteur glass pipette.

7. Timer.

8. Cane.

9. Sterile hood.

10. Liquid nitrogen (LN2).

11. LN2 storage tank.

12. Stereomicroscope.

13. Inverted microscope.
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2.1.2 SOD and Catalase

in Mouse Oocyte

Cryopreservation [13]

A. Reagent

1. Superoxide dismutase (SOD; Sigma-Aldrich, St. Louis, USA):
50 IU/mL.

2. Catalase (Sigma-Aldrich, St. Louis, USA): 10 IU/mL.

3. Phosphate-buffered saline (PBS; Gibco, Paisley, UK).

4. Krebs-Ringer bicarbonate medium (Sigma-Aldrich, St. Louis,
USA).

5. Propanediol (PrOH; Nakarai Chemical, Tokyo, Japan).

6. Sucrose (Sigma-Aldrich, St. Louis, USA).

7. Bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, USA).

8. Human tubal fluid (HTF; Irvine Scientific, Santa Ana, USA).

9. Pregnant mare serum gonadotrophin (PMSG; Sigma-Aldrich,
St. Louis, USA).

10. Human chorionic gonadotrophin (hCG; Sigma-Aldrich, St.
Louis, USA).

11. Mineral oil.

B. Slow Freezing Device

and Solutions

1. Plastic straw (see Note 1).

2. Basic medium (BM): 10 mg/mL BSA in PBS.

3. Slow freezing solution:

(a) 0.5 M, 1.0 M, and 1.5 M PrOH in BM.

(b) 1.5 M PrOH + 0.1 M Sucrose in BM.

4. Warming solution [20]

(a) 1.5 M, 1.0 M, and 0.5 M PrOH in BM.

(b) 0.1 M sucrose in BM.

5. Oocyte handling and dilution medium: 10 mg/mL BSA in
PBS.

6. Sperm capacitation medium: 4 mg/mL BSA in Krebs-Ringer
bicarbonate medium.

7. Washing medium: 4 mg/mL BSA in HTF.

8. IVF medium: 4 mg/mL BSA in HTF.

9. Culture medium for cleavage and blastocyst stage embryos:
4 mg/mL BSA in HTF.

C. Equipment 1. Plastic culture dishes (several types).

2. Plastic disposable tubes (15 mL).

3. Forceps.

4. Curved fine scissors.

5. Fine syringe needle (26G).

6. Pasteur glass pipette.

7. Timer.
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8. Cane.

9. Sterile hood.

10. Controlled programmed freezer (Gryoembryo HP; Daido-
Hoxan, Tokyo, Japan; see Note 2).

11. Liquid nitrogen (LN2).

12. LN2 storage tank.

13. Stereomicroscope.

14. Inverted microscope.

2.2 Antioxidants
in Human
Ovarian Tissue
Cryopreservation

2.2.1 L-Glutamine

and Taurine in Human

Ovarian Tissue

Cryopreservation [8]

A. Reagent

1. L-glutamine (Sigma-Aldrich, St. Louis, USA): 25.0 mmol/L.

2. Taurine (Sigma-Aldrich, St. Louis, USA): 0.5 mmol/L.

3. Medium A (see Note 3 for the compositions).

4. Propanediol (PrOH; Sigma-Aldrich, St. Louis, USA).

5. Glycine (Sigma-Aldrich, St. Louis, USA).

6. Raffinose (Sigma-Aldrich, St. Louis, USA).

7. HEPES.

8. Human serum albumin (HSA; Vitrolife Sweden AB, Sweden).

B. Slow Freezing Device

and Solutions

1. Cryovial (see Note 1).

2. Medium A (basic medium).

3. Medium B (freezing medium): consists of Medium A without
CaCl2 and supplemented with 3 M PrOH, 50 M glycine,
0.05 M raffinose, and 21.8 M HEPES [21].

4. Thawing medium: Medium A.

C. Equipment 1. Plastic culture dishes (several types).

2. Plastic disposable tubes (15 mL).

3. Forceps.

4. Curved fine scissors.

5. Timer.

6. Cane.

7. Sterile hood.

8. Controlled programmed freezer (Minicool 40 PC, Air Liquide,
France; see Note 2).

9. Liquid nitrogen (LN2).

10. LN2 storage tank.

11. Stereomicroscope.

12. Inverted microscope.
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2.2.2 N-Acetylcysteine

in Human Ovarian Tissue

Cryopreservation [9]

A. Reagent

1. N-Acetylcysteine (Sigma-Aldrich, St. Louis, USA): 25mmol/L.

2. Dulbecco’s phosphate-buffered saline (D-PBS; Gibco,
Paisley, UK).

3. Propanediol (PrOH; Sigma-Aldrich, St. Louis, USA).

4. Human serum (HS).

B. Slow Freezing Device

and Solutions

1. Cryovial (Nunc, Roskilde, Denmark; see Note 1).

2. Basic medium (BM): 30 % HS in D-PBS.

3. Freezing solution: 1.26 M PrOH + 0.175 M in BM.

4. Thawing solution:

(a) Solution 1: 0.76 M PrOH + 0.175 M sucrose in BM.

(b) Solution 2: 0.26 M PrOH + 0.175 M sucrose in BM.

(c) Solution 3: 0.175 M sucrose in BM.

C. Equipment 1. Plastic culture dishes (several types).

2. Plastic disposable tubes (15 mL).

3. Forceps.

4. Curved fine scissors.

5. Timer.

6. Cane.

7. Sterile hood.

8. Controlled programmed freezer (see Note 2).

9. Liquid nitrogen (LN2).

10. LN2 storage tank.

11. Stereomicroscope.

12. Inverted microscope.

2.3 Antifreeze
Proteins in
Mouse Oocyte
Cryopreservation/
Vitrification

2.3.1 Antifreeze Proteins

in Immature Mouse Oocyte

Cryopreservation [14]

A. Reagent

1. Type III antifreeze protein (AFP): 500 ng/mL.

2. Dulbecco’s phosphate-buffered saline (D-PBS; Gibco,
Paisley, UK).

3. Ethylene glycol (EG; Sigma-Aldrich, St. Louis, USA).

4. Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA).

5. Sucrose (Sigma-Aldrich, St. Louis, USA).

6. Hyaluronidase (Sigma-Aldrich, St. Louis, USA).

7. Mouse tubal fluid (MTF; see Note 4 for the compositions).

8. Medium-199 (Life technology, Burlington, USA).

9. Global® medium (LifeGlobal, Brussels, Belgium).

10. Bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, USA).

11. Fetal bovine serum (FBS; Gibco, Burlington, USA).

12. Follicle-stimulating hormone (FSH; Serono, Aubonne,
Switzerland).
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13. Human chorionic gonadotrophin (hCG; Serono, Aubonne,
Switzerland).

14. Epidermal growth factor (EGF; Sigma-Aldrich, St.
Louis, USA).

15. Pregnant mare serum gonadotrophin (PMSG: Sigma-Aldrich,
St. Louis, USA).

16. Mineral oil.

B. Vitrification Device

and Solutions

1. CryoTop (Kitazato, Fujinomiya, Japan; see Note 1).

2. Basic medium (BM): 20 % FBS in D-PBS.

3. Equilibration solution (ES): 7.5 % EG + 7.5 % DMSO in BM.

4. Vitrification solution (VS): 15 % EG + 15 % DMSO + 0.5 M
sucrose in BM.

5. Warming solution (WS): 1 M (WS1), 0.5 M (WS2), 0.25 M
(WS3), and 0 M (WS4) sucrose in BM.

6. In vitro maturation (IVM) medium: 20 % FBS + 75 mIU
FSH + 0.5 IU/mL hCG + 10 ng/mL EGF in Medium-199.

7. Sperm capacitation medium: 0.4 % BSA in MTF.

8. Washing medium: 0.4 % BSA in MTF.

9. Fertilization medium: 0.4 % BSA in MTF.

10. Culture medium for cleavage and blastocyst stage embryos:
0.4 % BSA in Global® medium.

C. Equipment 1. Four-well dish (Nunc, Roskilde, Denmark) for vitrification and
warming procedures.

2. Organ culture dish (Falcon, Franklin Lakes, USA) for sperm
insemination and washing.

3. Tissue culture dish (30 or 60 mm; Falcon, Franklin Lakes,
USA) for oil drop culture.

4. Plastic disposable tubes (15 mL).

5. Forceps.

6. Curved fine scissors.

7. Fine syringe needle (26G).

8. Pasteur glass pipette.

9. Timer.

10. Cane.

11. Sterile hood.

12. Liquid nitrogen (LN2).

13. LN2 storage tank.

14. Stereomicroscope.

15. Inverted microscope.
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2.3.2 Antifreeze Proteins

in Mature Mouse Oocyte

Cryopreservation [15]

A. Reagent

1. Type III antifreeze protein (AFP): 500 ng/mL.

2. Dulbecco’s phosphate-buffered saline (D-PBS; Gibco,
Paisley, UK).

3. Ethylene glycol (EG; Sigma-Aldrich, St. Louis, USA).

4. Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA).

5. Sucrose (Sigma-Aldrich, St. Louis, USA).

6. Hyaluronidase (Sigma-Aldrich, St. Louis, USA).

7. Mouse tubal fluid (MTF; see Note 1 for the compositions).

8. Global® medium (LifeGlobal, Brussels, Belgium).

9. Bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, USA).

10. Fetal bovine serum (FBS; Gibco, Burlington, USA).

11. PMSG (Sigma-Aldrich, St. Louis, USA).

12. hCG (Sigma-Aldrich, St. Louis, USA).

B. Vitrification Device

and Solutions

1. CryoTop (Kitazato, Fujinomiya, Japan; see Note 1).

2. Basic medium (BM): 20 % FBS in D-PBS.

3. Equilibration solution (ES): 7.5 % EG + 7.5 % DMSO in BM.

4. Vitrification solution (VS): 15 % EG + 15 % DMSO + 0.5 M
sucrose in BM.

5. Warming solution (WS): 1 M (WS1), 0.5 M (WS2), 0.25 M
(WS3), and 0 M (WS4) sucrose in BM.

6. Sperm capacitation medium: 0.4 % BSA in MTF.

7. Washing medium: 0.4 % BSA in MTF.

8. Fertilization medium: 0.4 % BSA in MTF.

9. Culture medium for cleavage and blastocyst stage embryos:
0.4 % BSA in Global® medium.

C. Equipment 1. Four-well dish (Nunc, Roskilde, Denmark) for vitrification and
warming procedures.

2. Organ culture dish (Falcon, Franklin Lakes, USA) for sperm
insemination and washing.

3. Tissue culture dish (30 or 60 mm; Falcon, Franklin Lakes,
USA) for oil drop culture.

4. Plastic disposable tubes (15 mL).

5. Forceps.

6. Curved fine scissors.

7. Pasteur glass pipette.

8. Timer.

9. Cane.
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10. Sterile hood.

11. Liquid nitrogen (LN2).

12. LN2 storage tank.

13. Stereomicroscope.

14. Inverted microscope.

2.4 Antifreeze
Proteins in Mouse
Ovarian Tissue
Cryopreservation [16]

2.4.1 Three Types

of Antifreeze Proteins

in Mouse Ovarian Tissue

Cryopreservation [16]

A. Reagent

1. Antifreeze protein (AFP) types: type III AFP, LeIBP, and
FfIBP.

2. Dulbecco’s phosphate-buffered saline (D-PBS; Gibco,
Paisley, UK).

3. Ethylene glycol (EG; Sigma-Aldrich, St. Louis, USA).

4. Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA).

5. Sucrose (Sigma-Aldrich, St. Louis, USA).

6. Fetal bovine serum (FBS; Gibco, Burlington, USA).

7. Zoletil (Virbac, Carros, France).

8. Rompun (Bayer, Leverkusen, Germany).

B. Vitrification Device

and Solutions

1. Electron microscope (EM) copper grids (IGC 400; Jeol, Tokyo
Japan; see Note 1).

2. Basic medium (BM): 20 % FBS in D-PBS.

3. Equilibration solution (ES): 7.5 % EG + 7.5 % DMSO in BM.

4. Vitrification solution (VS): 20 % EG + 20 % DMSO + 0.5 M
sucrose in BM.

5. Warming solution (WS): 1 M (WS1), 0.5 M (WS2), 0.25 M
(WS3), and 0 M (WS4) sucrose in BM.

C. Equipment 1. Four-well dish (Nunc, Roskilde, Denmark) for vitrification and
warming procedures.

2. Cryovial (1.5 or 1.8 mL; Nunc, Roskilde, Denmark).

3. Forceps.

4. Curved fine scissors.

5. Sterilized filter paper or gauze.

6. 4-0 silk suture.

7. Timer.

8. Cane.

9. Sterile hood.

10. Liquid nitrogen (LN2).

11. LN2 storage tank.
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3 Methods

Carry out all procedures at room temperature unless otherwise
specified and use the sterile hood when processing.

3.1 Antioxidants
in Mouse Oocyte
Cryopreservation

3.1.1 L-Carnitine

in Immature Mouse

Oocyte Cryopreservation

[7, 19]

Animals

Eight- to 10-week-old (B6.DBA)F1 femalemice were housed under
controlled conditions as follows: lighting (12-h light/dark cycle),
temperature (21–24 !C), humidity (30–60 %), and fed ad libitum.

L-Carnitine Dissolve the L-carnitine in the vitrification, warming, and IVM
medium at a final concentration 0.6 mg/mL and sterilized by
filtration.

Retrieval of Immature

Oocytes and In Vitro

Maturation

1. Treat the mice with i.p. injections of 5 IU eCG.

2. After 45–47 h, sacrifice them by cervical dislocation.

3. Dissect both ovaries and puncture the antral follicles using a
fine syringe needle (26G).

4. Collect the cumulus-oocyte complexes (COCs) covered with
compact cumulus.

Vitrification Procedure Vitrify the COCs with ES and VS in the presence of L-carnitine:

1. Maintain the COCs in ES for 3 min.

2. Transfer the COCs to 50 uL droplet of VS.

3. Dip the cryoloop into the VS so that a thin film is formed by
surface tension.

4. Place 3–5 COCs gently on the film of a cryoloop using a fine
glass pipette.

5. Directly plunge the cryoloop into a cryovial.

6. Submerge it into LN2 and tightened the cap.

7. Plunge into LN2 for storage.

8. Perform the whole process from VS treatment to plunging into
LN2 within less than 1 min.

Warming Procedure All the thawing procedures are conducted at 37 !C:

1. Unscrew and open the cap of the cryovial carefully in LN2.

2. Transfer the cryoloop containing COCs into 1 mL of WS1
quickly.

3. After the COCs fall into the solution, keep it warm for 3 min.
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4. Transfer the COCs into 500 μL of WS2 and WS3 for 3 min,
respectively.

5. Subject the viable COCs to IVM medium.

In Vitro Maturation

and Fertilization

1. After warming, transfer and culture the COCs in 50 μl droplet
of IVM medium for 16 h.

2. After IVM, assess the oocyte maturity by checking extrusion
of a first polar body under an inverted microscope (200")
(see Note 5).

3. Collect the mature MII oocyte in 50 μL droplet of IVF
medium.

4. Add the mouse epididymal sperm (10 μL) to each microdrop of
IVF medium containing COCs (see Note 6).

5. Incubate them at 37 !C in humidified 5 % CO2 in air.

6. After 5 h, wash the inseminated oocytes thoroughly with the
IVF medium by repeating pipetting.

7. Transfer the fertilized oocytes to the oil drop dish of culture
medium (Day 0).

8. Twenty-four hours after insemination, assess the fertilization
status by checking 2-cell embryo development.

9. Transfer the 2-cell embryos to the oil drop of culture medium.

10. Assess the blastocyst development ratio at Day 4.

3.1.2 SOD and Catalase

in Mouse Oocyte

Cryopreservation [13]

Animals

Six- to 8-week-old ICR female mice are maintained on a constant
light/dark cycle.

SOD and Catalase Dissolve the 50 IU/mL SOD and 10 IU/mL catalase in the
freezing and thawing medium.

Collection of In Vivo

Matured Oocytes

1. Treat the mice with i.p. injection of 5 IU PMSG followed by
5 IU hCG 48 h later.

2. Fourteen to fifteen hours after hCG administration, sacrifice
the mice by cervical dislocation.

3. Excise both of the oviducts.

4. Place the dissected oviducts in PBS.

5. Release the COCs by punching the ampulla of each oviduct
with fine needles and wash them with PBS.

Slow Freezing Procedure 1. Expose the COCs to slow freezing solution (0.5 M, 1.0M, and
1.5 M PrOH in BM) for 5 min at RT, respectively.

2. Then transfer the COCs to the next slow freezing solution
(1.5 M PrOH + 0.1 M sucrose in BM) and leave them for
15 min at RT.
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3. Load the COCs to a plastic straw.

4. Place the plastic straw in a controlled programmed freezer.

5. Cooling and seeding programs of this procedure are as below:

(a) From ambient (20 !C) to #7 !C: #2 !C/min of cooling
rate.

(b) Manual seeding at #7 !C: hold for 5 min (see Note 7).

(c) From #7 to #30 !C: #0.3 !C/min of cooling rate.

(d) From #30 to #150 !C: #50 !C/min of cooling rate.

6. Put the plastic straws into a cane.

7. Immediately plunge the cane into LN2 for storage.

Thawing Procedure 1. Place the plastic straw in a 37 !C water bath rapidly.

2. Release the COCs directly into three steps of warming solution
(1.5 M, 1.0 M, and 0.5 M PrOH) and finally 0.1 M sucrose in
BM for each 5 min.

3. Wash the COCs with BM.

4. Assess the survival of COCs by the morphologic criteria under
an inverted microscope (200") (see Note 5).

In Vitro Fertilization 1. Inseminate with cauda epididymal sperms (concentration:
2 " 106/mL) to the COCs and incubate them at 37 !C in
humidified 5 % CO2 in air (see Note 8).

2. After 8 h, wash the inseminated oocytes thoroughly with the
fertilization medium by pipetting.

3. Check the two pronuclei under the stereomicroscope.

4. Transfer the fertilized oocyte to the culture medium.

5. Twenty-four hours after insemination, assess the fertilization
status by checking 2-cell embryo development.

6. Culture them further at 37 !C in humidified 5 % CO2 in air.

3.2 Antioxidants
in Human
Ovarian Tissue
Cryopreservation

3.2.1 L-Glutamine

and Taurine in Human

Ovarian Tissue

Cryopreservation [8]

Ovarian Tissue Samples

Ovarian tissue was collected from 25 women aged 19 to 36 years
(mean $ SEM: 27.7 $ 1.0) during the operation treating their
ovarian cyst, after giving informed consent to participate in the
study.

L-Glutamine and Taurine Dissolve L-glutamine (25.0 mmol/L) and taurine (0.5 mmol/L)
in the freezing medium.
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Slow Freezing Procedure 1. Immediately immerse the ovarian tissue in “Medium A” and
transport it on ice to keep 4 !C.

2. Remove the medulla and remain the ovarian cortex.

3. Slice the ovarian cortex into an adequate size.

4. Place the ovarian tissue slice into the medium mixture of
“Medium A and B” of 1:1 (v/v) under gentle agitation.

5. After 15 min of equilibration at 4 !C, transfer the slices to a
cryovial containing 1.5 mL of cryoprotectant.

6. Load the cryovial into a programmable freezer.

7. Cooling and seeding programs of this procedure are as below:

(a) From 4 to #11 !C: #2 !C/min of cooling rate.

(b) From #11 to #40 !C: #2 !C/min of cooling rate.

(c) From #40 to #150 !C: #10 !C/min of cooling rate.

8. Put the cryovial into a cane.

9. Immediately plunge the cane into LN2 for storage.

Thawing Procedure 1. Expose the cryovial containing ovaries into 37 !C water bath
for 2 min.

2. Release the ovarian tissue directly into Medium A with gentle
shaking and wash it twice for 5 min at 37 !C.

3.2.2 N-Acetylcysteine

in Human Ovarian Tissue

Cryopreservation [9]

Ovarian Tissue Samples

Human ovarian tissue samples were obtained from 10 informed
and consenting patients, aged 17–25 years (mean age $ SD:
26.2 $ 6.5) for cryopreservation of ovarian tissue before chemo-
therapy and radiotherapy.

N-Acetylcysteine Dissolve N-acetylcysteine (25 mmol/L) in the freezing and thaw-
ing solutions.

Slow Freezing Procedure 1. Wash the ovarian tissue with BM.

2. Remove the medulla and remain the ovarian cortex.

3. Slice the ovarian cortex into an adequate size.

4. Place each slice into the cryovial containing a slow freezing
solution.

5. After 60 min exposure to the cryoprotectant at 4 !C for equili-
bration, transfer the cryovial into a programmable freezer.

6. Cooling and seeding programs of the freezer are as below:

(a) From 0 to #9 !C: #2 !C/min of cooling rate.

(b) Manual seeding at #9 !C: held for 10 min (see Note 7).

(c) From #9 to #40 !C: #0.3 !C/min of cooling rate.

(d) From #40 to #140 !C: #10 !C/min of cooling rate.

7. Put the cryovial into a cane.

8. Immediately plunge the cane into LN2 for storage.
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Thawing Procedure 1. Expose the cryovial containing ovaries to air (RT) for 30 s.

2. Then immerse into 37 !C water bath at for 2 min.

3. Remove the cryoprotectant by three steps of serial dilutions
(thawing solutions 1–3) of the cryoprotectants at 4 !C.

4. Finally, maintain the ovarian tissues for 20 min in BM at 4 !C.

3.3 Antifreeze
Proteins in
Mouse Oocyte
Cryopreservation

3.3.1 Antifreeze Proteins

(AFPs) in Immature Mouse

Oocyte Cryopreservation

[14]

Animals

Four- to 6-week-old female BDF-1 mice used were housed under
a 12-h light/dark cycle at 22 !C and provided food ad libitum.
All procedures were processed at RT except in the case of special
comments.

Antifreeze Protein Type III AFP: The concentration of AFP was determined by the
previous researches [14], which showed higher survival and blasto-
cyst formation rates at 500 ng/mL type III AFP. Vitrify the COCs
with ES and VS in the presence of type III AFP.

Retrieval of Immature

Oocytes

1. Treat the mice with i.p. injections of 5 IU PMSG.

2. After 48 h, kill them by cervical dislocation.

3. Excise both ovaries and place them in 1mLof washingmedium.

4. Collect the cumulus-oocyte complexes (COCs) covered with
compact cumulus cells by puncturing the antral follicles using
fine syringe needle.

Vitrification Procedure 1. Expose the COCs to ES for 5 min.

2. Transfer the COCs to VS and leave them for 45–60 s.

3. Load the five to six COCs onto a CryoTop.

4. Remove almost of the entire loading solution by aspiration.

5. Immediately plunge the CryoTop into LN2 for storage.

Warming Procedure 1. Plunge the CryoTop into the WS1 quickly for 1 min (37 !C).

2. After the COCs come off from the CryoTop, transfer them to
WS2, WS3, and WS4 for 3 min, respectively.

3. Wash the COCs twice with washing medium.

4. Examine the COCs morphologically to assess their viability (see
Note 5).

In Vitro Maturation

and Fertilization

1. After warming, transfer and culture the COCs in IVMmedium
for 17–18 h.
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2. After IVM, denude their cumulus cells completely by treatment
with 85 IU/mL hyaluronidase.

3. Then assess the oocyte maturity by checking extrusion of a first
polar body under an inverted microscope (200").

4. Collect the mature MII oocyte in the organ dish of fertilization
medium.

5. Inseminate the mouse epididymal sperm (concentration:
2 " 106/mL) to the mature oocytes, and incubate them at
37 !C in humidified 5 % CO2 in air (see Note 9).

6. After 4 h, wash the inseminated oocytes thoroughly with the
fertilization medium by pipetting.

7. Transfer the fertilized oocytes to the oil drop dish of the
fertilization medium.

8. Twenty-four hours after insemination, assess the fertilization
status by checking 2-cell embryo development.

9. Transfer the 2-cell embryos to the oil drop of culture medium.

10. Assess the blastocyst development ratio 72 h after insemination.

3.3.2 Antifreeze Proteins

in Mature Mouse Oocyte

Cryopreservation [15]

Animals

Four- to 6-week-old female BDF-1 mice used were housed under
a 12-h light/dark cycle at 22 !C and provided food ad libitum.
All procedures were processed at RT except in the case of special
comments.

Antifreeze Protein Type III AFP: The concentration of AFP was determined by the
previous research [15], which showed higher survival and blasto-
cyst formation rates at 500 ng/mL type III AFP. Vitrify the mature
oocytes with ES and VS in the presence of type III AFP.

Collection of In Vivo

Matured Oocytes

1. Treat the mice with i.p. injection of 5 IU PMSG followed by
5 IU hCG 48 h later.

2. Thirteen to fourteen hours after hCG injection, kill the mice by
cervical dislocation.

3. Collect both of the oviducts.

4. Place the dissected oviducts in an organ dish containing wash-
ing medium.

5. Release the COCs by tearing the ampulla of the oviducts.

6. Remove the cumulus cells enzymatically using 85 IU/mL
hyaluronidase and mechanically using a glass pipette.

7. Assess the morphologically normal mature oocytes by checking
the presence of a first polar body.

Vitrification Procedure 1. Expose the oocytes to ES for 5 min.

2. Transfer the oocytes to VS and leave them for 45–60 s.

3. Load five to six oocytes onto a CryoTop.
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4. Remove almost of the entire loading solution by aspiration.

5. Immediately plunge the CryoTop into LN2 for storage.

Warming Procedure 1. Plunge theCryoTop into theWS1 quickly for 1minute (37 !C).

2. After the oocytes come off from the CryoTop, transfer them to
WS2, WS3, and WS4 for 3 min, respectively.

3. Wash the oocytes twice with washing medium and transfer
them to the fertilization medium.

4. Assess the survival rate 1 h after incubation by identifying the
morphologic appearance of the membrane and ooplasm integ-
rity under an inverted microscope (200").

In Vitro Fertilization 1. Inseminate the mouse epididymal sperm (concentration:
2 " 106/mL) to the mature oocytes, and incubate them at
37 !C in humidified 5 % CO2 in air (see Note 9).

2. After 4 h, wash the inseminated oocytes thoroughly with the
fertilization medium by pipetting.

3. Transfer the fertilized oocyte to the oil drop dish of the fertili-
zation medium.

4. Twenty-four hours after insemination, assess the fertilization
status by checking 2-cell embryo development.

5. Transfer the 2-cell embryos to the oil drop of culture medium.

6. Assess the blastocyst development ratio 72 h after insemination.

3.4 Antifreeze
Proteins in Mouse
Ovarian Tissue
Cryopreservation

3.4.1 Three Types

of Antifreeze Proteins

in Mouse Ovarian Tissue

Cryopreservation

Antifreeze Proteins: Types

and Characteristics [16]

Type III AFP LeIBP FfIBP

Mass (kDa) 6.5 ~27 ~25.3

Structure Globular β-helix β-helix

Natural
source

Ocean pout,
wolfish, and
eelpout

Glaciozyma sp. Flavobacterium
frigoris

Thermal
hysteresis
(TH)

~1.5 !C at 3 mM 0.42 !C at 0.4 mM 2.5 !C at 50 μM

Reference Structure-function
relationship in
the globular type
III AFP:
identification of a
cluster of surface
residues required
for binding to ice

Characterization of
the ice-binding
protein from
Arctic yeast
Leucosporidium
sp. AY30

Structure-based
characterization
and antifreeze
properties of a
hyperactive ice-
binding protein
from the
Antarctic
bacterium
Flavobacterium
frigoris PS1
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Antifreeze Protein

Application

AFPs were added in the ES, VS, and all series of warming
solutions (WS1–WS4) according to each type and characteristic of
AFPs [16].

Animals Five-week-old female BDF-1 mice used were housed under a 12-h
light/dark cycle at 22 !C and provided food ad libitum. All proce-
dures were processed at RT except in the case of special comments.

Vitrification Procedure Vitrify the ovaries with ES and VS supplemented with AFPs (type
III AFP, LeIBP, and FfIBP, respectively):

1. After 1 week of mice adaptation, kill the mice by cervical
dislocation or in case of autotransplantation, anesthetize the
mice by i.p. injection of 30 mg/kg of Zoletil and 10 mg/kg of
Rompun.

2. Excise both ovaries and place them in 1 mL of the BM.

3. In case of autotransplantation, suture the skin incisions.

4. Suspend the ovaries in ES for 10 min.

5. Expose them to VS for 5 min.

6. Place each ovary on top of an EM copper grid.

7. Remove the VS droplet through the underlying sterilized filter
paper or gauze.

8. Put the grids into a 1.5 or 1.8 mL cryovial (see Note 10).

9. Put the cryovial into a cane.

10. Immediately plunge the cane into LN2 for storage.

Warming Procedure 1. Expose the cryovial containing ovaries to air (RT) for 10 s.

2. Pour the EM copper grids to the sterilized filter paper or gauze.

3. Pick the grids and transfer them to WS1 quickly.

4. Expose the ovaries that came off from the EM grids to WS1,
WS2, WS3, and WS4 for 5 min, respectively.

Transplantation of the

Vitrified-Thawed Ovaries

1. After analgesia with i.p. injection of 30 mg/kg of Zoletil and
10mg/kg of Rompun, exteriorize the kidney through a dorsal-
horizontal incision.

2. Insert the ovaries beneath the kidney capsule through a small
hole made by a fine forceps.

3. Suture the skin incisions.

4 Notes

1. Various kinds of carriers can be used for this procedure.

2. Various kinds of freezers can be used for this procedure.
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3. The composition of “Medium A”: L-glutamine (25.0 mmol/
L), taurine (0.5 mmol/L), 0.5 % HAS, NaCl (94.7 mmol/L),
KCl (4.8 mmol/L), MgSO4 (0.8 mmol/L), NaH2PO4
(1.0 mmol/L), NaHCO3 (25.0 mmol/L), CaCl2
(1.8 mmol/L), sodium lactate (21.3 mmol/L), sodium pyru-
vate (0.3 mmol/L), and D-glucose (5.5 mmol/L).

4. The composition of MTF (for making 1 L of medium):
0.2514 g CaCl2.2H2O, 0.0372 g EDTA, 6.6733 g NaCl,
0.3563 g KCL, 0.2933 g MgSO4.7H2O, 0.162 g KH2PO4,
0.0407 g Na-pyruvate, 0.6127 g D-glucose, 0.537 g Na-
lactate, 0.678 g Na-lactate (60 %), 2.1003 g NaHCO3,
0.0375 g penicillin G, 0.0251 g streptomycin, 10.0 mL
MEM-NEA (Gibco), 10.0 mL RPMI (Gibco), 5.0 mL L-glu-
tamine (Gibco), and 2.5 mL MEM Vitamin (Gibco).

5. Oocytes with a spherical and symmetrical shape, containing
evenly granulated cytoplasm, were regarded as viable, whereas
oocytes apparently with membrane damage, degenerated cyto-
plasm, or loss of cumulus cells were regarded as nonviable.

6. Sperms were collected from 10–12-week-old (B6.DBA)F1
males. Spermatozoa were allowed to swim out of the epididy-
mis into a droplet of 300 μL pre-warmed sperm capacitation
medium and then incubated for 1 h at 37 !C with 5 % CO2 in a
humidified incubator for sperm capacitation.

7. Induce an ice formation (seeding) manually by touching the
cryovial at the level of the meniscus with precooled scissors/
forceps.

8. The epididymal spermatozoa were retrieved from the cauda
epididymis of 4–6-month-old ICR male mice, and the sperm
suspensions were preincubated for 2 h in capacitation medium.

9. The protocols for mouse sperm preparation and insemination
were same as those described previously by Jo et al. [15]. The
epididymal spermatozoa were retrieved from the cauda epidid-
ymis of 8–10-week-old BDF-1 mice, and the sperm suspen-
sions were preincubated for 1.5 h in capacitation medium.

10. The ovary can be inserted into the cryovial directly without
loading on the EM copper grids.
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Chapter 5

Slow Freezing of Human Sperm

Ashok Agarwal and Eva Tvrda

Abstract

Cryopreservation of human spermatozoa is a highly efficient procedure for managing male fertility, and
much of its successful application seems to have a crucial impact on the reproductive outcome of assisted
reproduction technologies. Here, we present, explain, and describe the slow freezing method for preserving
human spermatozoa, which is currently the most commonly used freezing technique in most clinical
andrology laboratories.

Key words Human spermatozoa, Slow freezing, Cryodamage, TEST yolk buffer, Cryopreservation

1 Introduction to Sperm Cryopreservation: Why and Who?

Cryopreservation is the collection, freezing, and long-term storage
of structurally intact living cells and tissues [1]. Historically, sper-
matozoa were the first mammalian cells to be successfully cryopre-
served [2], due to the discovery of the cryoprotectant glycerol.
Since then, many advances in cryopreservation technology have
led to the evolution of different methods that allow low-
temperature maintenance of a variety of cells, tissues, and organs
[3]. Much progress in this field has originated from empirical work
and fundamental cryobiology. Furthermore, increased awareness of
the causes and consequences of cryo-injury has continuously
helped to improve distinct cryopreservation methods [4].

Human sperm cryopreservation has become a widely accepted
procedure in the contemporary world [5]. The importance of
sperm banking following cryopreservation lies in its potential to
preserve the future fertility of men who temporarily or permanently
lose their fertility due to a variety of reasons, including cancer [6].
Malignant diseases are associated with fever, malnutrition, altered
immune response and hormone imbalance, stress, and inflamma-
tion leading to destructive consequences on testicular and sperm
function [7, 8]. In addition, cancer treatments are highly toxic to
the male reproductive system. Chemotherapy is particularly

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_5, © Springer Science+Business Media LLC 2017
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harmful during the early stages of spermatogenesis, especially to the
proliferating and differentiating spermatogonia, and could lead to
temporary or permanent azoospermia or severe oligozoospermia
[9, 10]. Radiotherapy is similarly deleterious to spermatogenesis,
generally causing sperm DNA fragmentation, damage to Sertoli
and Leydig cells, and obstruction of the ejaculatory ducts, leading
to reduced semen volume [11, 12]. Patients with other diseases,
such as lupus, multiple sclerosis, or ulcerative colitis, can also
benefit from sperm banking before treatment [13, 14].

Sperm cryopreservation is often recommended to patients with
urological diseases and pathologies, including varicocele and testic-
ular torsion [15]. Men awaiting urogenital surgical procedures
should consider sperm banking as a precaution as well as those
men opting for surgical contraception (bilateral vasectomy) [14].

Healthy men may choose sperm cryopreservation to prevent
health problems from occupational exposure to toxic chemicals,
ionizing radiation, or biological contaminants [15, 16]. Males
undergoing gender reassignment through hormonal or surgical
therapy may also be a potential target population [17].

Cryopreservation is also widely used to store spermatozoa
retrieved from oligozoospermic and azoospermic patients as well
as from men with ejaculatory dysfunction or spinal cord injury. In
the latter cases, testicular sperm extraction or percutaneous epidid-
ymal sperm aspiration is used, both of which avoid the need for
repeated biopsies and aspiration [5].

Finally, cryopreservation of spermatozoa is mandatory in donor
insemination programs. All frozen samples are screened for infec-
tious diseases including HIV, herpes, and hepatitis before being
released [5, 14, 16].

Whatever the reason for sperm cryopreservation, when
pregnancy is desired, the semen sample is thawed and used in a
number of assisted reproductive techniques including intracyto-
plasmic sperm injection, intrauterine insemination, and in vitro
fertilization [6].

This chapter will discuss slow freezing of human spermatozoa,
which is currently regarded as a safe, cost-effective, and useful
strategy to preserve male fertility.

2 Slow Freezing: Principles and Overview

Slow freezing is a cryopreservation technique based on dehydra-
tion. A small amount of cryoprotectant is added to a sperm sample,
and the mixture is slowly cooled to !196 "C. Thus, the actual
dehydration occurs during cooling [6]. At a certain point, ice
masses containing pure crystalline water are created. An unfrozen
fraction remains between the growing ice masses, where all cells and
solutes are retained. The concentrations of sugars, salts, and
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cryoprotectant increase while the volume of the unfrozen fraction
declines. Increasing osmotic pressure causes an efflux of water from
the cells, which minimizes intracellular ice formation. As cooling
continues, the viscosity of the unfrozen fraction becomes too high
for further crystallization. The remaining unfrozen fraction ulti-
mately becomes an amorphous solid with no ice crystals [4].

Slow freezing is the preferred method for cryopreservation of
human spermatozoa. Raw or washed fresh semen samples are gen-
erally used. At the same time, different techniques are available to
preserve surgically retrieved spermatozoa [6]. For example, isolated
sperm can be injected into an empty zona pellucida of a hamster
oocyte and placed between two air bubbles inside a straw [19, 20].
Other studies have proposed freezing under a layer of paraffin oil
with glycerol [21]. A frozen “testicular pill” combining a mixture
of sperm and testicular tissue may be possible as well [22].

3 Materials and Equipment, Samples, and Reagents

3.1 Equipment 1. Phase contrast microscope.

2. MicroCell counting chamber.

3. Automatic pipettor.

4. Vortex.

5. !20 "C freezer.

6. LN2 dewar with 1100 canisters.

7. Sterile specimen container.

8. Sterile 15 mL centrifuge tubes with screw caps.

9. Sterile serological pipettes (2 mL capacity).

10. Sterile cryovials (1.8 mL capacity).

11. Colored cryomarkers.

12. Test tube racks (for 15 mL test tubes).

13. Cryovial racks.

14. Cryocanes.

15. Plastic cryosleeves.

16. Cryogloves.

17. Protective goggles.

18. Vinyl/nitrile gloves.

19. 37 "C incubator.

20. LN2 from supplier.

21. Viscosity treatment system (VTS) (REF 15524, Vitrolife, San
Diego, CA).
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3.2 Reagents Freezing medium (TEST yolk buffer; TYB). Each bottle is sterile
and for onetime use. Stored frozen at !20 "C until time of use.

3.3 Specimen A fresh semen sample is collected in a sterile plastic container
by masturbation in the collection room. The client should
abstain from ejaculation between 48 and 72 h before collection
(see Note 1).

Even semen samples with poor sperm quality can be cryopre-
served. Specimens with poor semen quality can be successfully used
by in vitro fertilization or intracytoplasmic sperm injection
technique.

4 Methods and Procedures

1. The collected sample is labeled and placed in a 37 "C incubator
for at least 20 min (see Note 2). Simultaneously, a bottle of
TEST yolk buffer is thawed in the 37 "C incubator for at least
20 min (see Fig. 1).

2. After liquefaction, the sample is drawn into a 2 mL sterile
pipette, leaving at least 50 μL in the specimen container. The
volume is measured and recorded, and any unusual consistency
is noted (see Note 3).

Fig. 1 37 "C incubator used for sample incubation and thawing of TEST yolk
buffer. Reprinted with permission, Cleveland Clinic Center for Medical Art &
Photography © 2010–2013. All Rights Reserved
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3. The specimen is placed into a labeled, sterile 15 mL conical
tube previously checked for cracks or defects.

4. The remaining aliquot in the specimen container is analyzed to
assess sperm motility (see Note 4).

5. Within 1 h of collection, an aliquot of freezing medium equal
to 25 % of the original specimen volume is added to the
centrifuge tube with a sterile pipette.

6. The specimen is gently rocked with the freezing media for
5 min on an aliquot mixer (see Fig. 2).

7. Steps 5 and 6 are repeated three times or until the volume of
freezing medium added is equal to the original specimen vol-
ume (see Fig. 3).

8. During the mixing steps above, cryomarkers are used to label
the cryocanes. An additional 1.8 mL cryovial is labeled—this
will contain a leftover aliquot of the cryodiluted specimen to be
assessed for cryosurvival 24 h after freezing.

9. The cryodiluted specimen is visually inspected for motility.
Percent motility is assessed using a MicroCell chamber and
phase microscope. The percent motility is documented as
“pre-cryo motility %.”

10. The well-mixed, cryodiluted sample is evenly distributed
into the pre-labeled vials using a 2 mL sterile serological
pipette. At least 0.2 mL is added to the post-thaw test cryovial
(see Fig. 4).

Fig. 2 Cryopreservation protocol: shaker for the mixing of the cryoprotectants.
Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography
© 2010–2013. All Rights Reserved
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11. Labeled vials are placed into the labeled cryocane(s) (see Fig. 5).
A maximum of two cryovials are placed into bottom slots
of canes right-side up, while the canes are held upside down
(i.e., labeled portion of cryocanes will be facing the ground
while placing the cryovials upright).

12. The cryocane(s) is covered with a cryosleeve(s) and placed in
the !20 "C freezer for 8 min (see Note 5).

13. The cryocane(s) is then removed from the !20 "C freezer and
placed into a LN2 vapor tank for at least 2 h (see Note 6).
Thereafter, the vials are frozen by the LN2 vapors (!80 "C).

Fig. 3 Cryopreservation protocol: semen dilution procedure with the TEST yolk buffer. Reprinted with
permission, Cleveland Clinic Center for Medical Art & Photography © 2010–2013. All Rights Reserved

Fig. 4 Distribution of the cryodiluted sample into pre-labeled vials. Reprinted with permission, Cleveland Clinic
Center for Medical Art & Photography © 2010–2013. All Rights Reserved
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14. After at least 2 h of incubation in the LN2 vapors (!80 "C), the
canes are turned upside down and immersed into LN2

(!196 "C) (see Fig. 6).

15. At least 24 h in LN2 thereafter, the aliquot is thawed in the
1.8 mL post-thaw cryovial. The cane containing the cryovial is
removed and snapped out. The cap is loosened and placed in
the 37 "C incubator for 20 min.

16. The vial is mixed well and analyzed using a computer-assisted
semen analyzer for spermatozoa motility parameters.

17. The results are recorded and the cryosurvival is evaluated using
the following formula (see Note 7):

% motility of post-thaw specimen

% motility of pre-f reeze specimen

18. For IUI, the thawed specimen is pipetted into a sterile non-
spermatotoxic centrifuge tube and rinsed with an equal volume
of sperm washing media containing human albumin.

19. After centrifugation at 300 # g for 7 min, the supernatant is
discarded and the pellet is resuspended to a volume of 0.5 mL
using sperm wash medium. Insemination should be performed
as soon as possible

Fig. 5 Placement of the labeled vials into the cryocane. Reprinted with
permission, Cleveland Clinic Center for Medical Art & Photography©

2010–2013. All Rights Reserved
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5 Notes

1. Sterile technique should be used throughout the sample pro-
cessing. Gloves are mandatory. At the same time, latex can be
toxic to sperm. Therefore, it is important to prevent contami-
nation of the specimen with latex or talc or, preferably, not use
them at all. Vinyl or nitrile gloves are recommended.

2. Only one sample is processed at a time to avoid mix-up or
possible contamination. If more than one patient is scheduled
for a specific time slot, then a second technologist should
process the other sample.

3. Specimens that have a moderate or high viscosity that do not
liquefy after incubation can be manipulated by pipetting them
up and down with a sterile pipette or adding viscosity treatment
system (VTS) whenever necessary.

4. The presence of round cells in the semen sample is counted,
and a peroxidase staining test for white blood cells is done if
$0.20 M/mL round cells are seen under wet preparation. At
this point, any bacteria or foreign cells should be noted [23].

5. Exposure to freezing conditions should occur within 1.5 h
following specimen collection [24].

6. Wear cryogloves and protective goggles when exposed to LN2.

Fig. 6 Short-term storage of semen samples in liquid nitrogen tanks. Reprinted
with permission, Cleveland Clinic Center for Medical Art & Photography
© 2010–2013. All Rights Reserved
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7. Quality control of the protocol consists of a pre-freeze and
post-thaw evaluation of a new lot number of TEST yolk buffer
using a donor sample that meets the following criteria:

50 % survival, calculated by the following formula:

% post-thaw motility

% pre-f reeze motility

6 Slow Freezing Versus Alternative Techniques: Pros and Cons

Slow, controlled sperm freezing is the cryopreservation method of
choice for human spermatozoa (see Figs. 7, 8). The protocol [25,
26] results in thawed spermatozoa with excellent motion para-
meters including curvilinear velocity, straight-line velocity, and
average path velocity [25].

However, in spite of reports showing successful sperm freezing
with manual techniques, the reproducibility of this procedure could
pose a variety of problems, especially to unexperienced technolo-
gists. For this reason, automated, computerized methods are

Fig. 7 Long-term storage of semen sample in liquid nitrogen tank. The figure
shows a metal canister containing boxes filled with cryovials. Reprinted with
permission, Cleveland Clinic Center for Medical Art & Photography
© 2010–2013. All Rights Reserved
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thought to be more exact and have been reported to limit cryo-
damage of low-quality spermatozoa [27]. Furthermore, the pro-
grams are usually simple to use and do not require continuous
operator intervention [28]. On the other hand, automated freezers
are often time-consuming and expensive to purchase and also use
up to five times more liquid nitrogen [29].

Some authors argue that slow freezing, either manual or auto-
mated, may cause extensive chemico-physical damage to the sperm
because of extensive ice crystallization [30].

Rapid freezing may be used as an alternative option [3].
This technique requires direct contact between the cryotubes and
the nitrogen vapors for 8–10 min only, followed by a rapid immer-
sion in liquid nitrogen. Rapid sperm freezing has several advantages
over conventional slow freezing: no programmable freezer is
required and the entire freezing/thawing procedure takes less
than 15 min [31]. On the other hand, the technique has low
reproducibility, and it is difficult to control the drop in the freezing
temperatures [3].

A new and promising freezing technique is vitrification, based
on cell preservation at extremely low temperatures without freez-
ing. Vitrification involves the formation of an amorphous solid state
which, unlike freezing, does not involve the formation of ice crys-
tals, which can damage delicate cellular structures. Modern vitrifi-
cation techniques are ice- and cryoprotectant-free, in which a sperm
suspension is plunged directly into liquid nitrogen [32, 33]. It is a
relatively simple and straightforward approach to preserve sperm

Fig. 8 Freeze racks containing boxes filled with cryovials. Reprinted with
permission, Cleveland Clinic Center for Medical Art & Photography
© 2010–2013. All Rights Reserved
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motility and fertilizing ability, as it omits the need for permeable
cryoprotectants, preventing the lethal effects of osmotic shock
[34]. Sperm vitrification is, however, a relatively new technique
and has not yet been standardized for use in clinical andrology
laboratory.

7 Concluding Remarks

The impact of disease, environment, and medical treatment may
impair sperm quality and lead to male infertility. Therefore, effec-
tive promotion of sperm banking is crucial, based on adequate
counseling focused on the severity and estimated risk for infertility,
assessment of the patient’s plans to have children in the future, and
emphasis on the benefits of banking as well as on possible difficul-
ties such as cost or cultural factors.

Continuing research on developing fast, simple, and cost-
effective protocols for semen cryopreservation is needed.
The potential of cryopreservation continues to be explored cur-
rently, focusing on cryoprotectant-free sperm vitrification and
refining the freezing and thawing protocols to obtain optimal
outcomes.
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Chapter 6

Technology of Aseptic Cryoprotectant-Free Vitrification
of Human ICSI Spermatozoa

Vladimir Isachenko, Raul Sanchez, Peter Mallmann,
Gohar Rahimi, and Evgenia Isachenko

Abstract

The aim of this chapter was to describe the standardized aseptic technology of permeable cryoprotectant-
free vitrification of human spermatozoa in capillaries (for ICSI or IVF in microvolume). Spermatozoa,
vitrified by this technology, are free from seminal plasma owing to swim-up procedure preceding vitrifica-
tion and are free from permeable cryoprotectants. They are ready for further use immediately after warming
without any additional treatment.

Key words Human, Spermatozoa, ICSI, Vitrification, Technique

1 Introduction

Cryobiology is a rapidly evolving field which only relatively recently
has found broad applications in reproductive medicine. However,
as any emerging technology, it has both a great potential and a need
for further developments [1]. The use of programmable or non-
programmable “slow” (conventional) freezing [2–4] allows to pre-
serve relatively large volumes of diluted ejaculate or sperm
preparations from 0.25 to 1.0 mL with acceptable rates of motility
of spermatozoa after thawing and adequate integrity of acrosomal
and cytoplasmic membranes [5–7]. It is also instrumental in mini-
mizing the cryopreservation-induced cell deterioration resulting in
membrane destabilization processes, such as membrane phosphati-
dylserine translocation [8–10].

One of the relatively recently emerged technologies within the
field of the reproductive cryobiology is the spermatozoa vitrifica-
tion (cryopreservation by direct plunging into liquid nitrogen).
This method is based on the rapid cooling of the cells by immersion
into liquid nitrogen, and, thereby, is the key factor reducing the
chance of the formation of big ice crystals. In contrast to the

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_6, © Springer Science+Business Media LLC 2017

79

ri-cheng.chian@mcgill.ca



programmable (“slow”) conventional freezing, vitrification has
series of technological advantages useful for the practice: it renders
the use of permeable cryoprotectants superfluous and, in addition,
is much faster, simpler in application and more cost-effective than
conventional freezing. At the same time vitrification can effectively
protect spermatozoa from cryo-injuries associated with cooling-
warming [11–17]. In particular, the mutagenic effects of permeable
cryoprotectants [18] can be avoided.

At the present, most reported applications of this technology
describe vitrification of only very small volume of spermatozoa
suspensions: from 1 to 10 μL with isolation from liquid nitrogen
[15] and from 20 to 30 μL with direct plunging/dropping of
suspension with spermatozoa into liquid nitrogen [11, 15, 16].
Vitrification of up to 10 μL spermatozoa suspension, as it is being
used in daily practice [15], presumes that open pulled straws [19]
are used. Current industrial technology does not yet enable the
manufacturing of such open pulled straws with uniform (standard)
diameter of pulled part of straw. This shortcoming is reflected in
nonuniformity of the vitrification regime. On the other hand,
industrial suppliers offer plastic capillaries of regular cylinder
shape with stable (fixed) diameter for medical applications. Vitrifi-
cation process can be standardized using these standard capillaries,
which would unfold a great potential for assisted reproduction
using vitrified spermatozoa.

The aim of this chapter is to describe the standardized aseptic
technology of permeable cryoprotectant-free vitrification of human
spermatozoa in capillaries (for ICSI or IVF).

2 Materials and Methods

Except where otherwise stated, obtain all chemicals from Sigma
(Sigma Chemical Co., St. Louis, MO, USA).

2.1 Spermatozoa
Preparation

1. After informed consent, obtain ejaculates from patients with
oligo-astheno-terato-azoospermia in anamneses who were
either patients of an infertility clinic (see Notes 1 and 2).

2. Carry out vitrification on swim-up prepared spermatozoa (see
Note 3).

3. Prepare solution 0.5 M of sucrose with bi-distillate water (see
Note 4).

4. Prior to cooling (plunging into liquid nitrogen), dilute
spermatozoa 1:1 with 0.5 M sucrose at room temperature (see
Note 5).

5. Fill the capillary with 10 μL of spermatozoa suspension by
aspiration (Fig. 1a) (see Notes 6 and 7).
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6. After the aspiration was completed, insert the capillary into
0.25 mL straw (see Note 8).

7. Seal the end of this straw in advance using heat sealer (Cryo Bio
System, Paris, France) (Fig. 1b) (see Note 9).

2.2 Spermatozoa
Cooling and Warming

1. Plunge the straw into liquid nitrogen (see Note 10).

2. For warming, fix tightly the end of the capillary, while the part
of straw containing spermatozoa is still submerging in liquid
nitrogen (Fig. 1c, d).

3. Disinfect the straw with 70 % ethanol in the area where the
marked end of the capillary is located (Fig. 1, arrows).

4. Cut the upper part of the straw with sterile scissors as close as
possible to the marked end of the capillary, just above the mark
without touching the marked end of the capillary.

Fig. 1 Schematic illustration of spermatozoa vitrification using 50-μL capillaries.
(arrows) Marked end of 50-mL capillary; (a) aspiration of spermatozoa
suspension in capillary, (b) 50-mL capillary sealed in a 0.25-mL straw, (c)
cutting of 0.25-mL straw, (d) expelling of 50-mL capillary from 0.25-mL
straw, (e) warming of spermatozoa
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5. Expel the capillary with a conical bolt (Fig. 1d) (see Note 11)
from isolating 0.25 mL straw.

6. Achieve the warming up of spermatozoa by immersing of
capillary without conical apex (capillary must be open from
both sides) with vitrified spermatozoa into 1.8 mL centrifuged
tube with 1.0 mL pre-warmed to 43 !C physiological solution
(0.9 % NaCl) (see Note 12) (for approximately 20 s (Fig. 1e)
(see Note 13).

7. Finally, expel the suspension of spermatozoa from the capillary
for immediate evaluation of spermatozoa quality and ICSI.

3 Notes

1. All specimens used for this methodology of cryopreservation
have the following quality criteria for spermatozoa concentra-
tion, motility, and morphology: less than five million sperma-
tozoa/mL and/or less than 32 % progressive motile (“a” and
“b”) and less than 4.0 % morphologically normal spermatozoa.

2. Sperm analyses are performed according to published guide-
lines of the World Health Organization (WHO) [20].

3. Swim-up medium is an “automatically” basic medium for vitri-
fication. Use human tubal fluid (HTF) with human serum
albumin (HSA) [21] from Irvine Scientific (Santa Ana, CA,
USA), or Cook Medical Inc. (Bloomington, IN, USA), or
Vitrolife (Göteborg, Sweden). Prepared (ready for use) vitrifi-
cation medium includes swim-up medium and sucrose.

4. Prepare solution of 0.5 M sucrose with bi-distillate water, pass
through 0.22 μm filter, and then store frozen until use. Before
preparation of vitrification medium, thaw 0.5 M sucrose and
maintain at room temperature.

5. The final concentration of sucrose 0.25 M.

6. Specifically for our purposes, 50 μL plastic capillaries were
manufactured from hydrophobic material as vehicles for cooing
of spermatozoa (Gynétics Medical Products, Lommel, Bel-
gium) (Fig. 1). The end of the straw is labeled on the top to
mark the cutting-off position (Fig. 1, arrows).

7. It was absolutely crucial to avoid that the inner surface of the
capillary becomes moist during packaging procedure. Aspirat-
ing the volume of sperm cell suspension above the mark and
correcting it by lowering the fluid level inside the capillary after
aspiration are technologically wrong and would result in excess
of portion’s volume after thawing.

8. Produced by Gynétics Medical Products, Lommel, Belgium.

82 Vladimir Isachenko et al.

ri-cheng.chian@mcgill.ca



9. Hermetical heat sealing of 0.25 mL straw can be achieved using
flame of alcohol burner and forceps or any commercial equip-
ment (including ultrasound equipment because of large dis-
tance between spermatozoa suspension and focus of
sonographic appliance).

10. Cooling speed 600 !C/min.

11. For this purpose, instead the conical bolt forceps can be used in
place.

12. The type and quality of warming medium place the secondary
role because at warming there was no contact between sperma-
tozoa and this warming medium due to the hydrophobic
material of the capillary.

13. Volume of vitrified suspension after warming is not increased
(Fig. 1e). The above meniscus of spermatozoa suspension is
located under the level of warming medium because of hydro-
phobic material of the capillary.
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Chapter 7

Human Epididymal and Testicular Sperm Cryopreservation

Pankaj Talwar and Sarabpreet Singh

Abstract

Since the advent of intracytoplasmic sperm injection (ICSI) in the early 1990s, surgical techniques to recover
samples from the epididymis and testis directly have been used to benefit patients suffering from obstructive
and nonobstructive azoospermia. Various studies have demonstrated comparable fertilization, ongoing
pregnancy, and implantation rates when fresh and frozen-thawed epididymal sperms were used for ICSI
[1]. Injection of fresh and frozen testicular sperms intomature oocytes resulted in similar fertilization rates in
cases of obstructive azoospermia. However, in cases of nonobstructive azoospermia, the outcome depends
upon the degree of impairment of spermatogenesis, criteria for sperm freezing, and patient selection [2].

Key words Azoospermia, Surgical sperm retrieval, Obstructive azoospermia (OA), Nonobstructive
azoospermia (NOA), Testicular sperm aspiration (TESA), Testicular sperm extraction (TESE), Sperm
cryopreservation, Intracytoplasmic sperm injection (ICSI)

1 Introduction

Until the mid-1990s, all patients with obstructive or nonobstruc-
tive azoospermia were described as untreatable due to lack of
understanding of male reproduction and cryopreservation techni-
ques. The scenario completely changed after the advent of ICSI,
which was combined with surgical techniques to retrieve sperm
from the epididymis and testis directly.

The technique of testicular sperm extractionwas first introduced
in 1993. The first birth after using frozen epididymal and testicular
sperm for ICSI was achieved in 1995 and 1996, respectively [3].
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2 Materials

2.1 Epididymal/
Testicular Sperm
Aspiration
and Mechanical
Disaggregation

1. Sperm washing media-gamete buffer media, Code K-SIGB,
William A Cook, Australia Pty. Ltd.

2. BD Falcon 357575 pipette.

3. BD Falcon 357575 dishes.

4. BD Tuberculin syringe 1 mL.

5. Polystyrene conical tubes.

6. Syringes (3 mL) with 21-gauge needles.

7. Sterile pair of curved iris scissors.

8. Stereo zoom microscope.

9. Inverted microscope.

2.2 Enzymatic
Procedures

2.2.1 Collagenase Media

1. GM501 Collagenase (GM501 CollagenaseTM, Gynemed,
Lensahn, Germany).

2. GM501 SpermAir (GM501 SpermAirTM, Gynemed, Len-
sahn, Germany).

3. Benchtop centrifuge.

2.2.2 Erythrocyte-Lysing

Buffer (RBC Lysis Buffer):

Composition

1. Ammonium chloride (NH4Cl) 0.829 g.

2. Potassium bicarbonate (NaHCO3) 0.100 g.

3. Ethylenediaminetetraacetic acid (EDTA) 0.074 g.

4. Tissue culture-grade water 100 mL.

2.3 Cryopreservation
of Epididymal/
Testicular Sperm

1. Sperm washing medium, gamete buffer media (Code K-SIGB,
William A Cook, Australia Pty. Ltd.).

2. The freezing medium (SpermFreeze-FertiPro NV, Beernem,
Belgium).

3. RBC lysis buffer.

4. HSV straws (Irvine Scientific; Irvine, CA).

5. Computer-controlled biological freezer (Nicool LM10,
France).

6. Cryovials (Code CE 0543, Nunc, Denmark).

7. Aluminum canes.

8. Plastic cryosleeves.

9. Liquid nitrogen dewar.

10. Liquid nitrogen.

11. Personal protective gear for handling liquid nitrogen.

86 Pankaj Talwar and Sarabpreet Singh

ri-cheng.chian@mcgill.ca



3 Methods

3.1 How to Obtain
Epididymal and
Testicular Sperm

3.1.1 Epididymal Sperms

Are Obtained by

1. Open microscopic surgery (MESA).

2. Percutaneus Epididymal SpermAspiration (PESA): a 21-gauge
“butterfly” or equivalent needle is used to aspirate fluid (Fig. 1).

Epididymal aspirate hence obtained is suspended in the sperm
handling media (Fig. 2). Usually, high sperm numbers with pure
fraction of spermatozoa are visualized under the microscope. The
sample should be prepared by density gradient centrifugation or
single wash at low RPM.

3.1.2 Testicular Sperm Is

Obtained by

1. Open biopsy (testicular sperm extraction, TESE (Fig. 3), or
testicular sperm aspiration, TESA (Fig. 4))

2. Percutaneous needle biopsy (testicular fine needle aspiration,
TEFNA)

In most cases, seminiferous tubules are obtained (Fig. 5).

3.2 Processing The samples obtained after surgical removal should be processed to
facilitate release of the sperms from seminiferous tubules. Depend-
ing upon their personal experience and choice, biologist worldwide
uses various methods.

Fig. 1 Percutaneous epididymal sperm aspiration (PESA) being performed
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3.2.1 Mechanical

Procedures

Seminiferous tubules are ruptured to release sperms. This is
achieved by either of the following methods:

1. Shredding the tissue with sterile glass slides (especially in cases
with high tubule elasticity)

2. Needle dissection and teasing (Fig. 6)

Fig. 3 Showing testicular sperm extraction (TESE)

Fig. 2 Testicular/epididymal aspirates suspended in buffered media
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3. Dissection of the tissue using micro-scissors (Fig. 7)

4. Macerating the tubules with a micro-grinder

Method and Processing 1. Testicular tissue is obtained by TESA/TESE and can be pro-
cessed at room temperature or at 37 !C.

2. With the help of a sterile 3 mL pipette (BD Falcon 357575),
rinse the tissue in HEPES-based sperm washing medium

Fig. 5 Showing convoluted seminiferous tubules after TESA/TESE

Fig. 4 Showing testicular sperm aspiration (TESA)
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(gamete buffer media, Code K-SIGB, William A Cook, Aus-
tralia Pty. Ltd.) to remove the blood. Transfer it to a sterile petri
dish (BD Falcon 353037) containing fresh sperm washing
media.

3. Seminiferous tubules are visualized in the biopsy sample under
the dissecting microscope (stereoscope) (Fig. 5).

4. The sample is teased and spread out using fine forceps and
dissected into small lengths of 1 cm or less. Now, squeeze
them out from the middle to an open end.

Fig. 7 Showing dissection of testicular aspirate/tissue with the help of micro-
scissors

Fig. 6 Showing dissection of testicular aspirate/tissue with the help of needles
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5. Alternatively, mince the sample with surgical needles (Fig. 6) or
sterile curved iris scissors (Fig. 7) under the stereo zoom
microscope [4]. Use one of the syringes to hold the testicular
tissue and the other to squeeze out the tubules.

6. Take care that the tissue is kept moist with the sperm washing
medium at all times during mincing.

7. Examine the suspension under the inverted microscope at
200X/400X magnification.

8. Testicular sperms are seen along with seminiferous tubules,
RBCs, and Sertoli cells. They are usually immotile though
motile sperms may be seen.

9. Load the testicular suspension into a conical test tube and allow
larger cells and tissue pieces to sediment for 1 min.

10. The supernatant medium is aspirated and processed.

11. 2.0 mL sperm washing medium is added to the larger frag-
ments and aspirated in a 3 mL syringe.

12. Then it is made to pass through a 21-gauge needle repeatedly
to dissociate the seminiferous tubules and release the sperms
from the lumen (Fig. 4).

13. Depending upon the number of sperms appreciated in the
aspirate, they can be prepared by either:

(a) Large numbers of sperms obtained—Single density
gradient.

(b) Low sperm count—centrifuging at 400 " g for 10 min
after adding sperm processing media. This concentrates
sperms in a small volume. A second wash can be done in
the sperm washing media, and the pellet hence obtained
is agitated in 0.3 mL of the same medium. This is now
added to microdroplets in the ICSI injection dish.

Post-preparation, the result can be either:

1. No sperm retrieved (Fig. 8)

2. Only RBCs seen (Fig. 9)

3. Few motile/immotile spermatozoa retrieved (Fig. 10)

Live testicular sperms can be identified and ICSI attempted
(Fig. 11).

3.2.2 Enzymatic

Procedures

Enzymatic digestion of testicular digestion is used when:

1. No spermatozoa are found.

2. Only immotile spermatozoa are seen.

3. After mechanical preparation, spermatozoa attach to other cell
types in the suspension.
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The options available are:

(a) Collagenase type I or IV: It is used to degrade collagen in
basement membrane and matrix especially in NOA patients
[5–7]. Collagenase IV has been shown to result in higher
number of intact sperm cells compared to collagenase I, and
its use is recommended to decrease the number of sperm
recovery failures [6].

(b) Erythrocyte-lysing buffer is used in aspirates where visualiza-
tion of sperm is hampered by the presence of numerous

Fig. 8 Testicular aspirate showing fibrosed tubules. No sperms are appreciated

Fig. 9 Showing testicular aspirate with no sperms retrieved. RBCs are
appreciated
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RBCs. In such surgically retrieved samples, treatment with
RBC buffer enhances the efficiency of sperm collection.
Treatment with RBC buffer doesn’t affect fertilization and
subsequent embryo development [8].

Collagenase Media We use the following products from the Gynemed MediaLine [9]:

l GM501 Collagenase (GM501 CollagenaseTM, Gynemed, Len-
sahn, Germany) (Fig. 12).

Fig. 10 Showing testicular aspirate. Few sperms are appreciated

Fig. 11 Shows attempt being made to aspirate live sperm into the injection
pipette
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l GM501 SpermAir (GM501 SpermAirTM, Gynemed, Lensahn,
Germany) (Fig. 13).

1. Aspirate 1.5 mL GM501 Collagenase out of the bottle.

2. Fill into a 5 mL round bottom tube and allow it to warm to
37 !C.

3. Fill 4.5 mL sperm preparation medium (GM501 SpermAir)
into a round bottom tube and warm up to 37 !C.

4. For easier handling, if necessary, fill the tissue suspension into a
60 mm petri dish.

5. Pick pieces of testicular tissue carefully with a fine syringe
cannula and transfer into the Collagenase tube.

Fig. 12 Collagenase media

Fig. 13 GM501 SpermAir
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6. Close the tube tightly and keep it in an incubator for 60min for
digestion of the tissue.

7. Aspirate and release the digested tissue.

8. A suspension of single testicular tissue cells and free sperm has
been formed.

9. Now centrifuge the tissue cell suspension and wash twice with
each 2 mL sperm preparation medium (GM501 SpermAir).

10. Discard the supernatant and resuspend the pellet in a small
volume of 30–80 μL sperm preparation medium (GM501
SpermAir).

11. Examine under microscope after adding it to ICSI
microdroplets.

12. If viable spermatozoa are seen, they can be used for ICSI/
cryopreservation.

13. If required, further digest the tissue by repeating the protocol
described above.

14. If many RBCs are present, erythrocyte-lysing buffer (ELB)
should be used [8].

Erythrocyte-Lysing Buffer

(RBC Lysis Buffer)

Composition of RBC lysis buffer:

Ammonium chloride (NH4Cl) 0.829 g.

Potassium bicarbonate (NaHCO3) 0.100 g.

Ethylenediaminetetraacetic acid (EDTA) 0.074 g.

Tissue culture-grade water 100 mL.

Methodology 1. Dissolve the abovementioned chemicals and adjust the pH
to 7.2.

2. Using a 0.2-mm syringe filter, sterilize the buffer.

3. With the help of a BD Falcon 7575 sterile pipette, add 4 mL of
RBC lysis buffer to the pellet and mix it.

4. Centrifuge at 400 " g for 5 min.

5. Without disturbing the pellet, discard the supernatant.

6. Add 3 mL of sperm washing media.

7. To remove the RBC lysis buffer, centrifuge the conical tube at
400 " g for 10 min.

8. After discarding the supernatant, resuspend the pellet in
0.5–1.0 mL of the sperm washing medium.

9. The suspension can be added to ICSI microdroplets and sperm
isolated.
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3.3 Incubation The testicular suspension is incubated in the buffered media (gam-
ete buffer media, Code K-SIGB, William A Cook, Australia Pty.
Ltd.) for sperms to gain motility. They can also be incubated in
fertilization/cleavage media (Cook IVF media group), which helps
the spermatozoa to gain motility. This works better in cases of OA,
where quite a good number of motile sperms are obtained after
24 h of incubation. Van den Berg recommended incubation at
32 !C in place of 37 !C [10]. Some clinics carry out the biopsy
procedure 1 day prior to ovum pickup, if fresh sperms are to be
used.

Cryopreserving the biopsy sample after 24 h of incubation
post-retrieval gives a higher proportion of motile sperm post-
thawing.

3.4 Cryopreservation
of Surgically Retrieved
Sperm

Spermatozoa have low water content and high membrane fluidity.
By virtue of these properties, sperm cells are more cold-shock
resistant than other cells. During cryopreservation, the cryoprotec-
tant is added gradually allowing equilibration of spermatozoa and
cryoprotectant. Initially, the sperm cells shrink, and after equilibra-
tion is complete, they return to their original size. The cryoprotec-
tant permeates inside the cell achieving an osmotic equilibrium.
This minimizes the intracellular ice crystal formation.

During thawing, the cryoprotectant is washed away and
replaced by water again. Usually, about 50 % of the spermatozoa
are unable to survive the freezing procedure resulting in loss of
motility and vitality.

There are two approaches for cryopreservation.

3.4.1 CRYO-ICSI Surgical retrieval of sperm is performed prior to the OPU and
spermatozoa, if obtained, are cryopreserved. On the day of ovum
pickup, sperm are thawed and used for ICSI.

3.4.2 ICSI-CRYO Spermatozoa are surgically retrieved on the day of ICSI. The sper-
matozoa are used for ICSI and remaining sample is frozen for use in
subsequent cycles.

The aim is to obtain maximum number of sperm and freeze it.
The approach is selected depending upon the following factors:

1. Underlying pathology: OA or NOA

2. Sperm retrieval procedure: TESA/TESE/micro-TESE

3.4.3 Obstructive

Azoospermia

The techniques used are:
PESA: Sperms are obtained in high numbers in almost 100 %
patients after the epididymal aspiration. At times, the urologist
will do a TESA or TESE in such cases. Both the approaches are
effective in such patients. We prefer to carry out the procedure prior
to surgery and freeze the sperms.
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3.4.4 Nonobstructive

Azoospermia

The techniques used are:

TESE: Sperms are obtained in 50–60 % cases though in poor
numbers and motility. Multiple biopsies may be required. Depend-
ing upon degree of impairment of spermatogenesis and the yield of
sperm, cryopreservation may/may not be feasible. In cases with
severe impairment of spermatogenesis, scheduling fresh TESE on
the day of OPU or 1 day prior to OPU is a good option [11].

TESA: Usually the yield is low and chances of freezing for
subsequent use are poor.
Micro-TESE: It is an invasive surgical procedure. It is done by a
skilled urologist under an operating microscope, which enables a
thorough examination of seminiferous tubules in patients with
focal and sporadic spermatogenesis. The seminiferous tubules
showing active spermatogenesis are excised. Micro-TESE yields
sperms in a higher percentage of cases compared to conventional
TESE [12–14]. It avoids complications such as hematoma, fibrosis,
and impaired androgen production [12].

3.4.5 Comparison of

CRYO-ICSI and ICSI-CRYO

Approaches

The advantages of one method are the disadvantage of the other
such as:

1. CRYO-ICSI approach avoids ovarian stimulation if surgical
retrieval fails, whereas in ICSI-CRYO, there is a 50 % risk of
pointless stimulation.

2. In ICSI-CRYO approach, simultaneous scheduling of ovum
pickup and surgical retrieval has to be planned. CRYO-ICSI
approach avoids the pressure of arranging a urologist on the
day of the ICSI procedure and allows for independent schedul-
ing of sperm and oocyte retrieval.

3. In CRYO-ICSI approach, patients are relaxed and not worried
about a failed retrieval on the day of OPU, as in ICSI-CRYO
approach.

4. In CRYO-ICSI approach, there is a loss of sperm quality due to
freezing which can affect the prognosis of ICSI. Damage due to
cryopreservation is avoided in ICSI-CRYO approach.

5. In CRYO-ICSI approach, due to loss of sperm quality, risk of
not finding a motile sperm is high. This problem is avoided in
ICSI-CRYO approach.

3.5 Cryopreservation
of Testicular and
Epididymal Sperm

3.5.1 Indications

1. Prior to chemotherapy and radiotherapy, which can be
gonadotoxic.

2. Testicular tissue cryopreservation prior to the start of cancer
treatment offers fertility potential in the future in younger
males in whom spermatogenesis has not begun [15].
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3. Testicular sperm can be retrieved and cryopreserved during
vasectomy, as there is a 20–25 % likelihood of failure in vas-
reanastomosis surgeries.

4. Rarely when the partner is unable to produce the sample on day
of the OPU and facilities of egg freezing are lacking.

5. In cases where DNA damage to ejaculated sperm is high, using
testicular sperm may improve ICSI outcome.

3.5.2 Methods

of Cryopreservation

Freezing can be performed in various ways. Either, the sperm can
be frozen rapidly in liquid nitrogen vapor or slowly using computer
controlled-rate cooling and freezing. Verheyen et al. in 1993
observed no significant difference in post-thaw sperm quality
between the vapor freezing technique and the controlled-rate
freezing [16].

3.5.3 Cryopreservation

of Epididymal Sperm

1. The epididymal aspirate is examined under inverted micro-
scope for presence of sperm.

2. If sperms are present, the aspirate is transferred to a conical
tube.

3. 2 ml of sperm washing medium at 37 !C is added to the conical
tube containing the epididymal fluid.

4. Mix it gently and then centrifuge at 400 " g for 10 min.

5. The supernatant is discarded and pellet is examined
microscopically.

6. If it is contaminated with erythrocytes, wash with RBC lysis
buffer.

7. Resuspend the pellet in 2 mL of RBC lysis buffer. Mix gently.

8. Centrifuge the conical tube at 400 " g for 5 min.

9. Gently aspirate the supernatant and discard without disturbing
the pellet.

10. Wash the pellet with 1–2 mL of the sperm washing medium by
centrifuging the tube at 400 " g for 10 min.

11. Resuspend the pellet in 1.0 mL of the sperm washing medium.

12. Add sperm freeze media (in a ratio of 1:1) to epididymal
aspirate.

13. Aliquot the mixture into labeled cryovials (Code CE 0543,
Nunc, Denmark) for cryostorage.

14. Place the cryovials in a 4 !C refrigerator for 30–45 min and
then freeze the cryovials in liquid nitrogen vapor for 1 h.

15. Plunge the vapor-frozen vials into liquid nitrogen for storage.
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3.5.4 Cryopreservation of

Testicular Sperm

Procedure:

1. Bring the reagents to 37 !C by placing in an incubator for
30 min.

2. Aspirate the testicular sample suspension and transfer it into a
test tube for 15 min.

3. After the larger fragments settle down, aspirate the supernatant
into another conical tube.

4. Aspirate and release the suspension with larger fragments
through a 3 mL syringe attached to a 21-gauge needle to
further dissociate seminiferous tubules and release sperm into
another test tube.

5. Now combine the contents of the two test tubes.

6. Add sperm freeze media (in a ratio of 1:1), drop by drop from
the side of the test tube to testicular sperm sample. This should
be done over a period of 10 min to minimize hyperosmotic
stress, while continuously shaking the tube.

7. The diluted testicular sperm sample is loaded into straws
(250 μL volume).

8. Load it into straws using automatic pipette straws.

9. Seal the straw at one end by a cotton plug.

10. Place the straw on the comb and create an air bubble, which
will prevent explosion of the straw after thawing.

11. Seal the straws by dipping in polyvinyl alcohol powder and then
immerse in water, which polymerizes the powder.

12. The air bubble is moved to the center of the straw.

13. The straws are labeled with details of the patient such as name,
id, and date of cryopreservation.

14. Place the straws in the chamber of a computer-controlled
biological freezer (Nicool LM10, France) and cool as follows:

(a) From room temperature to 10 !C at a rate of 1.6 !C/m
for 6 min.

(b) From 10 to #120 !C at a rate of #5.5 !C/min for
20 min.
Now plunge the straws in the liquid nitrogen at#196 !C
[17].

15. Rapid freezing: Alternatively, the straws/cryovials (Code CE
0543, Nunc, Denmark) are loaded with diluted testicular
sperm sample and placed over the surface of liquid nitrogen
(at #80 !C) for 10 min. They are then plunged into liquid
nitrogen at #196 !C.
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3.5.5 Thawing Technique

for Testicular and

Epididymal Sperm

If the epididymal and testicular sperms are stored in straws:

1. The straw is identified and removed from the liquid nitrogen
tank.

2. Thaw at 37 !C (immerse in water at 37 !C) for 1 min.

3. Cut the end of the straw sealed with powder and place it near
tip of a conical test tube.

4. Then cut the other end allowing the sample to fall into the
tube.

5. 3 mL sperm washing media kept at 37 !C is added to the
sample drop by drop while shaking the test tube to avoid
osmotic shock.

6. Leave at 37 !C for 10 min.

7. Wash twice by centrifuging at 400 " g for 10 m and 300 " g
for 5 min to get rid of the cryoprotectant.

8. Remove the supernatant and resuspend in a 200 μL of sperm
washing media.

9. The preparation of frozen-thawed epididymal sperm is identi-
cal to the treatment of frozen-thawed ejaculates.

If the epididymal and testicular sperms are stored in vials:

1. Identify and remove the vial from the liquid nitrogen tank.

2. Thaw by immersing in water kept in a beaker at 37 !C.

3. Put the vial in a heating cabinet at 37 !C for 10 min.

4. Follow steps 5–8 of the above mentioned protocol.

3.6 Cryopreservation
of a Single/Few Human
Sperm Using a Zona
Pellucida

3.6.1 Freezing Technique

This technique was developed by Cohen and colleagues [18]:

1. In this method, few sperms or a single spermatozoon is cryo-
preserved inside an empty zona obtained frommouse, hamster,
or human oocytes.

2. The oocyte is denuded enzymatically and mechanically.

3. Hold it with a holding pipette.

4. Two small holes are drilled into the zona with the laser, and the
ooplasm is aspirated leaving an empty zona.

5. Motile sperms are identified in the testicular suspension under
microscope and transferred to a PVP (10 %) droplet.

6. These sperms are injected into an empty zona using an ICSI
needle.

7. Before freezing, zona with sperms is placed in 8 % glycerol
solution in phosphate-buffered saline (PBS) containing 3%HSA.

8. The zona is loaded in a column of cryopreservation medium
sandwiched between two air bubbles and then frozen in sterile
straws (0.25 mL) and heat sealed.
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9. They are then exposed to liquid nitrogen vapor for 2 h, fol-
lowed by storage in liquid nitrogen.

This is a labor-intensive and difficult technique, but it offers a
chance to preserve and retrieve single/few sperm in testicular sam-
ples. Various carriers have been used:

1. Alginate beads or agarose microspheres [19].

2. Nylon cryoloop increases the risk of cross-contamination [20].

3. ICSI pipettes [21].

3.6.2 Thawing 1. The straw is immersed in a water bath (30 !C) for 30 s.

2. The straw is then cut at one end and contents are released into a
center well dish.

3. The zona is identified under a stereoscope and washed with
HEPES/MOPS-buffered media and then transferred to a
droplet of PVP.

4. The zona is held with a holding pipette, and ICSI injection
pipette is used to aspirate the sperms into the PVP drop.

5. The sperms are then immobilized and can be used for ICSI.

3.6.3 Drawbacks 1. The presence of zona pellucida 3 protein in human zona
induces acrosome reaction in the sperm leading to lower recov-
ery and fertilization rates. The results are better with mouse or
hamster eggs [18].

2. It is not only difficult but also impractical to obtain an egg in
clinical setting from female partner, as it requires egg retrieval
and aspiration of ooplasm to obtain an empty zona.

3.7 Advantages
of Cryopreservation
of Testicular
and Epididymal Sperm

1. Freezing of surgically retrieved sperm avoids a repeat surgery in
case one treatment cycle fails.

2. Moreover, second or third surgery can increase the chance
of complications including hematomas, inflammation, testicu-
lar devascularization, fibrosis, and permanent testicular
damage [22].

3.7.1 Challenges

with Cryopreservation

of Surgically Retrieved

Sperm

Similar principles and methodology apply to the cryopreservation
of testicular and epididymal sperm as ejaculated sperm. However,
compared to ejaculated sperm, cryopreservation of surgically
retrieved testicular sperm is difficult due to:

1. Low number of sperms retrieved.

2. Lack of motility and vitality.

3. Most labs use similar cryopreservation protocols for epididymal
and testicular samples. These may not produce optimal results,
as there are differences in the membrane permeability between
ejaculated and testicular sperm.
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4. Contamination with cellular debris and blood cells.

5. Relatively poor survival rates (50 %) obtained after freeze-
thawing.

6. Larger pieces of tissue should not be frozen as:

(a) Different cells of a biopsy respond differently to cryo-
protectants and require different concentration of CPAs.

(b) This results in variation in cooling rates within different
parts of the tissue.

(c) Large pieces of tissue offer increased resistance to heat
transfer and penetration of CPAs.

(d) Seminiferous tubules capture liquid and increase chances
of ice formation [15].

3.7.2 Measures

to Overcome

the Challenges

1. To avoid these difficulties, cryopreservation of smaller tissue
fragments or mincing tissue prior to freezing has been advo-
cated [23]. This has been shown to improve the post-thaw
viability (39 vs. 25 %) and motility (9 vs. 4 %) in suspension
compared to biopsy [24].

2. Hypoosmotic swelling test helps in identifying viable sperm
before injection.

4 Notes (For the Beginners)

1. The tricks of making TESE ICSI plate:

(a) Make multiple dishes with numerous 5-μL drops of
sperm washing media, as finding the required number
of motile spermatozoa may require examination of many
drops.

(b) Aspirate sperm washing media with the help of a flexipet
and add prepared sperm sample into the drops. This
allows us to visualize sperms in one plane and aspirate it
easily compared to a 5-μL drop where sperms are appre-
ciated in different planes.

2. The tricks of the sperms:

(a) In our experience, incubating the prepared testicular
sperm in equilibrated cleavage media (Cook IVF media
group) in Falcon 3037 dishes for 1 h provides some
degree of motility to the sperm cells.

(b) SpermMobil media (GM501 SpermMobilTM,
Gynemed, Lensahn, Germany) can also be used. It pro-
vides motility to live sperms.

(c) These two methods make it easier to induce motility in
spermatozoa and differentiate between live immotile and
dead immotile spermatozoa.
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3. The tricks of freezing the sperms harvested after TESE.

(a) Fill the testicular suspension into a conical tube and allow
the large fragments to settle.

(b) Now, aspirate the supernatant into another conical tube.
Ideally, this contains the good number of sperm cells.

(c) Aspirate and release the suspension through a 3 mL
syringe attached to a 21-gauge needle to further dissoci-
ate seminiferous tubules and release sperm.

4. Add sperm freeze (in a ratio of 1:1) drop by drop from the side
of the test tube to testicular sperm sample over a period of
10 min.

5. We use the rapid freezing technique for freezing the testicular/
epididymal sperm. Better sperm survival is obtained with the
following modification:

(a) Identify the surface of liquid nitrogen by lowering an
empty cryovial and mark levels of 10 and 5 cm on the
thread used to hold the cryovial.

(b) Cryovials filled with diluted sperm sample are first placed
10 cm above the surface of liquid nitrogen (at #80 !C)
for 5 min.

(c) Then, the cryovials are lowered to a distance of 5 cm
above the surface of liquid nitrogen.

(d) They are then plunged into liquid nitrogen at #196 !C.
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Chapter 8

Human Oocytes Slow-Rate Freezing: Methodology

C. Zacà and A. Borini

Abstract

Cryopreservation of human oocytes is an important technique for the treatment of human infertility, as it
deals successfully with legal, ethical, and moral issues related to embryo cryopreservation (Coticchio et al.,
Human Fertil (Camb) 4:152–157, 2001; Tucker et al., Eur J Obstet Gynecol Reprod Biol 113: 524–527,
2004) and maintains reproductive potential in women with diseases or conditions that may compromise
reproductive capacity. Here, we describe an oocyte cryopreservation technique involving slow freezing–
rapid thawing with differential sucrose concentration (0.2M in the freezing stage—0.3M in thawing stage)
(Bianchi et al., Reprod Biomed Online. 14:64–71, 2007), describing the technique in detail, from the
preparation of the solutions through to the performance of the technique and, finally, to a number of
helpful hints for optimum results.

Key words Oocytes cryopreservation, Human oocytes, Slow freezing, Differential sucrose concen-
tration, Methodology

1 Introduction

Oocyte cryopreservation is a technique that makes it possible to
maintain female reproductive potential and it consequently brings
several advantages [1]. This technique may be used to rescue cycles
complicated by ovarian hyperstimulation syndrome, failure to
obtain sperm, in oocyte donation programs, in the treatment of
congenital infertility disorders or premature ovarian failure (POF),
as an alternative to embryo freezing or, for fertile women, to
electively delay childbearing [2, 3].

Cryopreservation makes it possible to freeze cells and tissues at
very low temperatures and to keep the biological specimen geneti-
cally stable and metabolically inert to preserve it for future use [1].
The oocyte cryopreservation procedure involves initial exposure to
cryoprotectants, cooling to subzero temperatures, and final storage
in liquid nitrogen, because at this temperature (!196 "C) no
known biological reactions take place and thus the storage can be
prolonged indefinitely.

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_8, © Springer Science+Business Media LLC 2017
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The structural features (ϕ120 μm, very sensitive to low temper-
ature, high water content, low surface-to-volume ratio, suboptimal
plasma membrane permeability) of mature (metaphase II) human
oocytes mean that their cryopreservation is fraught with complex
difficulties.

The greatest challenge of oocyte cryopreservation is, therefore,
surviving the freezing/thawing process while maintaining the abil-
ity to fertilize and develop in vitro to the appropriate embryonic
stage without undergoing any structural alterations.

To achieve this, it is necessary to eliminate the two main causes
of cell death associated with cryopreservation: ice formation [4]
and lethal solute concentrations [5], while maintaining the func-
tional capacity of the intracellular organelles. Devising procedures
that take biological samples from a physiological temperature
(37 "C) to a cryogenic temperature (!196 "C) is an extremely
complex task. Over the years, changes have been made to cryopres-
ervation methods to improve results in terms of biological and
clinical outcomes.

The first human births from frozen oocytes were reported in
the 1980s by Chen [6] and Al-Hasani [7].

Changes to slow-cooling cryopreservation methods consisted
in altering the combination and composition of cryoprotectants
[8 –11], to avoid damage to chromosomes and the meiotic spindle,
the cytoskeleton, and cortical granules [12, 13].

The first protocol used was devised by Lasalle, based on 1.5 M
PROH and 0.1 M sucrose and was applied to embryo freezing
[14]; however, this protocol did not ensure adequate water flow
out of the cell, which caused the formation of intracellular ice, due
to cell death. It was necessary to increase the concentration of
sucrose to obtain better dehydration and lesser ice formation.
Fabbri et al. [15] therefore increased sucrose concentrations from
0.1 M to 0.3 M, which resulted in a significant increase in the
survival and fertilization rate, without, however, achieving good
clinical results in terms of implantation and pregnancy rate. There-
fore, on the basis of these results, Bianchi et al. [8] amended the
oocyte cryopreservation protocol to include a freezing solution
containing 1.5 M PROH plus 0.2 M sucrose, in order to obtain
lesser shrinkage during cooling and a thawing solution with a
higher sucrose concentration (0.3M). This change made it possible
to achieve biological results comparable with those of previous
studies and significantly better clinical results.

To stabilize biological materials at cryogenic temperatures, the
slow-freezing procedures take into account a number of important
aspects:

l Control of the cooling speed the rate of cooling has a dramatic
effect on these phenomena. Rapid cooling minimizes the solute
concentration effects as ice forms uniformly, but it leads to the
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formation of more intracellular ice, as water has not migrated
out of the cell. Slow cooling, on the other hand, results in a
greater loss of water from the cell and less ice being formed
inside, but also causes in an increase in solution effects. If too
much water remains inside the cell, damage can occur due to ice
crystal formation and re-crystallization during warming, which
is usually lethal.

Controlled slow freezing rates are usually achieved using a
computerized freezing system consisting of a computer and
freezing chamber connected by a pump to a cylinder from
which the liquid nitrogen is extracted in gaseous form. The
temperature-reduction curve to be achieved is saved on the
computer; according to the temperature detected by the tem-
perature sensor, the computer, opens and closes the solenoid
valve and regulates the introduction of gaseous nitrogen into the
freezing chamber, thus permitting controlled temperature-
lowering.

l Cryoprotectants The cryopreservation process involves repla-
cing some of the water inside the cells with other compounds
that will not form large ice crystals when frozen; therefore, all
freezing methods rely on the presence of one or more cryopro-
tectants at molar concentrations. One feature that is common to
these compounds is their ability to interact with water via hydro-
gen bonding and, prior to slow cooling, they lower the freezing
point of the solution and allow greater cell dehydration without
excessive shrinkage [16]. Cryoprotectants can be divided into
two groups according to their molecular weight and, therefore,
their ability to pass through the cell membrane:

– Permeating agents:
These substances are chemically characterized as having a

relatively low molecular weight and are able to penetrate the
cell’s lipid bilayer. This group of agents includes glycerol,
ethylene glycol, DMSO, and 1,2-propanediol (PROH). Per-
meating cryoprotectants that pass into the cells protect the
cell membrane during cooling as they modify the state of the
phospholipid bilayer from fluid to partially solid. They also
osmotically replace intracellular water, decrease the forma-
tion of intracellular ice crystals, lower the freezing point of
the solution, and support enhanced cellular dehydration dur-
ing freezing.

– Non-permeating agents:
These cryoprotectants remain in the extracellular solu-

tion because of their size and they include sugars and macro-
molecules such as sucrose, raffinose, trehalose, and fructose.
Non-permeating cryoprotectants, which are unable to cross
the cell membrane due to their molecular size, generate an
osmotic gradient that causes cell dehydration and decrease

Human Oocytes Slow-Rate Freezing: Methodology 107

ri-cheng.chian@mcgill.ca



the intracellular water content; consequently, there is a lower
likelihood of intracellular ice crystal formation as the temper-
ature drops. The most frequently used non-permeating
agents are trehalose and sucrose.

In all freezing techniques, a combination of permeating
and non-permeating agents allows a better outcome in terms
of oocyte stability.

l Seeding when the slow-cooling method is used to cryopreserve
oocytes or embryos, the freezing solution is usually manually
“seeded” at a temperature of !7 "C to induce ice formation.
This is usually achieved by touching the wall of each straw with
cold forceps (cooled in liquid nitrogen). The aim of this proce-
dure is to induce the first ice crystal [17] in the freezing solution
some distance away from the oocytes and to prevent the whole
solution from supercooling. Manual seeding is preferable to
spontaneous ice formation because it prevents diffuse supercool-
ing and starts dehydration, both of which reduce the likelihood
of ice forming inside the oocytes. Controlled ice formation
during freezing is recognized as a key factor in determining the
oocyte viability following freezing and thawing.

During thawing procedures, cryoprotectants are removed
by stepwise dilution with final return to a physiological environ-
ment and rapid temperature transition is preferred to prevent the
recrystallization of water with the potential for ice-crystal dam-
age. Here, caution must be taken to avoid osmotic shock from
the permeating cryoprotectant, which now is at a very high
concentration in the intracellular space. Therefore, an additional
non-permeating cryoprotectant is used. As the permeating cryo-
protectant gradually diffuses out of the oocyte, the concentra-
tion of the non-permeating cryoprotectant gradually decreases,
until the oocyte is returned to standard culture medium [17].

2 Materials

2.1 Materials
for Slow Freezing
Procedure

Reagents for slow freezing procedure

l PBS Dulbecco’s Phosphate Buffered Saline (Sigma Life Science,
Sigma-Aldrich).

l PROH 1,2-propanediol (Sigma-Aldrich, the Netherlands).

l SSS (Serum Substitute Supplement) (Irvine Scientific, Santa
Ana, California).

l SUCROSE # 99.5 % MW 342.3 (Sigma Life Science, Sigma-
Aldrich).

Equipment for slow freezing procedure

l Automated biological vertical cryo-freezer Kryo 360–1.7
(Planer).
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l Precision balance.

l Impulse-heat sealer.

l Label printer (Brady).

l Timer.

l Flexipet Adjustable Handle Set (Cook Australia).

l Metal forceps.

l Liquid nitrogen.

l Liquid nitrogen reservoir.

l Liquid nitrogen dewar with ten canister equipped with 65 mm
plastic goblets for long-term storage.

l Cryogloves.

Tools for slow freezing procedure

l Protettive latex gloves.

l Sterile tube (10 mL, Ref.2001, Falcon).

l Sterile serological pipettes (10 mL, Ref.357551, Falcon, USA).

l Sterile serological pipettes (1 mL, Ref.357521, Falcon, USA).

l 10 mL syringe (BD Emerald, Becton Dickinson, Spain).

l Millex GV Filter Unit 0.22 um, Durapore PVDF Membrane
(Merck Millipore LTD, IRL).

l Flexipet-Denuding Pipette tips ID ¼ 170 um (Cook, USA).

l Multidish 4-Well plate Nunclon (NUNC, Denmark).

l White adhesive labels, BMP21 (Brady, USA).

l Adapted syringe: Silicone Tube inner diameter 1.5 mm, outer
diameter 3.5 mm connected to an Insulin type syringe 1 mL (U
Insulin 1 mL, Terumo Syringe, Terumo, Belgium).

l Sterile straws (CBS High Security embryo straw 0.3 mL, Cryo
Bio System,Groupe I.M.V. Technologies, France).

l Weighted ID rod 30 mm for CBSHigh Security straw (Cryo Bio
System, Groupe I.M.V. Technologies, France).

l Multicolor goblet diameter 12 mm.

2.2 Slow Freezing
Solution Preparation

Freezing solutions for slow freezing of human oocytes are two:
1.5 M PROH in PBS (Equilibration Solution) and 1.5 M PROH
in PBS plus 0.2 M sucrose (Loading Solution). Both the solutions
need a 20 % protein source supplementation (SSS). Manage all the
reagents under laminar flow and reduce artificial light conditions.

1. Prepare the solution into a 10 mL tube.

2. Equilibration Solution: mix 6.9 mL PBS and 1.1 mL PROH.

3. Loading Solution: solubilize 0.2 M sucrose in 6.9 mL PBS plus
1.1 mL PROH.
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4. Add 2 mL SSS to each solution and mix.

5. Filter both the solution into a new sterile 10 mL tube.

6. All the solutions are stored in the refrigerator at 4 "C for a
maximum of 3 days since preparation.

2.3 Materials
for Rapid Thawing
Procedure

Reagents for rapid thawing procedure

l PBS Dulbecco’s Phosphate Buffered Saline (Sigma Life Science,
Sigma-Aldrich).

l PROH 1,2-propanediol (Sigma-Aldrich, the Netherlands).

l SSS (Serum Substitute Supplement) (Irvine Scientific, Santa
Ana, California).

l Sucrose # 99.5 % MW 342.3 (Sigma Life Science, Sigma-
Aldrich).

Equipment for rapid thawing procedure

l Precision Balance.

l Thermometer.

l Timer.

l Small sterile scissors.

l Surgical Gauze.

l Flexipet Adjustable Handle Set (Cook Australia).

l Water bath 30 "C.

l Liquid nitrogen.

l Liquid nitrogen reservoir.

l Cryogloves.

Tools for rapid thawing procedure

l Protective latex gloves.

l Sterile Tube 10 mL (Ref.2001, Falcon).

l Flask 50 mL (Falcon, Becton Dickinson, NJ, USA).

l Sterile serological pipettes (1 mL) (Ref.357521, Falcon, NJ,
USA).

l Sterile serological pipettes (5 mL) (Ref.357543, Falcon, NJ,
USA).

l Sterile serological pipettes (10 mL) (Ref.357551, Falcon, NJ,
USA).

l Petri dish 35 % 10 mm (Ref. 353,001, Falcon, Becton Dick-
inson, NJ, USA).

l Millex-GV 0.22 μm, Durapore PVDF Membrane (Merck Milli-
pore LTD, IRL).

l Syringe 10 mL (BD Emerald, Becton Dickinson, Spain).
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l Flexipet-Denuding Pipette tips ID ¼ 170 μm (Cook, USA).

l Multidish 4-well plate Nunclon (NUNC, Denmark).

l Adapted syringe: Silicone Tube inner diameter 1.5 mm, outer
diameter 3.5 mm connected to a no needle Insuline type syringe
1 mL (U Insulin 1 mL, Terumo Syringe, Terumo, Belgium).

2.4 Rapid Thawing
Solution Preparation

Thawing solutions for rapid thawing of human oocytes are four:

Thawing solution 1: 1 M PROH in PBS plus 0.3 M sucrose.

Thawing solution 2: 0.5 M PROH in PBS plus 0.3 M sucrose.

Thawing solution 3: 0.3 M sucrose in PBS.

Thawing solution 4: PBS medium.

All the solutions need a 20 % protein source supplementation
(SSS). In order to obtain the four thawing solution it is necessary to
prepare a stock solution. Manage all the reagents under laminal
flow and reduce artificial light conditions.

1. First mix into a 50 mL flask: 14.5 mL PBS with 1.5 mL PROH
(stock solution).

2. Prepare the four thawing solutions into a 10 mL tube.

3. Thawing solution 1 (1 M PROH/0.3 M sucrose): solubilize
0.3 M sucrose in 8 mL of stock solution.

4. Thawing solution 2 (0.5 M PROH/0.3 M sucrose): solubilize
0.3 M sucrose in 4 mL of stock solution and 4 mL PBS.

5. Thawing solution 3 (0.3 M sucrose): solubilize 0.3 M sucrose
in 8 mL PBS.

6. Thawing solution 4 (PBS): 8 mL PBS medium only.

7. Add 2 mL SSS to each solution and mix.

8. Filter all the solution into a new sterile 10 mL tube.

9. All the solutions are stored in the refrigerator at 4 "C for a
maximum of 3 days since preparation.

3 Methods

3.1 Slow Freezing
Procedure

The oocytes are de-cumulated mechanically and enzymatically
around 2 h after transvaginal retrieval to detect the Metaphase II
oocytes and undergo slow freezing procedure.

1. Place the solutions to room temperature (22–24 "C) before
use. All dehydration steps must be performed at room temper-
ature (RT). Just before starting, the cryo-freezer is turned on.

2. Stamp label with the name, surname, freezing date, couple
code, and number of the oocytes and put it on the straw
(Fig. 1). One to maximum three oocytes are loaded per straw.

Human Oocytes Slow-Rate Freezing: Methodology 111

ri-cheng.chian@mcgill.ca



Connect an adapted syringe to each straw and prepare a
weighted ID rod.

3. Set up a 170 μm denuding pipette.

4. For each oocyte or group of oocytes dispense 0.6 mL of the
Equilibration Solution in Well 1 and 0.6 mL of Loading Solu-
tion in Well 2 of a 4-well plate labeled with patient’s surname,
name, and couple code.

5. The denuded mature Metaphase II oocytes are transferred
from their culture media to the equilibration solution and
incubated for 10 min. The countdown begins when the first
oocytes are placed into the Equilibration Solution (Table 1).

6. After this period the oocytes are moved to the Loading Solu-
tion beginning with the first oocyte incubated. The passage
between one solution and the other is carried out by collecting
the oocytes with a 170 μm denuding pipette in a small amount
of solution.

7. Within 5 min since the first oocytes have been incubated in the
Loading Solution, it is necessary to proceed in loading the
oocyte into the straw (Table 1).

Fig. 1 Equipment necessary for slow freezing. From the left in the upper of the
image: impulse-heatsealer, timer. From the left in the lower of the image: sterile
straws, insulin type syringe 1 ml connected to a silicone tube, label (name,
surname, sample number, date, couple code) and goblet
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8. First start loading a small amount of Loading Solution then a
bubble air, subsequently Loading Solution containing
the oocyte in the middle of the liquid, then another air bubble
and at the end another small amount of the same solution
(Fig. 2).

9. The straw is then separated from the adapted syringe. Insert
each weighted ID rod into the straw and seal it both side.

10. The straws are placed into the automated cryo-freezer (Fig. 3)
when the temperature is around 20 "C.

11. All the steps are carried out by two persons (the operator
and a second person who assist the operator during the
procedure).

Table 1
Slow freezing solution and incubation time

Slow cooling (Differential sucrose concentration) Volume Incubation time Temperature

Equilibration Solution 1.5 M PROH þ 20 % SSS 0.6 mL 100 RT

Loading Solution 1.5 M PROH þ 0.2 M
Sucrose þ 20 % SSS

0.6 ml 50 RT

Fig. 2 Modes of loading the oocytes in the straw and proper position for seeding

Fig. 3 Automated biological programmable vertical cryo-freezer Kryo 360–1.7
(Planer)
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Automated freezing program

The sample is slowly cooled from þ20 "C to !7 "C at a rate of
!2 "C/min (Fig. 4). Manual seeding of the sample is performed at
!7 "C and this temperature is maintained for 10 min. During this
time the straws are removed rapidly and not completely to induce
ice crystal by touching the straw with very cold metal forceps in
proximity of the first small amount of Loading Solution nearby
the filter (Fig. 2). Then temperature decreases to !30 "C at a rate
of !0.3 "C/min and then rapidly decrease to !150 "C at a rate
of !50 "C/min (Fig. 4). An acoustic and visual signal signals the
end of the freezing program. Then the straws are directly plunged
into identified colored goblet in liquid nitrogen and finally stored
into the dewar at !196 "C.

3.2 Rapid Thawing
Procedure

1. Place the thawing solution to room temperature (22–24 "C).
All thawing steps must be performed at room temperature
(RT).

2. Tag a 4-well plate with patient’s surname, name, and couple
code. Prepare one 4-well plate for each straw to thaw.

Controlled rate cooling

Ramp Speed Thermal Interval
1 -2.0°C/min +20°C to -8°C
2 Hold for 10 min (seeding) -8°C
3 -0.3°C/min -8°C to -30°C
4 -50°C/min -30°C to -150°C
5 Hold for 10 min (plunge into LN2) -150°C

Fig. 4 Graph of slow freezing curve
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3. Prepare sterile gauze, sterile scissor, adjust syringe, Petri dish,
Flexipet Adjustable Handle Set equipped with 170 μm denud-
ing pipette, timer, and 30 "C water bath.

4. With 1 mL serological pipette dispense the thawing solutions
into individual wells of the 4-well plate as follows: 0.5 mL of
Thawing Solution 1 (1 M PROH/0.3 M sucrose) in Well 1,
0.5 mL of Thawing Solution 2 (0.5 M PROH/0.3 M sucrose)
in Well 2, 0.5 mL of Thawing Solution 3 (0.3 M sucrose)
in Well 3, and finally 0.5 mL of Thawing Solution 4 (PBS) in
Well 4.

5. Remove the samples from the liquid nitrogen dewar and
immerse them in the liquid nitrogen reservoir.

6. Start taking out the straw from liquid nitrogen and keep it for
30 s in air (room temperature).

7. Immediately after this put the straw for 40 s in a 30 "C water
bath.

8. Subsequently dry the straw gently with a surgical gauze and cut
the straw at one end with the small sterile scissors and attach it
to the adapted syringe.

9. Then cut the other extremity and empty the solution contain-
ing oocytes in a Petri dish under the Stereo zoom microscope
to visualize immediately the oocytes.

10. As soon as you see the oocytes move them into the Thawing
Solution 1 and incubate for 5 min. Start to calculate the time
from this moment.

11. After this time move the oocytes in Thawing Solution 2 and
incubate for 5 min, then in Thawing Solution 3 and Thawing
solution 4 for 10 min respectively (Table 2).

12. At the end of the thawing procedure evaluate oocyte’s integrity
with the inverted microscope (20%). The thawed and surviving
oocytes are cultured until the insemination time.

13. All the steps are carried out by two persons (the operator and a
second person who assist the operator during the procedure).

Table 2
Rapid thawing solution and incubation time

Rapid thawing (Differential sucrose concentration) Volume Incubation Time Temperature

Solution 1 1.0 M PROH þ 0.3 M Sucrose þ 20 % SSS 0.5 mL 50 RT

Solution 2 0.5 M PROH þ 0.3 M Sucrose þ 20 % SSS 0.5 mL 50 RT

Solution 3 0.3 M Sucrose þ 20 % SSS 0.5 mL 100 RT

Solution 4 PBS þ 20 % SSS 0.5 mL 100 RT
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4 Notes

1. We recommend adding 2 mL of Serum Substitute Supplement
(SSS) after that the freezing and thawing solutions have been
filtered, to prevent a possible protein retaining.

2. Freezing and thawing solutions must be stored at þ4 "C,
possibly protected from light because of their light-sensitivity.

3. The preparation date can be used as the freezing and thawing
solution batch number.

4. An insulin-type syringe without a needle is connected to a
narrow silicone tube to connect the syringe to the straw during
sample loading.

5. The same pipette can be used to dispense the freezing and
thawing solutions if you start with the weaker cryoprotectant
solution.

6. Before thawing it is advisable to prepare a small container of
liquid nitrogen to remove the straw from goblet.

7. All the steps are carried out by two persons (the operator and a
second person who assist the operator during the procedure).

8. On the basis of your experience, you can freeze-thawmore than
one straw/oocytes at one time, paying attention to calculate
and to consider the different incubation times in the freezing-
thawing solutions.

9. During the oocytes loading into the straw it is important to
aspire the solution until to wet the filter to obtain vacuum.

10. Slow freezing protocol can be divided into two steps. In the
first step permeating cryoprotectants create an osmotic gradi-
ent that removes water from the cell by preventing the ice
crystal formation. The oocyte dehydrated and shrinked then
returns to the original volume after that the cryoprotectant
enters the cell replacing water. The extent of shrinkage and
swelling cause an osmotic stress that is minimized in the second
phase of dehydration when non-permeating cryprotectant is
added. In this phase the shrinkage rate is faster with a higher
reduction of cell volume before freezing.

11. With the slow-freezing procedure, when moving the
oocytes onto next step, collect them in a small amount of
the surrounding solution and release them into the next solu-
tion. This makes the passage from one molarity to another less
shocking.

12. Likewise during the thawing procedure, between steps collect
the oocytes in a larger amount of the surrounding solution and
release them into the next solution, in order to make rehydra-
tion more gradual.
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13. At the end of the thawing procedure, rate all thawed oocytes.
The survived oocytes have the same morphology as fresh
oocytes, whereas degenerated oocytes appear dark and non-
three-dimensional.

14. The insemination of surviving oocytes takes place no earlier
than 1 maximum 2 h after the end of the thawing procedure
and avoid exceeding a total culture time of 7 h and to recover
meiotic spindle after thawing.
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Chapter 9

Slow Freezing and Thawing of Human Cleavage
Stage Embryos

David H. Edgar, Janell Archer, and Debra A. Gook

Abstract

The ability to store human embryos in a viable state at very low temperatures has been critical to the
evolution of responsible practice in clinical Assisted Reproductive Technology (ART). It has encouraged a
reduction in the frequency of simultaneous multiple embryo transfer and thereby reduced the risks
associated with multiple pregnancy while maintaining high cumulative pregnancy rates from single oocyte
collection cycles. In this chapter, we describe a simple slow freezing procedure for human early cleavage
stage embryos that results in a high proportion of post-thaw embryos surviving and retaining their
implantation potential.

Key words Cryopreservation, Human embryos, Cleavage stages, Slow freezing, Dehydration,
Rehydration

1 Introduction

The almost universal use of ovarian stimulation to produce multiple
oocytes/embryos in women undergoing clinical ART, together
with the well-recognized risks associated with multiple gestation,
has led to the routine application of embryo cryopreservation for
embryos that are not transferred fresh in the cycle of oocyte collec-
tion. It is then possible for these stored embryos to be thawed and
transferred in subsequent menstrual cycles without the need for
further ovarian stimulation. For this strategy to be adopted with
confidence, the cryopreservation procedure must result in a high
proportion of embryos surviving and retaining their developmen-
tal/implantation potential.

Water-miscible substances known as cryoprotectants had been
shown to play an important role in the removal of intracellular
water and thereby minimize the detrimental effects of ice formation
during cryopreservation of living cells. Pregnancy and live birth
following transfer of human cryopreserved embryos was first
achieved [1, 2] with a protocol, involving the use of the permeating

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_9, © Springer Science+Business Media LLC 2017
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cryoprotectant dimethyl sulfoxide (DMSO), that had been used
previously to successfully cryopreserve mouse embryos [3]. It soon
became apparent that more reproducible cryopreservation of
human cleavage stage embryos could be achieved when 1,2 propa-
nediol (PROH, usually at 1.5 M) was used as the permeating
cryoprotectant and intracellular dehydration was further promoted
by subsequent exposure to PROH plus sucrose, a non-permeating
cryoprotectant at a concentration of 0.1 M [4, 5]. This method was
quickly adopted and remained in widespread clinical use for over
20 years. In terms of efficiency, it could result in the majority of
post-thaw embryos having at least 50 % of their original blasto-
meres intact (the conventional criterion for embryo survival) with
around half of all frozen embryos remaining fully intact after thaw-
ing; the latter being an important correlate of retention of implan-
tation potential [6].

More recently, cryopreservation by vitrification has become a
popular methodology in clinical ART and the only published ran-
domized controlled trial comparing this approach to slow freezing
with cleavage stage embryos demonstrated improved survival asso-
ciated with vitrification [7]. Most notably, the proportion of all
cryopreserved embryos remaining fully intact after warming/thaw-
ing was increased from 45.7 to 73.9 %.

At the same time, our group was developing a modified
approach to slow freezing of human cleavage stage embryos. It
had been shown that the outcomes from slow cooling of human
unfertilized oocytes could be improved by increasing the concen-
tration of the non-permeating cryoprotectant (sucrose) prior to
freezing and manipulating the post-thaw rehydration conditions
[8–11] and we had reported that this principle could also be applied
to cleavage stage embryos that had been biopsied for preimplanta-
tion genetic diagnosis [12]. We have employed a similar approach
with human non-biopsied cleavage stage (day 2) embryos but also
introduced single-step dehydration with simultaneous exposure to
1.5 M PROH and 0.2 M sucrose. This method, which also involves
post-thaw rehydration via single-step removal of PROH in high
(0.5 M) sucrose, was shown to result in 92.6 % of embryos surviv-
ing by the conventional criterion and a high proportion (80 %) of all
embryos surviving with all blastomeres intact [13]. Details of our
method are described in this chapter.

2 Materials

Prepare all solutions in a laminar flow hood into sterile disposable
tissue culture plasticware (e.g., Falcon®, Becton Dickinson). Filter
sterilize through a 0.2 μm membrane (PALL Life Sciences), dis-
carding the first 1–2 mL to pass through the membrane.
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2.1 Ingredients
for Freezing and
Thawing Solutions

1. Basal buffer: Quinn’s Advantage® Medium with HEPES,
SAGE® Media, Cooper Surgical, a commercially available
buffer designed for handling human gametes/embryos in
ART under atmospheric conditions (see Note 1).

2. Sucrose: BioXtra, !99.5 % (GC) (Sigma). FW 342.3.

3. 1,2-Propanediol (PROH): ACS reagent, !99.5 % (Sigma-
Aldrich). FW 76.09; density 1.036 g/mL.

4. Human Serum Albumin (HSA) stock solution (100 mg/mL in
isotonic saline), SAGE® Media, Cooper Surgical (see Note 2).

2.2 Preparation
of Freezing and
Thawing Solutions

1. Sucrose stock solution (1 M): Dissolve 342.3 g of sucrose in
basal buffer and make up to a final volume of 1 L (see Note 3).
Filter sterilize and store at 4 "C.

2. Embryo freeze solution (1.5 M PROH/0.2 M sucrose/10 mg
HSA/mL): To 59 mL of basal buffer, add 11 mL PROH (see
Note 4), 20 mL sucrose stock solution, and 10 mL HSA stock
solution. Mix, filter sterilize, and store at 4 "C.

3. Embryo thaw solution A (0.5 M sucrose/4 mg HSA/mL): To
46 mL of basal buffer, add 50 mL sucrose stock solution and
4mLHSA stock solution. Mix, filter sterilize, and store at 4 "C.

4. Embryo thaw solution B (0.2 M sucrose/4 mg HSA/mL): To
76 mL of basal buffer, add 20 mL sucrose stock solution and
4mLHSA stock solution. Mix, filter sterilize, and store at 4 "C.

5. Embryo thaw solution C (4 mg HSA/mL): To 96 mL of basal
buffer, add 4 mL HSA stock solution. Mix, filter sterilize, and
store at 4 "C.

6. If desired, solutions 1–4 can be checked for osmolality prior to
storage (see Note 5).

7. Storage (see Note 6).

2.3 Equipment
and Consumables

1. Programmable freezing machine—KRYO 360–1.7/MRV
(Planer Products), attached to pressurized liquid nitrogen
source.

2. Liquid nitrogen storage vessel(s), canes, and goblets (Fig. 1).

3. Binocular dissecting microscope with working range approxi-
mately x6-60 (for manipulating embryos).

4. Inverted microscope (for embryo assessment).

5. Sterile plastic serological pipettes (e.g., Falcon®, Becton Dick-
inson) for dispensing solutions.

6. Sterile pipettes for manipulating embryos (see Note 7).

7. Sterile plastic freezing straws (approximate capacity 0.25 mL)
and plugs for sealing straws (Ref: 005592 and 007352 respec-
tively; IMV Technologies, France).

8. Sterile 1 mL syringes.
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9. Forceps or cotton buds (for seeding straws).

10. Sterile culture dishes (Nunc 4-well, Denmark).

11. Water bath set at 30 "C.

12. Sterile scissors.

3 Methods

The freezing machine should be programmed as follows:

Set start temperature at +16 "C.

1st ramp: Cool from +16 "C to #7 "C at 2 "C/min.

2nd ramp: Hold at #7 "C for 10 min (to allow manual seeding).

3rd ramp: Cool from #7 "C to #30 "C at 0.3 "C/min.

4th ramp: Cool from #30 "C to #150 "C at 50 "C/min.

5th ramp: Hold at 150 "C for approximately 30 min (to allow
transfer of straws to liquid nitrogen storage vessel).

3.1 Dehydration
of Cleavage Stage
Embryos

1. Under sterile conditions, add 0.5 mL of embryo freeze solu-
tion to a labeled well of a Nunc culture dish for each embryo to
be cryopreserved and equilibrate to room temperature
(20–22 "C). Prepare a separate dish containing embryo freeze
solution to be used for rinsing straws.

Fig. 1 Storage of slow frozen embryos in liquid nitrogen

122 David H. Edgar et al.

ri-cheng.chian@mcgill.ca



2. Start the freeze program. Pause/hold the freeze program when
it reaches the start temperature.

3. Label one straw for each embryo to be cryopreserved; the label
should be at the top (sealant) end of the straw (see Fig. 2).
Attach a 1 mL syringe (preloaded with air) to the labeled/
sealant end of the straw and rinse the straw with freezing
solution (see Note 8).

4. When the freezing medium has reached room temperature,
remove the embryo culture dish from the incubator and trans-
fer each individual embryo, selected for cryopreservation, into
a separate well containing embryo freeze solution for 10 min
(see Note 9).

5. Load embryos into individual pre-labeled and pre-rinsed
straws. The loading configuration should be freezing solution,
followed by air bubble, followed by freezing solution

Freezing solution

Air gap

Air gap

Freezing solution

Air gap

Plug

Label

Sealant

Freezing solution with 
embryo

Top

Bottom

Fig. 2 Configuration of loaded straw
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containing embryo, followed by air bubble, followed by freez-
ing solution (Fig. 2). Continue aspiration until the initial col-
umn of freezing solution reaches the sealant and activates the
seal. Place a freeze plug into the open end of the straw and put
straw into the freezing machine in a vertical position with the
sealant end at the top (see Note 10).

3.2 Running the
Freezing Program

Personal Protective Equipment must be worn at all times when
handling liquid nitrogen.

1. When all straws are loaded and placed in the freezing machine,
run the freeze program.

2. After 12 min, ensure that the freezing machine has entered the
“Hold” ramp and is maintaining a temperature of#7 "C before
commencing manual seeding.

3. Straws should be seeded by touching the top (closest to seal-
ant) column with either a cotton bud soaked in liquid nitrogen
(Fig. 3) or forceps cooled in liquid nitrogen (see Note 11).
Take care to avoid contact with the middle column (containing
the embryo).

4. When the freezing program is complete and the temperature is
holding at #150 "C, transfer the straws (still with sealant end
upward) to goblets (clamped onto canes—see Fig. 1) that have

Fig. 3 Manual seeding of straw
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been precooled by immersion in liquid nitrogen, and quickly
transfer the canes/goblets to the liquid nitrogen storage vessel
(see Note 12).

3.3 Thawing and
Rehydrating Slow
Frozen Cleavage Stage
Embryos

1. At least 3 h prior to thawing embryos, ensure that culture
dishes for receiving thawed embryos are set up. These dishes
should contain, for each thawed embryo, one well with 0.5 mL
culture medium (for washing embryos post-rehydration) and
one well with a drop of culture medium under sterile oil. These
dishes should be equilibrated in the recommended gas envi-
ronment (dependent on the culture medium used) at 37 "C.

2. Prior to thawing embryos, Nunc culture dishes for rehydrating
thawed embryos should be set up and allowed to equilibrate to
room temperature. Each dish should contain one well with
0.5 mL embryo thaw solution A, one well with 0.5 mL embryo
thaw solution B, and one well with 0.5 mL embryo thaw
solution C. The fourth well should be empty.

3. Remove straw from liquid nitrogen storage location and hold
in air at room temperature for 30 s. Wipe straw to remove
condensation (see Note 13).

4. Immerse straw in a tube of sterile water (in a 30 "C water bath)
for 40 s (see Note 14). Remove and wipe straw with a lint-free
tissue until dry.

5. Cut the sealed (plugged) end of the straw with sterile scissors
and attach a 1 mL syringe, preloaded with air.

6. Cut the labeled (sealant) end of the straw and expel contents
into the fourth (empty) well. Quickly locate embryo(s) and
transfer, in minimum volume, to well containing embryo
thaw solution A for 5 min at room temperature (see Note 15).

7. Transfer embryo(s), in minimum volume, to well containing
embryo thaw solution B for 5 min at room temperature (see
Note 16).

8. Transfer embryo(s), in minimum volume, to well containing
embryo thaw solution C for 5 min at room temperature (see
Note 16).

9. Remove culture dish from the incubator, transfer embryo(s) to
wash well in minimal volume, rinse thoroughly, and transfer to
culture drop before returning to the incubator.

3.4 Assessment
of Embryos

The criteria for the selection of embryos for cryopreservation may
vary between clinics but should be based on implantation data from
the individual clinic and a clinical decision on the minimum accept-
able predicted implantation potential.

1. Prior to dehydration/cryopreservation, the developmental
characteristics of each individual embryo should be recorded.
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The details should include number of cells at the time of
cryopreservation, degree of fragmentation, evidence of early
first cleavage (if recorded), and presence of multinucleation.

2. Post-thaw assessment should, in addition to the pre-freeze
information, include details of any blastomere loss, both
when the embryo is expelled from the straw and during the
rehydration steps. This information is of prognostic signifi-
cance when assessing the implantation potential of thawed
embryos [14–16].

3. If post-thaw culture is continued overnight prior to embryo
transfer, any resultant resumption of mitosis/increase in the
number of blastomeres should be detailed as this information is
also of prognostic significance when assessing the implantation
potential of thawed embryos [15–18].

4 Notes

1. Alternative basal buffers are available but, for freezing and
thawing solutions, it is preferable to use the basal buffer that
is consistent with the in-house culture system to minimize
stress to the embryo. This buffer should be designed to allow
handling in atmospheric conditions and should, therefore, be
buffered with, e.g., HEPES or MOPS.

2. As in Note 1, alternative products are available but, again, it is
preferable to use the albumin source that is present in the
embryo culture system if possible.

3. Ideally, the 1 M sucrose solution should be made up in a
volumetric flask. From experience, the total volume of buffer
required to make 1 L of 1 M sucrose stock solution is between
780 and 790 mL. If a smaller volume of stock solution is
required, the amount of sucrose can be reduced pro rata, e.g.,
34.23 g in a final volume of 100 mL (requires approximately
78–79mL of buffer). To ensure that all the sucrose is dissolved,
the solution should be shaken vigorously and left overnight
before filtration.

4. PROH is a viscous liquid. To ensure accurate delivery, it is
important to pay attention to rinsing of the pipette during
addition to the solution.

5. To ensure that solutions are made up correctly and to distin-
guish between solutions, the osmolality of each solution can be
determined if an osmometer is accessible. The osmolalities of
the freezing solution and the 1 M sucrose stock solution are
both significantly higher than the normal standards supplied so
appropriate dilutions will be required before using the
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osmometer. Osmolality should be measured prior to the addi-
tion of the HSA.

6. When solutions are opened for use during storage, sterility of
the remaining solution should be maintained by ensuring that
aliquots are dispensed in a laminar flow hood. We apply a
storage limit of one month for all solutions.

7. We use hand-pulled sterile Pasteur pipettes for transferring
embryos between dishes/wells but commercially available pip-
ettes with an internal diameter of 150–190 μm can also be used
to minimize carry-over volume.

8. When rinsing straws (to remove any debris and to wet the
internal surface of the straw), ensure that the rinsing does not
involve contact of the embryo freeze solution with the sealant.
After rinsing until loading, the rinsed straws should be stored
vertically in sterile tubes with the open ends downward to allow
residual rinsing solution to reach the opening. The syringe
should still hold some air to facilitate expulsion of this solution
prior to loading the straw.

9. When transferring an embryo from culture to the freezing
medium, ensure that minimal volume is carried over. We rou-
tinely load the transfer pipette with a column of the destination
medium (embryo freezing solution) before picking up the
embryo from the culture dish and transferring in minimal
volume. It is also important to ensure that the embryo is fully
submerged in the freeze solution since the viscosity will result
in a tendency to float. Submerging the embryo also ensures
that it is fully exposed to its new environment.

10. When in the chamber of the freezing machine, we house the
straws in plastic goblets clamped onto the canes that are sus-
pended in the freezing chamber. We attempt to restrict capacity
to a single straw per goblet/cane but have performed cryopres-
ervation with two straws in goblets on occasion without appar-
ent detriment to the outcome.

11. We prefer to use cotton buds as they will tend to be more
efficient at holding the low temperature required for effective
seeding. Seeding should always be confirmed by observation of
the formation of ice crystals in the straw.

12. In order to minimize the possibility of any rewarming during
the transfer of straws into the goblets, it is preferable that this is
carried out under liquid nitrogen.

13. As an infection control measure, we use an alcohol (70 %
isopropyl alcohol) swab to wipe the straw before immersing
in sterile water.
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14. To reduce risk of cross contamination, straw(s) from each
patient should have a dedicated tube of sterile water used for
thawing.

15. When transferring the embryo into thaw solution A in mini-
mum volume, ensure that the embryo is fully submerged in the
solution since the embryo will tend to float in the viscous
0.5 M sucrose solution. This will ensure that the embryo is
fully exposed to the osmotic conditions. The embryo should
undergo significant shrinkage in this solution.

16. At these two steps it is also important to ensure that any
minimal carry-over volume is dispersed and that the embryo
is fully submerged in the solution. The embryo should
undergo re-expansion as the sucrose concentration in the
external solution is decreased.

References

1. Trounson A, Mohr L (1983) Human preg-
nancy following cryopreservation, thawing
and transfer of an eight-cell embryo. Nature
305:707–709

2. Zeilmaker GH, Alberda AT, van Gent I, Rijk-
mans CM, Drogendijk AC (1984) Two preg-
nancies following transfer of intact frozen-
thawed embryos. Fertil Steril 42:293–296

3. Whittingham DG, Leibo SP, Mazur P (1972)
Survival of mouse embryos frozen to -196
degrees and -269 degrees C. Science
178:411–414

4. Lassalle B, Testart J, Renard JP (1985) Human
embryo features that influence the success of
cryopreservation with the use of 1,2 propane-
diol. Fertil Steril 44:645–651

5. Testart J, Lassalle B, Belaisch-Allart J, Hazout
A, Forman R, Rainhorn JD et al (1986) High
pregnancy rate after early human embryo freez-
ing. Fertil Steril 46:268–272

6. Edgar DH, Bourne H, Speirs AL, McBain JC
(2000) A quantitative analysis of the impact of
cryopreservation on the implantation potential
of human early cleavage stage embryos. Hum
Reprod 15:175–179

7. Balaban B, Urman B, Ata B, Isiklar A, Larman
MG, Hamilton R et al (2008) A randomized
controlled study of human Day 3 embryo cryo-
preservation by slow freezing or vitrification:
vitrification is associated with higher survival,
metabolism and blastocyst formation. Hum
Reprod 23:1976–1982

8. Fabbri R, Porcu E, Marsella T, Rocchetta G,
Venturoli S, Flamigni C (2001) Human oocyte
cryopreservation: new perspectives regarding
oocyte survival. Hum Reprod 16:411–416

9. Bianchi V, Coticchio G, Distratis V, Di Giusto
N, Flamigni C, Borini A (2007) Differential
sucrose concentration during dehydration
(0.2 mol/L) and rehydration (0.3 mol/L)
increases the implantation rate of frozen
human oocytes. Reprod BioMed Online
14:64–71

10. Borini A, Sciajno R, Bianchi V, Sereni E, Fla-
migni C, Coticchio G (2006) Cinical outcome
of oocyte cryopreservation after slow cooling
with a protocol utilizing a high sucrose concen-
tration. Hum Reprod 21:512–517

11. De Santis L, Cino I, Rabellotti E, Papaleo E,
Calzi F, Fusi FM et al (2007) Oocyte cryopres-
ervation: clinical outcome of slow-cooling pro-
tocols differing in sucrose concentration.
Reprod Biomed Online 14:57–63

12. Jericho H, Wilton L, Gook DA, Edgar DH
(2003) A modified cryopreservation method
increases the survival of human biopsied cleav-
age stage embryos. Hum Reprod 18:568–571

13. Edgar DH, Karani J, Gook DA (2009) Increas-
ing dehydration of human cleavage-stage
embryos prior to slow cooling significantly
increases cryosurvival. Reprod Biomed Online
19:521–525

14. Van den Abbeel E, Camus M, Van Waesberghe
L, Devroey P, Van Steirteghem AC (1997)
Viability of partially damaged human embryos
after cryopreservation. Hum Reprod
12:2006–2010

15. Guerif F, Bidault R, Cadoret V, Couet ML,
Lansac J, Royere D (2002) Parameters guiding
selection of best embryos for transfer after
cryopreservation: a reappraisal. Hum Reprod
17:1321–1326

128 David H. Edgar et al.

ri-cheng.chian@mcgill.ca



16. Edgar DH, Archer J, McBain J, Bourne H
(2007) Embryonic factors affecting outcome
from single cryopreserved embryo transfer.
Reprod Biomed Online 14:718–723

17. Van der Elst J, Van den Abbeel E, Vitrier S,
Camus M, Devroey P, Van Steirteghem AC
(1997) Selective transfer of cryopreserved
human embryos with further cleavage after

thawing increases delivery and implantation
rates. Hum Reprod 12:1513–1521

18. Ziebe S, Bech B, Petersen K, Mikkelsen AL,
Gabrielsen A, Andersen AN (1998) Resump-
tion of mitosis during post-thaw culture: a key
parameter in selecting the right embryos for
transfer. Hum Reprod 13:178–181

Slow Freezing and Thawing of Human Cleavage Stage Embryos 129

ri-cheng.chian@mcgill.ca



Chapter 10

Human Oocyte Vitrification

Laura Rienzi, Ana Cobo, and Filippo Maria Ubaldi

Abstract

Discovery and widespread application of successful cryopreservation methods for MII-phase oocytes was
one of the greatest successes in human reproduction during the past decade. Although considerable
improvements in traditional slow-rate freezing were also achieved, the real breakthrough was the result of
introduction of vitrification. Here we describe the method that is most commonly applied for this purpose,
provides consistent survival and in vitro developmental rates, results in pregnancy and birth rates compara-
ble to those achievable with fresh oocytes, and does not result in higher incidence of gynecological or
postnatal complications.

Key words Vitrification, Oocyte, Human, Technique, Fertility preservation, Donation

1 Introduction

Although the first baby born from a cryopreserved, slow-rate fro-
zen human oocyte was reported in 1986 [1], the low efficiency did
not allow widespread application. Vitrification was applied success-
fully first in 1999 [2], and after further improvements described in
2005 [3], it has become acknowledged worldwide as a technique of
choice. Meanwhile, improvements in traditional freezing technique
have also been achieved [4–8], and for a few years the two
approaches were equally used for the purpose. However, during
the past few years vitrification has become the preferred method in
most clinics. Most vitrification techniques are relatively simple, no
expensive instruments are required, and by using the right method
the overall efficiency approaches or reaches that achievable with
fresh oocytes [9–12]. Concerns regarding the potential harmful
effect of vitrification for further development in vitro and in vivo
including pregnancy rates, complications in utero, stillbirths, devel-
opmental abnormalities, or other diseases have not been justified
by follow-up studies. Oocyte vitrification is not regarded as

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_10, © Springer Science+Business Media LLC 2017
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experimental any more by ASRM [13] and ESHRE [14] and it is
used worldwide in the majority of infertility units.

The need for oocyte cryopreservation was initially underesti-
mated and the technique was used only in special legal and logistic
situations. However, with the increasing efficiency the application
areas have broadened and now include fertility preservation for
medical and nonmedical indications—including malignant diseases
and/or their treatments, incipient premature ovarian failure, or
wish to postpone maternity—oocyte donation; legal ban of or
ethical concerns regarding embryo cryopreservation; accidental
unavailability of male gametes. According to some suggestions,
cryopreservation of oocytes may also be used as an alternative to
that of embryos, to avoid possible consequences of separation/
divorce of couples.

During the past decade many different techniques were pub-
lished for human oocyte vitrification. Most of them were slight
variations of the consistent and reliable method of Kuwayama
et al. [3] by using slightly modified carrier tools or storage proce-
dures. Other methods attempted to eliminate the supposed toxic
effect of DMSO or the potential transmission of diseases via direct
contact with contaminated liquid nitrogen. Controversially the
embryo toxicity of DMSO was disproven by recent publication
[15], and after hundreds of thousands of embryos transferred
after application of open vitrification methods not a single infection
was reported. On the other hand, vast majority of reports describ-
ing high overall efficiency are based on open systems and DMSO-
ethylene glycol as cryoprotectants. Accordingly, in this chapter we
describe the procedure based on the original publication of
Kuwayama [3] with slight practical adjustments.

2 Materials

Here we describe two techniques for oocyte vitrification. Both
techniques are based on the Cryotop method described by
Kuwayama et al. [3].

The first technique (Protocol 1) is the original approach with
slight modification, based on commonly used tissue culture dishes.

The second technique (Protocol 2) is based on a set containing
dishes developed by Kitazato Biopharma, Shizuoka, Japan, and
follows the protocol published in detail on the company’s home-
page (http://www.kitazato.co.jp/pdf/book/cryotop_protocol_
ver8_140709.pdf).

These protocols are the most commonly applied procedures for
human MII phase oocyte vitrification worldwide.

According to the authors, results achieved with the original [1]
and new [2] protocols are similar.
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2.1 Media
for Protocol 1 and 2

Composition of all solutions used for Cryotop vitrification were
published by Kuwayama et al. [3] and also included in the early
Kitazato kits. Although recent manuals and homepages of Kitazato
do not contain full information, the composition is supposed to be
identical with the original described below (seeNote 1) except for a
recent change in macromolecule supplementation (see Note 2).
The authors of this chapter did not find significant difference
between results achieved with the two solutions.

1. Basic Solution (BS) of all media is Hepes-buffered TCM-199
(seeNote 3), supplemented with Serum Substitute Supplement
(SSS) or trehalose) (see Note 2 and 4).

2. Equilibration Solution (ES) consists of 7.5% ethylene glycol
(EG) and 7.5% dimethylsulfoxide (DMSO) (see Note 5) dis-
solved in BS.

3. Vitrification Solution (VS) consists of 15% EG, 15% DMSO,
and 0.5 M sucrose dissolved in BS.

4. Warming Solution (WS; see Note 6) consists of 1.0 M sucrose
dissolved in BS.

5. Dilution Solution (DS) consists of 0.5 M sucrose dissolved
in BS.

6. All media should be pre-warmed to room temperature
(24–26 !C) before application except for WS which should be
pre-warmed to 37 !C (see Note 7).

2.2 Carrier Tools
and Other Equipment

1. Kitazato Cryotop carrier tool equipped with a protective cap
(see Note 8).

2. Styrofoam box for liquid nitrogen.

3. Pipettes, forcepses, fine tip cryo-markers.

2.3 Dishes
for Protocol 1

1. Four-well dishes and 33 mm diameter petri dishes (Nunc,
Roskilde, Denmark).

2.4 Dishes
for Protocol 2

1. Repro Plate (Kitazato Biopharma, Tokyo, Japan).

3 Methods

Principles used for selection of the method shown below are iden-
tical to those explained in Subheading 2.

3.1 Oocyte Recovery
and Preparative Steps

1. Collect oocytes at 35 h post-HCG administration by transva-
ginal ultrasound-guided aspiration.

2. After incubation in vitro standard laboratory conditions (see
Note 9), expose them to 10–40 IU/mL hyaluronidase solu-
tion and remove the corona radiata by gentle pipetting.
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3. Evaluate and select MII phase oocytes without any signs of
degeneration (see Note 10). Those with dark cytoplasm, a
centrally located granular area, vacuoles, or a large polar body
should be excluded from vitrification.

4. Perform vitrification immediately after denudation and
selection.

3.2 Equilibration
and Cooling, Protocol 1

1. Place oocytes (up to three together) in a 20 μL drop of BS on
the lid of a 33 mm diameter petri dish (see Note 11) (Fig. 1).

2. Place a 20 μL drop of ES close to the BS drop. Merge the two
drops. Wait for 3 min (see Note 12).

3. Add another 20 μL ES drop and merge it with the previously
merged drops. Wait for 3 min.

4. Move each oocyte individually into a single 20 μL drop of ES
and incubate for 6–9 min.

5. Transfer all oocytes simultaneously into 1 mL of VS prepared in
a well of a Nunc four-well dish and incubate for 1 min.

6. Transfer each oocyte in a minimum volume to the filmstrip of a
pre-labeled Cryotop. Remove excess solution after loading
(Fig. 2).

7. With a single uninterrupted rapid movement, immerse the
Cryotop into liquid nitrogen (see Note 13).

8. While submerged in liquid nitrogen, place the protective plastic
cap over the filmstrip and fasten it to the plastic handle.

Fig. 1 Stepwise exposition of oocytes to equilibration solution (ES). See explanation in the text
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3.3 Equilibration
and Cooling, Protocol 2

1. Drop 20 μL BS into 1st well and 300 μL VS each into 2nd and
3rd well of the Repro Plate.

2. Place the oocytes (up to 16) with minimal volume of medium
at the bottom of BS well. Compare the width of perivitelline
space with the thickness of zona pellucida and record it.

3. Add 20 μL ES surrounding the previous BS drop. Wait for
3 min.

4. Add another 20 μL ES gently and wait for 3 min.

5. Add 240 μL ES gently and wait for 6–9 min. The volume of the
oocytes is required to recover completely.

6. Place the oocytes on the surface of VS. Aspirate the remaining
ES surrounding the oocytes and throw it out of the well. Place
the oocytes at the bottom of the well and continue removing
the remaining ES around them changing their position. All this
process must be done in 30 s.

7. Place the oocytes at the bottom of the 2nd VS well. During
30 s, move them throughout the well and remove surrounding
solution.

8. Carry the oocytes at the tip of the pipette and place them on the
Cryotop strip with minimum volume. Aspirate the excess of
solution minimizing the VS drop (Fig. 2). No more than four
oocytes per Cryotop must be loaded.

9. Plunge the Cryotop directly into liquid nitrogen and move it
quickly (seeNote 13). Keep the Cryotop under liquid nitrogen
and cover it with the straw cap.

3.4 Storage 1. Vapor-phase nitrogen freezers (CBS; Custom Biogenic Sys-
tems) are used for storage.

Fig. 2 Loading of oocytes on the filmstrip of Cryotop. See explanation in the text
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3.5 Warming
and Dilution,
Protocol 1

1. Prepare warming dish (1 mL WS in a well of a Nunc four-well
dish) 2 h before warming, and place it into a 37 !C incubator
(see Note 6).

2. Prepare dilution dish (1 DS and 2" 1mL BS in wells of a Nunc
four-well dish, respectively, keep it at room temperature.

3. Remove the protective plastic cap from the Cryotop under
liquid nitrogen.

4. With a continuous rapid movement transfer the Cryotop into
WS. Control the process by submerging process by a stereomi-
croscope (seeNote 14). Tap lightly Cryotop to remove oocytes
from the filmstrip if required. The total incubation time after
submersion is 1 min.

5. Transfer oocytes into the well containing DS and incubate for
3 min.

6. Transfer oocytes into the first well containing BS and incubate
for 5 min.

7. Transfer oocytes into the second well containing BS and incu-
bate for 1 min.

8. Transfer oocytes into 1 mL Sage Fertilization Medium
(Cooper-Surgical, Trumbull, CT, USA) and incubate at
37 !C in standard laboratory conditions.

3.6 Warming
and Dilution,
Protocol 2

1. Warm WS (TS according to manufacturers’ nomenclature)
vial (see Note 6) and a Petri Dish up to 37 !C at least 1.5 h
(see Note 7).

2. Remove the cover straw from the Cryotop under liquid nitro-
gen. Drop 300 μL DS into 1st well and 300 μL BS each into
2nd and 3rd well of the Repro Plate (see Note 6).

3. Pour the full content of WS (TS) vial into the petri dish.
Immerse the Cryotop into WS situated on the microscope
stage with a fast movement. Do not try to recover the oocytes
before 40 s (see Note 14).

4. After 1 min immersion in WS (TS), aspirate the oocytes and
take two extra centimeters of WS (TS).

5. Blow WS (TS) from the pipette directly to the bottom of the
DS well. Place the oocytes into the WS layer. Wait for 3 min.

6. Aspirate the oocytes in DS and load two extra cm of DS. Blow
DS to the bottom of the BS1 (WS according to manufacturers’
nomenclature) well and place the oocytes into the DS layer.
Wait for 5 min.

7. Aspirate the oocytes with the minimal volume of BS (WS) and
transfer them to the top center of BS2. After the oocytes free-
fall to the bottom of WS2, repeat the process in WS2.
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8. After 1 min in BS2 (WS2), transfer the oocytes to a culture dish
containing the appropriate culture medium. Incubate them at
37 !C.

3.7 Preparation
for ICSI

1. All oocytes should be fertilized with intracytoplasmic sperm
injection (ICSI).

2. The in vitro culture period between warming-dilution and
ICSI should be done exactly 2 h after warming [11].

4 Notes

1. Several laboratories prepare in-house solutions with the same
components by using Hepes buffered TCM-199, ethylene gly-
col, DMSO from Sigma-Aldrich (St. Louis, MO, USA), and
SSS from Irvine (Santa Ana, CA, USA)

2. In VT60 series of Kitazato, protein supplementation was
replaced with synthetic products and plant derivates including
hydroxypropyl cellulose.

3. Although several vitrification methods use other basic solutions
and buffers, according to our unpublished experience and that
of others, more consistent results can be achieved by using
Hepes buffered TCM-199.

4. Other protein sources containing both albumin and globulin
for example plasmanate (Bayer, Leverkusen, Germany) were
also found suitable.

5. For in-house media preparation: concentrated DMSO exposed
to air for a long period of time may become toxic; purchase in
5 mL ampoules and room temperature storage for no more
than 3 weeks after opening is suggested.

6. Kitazato kits and protocols use the term “thawing,” which is
against the acknowledged terms to be applied for vitrification
[16]. Accordingly, in this protocol we use the term Warming
Solution (WS) instead of Kitazato’s Thawing Solution. To
avoid further confusion, we replaced Kitazato’s abbreviations
for washing solutions (WS1, WS2) with Basic Solution (BS)
reflecting clearly the composition.

7. For pre-warming WS, do not use incubators with CO2 supply;
it may modify the pH of the Hepes-buffered medium.

8. To eliminate the danger of cross-contamination via liquid
nitrogen during storage, Kitazato applied the sealed
container-straw technique originally described by Vajta et al.
[17]. This product (Cryotop SC) was not used in our
laboratories.
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9. Incubation time between 2 and 4 h does not have any influence
on the outcome of vitrification and further development [18]

10. Although a general consensus regarding the morphology and
developmental competence is still missing [11], oocytes with
dark cytoplasm, a centrally located granular area, vacuoles or a
large polar body should be excluded from vitrification.

11. By using the different surface characteristics of the lid vs. the
bottom of the petri dish, drops remain higher and handling of
oocytes is easier.

12. Immediately after merging the drops, oocytes will shrink dras-
tically, with considerable mishap. However, they usually regain
most of their original size after 3 min incubation. The same
phenomenon occurs after merging with the second droplet,
and after the 6–9 min incubation in the ES droplet.

13. To immerse quickly after loading is important to prevent exces-
sive evaporation of the minuscule amount of solution sur-
rounding oocytes. Rapid passage through the vapor of the
liquid nitrogen is also important to increase the cooling rate.

14. Oocytes get extremely transparent immediately after warming,
and may float to different levels of WS, accordingly retrieval
may become difficult. Before the start of warming, the stereo-
microscope should be adjusted to low magnification to see the
whole well conveniently. After submersion and detachment of
oocytes from the strip, keep optical control continuously dur-
ing the incubation period in WS.

References

1. Chen C (1986) Pregnancy after human oocyte
cryopreservation. Lancet 1:884–886

2. Kuleshova L, Gianaroli L, Magli C et al (1999)
Birth following vitrification of a small number
of human oocytes: case report. Hum Reprod
14:3077–3079

3. Kuwayama M, Vajta G, Kato O et al (2005)
Highly efficient vitrification method for cryo-
preservation of human oocytes. Reprod
Biomed Online 11:300–308

4. Fabbri R, Porcu E, Marsella T et al (2001)
Human oocyte cryopreservation: new perspec-
tives regarding oocyte survival. Hum Reprod
16:411–416

5. Borini A, Lagalla C, Bonu MA et al (2006a)
Cumulative pregnancy rates resulting from the
use of fresh and frozen oocytes: 7 years’ expe-
rience. Reprod Biomed Online 12:481–486

6. Borini A, Sciajno R, Bianchi V et al (2006b)
Clinical outcome of oocyte cryopreservation
after slow cooling with a protocol utilizing a

high sucrose concentration. Hum Reprod
21:512–517

7. Boldt J, Tidswell N, Sayers A et al (2006)
Human oocyte cryopreservation: 5-year expe-
rience with a sodium-depleted slow freezing
method. Reprod Biomed Online 13:96–100

8. Borini A, Bianchi V, Bonu MA et al (2007)
Evidence-based clinical outcome of oocyte
slow cooling. Reprod Biomed Online
15:175–181

9. Cobo A, Kuwayama M, Perez S et al (2008)
Comparison of concomitant outcome achieved
with fresh and cryopreserved donor oocytes
vitrified by the Cryotop method. Fertil Steril
89:1657–1664

10. Nagy ZP, Chang CC, Shapiro DB et al (2009)
Clinical evaluation of the efficiency of an oocyte
donation program using egg cryo-banking.
Fertil Steril 92:520–526

11. Rienzi L, Romano S, Albricci L et al (2010)
Embryo development of fresh versus vitrified

138 Laura Rienzi et al.

ri-cheng.chian@mcgill.ca



metaphase II oocytes after ICSI: a prospective
randomized sibling-oocyte study. Hum
Reprod 25:66–73

12. Cobo A, Meseguer M, Remohi J et al (2010)
Use of cryo-banked oocytes in an ovum dona-
tion programme: a prospective, randomized,
controlled, clinical trial. Hum Reprod
25:2239–2246

13. Practice Committees of American Society for
Reproductive Medicine, Society for Assisted
Reproductive Technology (2013) Mature
oocyte cryopreservation: a guideline. Fertil
Steril 99:37–43

14. ESHRE Task Force on Ethics and Law, Don-
dorp W, de Wert G, Pennings G et al (2012)
Oocyte cryopreservation for age-related fertil-
ity loss. Hum Reprod 27:1231–1237

15. Vajta G, Reichart A, Ubaldi F et al (2013) From
a backup technology to a strategy-outlining
approach. The success story of cryopreserva-
tion. Expert Rev Obstet Gynecol 8:181–190

16. Shaw JM, Jones GM (2003) Terminology asso-
ciated with vitrification and other cryopreser-
vation procedures for oocytes and embryos.
Hum Reprod Update 9:583–605

17. Vajta G, Holm P, Kuwayama M et al (1998)
Open Pulled Straw (OPS) vitrification: a new
way to reduce cryoinjuries of bovine ova and
embryos. Mol Reprod Dev 51:53–58

18. Ubaldi F, Anniballo R, Romano S et al (2010)
Cumulative ongoing pregnancy rate achieved
with oocyte vitrification and cleavage stage trans-
fer without embryo selection in a standard infer-
tility program. Hum Reprod 25:1199–1205

Human Oocyte Vitrification 139

ri-cheng.chian@mcgill.ca



Chapter 11

Human Embryo Vitrification

Juergen Liebermann

Abstract

Cryopreservation is one of the keystones in clinical infertility treatment. In particular vitrification has
become a well-established and widely used routine procedure that has allowed important expansion of
therapeutic strategies when IVF is used to treat infertility. Vitrification of human blastocysts allows us to
maximize the potential for conception from any single in vitro fertilization cycle and prevents wastage of
embryos. The technology may even be used to eliminate fresh embryo transfers for reasons of convenience,
uterine receptivity, fertility preservation, preimplantation genetic diagnosis, or emergency management. In
this chapter, the application of vitrification technology for cryopreserving human blastocysts will be
revealed through step-by-step protocols. The results that are presented using the described protocols
underscore the robustness of the vitrification technology for embryo cryopreservation.

Key words Human blastocyst, Cryopreservation, Embryo transfer, Artificial collapsing, Assisted
hatching, Cryostorage, Vitrification, Birth weight

1 Introduction

Since the announcement in 1972 of the survival of mouse embryos
after cryopreservation at !196 "C [1], the impact of cryopreserva-
tion on the growth and improved efficiency of assisted reproduc-
tion in humans has become increasingly appreciated. Moreover,
cryopreservation has also been shown to increase overall pregnancy
rates, while allowing for further selection of embryos. Indeed it is
possible to achieve implantation and pregnancy rates with frozen-
thawed embryos as high as those achieved with fresh embryos.
Routine in vitro blastocyst culture and cryopreservation have
been shown to increase pregnancy rates, while allowing for better
selection of embryos. With more reliable cryopreservation techni-
ques such as “vitrification,” lower numbers of embryos are now
being transferred, resulting in less high-order multiple pregnancies,
as well as increased healthy implantations. The fundamental objec-
tives for successful cryostorage of cells in liquid nitrogen at
!196 "C can be summarized as follows: (1) arresting the metabo-
lism reversibly; (2) maintaining structural and genetic integrity; (3)

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_11, © Springer Science+Business Media LLC 2017
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achieving acceptable survival rates after thawing; (4) maintenance
of developmental competency post-thaw; and (5) the technique has
to be reliable and repeatable.

The major disadvantage of using cryostorage is that it can lead
to crystallization of water and thereby can create new and unwanted
physical and chemical events that may injure the cells that are being
preserved. Vitrification, however, avoids ice formation altogether
during the cooling process by establishing a glassy or vitreous state,
wherein molecular translational motions are arrested without struc-
tural reorganization of the liquid in which the reproductive cells are
suspended. The physical definition of vitrification is the solidifica-
tion of a solution at low temperature, not by ice crystallization, but
by extreme elevation in viscosity during cooling [2, 3]. In general,
vitrification solutions are aqueous cryoprotectant solutions that do
not freeze when cooled at high rates to very low temperatures. In
addition, the rate of cooling/warming and the concentration of the
cryoprotectant required to achieve vitrification are inversely related.
In addition, recent publications have shown the relatively greater
importance of warming rate over cooling rates with regard to the
survival of oocytes subjected to a vitrification procedure [4, 5].

The earliest attempts using vitrification as an ice-free cryopres-
ervation method for embryos were first reported in 1985 [6]. In
1993 successful vitrification of mouse embryos was demonstrated
[7]. Furthermore, bovine oocytes and cleavage-stage embryos were
vitrified and warmed successfully a few years later [8]. In 1999 and
2000 successful pregnancies and deliveries after vitrification and
warming of human oocytes were reported [9, 10]. Since that time
and because it seems to be that both entities appear to be especially
chill-sensitive cells in ART, blastocysts appear to have received a
significant boost in survival rates by avoiding ice crystallization
through the use of vitrification [11].

Vitrification is very simple, requires no expensive programma-
ble freezing equipment, and relies principally on the placement of
the embryo in a very small volume of vitrification medium that
must be cooled at extreme rates not obtainable in traditional
enclosed cryostorage devices such as straws and vials.

One “drawback” of vitrification considered by embryologists
not familiar with the vitrification technique is the use of high
concentrations of cryoprotectants, which does potentially mean
that vitrification solutions are potentially more toxic than their
counterpart solutions used for conventional slow freezing. This is
necessitated by the practical limit for the rate of cooling, and the
biological limit of tolerance of the cells for the concentration of
toxic cryoprotectants being used to achieve the cryopreserved state.
It is important to note that recently published papers [12–15] have
shown that the use of relatively high concentration of cryoprotec-
tants such as 15 % (v/v) ethylene glycol (EG) used in an equimolar
mixture with dimethyl sulfoxide (DMSO) had no negative effect on
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the perinatal outcomes from blastocyst transfers following vitrifica-
tion when compared with those from fresh blastocyst transfers.

Cryoprotective agents (CPAs) are essential for the cryopreser-
vation of cells. Basically two groups of cryoprotectants exist: (1)
permeating (e.g., glycerol, ethylene glycol and dimethyl sulfoxide)
and (2) non-permeating (e.g., disaccharides, proteins, and poly-
mers) agents. The key component of a vitrification solution is the
permeating agent. These compounds are hydrophilic nonelectro-
lytes with a strong dehydrating effect. Furthermore, these CPAs are
able to depress the “freezing point” of the solution. Additionally,
these highly permeating cryoprotectants are also more likely to
diffuse rapidly out of the cells, so that the cells quickly regain
their original volume upon warming, thus preventing osmotic
injury. The second components of a vitrification solution are the
non-permeating CPAs such as disaccharides, for example, sucrose,
which does not penetrate the cell membrane, but helps to draw out
more water from cells by osmosis, and therefore lessens the expo-
sure time of the cells to the toxic effects of the permeating CPAs.
The non-permeating sucrose also acts as an osmotic buffer to
reduce the osmotic shock that might otherwise result from the
dilution of the cryoprotectant after cryostorage. Furthermore, per-
meating agents are able to bind with intracellular water, and there-
fore water is very slowly removed from the cell. During warming
using a high extracellular concentration of sucrose (e.g., 1.0 M)
counterbalances the high concentration of the cryoprotectant
agents in the cell, as it reduces the difference in osmolarity between
the intra- and extracellular compartments. The high sucrose con-
centration cannot totally prevent the cell from swelling, but it can
reduce the speed and magnitude of swelling [16–18].

Most important, residual fluid in the blastocoel can therefore
reduce post-warming survival of embryos. Vanderzwalmen et al.
[19] showed that survival rates in cryopreserved, expanded blasto-
cysts could be improved by artificial reduction of the blastocoel
cavity, and others consider that blastocoel collapse is necessary pre-
vitrification on whichever day the blastocyst forms [19, 20].

Although one study has suggested that expanded blastocysts
show no significant differences in viability, implantation potential,
or pregnancy outcome when frozen on day 5 versus day 6 [21], our
“body of data” [13–15] refutes the comparable implantation rates
for blastocysts cryopreserved on day 5 or 6. And while there are
several possibilities why day 6 blastocysts perform less well than day
5 blastocysts, one explanation could be that the older blastocysts
are often more expanded with a significantly larger blastocoel
impacting water loss and CPA absorption. Being mindful of previ-
ously published research on artificial collapse (AC) of blastocysts
prior to cryopreservation, we looked for an opportunity that could
potentially help us improve the outcome for day 6 blastocysts using
AC of the blastocoel prior to vitrification. Because the concept
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showed improvement for the day 6 blastocysts, we applied to day 5
blastocysts that had well-expanded blastocoels.

AC of the blastocoel can be performed using different techni-
ques, such as microneedles, sucrose solutions, or lasers [22–27]. In
2003 and 2004, two groups independently reported a beneficial
effect by applying AC to blastocysts prior to vitrification. Son et al.
[22] observed an improved clinical pregnancy rate of 48 % and an
implantation rate of 29 % with the use of AC. Hiraoka et al. [23]
collapsed day 5 and day 6 blastocysts bymanually pipetting embryos
until they collapsed and achieved a clinical pregnancy rate of 50 %,
with an implantation rate of 33 % after warming. Moreover,
Mukaida et al. [24] found that the survival rate of vitrified blasto-
cysts was negatively correlated with the size of the blastocoel. They
speculated that a large blastocoel may disturb the efficacy of vitrifi-
cation. They collapsed the blastocoel by puncturing it with a micro-
needle or by making a hole between two trophectoderm cells with a
laser pulse. After applying AC, the survival improved from 86 to
97.2 %. Moreover, their pregnancy rate went up from 34.1 to
60.2 %, with an implantation rate of 46.7 %. Iwayama et al. [25]
used a laser pulse or osmotic shock resulting from exposure of the
whole embryo to sucrose, and the implantation ratewas significantly
higher in both groups compared to the control group without AC
(59.7 % and 49.3 % vs. 34.2 %). Furthermore, Hur et al. [26] looked
at the effect of AC, achieved using a 29-gauge needle or laser pulse,
on clinical outcomes in fresh transfers, and they observed a signifi-
cant increase in the clinical pregnancy in the study group compared
to the control group (58.8 % vs. 39.0 %). All publications men-
tioned, including Liebermann and Conaghan [27], conclude that
AC has a beneficial effect both in frozen blastocyst transfers and for
overall cumulative pregnancy and implantation rates.

2 Materials and Methods

2.1 Materials 1. HSV (High Security Vitrification kit (Catalog # 022137, Cryo
Bio System)).

2. Heat sealer (Cryo Bio System).

3. Polycarbonate micropipettes, 300 μm end hole (MidAtlantic
Diagnostics# KFPIP-1170-10BS).

4. Brady labeler (TS 2000).

5. Brady labels (PTL-19-427).

6. 90 # 15 mm petri dish (Nunclon # 150362).

7. Center-Well Organ Culture Dish (Falcon 3037).

8. Styrofoam container.

9. Visotubes 10 mm (IMV 5561).

10. Cryo canes aluminum (Thermo Scientific 5015-0001).
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2.2 Reagents 1. Serum Substitute Supplement (SSS) (Irvine).

2. Modified human tubal fluid (HTF-HEPES) (Irvine).

3. Vit Kit-Freeze (Irvine Scientific #90133DSOC).

4. Vit Kit-Thaw (Irvine Scientific # 90137DSOC).

2.3 Equipment 1. Dissecting stereomicroscope (Olympus SZX-12, Bausch Lomb
or Leica) with warming stage.

2. Laminar flow hood (Origio).

3. Inverted microscope (Olympus IX-71).

4. Infrared 1.48 μm diode laser (Hamilton Thorne—Zilos laser
(Hamilton Thorne Research, Beverly, MA).

2.4 Methods

2.4.1 Stepwise

Blastocyst Vitrification

Procedure

Vitrification of blastocysts is undertaken utilizing a “closed system”
(HSV, High Security Vitrification kit; Cryo Bio System, L’Aigle,
France; FDA 510(k) clearance for cleavage-stage embryos in blas-
tocysts) (see Notes 1 and 2) after a two-step loading with cryopro-
tectant agents at 24 "C (see Notes 3 and 4). If assisted collapsing
(AC) is done prior to vitrification, then the blastocyst is put on an
inverted microscope equipped with a laser system (ZILOS-tk,
Hamilton Thorne), the junction of two trophectoderm cells in
each blastocyst is located, and one shot (100 % power, 500 μs
pulse length) is applied to the cell junction. The blastocyst is then
moved back in the incubator for 5–10 min. Briefly, blastocysts have
to be placed in equilibration solution, which is the base medium
(M199 with 20 % Serum Substitute Supplement (SSS) containing
7.5 % (v/v) ethylene glycol (EG) and 7.5 % (v/v) dimethyl sulfox-
ide (DMSO) (see Table 1). After 5–7 min, the blastocysts need to be
washed quickly in vitrification solution, which is the base medium
containing 15 % (v/v) DMSO, 15 % (v/v) EG, and 0.5 M sucrose,
for 45–60 s and transferred onto the HSV using a micropipette.

Table 1
Summary of vitrification and warming solutions (Irvine Vit Kit-“Freeze”
and “Warm”)

Composition

Ethylene glycol (%) DMSO (%) Sucrose (M)

Equilibration solution (ES) 7.5 7.5 0

Vitrification solution (VS) 15 15 0.5

Warming solution (TS) 0 0 1.0

Diluent solution (DS) 0 0 0.5

Wash solution (WS) 0 0 0

(M-199 + 20 % SSS) [Wash solution—WS]
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Immediately after the loading of not more than two blastocysts in
less than a 1 μL drop on the HSV, the straws are heat sealed, then
plunged in LN2, and finally stored inside 5 mL liquid nitrogen
prefilled canes (Visotube Rond, IMV, France). Each single step is
described in detail below:

1. Aseptic techniques are required at all stages. For equilibration
and vitrification procedures, ensure the benchwarmer is at
room temperature (~24 "C) (see Notes 3 and 4).

2. Take reagents from the refrigerator and allow them to warm to
room temperature.

3. Move blastocysts to freeze into a separate well. Bring this dish
to the inverted microscope and with the embryo positioned
with the laser objective, use a single pulse to hit the blastocysts
between two trophectoderm cells to collapse the embryo. Place
the dish back into the incubator for 5–10 min.

4. Label a petri dish with the patient’s name under the lid as
follows: HTF-HEPES, ES, and VS. Prepare 2 # 50 μL of
HTF-HEPES (+20 % SSS—mHTF), 2 # 50 μL of ES, and
4 # 50 μL of VS (see Fig. 1).

5. Brady label should include the patients’ last name, first name,
accession #, medical personal identification #, and date plus
number and type of embryos.

6. Before vitrification, use a stripper tip with 300 μm end hole for
loading the blastocysts on the top.

7. Fill Styrofoam container with LN2.

8. Each sample that is vitrified will be done in a separate hood and
verified by a second embryologist before proceeding. Vitrify
good expanded/hatching blastocysts on day 5/6/7.

Fig. 1 Setup for the vitrification procedure on a plain 90 mm dish lid surface.
(ES ¼ Equilibration solution; VS ¼ Vitrification solution; mHTF ¼ Wash solution)
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9. Remove embryos from culture dishes using a stripper tip into
the mHEPES (drop 1), gently aspirating to remove any resid-
ual culture medium.

10. Pipette from mHTF (drop 1) to the other drop of mHTF
(drop 2) and immediately merge it with the first drop of ES
(drop 3). Set the timer for 5 min.

11. After 5 min, transfer the embryos to the remaining drop of ES
(drop 4). Set the timer for 3 min. Place the embryos on the top
of the drop and let them settle to the bottom.

12. Then load the blastocysts in a VS back-loaded stripper tip, and
rinse through the four droplets of VS (drops 5–8), and between
each droplet clean the tip.

13. Placement into the VS and loading of the Cryotop should take
less than 1 min, so that the total incubation time in VS is 30 s.
After 30 s, gently transfer them to the tip of the HSV by using a
stripper tip to load the blastocyst(s) in as small volume (less
than 0.5 μL) as possible onto the edge of the stick (seeNote 5).

14. Visually confirm placement (see Note 6).

15. Before loading, apply the label to the open end of the empty
straw. Load the HSV stick into the empty straw, the side with
the embryos first. Use the blue handle to make sure the stick is
in as far as it goes. Then, using the heat sealer, seal the open end
of the stick and plunge the whole straw into the LN2. Place the
straw in a pre-cooled aluminum cane for further storage (see
Notes 7 and 8).

16. Store at the cane in a nitrogen tank.

17. Make sure to record cane location on the freezing worksheet
and cryo inventory log.

18. Complete all paperwork and recheck that all vial locations are
logged into the Embryo Inventory.

2.4.2 Stepwise

Blastocyst Warming

Procedure

It is important to mention that regardless of the day of cryopreser-
vation of the embryo (whether day 5, 6, or 7), at thawing, blasto-
cysts should be treated as if they had been cryopreserved on the fifth
day of development. To remove the cryoprotectants, blastocysts
need to be warmed and diluted in a three-step process. With the
HSV submerged in LN2, the inner straw should be removed, and
then the carrier with the blastocysts can be removed from the LN2

and placed directly into a pre-warmed (37 "C) organ culture dish
containing 1 mL of 1.0 M sucrose (see Note 9). Blastocysts can be
picked up directly from the HSVand placed in a fresh drop of 1.0M
sucrose at 24 "C and immediately connected with a drop of 0.5 M
sucrose. After 5 min blastocysts are transferred to a 0.5 M sucrose
solution and connected with drops of base medium for additional
5 min. When switching the embryos between different
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concentrations of warming solutions, be sure to fill up the pipette
with the next lower concentration of warming solution before
picking up the cells for moving into the next dilution (see Note
10). Finally the blastocysts are washed in the base medium for
3 min and then returned to culture medium (SAGE + 20 % SSS)
(SAGE Blastocyst Medium, Trumbull, CT, USA) in the incubator
until transfer. Each single step is described in detail below:

1. Take reagents from the refrigerator and allow them to warm to
room temperature. All cryoprotectants are removed at 24 "C.

2. Place a 200 μL drop of TS on a petri dish and place on a
warming plate (see Note 9).

3. Label a petri dish (Nunc) with the patient’s name under the lid
as follows: TS, DS, and WS. Prepare 1 # 50 μL of TS,
4 # 50 μL of DS, and 6 # 50 μL of WS (see Fig. 2).

4. Before warming, use a stripper tip with 200 μm end hole for
removing the blastocysts from the HSV tip.

5. Fill Styrofoam container with LN2.

6. Confirm location and identification with a second embryolo-
gist before warming any HSV kit. Warm one kit at a time.

7. Each sample that is warmed is done in a separate hood and
verified by a second embryologist before proceeding.

8. With the HSV kit under LN2, open the kit by cutting the outer
straw. Use the blue handle to remove the inner stick.

Fig. 2 Setup for the warming procedure on a plain 90 mm dish lid surface. (TS ¼ Thawing solution;
DS ¼ Diluent solution; HS ¼ Holding/Washing solution)
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9. Submerge HSV kit directly in the pre-warmed 37 "C drop
containing TS, which should be as close as possible to the
LN2 Styrofoam container (see Note 11). As soon as the HSV
kit contents liquefy (within 1 s), try to locate the blastocyst(s)
before removing it (them) with a stripper tip. After locating all
the blastocysts, remove them from the HSV tip and place them
in the droplet of TS (drop A) at room temperature and then
connect immediately with the first droplet of DS (drop B). Wait
for shrinkage and re-expansion.

10. When they start to wrinkle, connect with the second droplet
(drop C) and finally with the third droplet of DS (drop D).

11. When they stop reacting and start to reshrink, transfer blasto-
cysts to 0.5 M sucrose (drop E) by placing at the top of this
drop, so they float to the bottom. When the reaction is com-
plete, connect with the first droplet of WS (drop F; wait for
about 90 % re-expansion).

12. After 100 % expansion, connect with droplet #2 (drop G) and
then with droplet #3 (drop H) of WS. Turn on the bench-
warmer, and finally dilute through a series of three wash drops
of HS (I to K).

13. Place the blastocysts into a culture dish, and put it in the
incubator for subsequent culture.

14. Record the survival and appearance of all blastocysts. Update
log with warming data, and notify the physician of result (see
Note 12).

3 Results on Blastocyst Vitrification

Between 2004 and 2014 the Fertility Centers of Illinois “IVF
Laboratory River North“(Chicago) has vitrified 24,390 blastocysts
from 6268 patients (Table 2). The majority of blastocysts were
vitrified on day 5 (52.4 %) and 45.7 % on day 6, with a minority
on day 7 (1.9 %). After 11 years of vitrifying blastocysts using an
open (Cryotop) as well as closed (HSV) system and close to 5000
FETs with an average number of 1.7 embryos transferred, the

Table 2
Retrospective data from 6268 patients (average age 34.2 % 4.9) with blastocyst cryopreservation by
vitrification between 2004 and 2014

Day of development

Day 5 Day 6 Day 7 Total

Number of blastocysts vitrified 12,781 (52.4%) 11,148 (45.7%) 461 (1.9%) 24,390 (100%)
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perinatal outcomes are as follows: The number of babies delivered
until February 2013 equals 1495 (766 girls and 729 boys)
(Table 3). No abnormalities were recorded.

Table 4 summarizes the data on gestational age and live birth
weight from 1363 children born. 926 babies were from vitrified day
5 and day 6 transfers, whereas 437 babies were born following fresh
elective single embryo transfers (eSET). Furthermore, comparing
the 437 newborns from the eSET group to the 926 newborns from
frozen-vitrified group (VBT), there was a significant difference in

Table 3
Perinatal outcome of vitrified blastocysts after more than 4100 transfers between 2004 and 2013
(babies delivered until February 2013). Values are numbers unless otherwise described, and
percentages are indicated between brackets

Day of development

Day 5 + Day 6 Day 5 Day 6

Deliveries (total) 1209 748 461

Babies born (total) 1495 939 556

Female 766 488 278

Male 729 451 278

Singletons 931 (77.0) 561 (75.0) 370 (80.0)

Twins 270 (22.0) 183 (24.5) 87 (19.0)

Triplets 8 (1.0) 4 (0.5) 4 (1.0)

Table 4
Live birth weight (LBW) and gestational age (GA) of babies (n ¼ 1363) delivered after fresh elective
single blastocyst transfers (eSBT; n ¼ 437) compared to those delivered from vitrified blastocyst
transfers (VBT; n ¼ 926). Values are numbers unless otherwise described, and percentages are
indicated between brackets

eSBT—Day 5 VBT—Day 5 + Day 6

Day of development

VBT—Day 5 VBT—Day 6

Average age 31.1 % 3.1c 34.7 % 4.9c 34.7 % 5.0 34.8 % 4.8

Deliveries 437 926 561 365

Female 238a 479a 288 191

Male 199a 447a 273 174

GA 38.1 % 2.5a 37.9 % 2.7a 38.0 % 2.6a 37.9 % 2.9a

LBW (g) 3294.9 % 609.4b 3390.1 % 710.6b 3419.1 % 712.6a 3345.5 % 705.8a

T-test (Satterthwaite-Unequal variance): aP > 0.05: bP ¼ 0.013; cP < 0.001
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the mean age of the patients (p < 0.001). In addition, looking at
gestational age (GA) and live birth weight (LBW) of newborns
derived from vitrified day 5 blastocysts (n ¼ 561) and day 6 blas-
tocysts (n ¼ 365), the following data were observed: T-test results
indicate no significant difference in gestational age (p ¼ 0.71) nor
birth weight (p ¼ 0.124) for the frozen transfers based on day of
development. Obviously, gestational age is highly correlated with
birth weight, but there is no significant difference in gestational age
between eSET and VBT. However, Table 4 shows that one-way
ANOVA of live birth weight by both groups indicates a statistically
significant difference between the means of eSET vs. VBT
(p ¼ 0.013) with heavier babies in the VBT group. This observa-
tion is confirmed and published by Pinborg et al. (28). As shown in
Table 4, chi-square statistic indicates no difference in the gender
distribution between fresh and vitrified transfers (χ2; P ¼ 0.3454,
respectively). Running a T-test on gender weight combining the
gender from fresh with vitrified transfers indicates a significant
difference in average weight by gender (P < 0.001; Table 5).
Males were on average 157.2 g heavier than females. Table 5
shows the weight distribution for babies born in both groups.
Overall, 110 babies weighed less than 2500 g (considered as low
birth weight), 159 babies born from both groups weighed between
4000 and 4500 g (considered as large birth weight), and 33 babies
weighed more than 4500 g (considered as macrosomic birth weight).

The outcome with regard to day of development and age of the
patient, between 2004 and 2014, is summarized in Tables 6 and 7.
In good prognosis patients under 35 years oldwhen transferring day

Table 5
Live birth weight (LBW) and gestational age (GA) of babies (n ¼ 1363) delivered after fresh elective
single blastocyst transfers (eSBT; n ¼ 437) compared to those delivered from a vitrified blastocyst
transfers (VBT; n ¼ 926). Values are numbers unless otherwise described, and percentages are
indicated between brackets

eSBT—Day 5 (n) [%] VBT—Day 5 + Day 6 (n) [%] Total (n) [%]

LBW (g) < 2500 34 [7.8] 76 [8.2] 110

LBW (g) & 4000 38 [8.7] 154 [16.6] 192

LBW (g) & 400 and '4500 32 [7.3] 127 [13.7] 159

LBW (g) > 4500 6 [1.4] 27 [2.9] 33

Gender Girls from eSET and VBT Boys from eSET and VBT

N 717 646

GA 37.9 % 2.6a 38.0 % 2.6a

LBW 3284.1 % 663.8b 3441.3 % 691.0b

T-test & χ2 test: aP > 0.05; bP < 0.001
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5 blastocysts, an ongoing pregnancy and implantation of 48.0 % and
42.6 % were noted (Table 6). In contrast, transferring day 6 blas-
tocysts in patients younger than 35 of age, an ongoing pregnancy
and implantation of 34.0 and 30.1 % were recorded (Table 7).

Table 7
Retrospective outcome data (2004–2014) at the Fertility Centers of Illinois, Chicago, from vitrified day
6 blastocysts in regard to the patients age. Values are numbers, unless otherwise described

Patient’s age (y)

Donor<35 35–37 38–40 >40

Average age 31.2 % 2.3 36.0 % 0.8 38.9 % 0.8 42.6 % 1.8 43.2 % 4.8

Cycles 868 456 340 222 153

Transfers 861 451 339 219 152

Blastocysts survived 97.5 98.5 98.5 97.0 99.6

Blastocysts transferred (mean) 1.8 1.7 1.8 1.7 1.7

Positive pregnancy/VET (%) 49.2 45.0 44.5 41.6 45.4

Clinical pregnancy/VET (%) 42.0 38.0 38.0 32.0 37.0

Ongoing/delivered pregnancies (%) 34.0 30.0 30.0 21.0 27.0

Implantations 465 216 167 81 65

Implantation rate (%) 30.1 27.5 27.5 21.4 24.7

Table 6
Retrospective outcome data (2004–2014) at the Fertility Centers of Illinois, Chicago, from vitrified day
5 blastocysts in regard to the patients age. Values are numbers, unless otherwise described

Patient’s age (y)

Donor<35 35–37 38–40 >40

Average age 31.2 % 2.4 35.9 % 0.8 38.9 % 0.8 42.6 % 2.1 43.6 % 4.7

Cycles 1404 594 394 195 274

Transfers 1403 593 392 195 274

Blastocysts survived 98.4 98.3 98.9 98.3 99.0

Blastocysts transferred (mean) 1.7 1.6 1.8 1.8 1.7

Positive pregnancy/VET (%) 62.6 60.0 57.9 54.9 60.6

Clinical pregnancy/VET (%) 55.0 51.0 47.0 44.0 53.0

Ongoing/delivered pregnancies (%) 48.0 42.0 36.0 31.0 43.0

Implantations 1033 382 234 105 185

Implantation rate (%) 42.6 39.1 33.8 30.8 39.2
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In October 2007 the Fertility Centers of Illinois “IVF Labora-
tory River North” moved forward from the use of an open carrier
system (Cryotop—embryos are in direct contact with liquid nitro-
gen) to a closed system (embryos are sealed before contact with
liquid nitrogen). Using a closed carrier (High Security Vitrification
kit, HSV) for aseptic vitrification, the following data from day 5,
day 6, and day 7 blastocysts were observed and are summarized in
Table 8: (a) clinical pregnancy rate (cPR), 54.3 % vs. 41.3 % vs.
21.4 %; (b) ongoing pregnancy (oPR), 45.8 % vs. 32.2 % vs. 17.9 %;
and (c) implantation rate (IR), 42.3 % vs. 30.0 % vs. 14.9 %
(Table 8). As shown in Table 8, oPR, cRP, and IR occurring in
the day 5 blastocyst group were significantly higher than transfer-
ring day 6 or even day 7 blastocysts.

Between 2007 and July 2014, the Fertility Centers of Illinois
“IVF Laboratory River North” (Chicago) performed 1675 vitrified
blastocyst transfers (VBT) without collapsing prior to vitrification,
with a mean patient age of 35.4% 5.0 years (group A), and in 1193
VBT (group B) with a mean patient age of 36.4 % 4.9 years, where
artificial collapse was performed prior to vitrification (Table 9).
On average 1.7 embryos were transferred in groups A and B,
which means 30 % of all VBT were single embryo transfers. Survival
in group A versus group B was not significantly different (98.7 % vs.
99.7 %). However, there was a significant improvement in group B

Table 8
A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified day 5, day 6, and day 7 blastocysts using aseptic vitrification technology
between October 2007 and 2014. Values are numbers unless otherwise described, and percentages
are indicated between brackets

Day 5 + Day 6 + Day 7 Day 5 Day 6 Day 7

Patient’s age (y) 35.6 % 5.0 35.3 % 2.3 36.1 % 4.8 36.0 % 3.9

Transfers 3327 2068 1231 28

Blastocysts warmed 5748 3496 2205 47

Blastocysts survived 5699 (99.1) 3475 (99.4) 2177 (98.7) 47 (100.0)

Blastocysts transferred 5584 3407 2130 47

Blastocysts transferred (mean) 1.7 1.6 1.7 1.7

Implantations 2094 (37.5) 1447 (42.3)a 640 (30.0)a 7 (14.9)a

Positive pregnancy/VET 1935 (58.2) 1309 (63.3)b 615 (50.0)b 11 (39.3)b

Clinical pregnancy/VET 1637 (49.2) 1123 (54.3)c 508 (41.3)c 6 (21.4)c

Ongoing/delivered pregnancies 1349 (40.5) 948 (45.8)d 396 (32.2)d 5 (17.9)d

Live births (n) 905 598 303 4

a, b, c, dP < 0.001; VET Vitrified embryo transfer
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compared with group A for the following: (a) clinical pregnancy
rate (cPR), 57.6 % vs. 43.8 %; (b) ongoing pregnancy (oPR), 48.2 %
vs. 36.0 %; and (c) implantation rate (IR), 43.4 % vs. 32.7 %
(Table 9).

When the vitrified-warmed blastocysts were divided into day 5
and day 6 groups, the following data were observed (Table 10): in
983 VBT transferring day 5 blastocysts from group A (n ¼ 983;
mean age of 35.3 % 5.1), the IR, cPR, and oPR were 37.4, 48.7,
and 40.9 %, compared to 47.5, 61.6, and 52.6 % of day 5 blasto-
cysts from group B (n¼ 799; mean age of 35.0% 4.9). As shown in
Table 10, implantation, cPR, and oPR occurring from the day 5
blastocysts in group B were significantly higher than from the day 5
blastocyst in group A (χ2; P < 0.001, respectively).

If we compare day 6 in group A (n ¼ 692; mean age of
35.6 % 4.9) with day 6 outcome in group B (n ¼ 394; mean age
of 36.4 % 4.9), the following data in terms of implantation, cPR,
and oPR were observed: 26.2 %, 36.7 %, 29.0 % vs. 34.7 %, 49.5 %,
and 39.3 %, respectively (Table 9). As shown in Table 9, implanta-
tion, cPR, and oPR occurring in the day 6 blastocysts of group B
were significantly higher than transferring day 6 blastocysts from
group A (χ2; P < 0.001 for any comparison, respectively).

In Table 11 the results for patients under 35 years in groups A
(no assisted collapsing) and B (assisted collapsing) are summarized.

Table 9
A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified blastocysts without AC (group A) and with AC (group B) using aseptic vitrification
technology between 2007 and 2014. VET ¼ vitrified embryo transfer. Values are numbers unless
otherwise described, percentages are indicated between brackets

Technique

Group A (no AC) Group B (with AC)

Patient’s age (y) 35.4 % 5.0 36.4 % 4.9

Transfers 1675 1193

Blastocysts warmed 3004 2075

Blastocysts survived 2966 (98.7) 2068 (99.7)

Blastocysts transferred 2911 2042

Blastocysts transferred (mean) 1.7 1.7

Implantations 952 (32.7)a 887 (43.4)a

Positive pregnancy/VET 861 (51.4)b 812 (68.1)b

Clinical pregnancy/VET 733 (43.8)c 687 (57.6)c

Ongoing/delivered pregnancies 603 (36.0)d 575 (48.2)d

aP < 0.01; b,c,dP < 0.001
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Comparing day 5 from group A (n ¼ 480; mean age 31.2 % 2.3)
with day 5 from group B (n¼ 418; mean age 31.3% 2.3), we found
the following for IR, cPR, and oPR: 41.1 % vs. 50.9 %, 51.9 % vs.
64.8 %, and 45.6 % vs. 56.9 %. Looking at day 6 outcomes for group
A versus group B, we observed the following for IR, cPR, and
oPR: 31.4 % vs. 40.6 %, 43.0 % vs. 55.9 %, and 36.1 % vs. 45.5 %
(see Table 11).

4 Conclusions and Future Directions

Vitrification is a very promising cryopreservation method with
many advantages and an ever increasingly consistent clinical track
record. A standardized vitrification protocol applicable to all stages
of the preimplantation embryo may not be realistic because of (a)
different surface-to-volume ratios; (b) differing cooling rate
requirements between oocytes, zygotes, cleavage-stage embryos,
and blastocysts; and (c) variable chill sensitivity between these
different developmental stages. Currently however, the most widely
used protocol applied to any embryo stage is the two-step equili-
bration in an equimolar combination of the cryoprotectants

Table 10
A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified day 5 and day 6 blastocysts without AC (group A) and with AC (group B) using
aseptic vitrification technology between 2007 and 2014. VET vitrified embryo transfer. Values are
numbers unless otherwise described, and percentages are indicated between brackets

Technique

Group A (no AC) Group B (with AC)

Day 5 Day 6 Day 5 Day 6

Patient’s age (y) 35.3 % 5.1 35.6 % 4.9 35.0 % 4.9 36.4 % 4.9

Transfers 983 692 799 394

Blastocysts warmed 1736 1268 1354 721

Blastocysts survived 1721 (99.1) 1245 (98.2) 1350 (99.7) 718 (99.6)

Blastocysts transferred 1687 1224 1340 702

Blastocysts transferred (mean) 1.7 1.8 1.7 1.8

Implantations 631 (37.4)a 321 (26.2)e 637 (47.5)a 250 (34.7)e

Positive pregnancy/VET 558 (56.8)b 303 (43.8)f 571 (71.5)b 241 (61.2)b

Clinical pregnancy/VET 479 (48.7)c 254 (36.7)g 492 (61.6)c 195 (49.5)g

Ongoing/delivered pregnancies 402 (40.9)d 201 (29.0)h 420 (52.6)d 155 (39.3)h

Day 5: aP < 0.01; b,c,dP < 0.001; Day 6: eP < 0.01; f,g,hP < 0.001
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ethylene glycol and DMSO, at a concentration of 15 % each (v/v)
supplemented with 0.5 mol/L sucrose. For the adoption of vitrifi-
cation in ART, as with all new technologies, there has been initial
resistance; but as clinical data has been accrued, this technology is
becoming more commonly adopted as standard procedure in many
IVF programs worldwide. With this increased use in human-
assisted reproduction will come evolution of the vitrification pro-
cess as it is fine-tuned to clinical needs, so pushing forward its
development to higher levels of clinical efficiency, utilization, and
universal acceptance.

5 Practical Implications Vitrifying at the Blastocyst Stage

Our data have shown that freezing at the blastocyst stage provides
excellent survival, implantation, and clinical pregnancy rates. To
achieve these outcomes, consider these points: (a) Without a
successful blastocyst vitrification storage program, extended cul-
ture should never be attempted. (b) The blastocyst is composed of

Table 11
A comparison of retrospective data from the cryopreservation program (Fertility Centers of Illinois,
Chicago) of vitrified day 5 and day 6 blastocysts without AC (group A) and with AC (group B) using
aseptic vitrification technology in patients younger than 35 years old between 2007 and 2014. Values
are numbers unless otherwise described, and percentages are indicated between brackets

Technique

Group A (no AC) Group B (with AC)

Less than 35 years old Less than 35 years old

Day 5 Day 6 Day 5 Day 6

Patient’s age (y) 31.2 % 2.3 31.5 % 0.6 31.3 % 2.3 31.3 % 2.5

Transfers 480 316 418 143

Blastocysts warmed 862 591 693 258

Blastocysts survived 848 (98.4) 578 (97.8) 691 (99.7) 257 (99.6)

Blastocysts transferred 829 564 691 256

Blastocysts transferred (mean) 1.7 1.8 1.7 1.8

Implantations 341 (41.1)a 177 (31.4)e 352 (50.9)a 104 (40.6)e

Positive pregnancy/VET 279 (58.1)b 158 (50.0)f 308 (73.7)b 98 (68.5)f

Clinical pregnancy/VET 249 (51.9)c 136 (43.0)g 271 (64.8)c 80 (55.9)g

Ongoing/delivered pregnancies 219 (45.6)d 100 (36.1)h 238 (56.9)d 65 (45.5)h

Day 5: a.b,,c,dP < 0.001; Day 6: e,f,g,hP < 0.001; VET vitrified embryo transfer
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more cells and is therefore better able to compensate for cryoin-
jury. (c) The cells are smaller, which makes cryoprotectant pene-
tration faster. On average, fewer embryos per patient are
cryostored, but each one has a greater potential for implantation
when thawed.

6 Addendum: Special Notes for the Clinical Embryologist

1. Special care must be given to the selection of the vitrification
carrier type. It is necessary to use types of carrier or vessel
material with rapid heat transfer that also support the process
of uniform heat exchange to achieve higher cooling rates.

2. In addition, although no reports of contamination in human
IVF following cryopreservation exist, the user should be
encouraged to choose a closed carrier system, which in our
experience works for blastocysts without any problems.

3. To minimize the toxicity of the cryoprotectant, a stepwise
exposure of cells to pre-cooled concentrated solutions (approx-
imate room temperature of 24 "C) is recommended.

4. Utilizing higher concentrations of cryoprotectant allows
shorter exposure times to the cryoprotectant—but be
careful—the potential toxicity of the cryoprotectant increases
at higher concentrations. As almost all cryoprotectants are
toxic to some extent, it is important to carefully monitor the
duration of exposure to the final cryoprotectant before plung-
ing into liquid nitrogen.

5. To facilitate vitrification by higher cooling rates, it is also nec-
essary to minimize the volume of the vitrification solution (VS)
as much as practical (preferably less than 1 μL). From this point
of view, it is very important to use a small pulled pipette.
Furthermore, by collecting the blastocysts in one place and
loading no more than two blastocysts at the same time in the
pipette, it is possible to keep the volume small. However, if the
load of media is too large, it can still be reduced before plung-
ing in LN2 by “drawing down” the droplet to flatten the
blastocysts slightly while removing all surplus vitrification
solution.

6. To make sure that the blastocysts are loaded on the carrier,
perform the loading process under a stereomicroscope. Always
confirm the number of loaded blastocysts.

7. After sealing the carrier, submerge the carrier loaded with the
blastocysts directly in liquid nitrogen by passing rapidly
through the vapor phase (nitrogen gas).

8. Store the cryo-cane in a pre-chilled PVC cryo-sleeve sitting in
the goblet in the dewar. It is essential to maintain exposure of
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the HSV to LN2 at all times to eliminate risk of warming and
de-vitrification.

9. Before moving the carrier quickly from the liquid nitrogen into
the warming solution, have a stripper tip (micropipette) ready.
Fill the pipette with a small amount of the first warming solu-
tion (TS). When using the HSVas the vitrification carrier, rinse
the open edge of the straw after placing into the pre-warmed
(37 "C) 1.0M sucrose; because the droplet is so small, it warms
immediately, and it is essential to pull/stir the blastocysts off
the carrier surface as soon as possible to avoid any toxic effect of
the VS. A stirring motion is recommended when plunging into
the warm TS to agitate the cell off the carrier surface without
need to remove it actively.

10. When switching the cells between different concentrations of
warming solutions, fill up the pipette with the next lower
concentration of warming solution, before picking up the blas-
tocysts to move into the next concentration (dilution effect).

11. In general, during vitrification and warming the LN2 Styro-
foam box needs to be as close as possible to the working area to
minimize any lag in cooling and warming rates.

12. Be aware of the expiration dates of the vitrification and warm-
ing media; once opened, shelf life is 6 weeks (according to
recommendation of Irvine Scientific).
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Chapter 12

Human Ovarian Tissue Slow Freezing

Debra A. Gook

Abstract

Cryopreservation of human ovarian tissue is now being accepted as a mainstream ART laboratory proce-
dure. The procedure described has been validated for use at the histological and functional level, and,
recently, unequivocal evidence of preservation of primordial follicles has been demonstrated following twin
births from cryopreserved ovarian tissue grafted at a heterotopic site.

Key words Cryopreservation, Dehydration, Rehydration, Cortex, Medulla

1 Introduction

Although the concept of ovarian tissue cryopreservation was
explored in the 1950s [1], it was not until 1994 that Gosden and
his team [2] established that a live offspring could result from the
transplantation of cryopreserved ovarian tissue in an oophorecto-
mized ewe. At this time, chemotherapy regimens used for many
young adult cancer patients were increasing survival rates, but a
consequence of this treatment was the onset of premature meno-
pause [3]. The above proof of principle from animal studies sug-
gested that young women about to receive cytotoxic treatments
may be able to preserve their fertility by cryopreserving ovarian
tissue. Methodology used to cryopreserve human ovarian tissue
was developed using three cryoprotectants: (1) dimethyl sulfoxide
(DMSO), (2) ethylene glycol (EG), and (3) propanediol (PROH).
Until recently there has been little assessment of vitrification of
human ovarian tissue with only a single report of a live birth from
tissue grafted at an orthotopic site [4]. This will not be discussed
further.

The procedure reported by Gosden using DMSO continues
unmodified today for the preservation of human ovarian tissue. The
efficiency of this procedure in preservation of human primordial
follicles has not been evaluated, but evidence of follicle preserva-
tion, development, and ovulation was established with

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_12, © Springer Science+Business Media LLC 2017
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cryopreserved human ovarian tissue grafted in immunodeficient
mice (xenografting) [5]. A number of live birth have been reported
following transplantation of ovarian tissue cryopreserved with this
method [6–11] to an orthotopic site (ovarian). Controversy as to
whether these pregnancies have arisen from the cryopreserved tissue
or reactivation of the follicles within the ovary continues [12].
However, it is clear from the collection of oocytes from cryopre-
served tissue grafted at heterotopic sites that these are capable of
fertilization and subsequent embryo development [13–15].

Again no efficiency has been reported for the EG method, but
there is similar evidence of a number of live births from tissue
grafted at orthotopic sites [16, 17] and development of two
embryos from oocytes recovered from heterotopic sites [18].

A number of cryopreservation regimens using the cryoprotec-
tant PROH [19, 20] were initially evaluated at both the light and
electron microscopy level for evidence of normal ovarian morphol-
ogy. The most efficient method is reported below; this resulted in a
high proportion (85 %) of intact oocytes within primordial follicles
with normal morphology (normal mitochondria and organelles),
and 74 % of the pre-granulosa cells were intact and had normal
morphology [19]. The method was subsequently assessed for pres-
ervation of developmental potential by xenografting the cryopre-
served human tissue. Antral follicle development [21], metaphase
II oocytes, and ovulation clearly established preservation of func-
tion of the primordial follicles cryopreserved by this method [22].
Subsequent reproducibility of the procedure was established with
cryopreserved tissue from nine patients and assessment of over 400
antral follicles that developed [23]. The longevity of function using
this method has been established in one patient with regular cycling
for over 5 years following grafting of less than a third of an ovary
[24]. Embryo development is relatively efficient with oocytes col-
lected from either the orthotopic site (13/21, 61.9 % per MII
oocyte) or a heterotopic site (15/17, 88 %) although the total
numbers are still low. The unequivocal evidence of successful pres-
ervation of primordial follicles using this method was achieved with
a twin birth following recovery of two oocytes from a heterotopic
site and the transfer of the subsequent embryos which developed in
a patient who had a bilateral oophorectomy at the time of collection
of tissue for cryopreservation [25].

Although previously offered by only a few clinical centers,
fertility preservation for young women about to undergo cytotoxic
treatment for a wide variety of conditions has nowmoved to being a
widely accepted treatment. This change is as a result of a number of
babies born following the grafting of cryopreserved ovarian tissue
[26]. Associated with this general acceptance is the issue that, for
the vast majority of ART centers receiving ovarian tissue for cryo-
preservation, many have no experience of the appropriate proce-
dures to cryopreserve this tissue.
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2 Materials

Prepare all solutions in a laminar flow hood into sterile
disposable tissue culture plastic ware (e.g., Falcon®, Becton Dick-
inson). Filter sterilize through 0.2 μm membrane (PALL Life
Sciences).

2.1 Preparation
of Solutions
for Processing Tissue,
Freezing, and Thawing

1. Basal buffer: Quinn’s Advantage® Medium with HEPES—
SAGE® In Vitro Fertilisation, CooperSurgical Company for
collection and processing of ovarian tissue (see Note 1).

2. Quinn’s Advantage Fertilisation Medium—SAGE® In Vitro
Fertilisation, CooperSurgical Company (see Note 2).

3. Sucrose: BioXtra, !99.5 % (GC) (Sigma). FW 342.3.

4. 1,2-Propanediol (PROH): ACS reagent, !99.5 % (Sigma-
Aldrich). FW 76.09; density 1.036 g/mL.

5. Human serum albumin (albumin) stock solution (100 mg/mL
in isotonic saline)—SAGE® In Vitro Fertilisation, CooperSur-
gical Company (see Note 3).

2.2 Preparation
of Solutions

1. Collection solution: Basal buffer with 4 mg/mL albumin.
To 192 mL of basal buffer, add 8 mL of albumin stock, and
store at 4 "C.

2. Holding medium: Quinn’s Advantage Fertilisation Medium
with 4 mg/mL albumin. To 96 mL of Quinn’s Advantage
Fertilisation Medium, add 4 mL of albumin stock, and store
at 4 "C.

3. Pre-freeze solution: Basal buffer with 10 mg/mL albumin. To
180 mL of basal buffer, add 20 mL of albumin stock, and store
at 4 "C.

4. Freeze solution (1.5 M PROH/0.1 M sucrose/10 mg/mL
albumin): To 6.84 g of sucrose, add 152.0 mL basal buffer.
When sucrose has dissolved, add 22.0 mL PROH (see Note 4)
and 20.0 mL of albumin stock. Mix, filter, sterilize, and store
at 4 "C (see Note 5).

5. Rehydration solution A (1.0 M PROH/0.2 M sucrose/
10 mg/mL albumin): To 3.42 g of sucrose, add 39.5 mL
of basal buffer; when dissolved add 3.7 mL PROH and 5 mL
of albumin stock. Mix, filter, sterilize, and store at 4 "C.

6. Rehydration solution B (0.5 M PROH/0.2 M
sucrose/10 mg/mL albumin): To 3.42 g of sucrose,
add 41.5 mL of basal buffer, and then add 1.85 mL of
PROH and 5 mL albumin stock. Mix, filter, sterilize, and
store at 4 "C.
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7. Rehydration solution C (0.2 M sucrose/10 mg/mL albumin):
To 3.42 g of sucrose, add 43 mL of basal buffer and 5 mL of
albumin stock. Mix, filter sterilize, and store at 4 "C.

8. Solution D (basal buffer/10 mg/mL albumin): To 180 mL of
basal buffer, add 20 mL of albumin stock. Mix, filter, sterilize,
and store at 4 "C.

9. Storage of solutions (see Note 6).

2.3 Equipment
and Consumables

1. Programmable freezing machine—KRYO 360—1.7/MRV
(Planer Products), attached to pressurized liquid nitrogen
source. Configured with canes for vials.

2. Liquid nitrogen storage vessel (see Note 7).

3. Biohazard Class II cabinet.

4. Binocular dissecting microscope with working range approxi-
mately #5–60.

5. Sterile gloves.

6. Sterile plastic pipettes (e.g., Falcon®) for dispensing solutions.

7. Sterile specimen collection container (50 and 200 mL, see
Note 8).

8. Sterile petri dishes (large; 150350 Nunclon™ and small;
353002 Falcon®).

9. Sterile cell strainers (352350 70 μm Nylon Falcon®, see
Note 9).

10. Sterile 6-well plate (140675 Delta Surface Nunclon™).

11. Sterile forceps and scissors (see Note 10).

12. Sterile double-edge stainless steel razor blades (L056 ProSci-
Tech, see Note 11).

13. Vials (363401 Cryotube 1.8 mL round, Nunc, see Note 12)
and Inserts (9375930 Nunc Cryo Colour Coders).

14. Labels (Brady Thermal Labelling System, see Note 13).

15. Large cotton swab (for manual seeding, 22-555 Multigate, see
Note 14).

16. Storage boxes (see Note 15).

17. Insulated Dewar (see Note 16).

18. Water at 90–100 "C.

19. Large forceps.

20. Sterile flat end needle holders (15-2808 830 UU8, Pilling CE,
Germany).

21. 6.0 Vicryl coated suture (J489 G, P-1 11 mm 3/8C, Ethicon).

22. Timer.

23. Portable oven (see Note 17).
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3 Methods

The freezing machine should be programmed as follows:

Set pause temperature at +16 "C and hold at this temperature until
run is initiated.

1st ramp: Cool from +16 to $7 "C at 2 "C/min.

2nd ramp: Hold at $7 "C for 10 min (to allow manual seeding).

3rd ramp: Cool from $7 "C to $30 "C at 0.3 "C/min.

4th ramp: Cool from $30 "C to $150 "C at 50 "C/min.

5th ramp: Hold at 150 "C for approximately 30 min (to allow for
removal of vials and transfer to storage).

3.1 Preparation
of Tissue

1. In theater, the tissue is removed without the use of diathermy.
The scrub nurse or surgeon places approximately half an ovary
or a whole ovary into the sterile pot containing 30 mL of
collection solution at 37 "C (see Note 8). This is transported
to the laboratory at room temperature (see Note 17).

2. Using forceps the tissue is removed from the pot and placed in
a large petri dish containing 20 mL of collection solution at
37 "C (see Note 18). All subsequent preparation is performed
under a dissecting microscope with a heated stage. The tissue is
examined for atypical appearance (see Note 19), and the
weight, size and appearance are recorded (see Note 20).
A cross section of ovary containing both medulla and cortex
is removed and placed immediately into 10 % formalin for
pathological assessment of follicular density and malignancy.
A whole ovary is bisected longitudinally for examination of
both the medulla and cortex, and at least two areas are removed
with scissors for pathology (see Note 21, Fig. 1).

3. The following preparation of ovarian tissue is for adult tissue,
and modifications to the preparation are necessary with prepu-
bertal ovarian tissue (see Note 22). With the cortex on the
bottom of the dish and, holding the medulla with forceps,
starting at the cut edge, snip at the junction between the
medulla and cortex with the fine point of the scissors. Continue
to snip at the junction pulling the medulla back as it becomes
free (see Note 23, Fig. 2). Place medulla aside (see Note 24).

4. The piece of thin cortex (1 mm in thickness) is moved to a clean
petri dish of collection solution. The cortex is then cut into thin
strips 5 mm in width (see Note 25).

5. Working with one strip at a time, with the trimmed surface up,
hold the strip on the bottom of the dish with forceps. Bring the
razor blade down on the tissue with one firm motion of the
blade straight and horizontal (see Note 26, Fig. 3). Check the
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dimensions of the slices and move the slice away from the
cutting area (see Note 27).

6. Continue slicing until the strip is completed. Move the slices
out of the dish into a small petri dish containing the strainer
and holding medium (see Note 28, Fig. 4). Record number of
slices (see Note 29) and return the small dish to the gassed
incubator.

7. Slice all strips and move slices into the holding medium (see
Note 30).

Fig. 2 Cutting at the junction of the medulla (M) and cortex (C) while peeling back
the medulla tissue

Fig. 1 Bisected ovary with medulla surface (left) and cortex surface (right). Both
surfaces are unremarkable in appearance; therefore, the bloody medulla region
(L) was removed for pathology together with the small area to the right of the line
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3.2 Dehydration
of Tissue Slices

1. The dehydration plate (6 well) is prepared with 8 mL of pre-
freeze solution in odd numbered wells and 8 mL of freeze
solution in even numbered wells. Dehydration is performed
at ambient temperature.

2. When all slices are in holding dishes, move each strainer using
forceps to the pre-freeze well. Dip strainer in pre-freeze to
remove any carryover medium, drain (see Note 9), and move
to freeze solution well. Agitate to dislodge any air bubbles
trapped under the strainer. Leave in freeze solution for
80 min, periodically agitate strainer to stop clumping of slices.

3. Label and prepare vials (see Note 13) containing 0.5 mL of
freezing solution.

Fig. 4 Strainer containing slices

Fig. 3 Slicing the strip of tissue with a double-sided blade
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4. Using forceps to move slices to the vials (see Note 28), check
slices are under fluid in the vial and all have been removed from
the strainer (see Note 31).

5. Load vials on canes in freezing machine (see Note 14). At
90 min from transfer to freezing solution, turn off pause on
freezing machine. Run the above program.

3.3 Running
the Freezing Program

Personal protective equipment must be worn at all times when
handling liquid nitrogen:

1. After 12 min, ensure that the freezing machine has entered the
“Hold” ramp and is maintaining a temperature of$7 "C before
commencing manual seeding.

2. Seed by holding the pre-cooled swab (soaked in liquid nitro-
gen) on the vial at the surface of the liquid; seeding has
occurred when ice crystals have formed (see Note 32, Fig. 5).

3. When the freezing program is complete and the temperature is
holding at $150 "C, transfer the vials to a Dewar containing
liquid nitrogen. Transport this to the storage vessel. Remove
storage box from vapor storage vessel, quickly place vials in the
box (see Note 15), and record position. Return box to storage
vessel.

4. Run warming program on freezing machine.

3.4 Thawing
and Rehydrating
Ovarian Tissue Slices

1. Prepare rehydration plate (6 well) with a strainer and 8 mL of
solution A in well 1. Eight mL of each rehydration solution is
dispensed as follows: solution B in well 2, solution C in well 3,
and solution D in wells 4 and 5.

Fig. 5 Seeding vials. Ice formation can be seen at the surface of the liquid (arrow)
in the vial

168 Debra A. Gook

ri-cheng.chian@mcgill.ca



2. Remove vials from storage vessel. Place in Dewar containing
liquid nitrogen for transport.

3. Hold vial with long forceps in a beaker containing water at
90–95 "C. Do not submerge the vial but hold so that screw cap
seal is above water surface. Move vial through water to disperse
thermal differences. Once thawed (see Note 33), remove the
vial from the water. Using sterile forceps, remove slices from
the vial and place in strainer in well 1. Check correct number of
slices. Leave in rehydration solution A for 5 min (seeNote 34).

4. Drain and transfer strainer to solution B for 5 min. Repeat for
solution C and solution D twice, each step for 5 min.

5. Transfer slices to a large petri dish containing 20mL of solution
D at 37 "C. The above procedure is repeated for each vial to be
thawed.

6. Under the dissecting microscope, thread slices onto a suture
(see Note 35, Fig. 6).

7. Move the completed suture to a fresh large petri dish contain-
ing 20mL of solution D at 37 "C. The dish is then placed in the
portable oven (see Note 16) on a trolley ready for transport to
theater.

8. Multiple sutures are prepared depending on the volume of
tissue to be grafted (see Note 36).

3.5 Collection
of Cumulus Oocyte
Complexes (Optional)

During the preparation of tissue, a number of small antral follicles
may be observed, and, although this is experimental, some oocytes
will subsequently mature. The developmental potential of these is
unknown:

Fig. 6 A suture tied in a loop containing slices of ovarian tissue. Note needle has
been removed
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1. At Subheading 3.1, step 3 follicles present can be punctured. A
26 gauge needle is used to pierce the follicle and pressure is
applied with forceps to expel fluid and cells from the follicle.
The medium is then scanned for the cumulus-enclosed oocyte
(COC) (see Note 37). The COC is then moved to a culture
plate containing 0.5 mL of holding medium with an overlay of
300 μL of oil and returned to a gassed incubator.

2. All dishes used for the preparation of the tissue are scanned for
COC, and the COC collected are moved to the culture plate.

3. When all COC are collected, they are moved to individual
50 μL drops of IVM medium (see Note 38) with an 8 mL
overlay of oil and incubated for 48 h.

4. At 48 h the cumulus is stripped away from the oocyte with a
0.146–0.155 mm pipette and mature oocytes vitrified.

4 Notes

1. A buffer that maintains pH in atmospheric conditions should
be used for collection and preparation of tissue and in freezing
and thawing solutions. Due to collection of cumulus oocyte
complexes during the preparation of ovarian tissue and the
preservation of follicles containing oocytes, a basal buffer
used in ART has been used throughout our procedure. How-
ever, other groups use Leibovitz’s L-15 medium [8]. A com-
parison of these two media used during preparation of human
ovarian tissue showed follicle loss following xenografting of the
tissue was lower in tissue prepared in Quinn’s Advantage®

Medium with HEPES at 37 "C than in Leibovitz’s L-15
medium at 4 "C (unpublished data).

2. This step has been shown to decrease ischemic damage, but this
requires a carbon dioxide (6 %), oxygen (5 %), and nitrogen
(89 %) gas environment. If not available, continue in atmo-
spheric buffer solution.

3. Alternative products are available, but it is preferable to use an
albumin source that is approved for human ART use.

4. PROH is a viscous liquid. To ensure accurate delivery, it is
important after expelling the PROH out of the pipette to
wait for the remaining PROH to run down the side of the
pipette and then expel this.

5. Due to the unpredictable nature of tissue freeze patients, we
find having a supply of freeze solution always present is a
benefit. Freeze solutions can be made in advance without
albumin. Sterilize and store at 4 "C and the albumin can be
added on the day of tissue collection.
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6. When solutions are opened for use, sterility of the remaining
solution should be maintained by ensuring that aliquots are
dispensed in a laminar flow hood. Our general policy is for the
shelf life of solutions containing sucrose and or albumin to be
1 month at 4 "C.

7. To reduce contamination risk during storage of vials containing
tissue, vials should only be stored in the vapor phase of liquid
nitrogen and not submerged in the liquid.

8. For whole adult ovaries, it may be necessary to collect the
specimen in the larger sterile pot (250 mL).

9. To reduce handling damage and possible loss of the tissue
slices, slices are loaded into cell strainers submerged in holding
medium. All subsequent change of solution requires draining
of excess medium by holding the strainer against side of dish or
well and then moving the strainer to the next solution.

10. Our preference for preparing the tissue is to use fine dissecting
scissors and forceps. These are washed in tissue culture deter-
gent after use, rinsed, and gas sterilized.

11. The double-sided razor blade provides a thin, extremely sharp
flat blade that facilitates in preparing thin slices of the dense,
firm cortex of the ovary. These blades are carefully removed
from packaging using forceps and submerged in 90 % alcohol
to remove any solvents and oils used in manufacturing. They
are rinsed with water a number of times to remove the alcohol
and dried. One sharp edge of the blade is then covered with a
piece of autoclave tape; these are then packaged individually
and gas sterilized. Other groups use scalpel blades, but these
have either a pointed tip or round-shaped cutting edge which is
less suited to making straight vertical cuts (see Fig. 2).

12. A colored insert is placed in the cap of each vial and vial number
written on the colored insert. The inserts are optional but aid
in quickly finding the required patient and vial number to be
removed from a storage box when thawing later. All vials from
one patient are the same color, and a different color to the
previous patient in the storage box is used to distinguish.

13. Printed adhesive labels containing three points of identification
are placed on the vials. Be aware that many of the labels sold for
straws do not stick on the smooth surface of vials. We place an
ID label over the white label on the vial and then place another
two labels end to end to make a complete ring of labels.

14. Place vials on the canes in freezing machine with ID label
against the canes so liquid surface can be visualized when
seeding.

15. Leave the corners vacant and an occasional other space in the
storage boxes to reduce swelling. We find that the lids are
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almost impossible to remove from completely full boxes and
the boxes swell in storage racks. Due to this difficulty, the time
vials that are out of the storage tank will be increased when
taking vials out to be thawed.

16. In our situation, the laboratory and theater complex are a large
distance apart, and, therefore, the dishes containing the
prepared sutures are placed in a heating oven at 37 "C for
transport and during time in theater.

17. The collection specimen pot initially contains warmed (37 "C)
collection medium. This is transported in an insulated bag,
but, due to the time involved in collecting and transporting
the specimen, the temperature will reduce to ambient. Other
groups, because of the cryoprotectant used in freezing proce-
dure (i.e., DMSO or EG), will transport and maintain the
tissue during preparation at 4 "C.

18. All preparation and slicing of tissue are performed in medium
at 37 "C.

19. The typical cortical surface of the ovary should be smooth
without adhesions, white in color and even in density. Any
atypical areas should be removed for pathological examination;
these include areas not in the contour of the cortex surface,
firm solid-appearing areas. The importance of this examination
was emphasized by the removal of an atypical area in a patient
with Hodgkin’s lymphoma which confirmed the presence of
malignancy associated with the ovary [27].

20. Medulla is also examined for the presence of follicles and
corpora lutea. A pathology specimen is taken of every ovarian
tissue sample for cryopreservation regardless of the patient
condition or quantity of tissue available for cryopreservation.
If the cortex appears normal, then our preference for the
pathology sample is to remove a piece of the ovary that has
both the cortex and medulla from an area with high blood
content in the medulla.

21. In the situation of a whole ovary, the larger tissue volume
allows for multiple sampling for pathology across the ovary.
For suspected ovarian cancers, the ovary is examined by the
pathologist using sterile instruments, the area thought to be
normal is removed, and frozen sections of this are examined. If
no infiltration of malignancy is detected, this normal area is
taken to the laboratory for cryopreservation. The pathologist
subsequently examines the remaining ovary in more detail,
and, if malignancy is detected, the cryopreservation is aban-
doned and all tissue returned to the pathologist.

22. A number of modifications to the preparation of the tissue are
necessary when cryopreserving prepubertal ovarian tissue. The
medulla is only removed if the thickness of the intact ovarian
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tissue is greater than 2 mm; if less than this, no separation is
required (prepubertal ovary is less dense than adult). Both the
medulla and cortex are sliced and cryopreserved for subsequent
grafting. In the prepubertal ovary, a large number of follicles
are also present in the medulla. Record which type of tissue is
present in each vial. Due to the very large number of follicles
present in the prepubertal ovary, the number of slices is
reduced to 2–3 per vial. All other components of the procedure
are the same as for the adult.

23. The analogy to this process is a quarter of an orange with the
peel (cortex) on the bottom of the dish and cutting with the
fine point of the scissors at the junction of the peel and flesh
(medulla). Using the forceps, hold the flesh back and continue
to cut across the edge until the flesh is removed in one piece (see
Fig. 1). Following this method will reduce damage to the
cortex and the time involved in obtaining cortex with a thick-
ness of 1 mm. The cortex may still have some irregularities in
thickness. Trimming off the excess medulla remaining can be
achieved by holding the medulla with forceps and again snip-
ping with fine point scissors at the junction.

24. A piece of the medulla is also cryopreserved. This is used for
subsequent pathological or molecular testing.

25. A transparency of graph paper is placed under the dish, and,
using the scissors, the cortex is cut into 5 mm wide strips.

26. Hold the razor blade vertical on the autoclave tape edge, bring
the blade down straight, and press down on the tissue with firm
pressure against the base of the dish. This will make a straight
cut of the cortex. If still attached use a sawing motion of
the blade back and forward on the base of the dish to complete
the cut.

27. We check the size of a few slices, using the graph paper trans-
parency, at the start of slicing. The aim is to have slices
1 # 1 # 5 mm, but, due to this being a manual procedure,
there is some variation in the size of the slices. With experience
this variation is reduced.

28. The small petri dishes are prepared prior to collecting the
tissue. Using sterile scissors the small tab is removed from the
strainer and the strainer placed into the small petri dish before
8 mL of the holding medium is added. Dishes are numbered
and returned to the gassed incubator until required. To move
slices from one dish to another, the slices are not held by the
forceps but in the fluid column conducted up the forceps. With
the slice between the arms of the forceps, bring the forceps
arms closer to the slice while raising the forceps out of the fluid;
this will create a column of fluid containing the slice. Dip this
into next solution and the slice will be released.
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29. Ten to twelve slices are transferred to each strainer. For large
amounts of tissue, the number of slices is increased to 20–25.

30. In one strainer place a minimum of 2–4 slices from different
regions. This smaller number of slices is dehydrated and cryo-
preserved as with the others but can be thawed for repeat
pathological assessment prior to grafting. A large piece of the
medulla, also for subsequent testing, is placed in another
strainer, dehydrated, and cryopreserved.

31. Since slices are difficult to see when on the rim of the strainer,
swirl forceps around strainer—this will move slices into the
center of the strainer.

32. We prefer to use large cotton swabs for seeding vials as they
tend to be more efficient at holding the low temperature
required for effective seeding.

33. The vial has thawed when contents change from opaque to
clear; moving the vial during the thawing will help identify
when contents of vial are liquid. This generally takes 40 s to
occur.

34. All rehydration steps are performed at ambient temperature.

35. Holding the base of the needle with needle holder, the suture is
removed from packaging and cut to approximately 10 cm in
length. Place the suture attached to the needle holder in the
large petri dish containing slices. A slice of tissue is placed over
the point of the needle and pushed onto the needle. Care is
taken in manipulating the slice so as to reduce any possible
damage. Once 10–12 slices are on the needle, the needle
holder is released, and the slices shuffled down the suture to
approximately half the length. A loop is made with the ends of
the suture and secured with two reef knots. The needle is cut
off the suture and discarded. Slices are then careful pushed
apart to make sure they are not clumped together.

36. Our preference has been to have a small amount of tissue
(10–12 slices) on each suture and preparing multiple sutures.
Our aim has been to place sutures at a number of sites in close
proximity to each other instead of a single large amount of
tissue which has a high risk of the tissue being clumped
together and therefore higher ischemic damage. Details of
the laparoscopic grafting procedure at heterotopic and ortho-
topic sites are in our publications (references).

37. The cumulus cells surrounding oocytes obtained from these
small follicles are dense, tightly packed cells with no matrix.
They are difficult to identify.

38. Media used by others for clinical IVM may be used for these
COC.
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Chapter 13

Human Ovarian Tissue Vitrification

Sherman Silber

Abstract

Ovarian freezing and transplantation has garnered increasing interest as a potential way of preserving
fertility in cancer patients as well as for women who just wish to delay childbearing. This chapter spells
out our techniques of ovarian cortex vitrification and results for frozen compared to fresh ovarian cortex
transplantation (in one single series from one center for the sake of consistency), as well as potentially
provides insight into the mechanism behind ovarian follicle recruitment. This represents an effort to
simplify and popularize an approach that has yielded favorable results (all cases recovered ovulation and
75% had successful spontaneous pregnancy) in one single, disciplined study. It should be clear that this is a
review for the more general reader of our original scientific papers published in Reproductive BioMedicine
Online,New England Journal of Medicine, Fertility and Sterility,Human Reproduction,Molecular Human
Reproduction, and Journal of Assisted Reproduction and Genetics (JARG).

Key words Fertility, Preservation, Ovarian freezing, Transplant, Follicle recruitment

Patient characteristics and results are all summarized in Tables 1
and 2. All recipients of fresh or frozen ovarian transplants had the
same robust return of FSH to premenopausal levels by 150 days,
menstruation by 130 days, and massive AMH elevation by
170 days. The AMH then fell to below normal by 240 days and
remained at that level for many years with normal ovarian cycling
and hormonal function. We have reported seventeen babies result-
ing from 11 fresh and six frozen transplants. However there are
even more pregnancies and babies that we will soon submit in
another original paper. Grafts of one-third of an ovary cortex lasted
as long as 8 years or more despite eventually low AMH. Our results
support a hypothesis that ovary freezing and transplantation is
clinically a robust method of preserving ovarian function, and it
supports a hypothesis that ovarian stromal density gradient can
account for the early meiotic arrest of fetal oogonia and also for
resting follicle recruitment in the adult.

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_13, © Springer Science+Business Media LLC 2017

Electronic supplementary material: The online version of this chapter (doi:10.1007/978-1-4939-6828-2_13)
contains supplementary material, which is available to authorized users.
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Table 2
Pregnancy after frozen ovary autograft (see Ref. [1] in References)

Days of ovarian
function

Date of
transplant

Date of first
menstruation
post OT Diagnosis Miscarriage

Baby
born Girl Boy

804 3/6/07 9/19/2008 POF 1 1

884 1/13/09 6/7/09 Hodgkin’s 1 1

997 6/9/09 11/28/09 POF 1 0

1155þ 6/17/11 11/5/11 Hodgkin’s 0

564þ 10/12/12 3/2/13 MS 1 1

487þ 3/29/13 7/5/13 POF 1 1

496þ 4/5/13 12/27/13 Brain cancer 0

502þ 4/12/13 1/1/14 Blood disorder 1 1

328þ 10/1/13 12/19/13 Synovial sarcoma 0

294þ 10/7/13 3/6/14 All 0

306þ 10/23/13 12/29/13 Breast cancer 0

Total 1 5 3 2

Table 1
Pregnancy and duration of function of fresh donor ovarian grafts from identical twin sister [9]
or nonidentical sister allograft [2] (see Ref. [1] in References)

Days of ovarian
function

Date of
transplant

Ovarian function
end date Miscarriage

Baby
born Girl Boy

975 4/21/04 12/22/06 1 1 1

3025 4/20/05 8/1/13 3 1 2

2285 6/7/05 9/9/11 2 1 1

1534 8/23/05 11/4/09 1 1 1

1107 9/20/05 10/1/08

752 7/11/06 8/1/08 1 1

2410þ 8/16/06 n/a 2 2 2

1666 1/9/07 2/1/11 1 1

618 4/21/08 12/30/09 1

263a 7/21/10b 4/10/11

1172þ 2/11/11 n/a 1

Total 6 11 5 6
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1 Methodology for Ovarian Cortex Cryopreservation

Successful fresh as well as frozen ovarian cortex transplants in
humans were first published in 2004 and 2005 as a case reports,
and many other case reports have subsequently followed [1–15].
There has now developed a rapidly growing interest in frozen
ovarian cortical transplantation despite the absence of a clearly
documented success rate for this procedure. The primary impetus
for this procedure has been to cryopreserve ovarian tissue prior to
sterilizing cancer treatment with the objective of transplanting the
tissue back after cancer cure, after the proof of principle was
reported in sheep in 1994 [16]. The possibility also loomed of
preserving fertility and even hormonal function against the natural
decline caused by aging [17, 18].

Oocyte freezing is often mentioned as another alternative for
preserving fertility [19–21]. However, many different centers do it
in different ways, and most have not verified long-term viability of
the oocytes. There could therefore be many disappointed women in
years to come. Among the pitfalls to oocyte freezing are too rapid
and changing osmolality with dangerously quick osmotic shifts.
Also, there is a common failure to ensure a rapid enough freeze
and worse yet not a rapid enough thaw. The commercial kits that
are designed to make this easy often fail in this regard, and closed
freezing is more problematic than open freezing for rapid freeze
and thaw. It was not until 2005 that a highly efficient method was
published, which stimulated a huge wave of enthusiasm, for this
approach, also known as the bridge technique (Fig. 1a–f), but it
also is very user dependent, and none of the oocyte vitrification
protocols are as foolproof and easy as freezing of ovarian tissue.

One extra benefit of ovary cryopreservation and transplantation
compared to oocyte freezing is the putting off of hormonal meno-
pause as well as preserving fertility. Although oocyte freezing is now
mostly performed with vitrification, there is still controversy
regarding the ovary tissue between slow freeze and vitrification. We
prefer vitrification, and have healthy babies, and have discussed this
in previous papers [22]. It is well known that unilateral oophorec-
tomy does not diminish fertility and does not hasten menopause.
Thus, it is speculatively possible that grafts taken from young
women could be used to delay menopause in the future [23–25].

2 Ovarian Cortical Transplantation

The main benefit of ovary cryopreservation over oocyte cryopres-
ervation is for cancer patients who need to start their chemotherapy
and radiation promptly and cannot afford to wait around for two or
three cycles of IVF, knowing the pregnancy rate per single egg is
only about 4%. With ovary freezing, they can potentially get
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pregnant naturally and preserve several hundred thousand eggs
(Figs. 2, 3, and 4).

Successful fresh and cryopreserved ovarian cortex transplants in
humans were first published in 2004 and 2005, as case reports, and
many other case reports have subsequently followed [3, 5, 6, 10–15,
17, 18, 26–30]. The first human applications were preceded by a
long history of animal experimentation. As far back as 1954, Dea-
nesly showed in rats and, in 1960, Parrott showed in mice that
ovarian tissue could be successfully frozen and autografted resulting
in live births [31, 32]. Interest in human applications began after
Gosden’s report of successful pregnancies in sheep in 1994 [16].
One of the most interesting case reports in humans involved rejuve-
natingmenopausal ovarian cortex with cryopreserved autotransplan-
tation [33]. Interest in cryopreserved ovarian cortical transplantation
is rapidly growing, although only two reports to date have clearly
stated its success rate [8, 22]. No systematic report has been pub-
lished from one center comparing fresh donor transplants and cryo-
preserved ovary autografts, and little has been gleaned from studies
of these procedures on analysis of ovarian function and resting follicle
recruitment prior to our reports [22, 34].

The primary impetus for this procedure has been to cryopre-
serve ovarian tissue before sterilizing cancer treatment, with the

Fig. 1 (a–f) (a) The bridge technique for oocyte freezing. (b) Setup for bridge equilibration. (c) First bridge
between ES and isotonic HEPES media; 3 min. (d) Second bridge equilibration; 3 min (e) Transfer to full
concentration ES; 9 min. (f) Transfer from ES to VS; 60–90 s. Caption: High cryoprotectant concentration is not
toxic. It is just the rapid osmotic shifts that kill the egg or embryo and give the incorrect impression of toxicity.
To avoid over rapid osmotic shifts (that are more poorly tolerated by the egg than the embryo), the original
bridge technique is best. ES solution droplets are first bridged over to the isoosmotic solution the egg is in, and
3 min later, another droplet of ES solution is bridged over to the original solution very gradually and
continuously raising the osmolality of the solution in which the oocyte is resting
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objective of transplanting the tissue back after cancer has been
cured, thus allowing patients to preserve their fertility. It is also
possible that grafts taken from young women with cancer could be
used to delay their menopause in the future [17, 18, 23–25,
35–42]. The possibility of preserving fertility and even hormonal
function against the natural decline caused by aging has also been
speculated but is considered of less importance [17–21].

Most published research in this field consists of case reports of
cryopreserved transplants only. We conducted a worldwide survey
of 37 babies born from cryopreserved transplants, but still could
not establish a clear success rate [18]. Here, we summarize our
report from a single series of both fresh and cryopreserved trans-
plants from one center, carried out with the same technique and
assessed uniformly over follow-up, with the aim of improving our
understanding of resting follicle recruitment and demonstrating
the clinical robustness of the procedure. All of the recipients had
normal return of hormonal and menstrual ovarian function at
about the same time after surgery (4.5 months) (Figs. 5 and 6).

Fig. 2 Steps in the procedure of ovarian transplantation between MZ twin sisters: (a) preparation of donor
ovarian cortex by dissection in a Petri dish on ice, (b) preparation of recipient ovarian medulla, (c) attaching
donor cortical tissue to recipient ovarian medulla, and (d) attaching thawed donor cortical tissue for re-
transplant to the recipient medulla
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Fig. 3 Histology (a) pre- and (b) post-vitrification of ovarian tissue

Fig. 4 Ovarian tissue slice
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Fig. 5 (a, b) Levels of FSH after fresh or cryopreserved ovary graft. The time of the first menstruation and the
duration of time required for FSH levels to revert to normal levels, allowing for ovulation to occur, are
represented for the 11 patients who received fresh ovary tissue transplants (a) and the 11 patients who
received cryopreserved ovary tissue transplants (b) (see Ref. [1] in References)
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In all fresh and cryopreserved transplant recipients, day 3 FSH
decreased from the menopausal range to normal levels in about
150 days, and menstrual cycling resumed by roughly 130 days.
Since all developing follicles were destroyed or excluded from the
thin (1-mm) donor ovarian cortical graft, this period seems to
represent the number of days required for resting primordial folli-
cles to be recruited and develop to the ovulatory stage, at which
point they finally become sensitive to cyclic FSH and LH (Fig. 5).

The duration of function of fresh grafts was directly related to
the original ovarian reserve of the donor. In all cases, only one-
quarter to one-half of the donor ovary was transplanted, and most
of the tissue cryopreserved for future use. All grafts functioned for
more than 2 years, over one-half of them for over 6 years, and two
of them already for over 8 years (Table 1). Thus if the donor’s
ovarian reserve is high, these grafts can last for a long time despite
reduced AMH levels [17, 43]. That has very important implications
for understanding the mystery of primordial follicle recruitment.

The relationships among FSH levels, menstruation and AMH
levels in donor and recipient in fresh transplants are indicative of
resting follicle recruitment and ovarian reserve [44]. As recipient
FSH levels returned to normal within 130–170 days, the low AMH
level of recipients then began to rise in response to an increasing
number of mature gonadotropin-sensitive follicles (Figs. 5 and 6).
The AMH of recipients continued to rise to well above the normal
baseline AMH level of the donor. In the fresh allograft recipient
shown in Fig. 6, although FSH decreased to normal levels by day
133 and normal menstrual cycling resumed, AMH levels rose far
above normal (higher than the donor) shortly thereafter. Despite
the transplanted graft continuing function, AMH then returned to

Fig. 6 Levels of FSH and anti-Mullerian hormone levels in the second allograft donor and recipient. AMH ¼
anti-Mullerian hormone (see Ref. [1] in Bibliography)
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low levels. This analysis of both donor and recipient data after
transfer is rare and useful in its demonstration of no significant
long-term change in donor AMH levels despite loss of an ovary.
The rise of recipient AMH levels above donor AMH levels reflects
over-recruitment of resting follicles in the recipient compared with
the donor (Fig. 6). Contrary to what might have been expected
based on earlier studies [45], no evidence was found of significant
loss of follicles from transplantation ischemia, as each patient had
FSH levels return to normal as AMH levels rose far above normal.
Despite continued function of the transplanted graft, AMH then
returns to low levels (Fig. 7a–c). Preservation of follicles was sup-
ported by our observation of substantial follicle recruitment with
many eggs produced in the two patients who underwent IVF
during the window of high AMH levels. Quantitative studies have
also supported this finding in bovines [46].

The autotransplantation of cryopreserved ovary tissue yielded
results almost identical to fresh transplantation (Fig. 5). This
finding is consistent with the observed absence of histological
damage from cryopreservation [43, 46, 47]. As with fresh ovary
transplants, FSH levels returned to normal by about 150 days in
all cases, and menstrual cycles resumed shortly before that. The
return to normal did not differ between slow freeze cases and
vitrification cases. In all of the cryopreserved cases, just as with
fresh transplants, AMH rose to high levels shortly after FSH
returned to normal, at around 130–170 days (Fig. 7a–c). Then,
exactly as with fresh transplant cases, AMH dropped to a lower
baseline level by about 240 days and remained at that lower
level [17].

Eight of the 11 cryopreserved autotransplant recipients had a
follow-up of over 1 year, which allowed the assessment of preg-
nancy potential. Seven of these eight patients spontaneously con-
ceived, although one spontaneously aborted (Table 2). The other
six were healthy singleton pregnancies. In fact there are now even 3
more healthy babies from 11 frozen transplants followed for over a
year. Therefore, cryopreserved and fresh transplantation were simi-
lar in hormonal function and high pregnancy outcome. Functional
hormonal results thus far have demonstrated a remarkable degree
of repeatable concordance in all 22 cases of fresh ovary donor
transplantation and cryopreserved ovary autotransplantation.
Thus we had a spontaneous pregnancy rate overall of 75%.

In conclusion, no difference was found in clinical and func-
tional results between fresh and cryopreserved ovary cortical
grafts, and both demonstrated a high success rate in preserving
fertility as well as endocrine function for long periods of time.
Therefore, aside from the benefit of fertility preservation for can-
cer patients, this procedure offers the benefit of relief from meno-
pause without having to resort to exogenous hormone
replacement [17].
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3 Ovarian Cryopreservation by Original Slow Freeze Technique

For slow freezing, after enucleating medullary tissue with a sharp
scalpel dissection, the cortex was pared down manually to an ultra-
thin translucent shell with a thickness of # 1 mm. Tissue for
cryopreservation was divided into multiple strips and transferred

Fig. 7 (a–c) Levels of FSH and anti-Mullerian hormone levels after ovary
transplant. AMH ¼ anti-Mullerian hormone (see Ref. [1] in References)
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to 1.5 ml cryovials after equilibration in 1.5 mol/l 1,2-propanediol
and 0.1 mol/l sucrose at 37 $C for 30 min, followed by 1.5 mol/l
1,2 propanediol and 0.2 mol/l sucrose for 5 min, then cooled at a
controlled rate, as described previously [16, 47]. Thawing was
achieved rapidly by agitating the vials in a warmed water bath. If
tissue had thickened by contraction after thawing, it was pared
down again to <1 mm under an operating microscope with micro-
surgical scissors before transplantation [47].

However, we prefer vitrification for cryopreservation because
of our in vitro viability analysis studies as well as in vivo transplant
studies in the bovine [46]. A total of 16 cancer patients requesting
fertility preservation by ovarian banking consented to an oocyte
viability test and histologic review of a small sample (<10 %) of
their fresh or preserved tissue. In eight cases, the tissue had been
preserved by vitrification, six by a slow freezing protocol and in
two only fresh tissue was analyzed. The goal of this in vitro study
was to determine which method produced a higher cell survival
rate [43].

The high viability (92%) of oocytes in both control (fresh)
specimens and vitrified specimens indicated that disaggregation
per se had only caused minimal damage to this cell type [43].
Overall, 2301 oocytes were examined from 16 specimens. The
results within each of the three groups revealed no significant
difference overall between fresh and vitrified tissue, but the viability
of slow freeze-cryopreserved tissue was less than one-half (42%;
P<0.01). Transmission electron microscopy also has been used to
analyze ovarian tissue that had been either cryopreserved by slow
freezing or vitrified by ultrarapid freezing, showing vitrification to
be superior (Table 3) [48].

We know there have certainly been successes with slow freeze,
but vitrification is easier and does less cryodamage.

Table 3
Survival of small oocytes after enzymatic isolation from ovarian tissues
following cryopreservation by vitrification or slow freezing

Group
No. of
ovaries

No. of oocytes
harvested

No. of surviving
oocytes (%)

Fresh 2 358 329 (91.9%)a

Vitrified 8 1122 1000 (89.1%)a

Cryopreserved 6 821 342 (41.7%)b

a,b Groups with the same subscript are not significantly different (P > 0.05), whereas
those with different superscripts are significantly different (P < 0.01)
Silber. Fertility after ovary transplantation. Fertil Steril 2010
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4 Cryoinjury

Most of the stroma cells in the slow freeze-cryopreserved speci-
men were lysed and their nuclei compressed between dense bun-
dles of extracellular fibers. The same cells were generally intact
after vitrification. Small follicles were found in each specimen, all
of which were intact within their basement membranes. The high
viability (92 %) of oocytes in control (fresh) specimens indicated
that disaggregation per se had only caused minimal damage to this
cell type. Overall, 2301 oocytes were examined from 16 speci-
mens. Results within each of the three groups were consistent and
revealed no significant difference overall between fresh and vitri-
fied tissue, although the viability of slow freeze-cryopreserved
tissue was less than one-half (42 %) and highly significant
(P < 0.01; Table 3).

5 Cryopreservation

For slow freezing, after enucleating medullary tissue with sharp
scalpel dissection, the cortex was pared down manually to an ultra-
thin translucent shell with a thickness of #1 mm. Tissue for cryo-
preservation was divided into multiple strips and transferred to
1.5 mL cryovials after equilibration in 1.5 mol/L 1,2-propanediol
and 0.1 mol/L sucrose at 37 $C for 30 min, followed by 1.5 mol/L
1,2-propanediol and 0.2 mol/L sucrose for 5 min, and then cooled
at a controlled rate, as described previously [16, 47]. Thawing was
achieved rapidly by agitating the vials in a warmed water bath. If
tissue had thickened by contraction after thawing, it was pared
down again to <1 mm under an operating microscope with micro-
surgical scissors before transplantation. For vitrification, details
have been described elsewhere [43, 46].

6 Tissue Analyses

Small samples of cortical tissue from donor organs were assessed:
(1) on a semiquantitative scale of relative follicle density in histol-
ogy slides (0, þ, þþ, or þþþ, in order of increasing abundance)
and (2) by testing viability after enzymatic disaggregation. Also, all
original cortical tissue from transplant recipients who were in ovar-
ian failure was removed and prepared histologically after excision to
verify that total follicular depletion had occurred. For viability
testing, tissues were incubated and pipetted in type I collagenase
(1 mg/mL) for 10 min to isolate the small follicles and visualize
their oocytes. The cells were briefly incubated in Hoechst 33342
and propidium iodide and then washed before viewing by
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fluorescence microscopy, for a total of 2301 oocytes from 16
patients. Transmission electron microscopy was also used to analyze
ovarian tissue that had been either cryopreserved by slow freezing
or vitrified by ultrarapid freezing [48].

7 Ovarian Tissue Vitrification

Cortex tissue of each ovary is cut into slices of 1% 0% 10 mm. The
precise 1-mm tissue thickness was guaranteed with a tissue slicer
designed explicitly for this purpose (Kitazato BioPharma, Japan).
The tissue slicer is put on the surface of the ovary. Then another
plate is placed over the tissue slicer, and the ovary is cut between the
slicer and the surface of the ovary using a sharp blade. The cortical
ovarian tissue is thus cut into 1 % 10 % 10 mm pieces. The ultra-
thinness of the tissue is crucial, not only for the cryopreservation
but also for rapid revascularization after grafting.

Ovarian tissues are initially equilibrated in 7.5 % ethylene glycol
(EG) and 7.5 % dimethyl sulfoxide (DMSO) in handling medium
(HM:HEPES-buffered TCM-199 solution) supplemented with
20 % (v/v) synthetic serum substitute (SSS; Irvine Scientific,
Santa Ana, CA, USA) for 25min followed by a second equilibration
in 20 % DMSO with 0.5 mol/l sucrose for 15 min. Ovarian tissues
are then placed in a minimum volume solution (virtually “dry”)
onto a thin metal strip (Cryotissue, Kitazato BioPharma, Fujino-
miya, Japan) and submerged directly into sterile liquid nitrogen
[49], following which the strip was inserted into a protective con-
tainer and placed into a liquid nitrogen storage tank.

For thawing, the protective cover is removed, and the Cryotis-
sue metal strip is immersed directly into 40 ml of 37 $C HM
solution supplemented with 1.0 mol/l sucrose for 1 min. Then,
the ovary tissues are transferred into 15 ml of 0.5 mol/l sucrose
HM solution for 5 min at room temperature and washed twice in
HM solution for 10 min before viability analysis or transplantation.
No ice crystal formation occurs during any of these vitrification
procedures [46]. This approach is remarkably easier than slow
freeze and also more effective.

8 Cortical Ovarian Tissue Transplantation Technique

The recipients were prepared by minilaparotomy via a 3.5-cm inci-
sion above the pubis. For cortical tissue transplantation, recipient
ovarian cortex was resected to completely expose medullary tissue;
hemostasis was controlled with micro-bipolar forceps, and irriga-
tion with heparinized saline was performed to avoid adhesion for-
mation or micro-hematomas between donor and recipient tissues.
This technique may be the most important reason for a minimal
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ischemic loss of oocyte viability. The tissue graft was trimmed to the
dimensions of the exposed surface of the recipient and attached
using 9–0 [43, 46, 50–56]. Since 1996, we have frozen ovary tissue
for 100 young women with solid organ cancer, or with a great risk
for POF, of whom 16 had spare frozen tissue subjected to detailed
viability testing before cryopreservation and after thawing. All had
histologic review by a variety of pathologists. Only one had ovarian
metastasis, a young woman with widespread breast cancer metasta-
sis throughout her entire body. Otherwise, none of our other cases
had any tumor cells in their ovary. Andersen has also noted a
complete lack of ovarian metastasis, even in the majority of leuke-
mia cases. The reason for the remarkable absence of ovarian metas-
tasis might possibly be due to the fibrous avascular nature of the
ovarian cortex [57]. In fact, the reason why fetal ovarian tubules
(which in the fetal male become seminiferous tubules) invade the
fibrous cortex and become follicles is that the dense fibrous tissue of
the cortex (which in the fetal and adult testis is just tunica albugi-
nea) is needed to suppress the resting follicles from developing all at
once prematurely.

With the classical slow freeze technique, our in vitro viability
testing showed only 41 % of oocytes survived [43, 46, 47, 58].
However, with vitrification of the ovarian tissue, there was no
difference between fresh unfrozen controls and frozen tissue. It
seems likely, therefore, that vitrified ovarian tissue would give better
results after transplantation than tissue cryopreserved by slow
freeze, but it is too early to state that with any certainty.

Although the clinical results seem promising from this large
series of fresh and frozen ovarian transplants, the functional results
may be even more interesting (Figs. 5a, 6, and 7a–c). Day 3 FSH
came down from menopausal range to normal or near normal
levels in all eleven cases by 150 days, and menstrual cycling
resumed in all eleven recipients by 130 days. Since all developing
follicles were destroyed or excluded from the thin (1 mm) donor
ovarian cortical graft, this would represent the number of days
required for resting follicles to be recruited and develop to the
ovulatory stage when they would finally become sensitive to cyclic
FSH and LH.

The relationship between FSH levels, menstruation, and AMH
levels in these fresh transplants is indicative of resting follicle
recruitment. As the FSH returned to normal by 130 days, the
very low AMH level of the recipient began to rise in response to
an increasing number of mature gonadotropin-sensitive follicles
[43, 44]. The AMH of the recipient then continued to rise to
well above the normal baseline AMH of the donor (Figs. 5a, 6,
and 7a–c). Contrary to what might have been expected from earlier
studies [45], this indicated no significant loss of follicles from the
transplantation, which was also indicated by ultrasonographic
examination of stimulated tissues at this period, which showed a
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very robust follicular response to gonadotropin stimulation when
IVF was attempted (third identical twin case). Then by 240 days,
the AMH of the recipient descended to well below baseline levels
and then remained steady at this level usually for many years (Fig. 6)
[43, 44, 46–48].

The autotransplantation of frozen ovary tissue yielded results
almost identical to fresh (as might have been guessed by failure to
notice any histological damage from freezing) [43, 46–48]. As
with fresh ovary transplants, the FSH always returned to normal
in these cases by 150 days without exception, and menstrual cycles
resumed shortly before that. The return to normal was no different
for slow freeze cases than for vitrification cases. In all of these cases,
just like with fresh transplants, the AMH rose to very high levels
shortly after the FSH returned to normal, at about 170 days. Then
the AMH, exactly as with fresh transplant cases, came down to a
lower baseline level by 240 days and remained at that lower
indefinitely.

Eight of the 11 frozen cases were over 1 year ago and thus
suitable to look at pregnancy potential. However, one of these eight
has chosen not to get pregnant yet and is using barrier contracep-
tion. Of the remaining seven, six have gotten pregnant although
one miscarried. Thus frozen results were similar to fresh in terms of
hormonal function and pregnancy outcome. Quite remarkable was
the repeatable concordance of functional results thus far seen in all
22 cases of fresh ovary donor transplantation and frozen ovary
autotransplantation.

9 Future Perspective

Firstly, ovarian freezing and transplantation should no longer be
considered experimental moving forward. Secondly, this could pro-
vide a unifying theory for adult recruitment and fetal arrest of
primordial follicles. Without a steady controlled release of resting
follicles in the adult, women would run out of eggs prematurely.
Similarly, if fetal oocyte arrest did not occur after meiotic activation,
there would be no oocytes remaining at birth. Similarly, if there
were not a slow, steady, monthly release of primordial (resting or
better, arrested) follicles from the resting phase, without any hor-
monal regulation, related to tissue pressure gradients in the ovarian
cortex (the same tissue as the dense stroma in the tunica albuginea
of the male), all the adult follicles also would soon be gone
(Fig. 8a–c). Thus we propose a unifying theory for both fetal oocyte
arrest and adult resting follicle recruitment.
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Chapter 14

Establishing an Oocyte Cryobank Network

James Graham, Josh Lim, and Michael Tucker

Abstract

Improvements in oocyte cryopreservation has prompted wider acceptance of this technology leading to its
use for several reasons. Notably, in addition to elective and medically driven reasons for oocyte cryostorage
for fertility preservation, donor oocyte cryobanking is beginning to gain traction, potentially replacing fresh
oocyte donation in assisted reproduction. Donor “egg banking,” while not totally analogous to donor
sperm banking, does provide strong benefits in terms of scheduling flexibility and improved clinical
efficiencies, while providing a wider immediate inventory choice. The development of a successful cryobank
“network” and subsequent growth into a full-access donor egg bank are only possible through adoption of
a series of key steps involving establishment of a repeatable vitrification protocol with a strong clinical
record, incorporation of a comprehensive database and quality management system, and strict control over
the logistics of inventory and shipping and receiving, to establish a flawless chain from donor to recipient.
Confidence will grow in this potentially difficult process over time.

Key words Oocyte, Vitrification, Cryopreservation

Oocyte cryopreservation is a proven method of storing oocytes for
future use for attempting pregnancy [(1, 2);] there are various
reasons for cryopreservation of oocytes or “banking.”

1 Why Start an “Egg Bank”?

Banking of oocytes could involve many aspects of the term banking.
The three types of banking are:

l Fertility preservation for social reasons

l Fertility preservation for oncology patients/medical reasons

l The banking of oocytes from anonymous donors to be
distributed to donor egg recipients

The focus of this chapter will be on banking for donor egg
recipients.

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_14, © Springer Science+Business Media LLC 2017
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There are many benefits to banking donor eggs [3, 4]. The
primary advantage is it gives your patients and your practice more
flexibility in their cycle and reduces the time your clinical team
needs for donor-recipient synchronization. Failed linings can just
postpone the oocyte thaw, delaying the recipients’ transfer days not
weeks. The donor’s eggs can be shared with several recipients
throughout your network, maximizing your pool of donors. This
also minimizes the problem of a large number of extra embryos
cryopreserved that a recipient may never use. The selection of
donors will be broader not just limited to the availability of donors
that are available to cycle concurrent to your recipient.

1.1 Why Start an Egg
Bank Network?

The establishment of a donor egg bank network has many advan-
tages. A network can provide a larger selection of donors available
to your patients. An egg bank network supplies more ethnically
diverse donors. A recipient looking for a specific ethnicity or, even
more difficult, a specific mix of ethnicities may be more challenging
in a given geographic location. Donors can be easily shared among
several recipients and with recipients in different geographic loca-
tions. Simply put, a patient will have more choice.

Giving a patient a choice to make a selection from different
geographic regions can be an added benefit. The perception exists
that if you choose a donor from your local area, you are more likely
to have offspring or other recipient’s offspring nearby. While this
may not be true, the perception exists. A clinic that stores their
inventory locally gives your patient a feeling of exclusivity.

There are also financial benefits to belonging to a network. One
practice may have a surplus of highly desirable donors of specific
ethnicity. This practice can cycle their donors and store the donor
oocytes and then supply areas of the network that are in need of
donors of that specific ethnicity. Another financial benefit is in the
coordination of donors. The coordination of a fresh donor with
recipients requires clinical manpower that many clinics do not
posses. Also trying to create an individual bank with diversity can
incur high recruiting expenses. Belonging to a network allows
those with limited resources the opportunity to deal with surplus
or deficits of donors or recipients.

2 Establishing a Vitrification Protocol

Both slow freeze [5–7] and vitrification methods [8, 9] have been
developed. While slow freeze methods have been employed suc-
cessfully, the use of vitrification for cryopreserving oocytes is a more
common and successful approach [10, 11]. Spindle depolarization
occurs in both but spindle recovery is similar in both approaches [
(12).] Reviewing protocols for oocyte vitrification needs to include
carrier options. While there are many carriers commercially
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available, the efficacy of the carrier is important. HSV (CBS) straws,
micropipettes, and sealed straws are just some of the closed systems
available. A closed system may be preferable, but to date these
closed systems have not been shown to have as consistent results
as open systems. Many open systems that are available (i.e., Cryo-
top, Cryolock, and Cryotech) are very similar in design and are
used in a similar manner. The mass of the actual tip of the unit is
important for rapid cooling and warming. A carrier with a lower tip
mass appears to ensure more rapid and consistent cooling/warm-
ing rates. There are several commercial vitrification kits available all
with oocyte warming/cooling protocols that included many with
positive results. A practice needs to evaluate these devices and to
decide what protocol works best for them.

3 Protocol Evaluation

Choosing a commercially available oocyte vitrification kit or com-
mercially available media that is easily available to all participating
network clinics is important. This will minimize workloads and
variables in performing oocyte vitrification. This is important
when troubleshooting suboptimal outcomes in the embryology
labs within a network. A user-friendly protocol that can be easily
standardized and implemented in multiple locations should be
used. The protocol should be thoroughly tested prior to being
implemented.

Using discard IVM oocytes from consented patients is a good
choice to test and refine your protocol. Using IVMoocytes will give
the embryologists practice familiarizing themselves with the vitrifi-
cation protocol. This also allows for labs to evaluate potential issues
that can arise in various lab settings. Often, when oocytes are
vitrified and then warmed, survival or the appearance of survival
will occur. While this is encouraging, it can be misleading.
Subsequent fertilization and early cleavage may have the appear-
ance of progressing normally as well. Embryo development from
Day 3 may still be poor if there is a poor vitrification/warming
technique. A true clinical test of a protocol is necessary for valida-
tion of the protocol. Vitrifying oocytes and subsequent warming
for use in an IVF cycle is necessary to truly validate an oocyte
vitrification protocol.

4 Preclinical Study

A challenging precursor of implementation is the preclinical study.
Refining protocol and doing test vitrification/warmings are effec-
tive tools to hone a vitrification protocol, but an actual clinical
study is needed to ensure true efficacy of the protocol prior to
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implementation. There are numerous ways to approach this. Autol-
ogous patients may be enrolled in a study to have a portion of their
oocytes vitrified and warmed during their IVF cycle. Recipients that
are scheduled to receive fresh donor eggs might also be enrolled to
do a similar test. Donor eggs could be banked and then thawed for
a vitrified donor egg cycle, perhaps vitrification of some or all of a
total cohort of donor oocytes and then warming for a subsequent
donor oocyte IVF cycle.

At our clinic we chose to vitrify donor oocytes, then matched
them to recipients in our IVF refund program, and gave patients
the opportunity to participate in the study with no risk to the
number of cycles they would be allowed. We then warmed the
vitrified oocytes in advance of their normally scheduled ICSI. This
would allow us to get immediate results from our egg vitrification
protocol. Ten patients were enrolled and a 46 % pregnancy rate was
obtained, with a 42 % delivery rate. This result gave us confidence
that the protocol was effective.

Our practice has had a successful shared donor oocyte program
for several years. Typically 75 % of our donors shared their cohort
among three synchronized recipients. The minimum number of
M2 oocytes for this fresh program is 4!M2 per recipient. Given
that during the preclinical egg vitrification study, survival rates were
around 85 % and in order to try to model the “egg bank” after this
successful fresh donor oocyte share program, the minimum lot size
was therefore set at 5!M2 per patient.

5 Preclinical and Clinical “Proof of Concept” (Single Site)

5.1 Analyze
Study Data

By looking at the data, parameters that should be evaluated are
warming survival rates, fertilization rates, cleavage rates, blastocyst
formation rates, and implantation/clinical pregnancy rates, in
addition to overall embryo utilization rates. If the preestablished
benchmarks are met, then offering clinical application can
commence.

6 Offer Limited Clinical Application

Once the preclinical trial is successful, a limited clinical offering may
begin. This will allow you to develop confidence in the protocol,
while increasing your experience as you work toward offering “egg
banking” at additional programs. This may extend the time until
you build your donor egg bank network, but it will allow your
embryology and clinical teams time to gain experience and for your
“home” team to be able to be the expert resource for the “egg
bank” network programs. It is imperative that highly selected/
desirable donors be used in the initial phase of the clinical
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application preferably with proven track records of fresh donation,
so that they will be chosen quickly, and the vitrified oocytes can be
used and clinical results be assessed. The following table shows our
early experience:

Oocytes thawed 934

Oocytes survived 817

2PN embryos 667 (82 %)

Cycles 143

Embryo transfers 143

Day 3 ET/# of embryos 48/1.75

Day blastocyst ET/# of embryos 95/1.96

D-3 pregnancy %/ET 52 %

D-5 pregnancy %/ET 57 %

Cycles with surplus blastocyst cryo 65 (44 %)

Blastocyst utilization 66 %

Clinical pregnancy 55 %

SAB 6

Delivered 51 %

7 Data Collection

Data collection is a vital part of any clinical medicine program.
This is especially true with an “egg bank” network. Being able to
evaluate embryologist and clinicians in their roles throughout
your “egg bank” network will ensure their success. Evaluation of
the performance with both vitrification and warming techniques
needs to be done for each individual performing the task. As the
number of egg lots are banked and then warmed, the more
apparent variations in technique per embryologist become.
Thus, regular data tabulation is necessary to ensure consistent
outcomes and to identify potential outliers and thereby any pro-
tocol deviations.

A stimulation protocol review and assessment of outcomes
per physician stimulation should be evaluated according to stim-
ulation approach. A clinic that continually produces poor
performing egg lots may not have an embryology performance
problem, but possible ovarian stimulation issues that need to be
remediated.
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8 Establishing a Network

Careful selection of partner clinics is of paramount importance.
Unlike with a donor “sperm bank,” having the technical expertise
on site to even warm eggs for clinical use is challenging. Minimum
criteria should be established as to which clinics are interviewed and
then ultimately selected to participate in a donor “egg bank”
network. Clinic geography, clinic success, resources, and embryol-
ogy talent should all be part of the decision process. A smaller clinic
with exceptional pregnancy rates may not have the necessary per-
sonnel for recruiting and screening donors. The clinic’s ability or
inability to manage the inventory and shipping may also be a
limiting factor. A large clinic may have the resources, but not the
embryology staffing and talent, or may have poor clinical out-
comes. A well-run clinic with adequate resources, talent, and out-
comes should all factor in deciding in taking on a partner in your
“egg bank” network.

9 Identifying Partner Sites

A well-run clinic with adequate resources (both in staffing and
facilities) is necessary to participate in an egg bank network. The
first criterion should be that the network clinic is a SART reporting
clinic. This allows easy access to historical data for the clinic as the
first step in evaluation. While non-SART clinics may be considered,
this does pose the problem of having comparable data to evaluate
that a potential particular clinic’s overall performance. Though
CDC ART clinic data may suffice for comparison.

Geography: Is this clinic in an underserved area? Are there
donors that can be accessed? Would their donors be desirable? Do
they compete with a clinic that you already have an agreement with?
A clinic that has access to desirable donors that does not compete
with another partner clinic may be a good choice. A last area of
concern is if the practice has adequate resources: embryologists,
donor coordinators, and donor screening staff. There are many
areas to evaluate before extending/establishing a partnership.

10 Logistics

After partner clinics have joined your network and have been
trained, there is the often overlooked issue of logistics. Donor-
recipient matching, verifying, shipping and receiving, and thaw
coordination all involve systems that may not exist in your clinic
or potential egg bank network partner clinics. There can be a
central location for storage of oocytes, similar to commercial
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donor “sperm bank,” or alternatively the oocytes may be stored at
their place of origin. If stored onsite at the clinic of origin, an online
web-based or “virtual egg bank” inventory can be used. This allows
potential recipients access to the available inventory, while mini-
mizing repeated shipping.

11 Training

An extensive embryologist training program is essential. The
embryologist training program is necessary to ensure protocol
adherence and excellent outcomes. Even with extensive training,
success can still be limited by a technician’s skill set or later “proto-
col drift.” Many times an experienced embryologist, even one that
has had previous embryo vitrification experience, will have difficulty
following the oocyte vitrification protocol appropriately. Typically
this is not deliberate, but a tendency to return to a protocol they
have used more routinely or to treat the oocyte similar to an
embryo when vitrifying.

An embryologist should be trained at your facility and then
allowed to return to their own facility to practice the technique.
This allows for the workflow to be established prior to any “live”
cases. It also allows for the embryologist to familiarize themselves
with the protocol working through any technical difficulties. The
trained embryologist can then vitrify some discard oocytes and send
to your central facility for validation. This will not only test their
newly learned vitrification technique but also allow for identification
of any technical shipping issues. It is also important for an onsite visit
with the newly trained embryologist by a vitrification trainer. This
can be done in conjunction with batched donor retrieval cycles to
allow for onsite observation of the newly trained embryologist. The
trainer can provide support for the first egg vitrification cases or even
help if the newly trained embryologist becomes overwhelmed.
Follow-up site visits are also important to identify any potential
“protocol drift.” It is recommended that a semiannual or even
quarterly site visit coordinated with donor egg retrievals that are
to be banked, as an ongoing quality assurance plan. This is vitally
important in the first year of a newly trained embryologist, as this is
when “protocol drift” is most likely to occur. “Banking” multiple
lots of oocytes with poor outcomes because of “protocol drift” will
be a particularly discouraging experience.

12 Data Collection

Data collection should occur in real time. Many eggs may sit in a
storage tank for weeks or months after collection unused, and
therefore feedback may be limited. Getting outcome data in a
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timely manner is difficult. Given this delay, it is important to collect
and analyze the data as soon as possible. Reviews of ovarian stimu-
lations are included in the data that is collected. Cryosurvival,
fertilization, embryo cleavage, blastocyst formation rate, implanta-
tion, as well as cumulative pregnancy rates should all be collected
per “freeze clinic”, as well as for the clinic where the oocyte warm-
ing ultimately occurs. A clinic that has poor outcomes during the
oocyte warming may have had several lots that performed poorly at
other clinics. Conversely, a “warming site” clinic that has received
oocytes that performed poorly but that had sibling lots do well at
other “warming sites” may warrant a site visit, to troubleshoot any
problems they may have occurred technically.

13 QA/QC: QMS (Quality Management System)

While initial training and quality programs may be instituted on a
quarterly or semiannual basis, distance quality programs have lim-
itations. Thresholds for performance for clinical as well as labora-
tory performance need to be established. Clinics that deviate from
the mean need quick intervention and continuous monitoring.
Establishing a minimum threshold of performance in key areas is
critical for consistent outcomes. Measuring survival rates, blasto-
cyst formation, and ultimately clinical pregnancy rates are key
benchmarks in a QMS. This also ensures the longevity of the
program. Lack of these quality programs will discourage the use
of a donor “egg bank” due to inconsistent clinical outcomes, with
clinical staff as well as patients losing confidence in the program.
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Chapter 15

Development of a Nationwide Network for Ovarian
Tissue Cryopreservation

Jana Liebenthron and Markus Montag

Abstract

Ovarian tissue cryopreservation is gaining much interest since the publication of the first live birth after
retransplantation of frozen-thawed tissue in 2004 (Donnez et al., Lancet 364:1405–1410, 2004). In
contrast to cryopreservation of gametes and embryos, ovarian tissue freezing is a complex requiring a
proper approach in order to make this a viable option for fertility preservation of cancer patients. Due to the
need in terms of laboratory space, equipment, personnel, and adequate logistics, an ovarian tissue cryobank
is most economic if managed as a centralized service unit that interacts with numerous clinics covering the
surgical part. Transportation of ovarian tissue under appropriate conditions from the surgical unit to the
cryobank for subsequent preparation and freezing has been shown to have no impact on cryo-survival
(Schmidt et al., Hum Reprod 18:2654–2659, 2003; Isachenko et al., Fertil Steril 91:1556–1559, 2009).
Several children have been born after retransplantation of such tissue that was derived from the cryobank in
Bonn, Germany (Homepage FertiPROTEKT. http://www.fertiprotekt.de). This cryobank is one of the
largest in the world with more than 1300 tissue samples that were frozen from 2003 until today. It is
integrated in the network FertiPROTEKT (Homepage FertiPROTEKT. http://www.fertiprotekt.de) and
is served by 108 surgical centers that are located all over Germany. The concept of this cryobank is a
blueprint for success and has recently been used for another regionally centralized cryobank in Beijing,
China. In this chapter the most important topics that need to be considered while creating a centralized
cryobank within a national or regional network are highlighted.

Key words Fertility protection, Ovarian tissue, Cryopreservation, Transplantation, Cryobanking,
Cancer

1 Introduction

Fertility protection in male cancer patients is well established; how-
ever, this does not hold true for the female side. Up to the year
2004, the public awareness of the possibilities to preserve fertility in
women was scarce. Only few oncologists and gynecologists were
aware of adequate therapeutic options. Until then this was mostly
freezing of embryos generated by in vitro fertilization. However,
especially young women do not necessarily live already in a stable
partnership or are married; thus, the source of sperm to generate an

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_15, © Springer Science+Business Media LLC 2017

205

ri-cheng.chian@mcgill.ca

http://www.fertiprotekt.de
http://www.fertiprotekt.de


embryo was a major issue. Cryopreservation of oocytes in the pre-
vitrification era was accomplished by slow freezing, and retrospec-
tively it is obvious that it was not an established routine with
acceptable success rates [1]. Few specialists did ovarian tissue freez-
ing, but with no case that has been successfully published, the
method was considered highly experimental and thought to hold
more hope than a real promise [2]. Up to then they were usually
highly educated women who actively asked for information on how
they could preserve their fertility and tried by all means to get
relevant information [3].

In 2004 the first publication of a case report that involved
ovarian tissue freezing, retransplantation, and live birth by the
group of Jacques Donnez in Belgium stirred global interest [4]. It
was the foundation to shape the further development of this tech-
nology for fertility protection in women. Reproductive as well as
oncological medical societies took up the topic and started to
initiate task forces and interest groups in order to evaluate how
ovarian tissue freezing could be brought into clinical practice—still
under the assumption of being experimental and requiring more
proof prior to further adoption on a broader scale [5].

It became evident though that fertility protection in women
has several angles that all need to be considered, including the
multidisciplinary approach especially in oncological cases but also
the fact that ovarian tissue freezing is one treatment option among
others [6]. Ovarian tissue freezing is often considered as being part
of routine IVF technology; however, it is definitely not. Taking the
example of Germany, the development of a nationwide network for
ovarian cryopreservation will be shown.

2 Establishing a Network

The foundation of a network for ovarian cryopreservation in Ger-
many was mainly influenced by two facts. One was the knowledge,
which was available on ovarian tissue freezing based on research
conducted at the Universities of Erlangen, Cologne, and Bonn
[3, 7–9] and which resulted in the start of a cryobank with a clear
focus on ovarian tissue freezing at the University of Bonn in 2003.
The other was the foundation of a fertility protection network
called FertiPROTEKT by the Universities of Bonn and Heidelberg
[3, 6, 10]. The possibility to integrate the service of a national
operating cryobank like the one in Bonn or a regional cryobank,
like the one at the University of Erlangen, into such a network
allowed every member of the network to offer ovarian freezing as a
treatment option [10]. Furthermore, the professional service
offered by such cryobanks made ovarian tissue freezing available
to almost every woman who wanted to opt for this therapy.
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2.1 Centralized
Cryobanking Facility

The cryobank for ovarian tissue freezing at the University of Bonn
was initiated on the base of personnel expertise on ovarian cryo-
preservation and on logistics in running such a cryobank as a
centralized service [3, 9, 11–14]. The requirements are manifold
and regulatory, and financial issues are in clear favor of having a
centralized cryobanking facility—dependent on the expected vol-
ume. The calculations for Germany were based on the number of
women that may be threatened by cancer in the reproductive age
period. Based on a population of 80 million people, the
corresponding figure is approximately 2000 women per year [10].
This figure should be considered as the number of consultations
and not necessarily the number of initiated therapies and under the
assumption that numerous therapies are offered—not only ovarian
tissue freezing.

Some women will not go for any therapy, either because of the
severity of their disease (i.e., leukemia) or because they already have
a child or because they do not want to take the burden of a
treatment, which has implications they cannot overlook at the
time of their disease. Another factor is that not all women will be
informed about the possibility to preserve fertility. In some cases
the oncologists may not grant the time needed for the therapy; in
other cases a gonadotoxic therapy was initiated in the past leaving
an already impaired or interrupted reproductive function of the
ovaries. And finally one needs to mention that there is a choice
between different treatment options [6]. Ovarian tissue freezing is
one, but others include hormonal stimulation followed by follicle
puncture and freezing of oocytes or embryos, in vitro maturation
[15], GnRH analogue treatment, and repositioning of ovaries to
avoid gonadotoxic effects of radiotherapy [6].

All this results in the fact that up to 2014 the number of cases
with ovarian tissue freezing amounted to 2080 in Germany and
more than 60 % of the cases were covered by the central cryobank-
ing facility at the University of Bonn and all remaining were mostly
served by local cryobanks in various regions of the country [10].

2.2 Organizational
Requirements

Organizing a centralized cryobanking facility requires a variety of
topics that need to be considered. Ovarian tissue banking is not
comparable to cryopreservation and storage of embryos in the
context of an IVF treatment. For most women this tissue is the
last chance to restore fertility by retransplantation. The storage
period may easily exceed 10–15 years and hence the working live
span of the team that initially started such a cryobank.

The most important topics are described below in more detail.

2.3 Laboratory
Facilities, Material,
and Equipment

Ovarian tissue will be used for retransplantation, and thus
transplantation law will in most countries cover the procedure.
Transplantation will be performed by stitching the tissue to a
remaining part of an ovary or by placing tissue pieces into a
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peritoneal pocket [4, 13]. Both procedures require the highest
standard of care in regard to sterility and tissue integrity.

Thus clean room environment should be considered by using a
lamina flow bench specified as class A device and a background
environment of class B/C for the tissue preparation room
(Figs. 1–3).

Once the tissue pieces have been allocated into the cryotubes
and these are closed, further requirements to special air quality
during transport to the freezing facility and during the actual
freezing procedure and the subsequent storage period are not
required. Storage of frozen tissue in suitable storage containers is
often done in the same roomwhere the freezing device is located, as
both, the storage tank and the freezer, require liquid nitrogen. The
entire setup is shown in Fig. 4. Due to this the location has to be
equipped with an oxygen sensor that constantly measures the oxy-
gen concentration and is coupled to an acoustic and optical warning
system outside the storage room, which signals low atmospheric
oxygen and fatal conditions in the storage room. The floor in the
freezing and storage room should be covered with a material that is
inert to nitrogen in liquid or gaseous phase, i.e., stainless steel
covers do serve that purpose very well and avoid cracks in the
floor lining.

The freezing device should allow for controlled-rate freezing
and possess the possibility for easy manual seeding or even auto-
matic seeding [16, 17]. The freezer has to be connected to a
suitable nitrogen dewar that provides liquid nitrogen for at least

Fig. 1 Workbench for preparation of material located within the tissue prepara-
tion clean room
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Fig. 2 Class A lamina workbench for preparation of ovarian tissue pieces located
inside the tissue preparation clean room

Fig. 3 Storage facility located in a separate area within the clean room area but
outside the tissue preparation room
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more than one freezing cycle and that holds a sufficient reserve. The
freezer as well as the unit that controls the freezing process must be
equipped with an uninterrupted power supply that can support
enough power to finish a cryopreservation project even with com-
plete power failure. The storage container should be sufficiently
large and must be connected to an automatic liquid nitrogen supply
tank with an adequate capacity. As storage is expected to be long
term, the equipment should be chosen accordingly. Economic
consumption of liquid nitrogen is an important factor, and storage
tanks that operate with storage in a gaseous phase offer a good deal.
The storage tank should contain a build-in battery that enables to
overcome power failure for up to 24 h at least. Despite this, the
storage container should be connected to an external alarm system
that notifies alarms and informs via modem.

All safety requirements have to be fulfilled, service agreements
need to be in place, and regular service has to be documented.

2.4 Personnel The personnel performing ovarian tissue freezing and thawing
must be trained and experienced in sterile working, preparation of
freezing media, ovarian tissue preparation, thawing of ovarian tis-
sue, tissue culture, calcein staining technology, and histology. This
can be best achieved by either hospitation at an ovarian tissue
cryobank or by in-house training through an adequate specialist
at the own equipment and setting. Furthermore, technical

Fig. 4 Separate ovarian tissue freezing room within the clean room area. The
freezing device is located on the left side and connected to a nitrogen supply
tank. The cryotank for long-term storage (right side) is connected to a separate
nitrogen supply tank located in the middle
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background knowledge like operation of the freezing device, the
nitrogen supply, and storage tanks, microscopes, and lamina flow
bench is required. All personnel should have an adequate back-
ground in medical or biomedical education according to national
requirements and specifications. Continuous education and train-
ing are required in this fast-forward moving field.

2.5 Optimal
Management of Tissue
Transportation

One important aspect of centralized cryobanking is the transporta-
tion of the ovarian tissue to the cryobank for further processing,
freezing, and storage [11, 13, 18]. This requires a suitable trans-
portation system, adequate instructions, and proper logistics even
for short in-house transportation from surgery to the tissue prepa-
ration unit of the cryobank. In-house transportation can be done
using warm media (37 !C) and room temperature or in the cold
(4 !C) provided a suitable (pH-stable) transportation medium, and
a proper container that maintains a constant transportation tem-
perature is used.

Long-distance transportation can be accomplished by over-
night transport at 4–10 !C. This requires a suitable transportation
container that maintains the required temperature and that can be
locked and is isolated for temperature stability and to warrant shock
resistance.

It is important to note that the feasibility of overnight trans-
portation in regard to preserving tissue potential for achieving
successful therapy outcome is proven [13, 19].

2.6 Getting Started
Clinically

Once all requirements have been fulfilled, the equipment is installed
and in place, safety issues are covered, and the personnel is trained
accordingly, and the cryobank needs to run several experimental
cycles prior to getting started with the first real clinical cases.

This should initially involve the freezing device, as it is impor-
tant that the tissue pieces are frozen according to a defined temper-
ature profile [16, 17]. How a defined temperature profile including
proper seeding is obtained depends on the type of freezer. The
setup is best accomplished by using cryo-solution in a reference
cryotube without tissue and by comparing the temperature profile
of the chamber with the profile that is recorded through the
temperature-measuring device in the reference tube. The freezing
curve needs to be reproducible in several runs, and only then
freezing of tissue samples can be considered.

For experimental test runs, ovarian tissue can be obtained from
patients that undergo ovarectomy and agree to donate part of the
removed tissue for research via informed consent. The tissue should
be exactly treated as if it would be a clinical case for real fertility
preservation. Following simulation of proper in-house as well as
external/overnight transportation, the tissue has to be prepared for
freezing, pre-equilibrated in freezing solution, and loaded into
cryotubes. The preparation process is shown in Figs. 5 and 6.
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Usually it is best to place the tubes with the tissue into the freezer
and proceed to the start temperature (usually 2–4 !C) to finish the
equilibration time. Following cooling to the seeding temperature,
either manual or automatic seeding has to be initiated (Fig. 7), the
increase of the temperature after seeding has to be verified, fol-
lowed by a subsequent slow cooling slope at"0.3 !C per minute to
"42 !C and final rapid cooling to "100 !C [16, 17]. Tubes can

Fig. 5 Preparation of the ovarian cortex within the class A lamina workbench.
The preparation is performed on a cooling plate. Two dishes are for preparation
and rinsing of the tissue (bottom), one dish is for the prepared tissue pieces for
freezing (top left), and one dish is for the tissue pieces that are prepared for
viability assay, which is performed before and after cryopreservation (top right)

Fig. 6 Cortical tissue stripes after final preparation and prior to freezing (left dish)
and standard-sized cortical tissue pieces for viability staining (right dish)
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then be transferred into liquid nitrogen and into the appropriate
storage container that are finally placed in the storage device. This
has to be performed under optimal temperature control, so that the
samples do not get warm. It is important to perform several test
runs and to check the quality of the process. This is best accom-
plished with a viability assay like calcein staining comparing the
follicle count and cellular integrity of a fresh part of the incoming
tissue with a frozen-warmed tissue piece (Figs. 6 and 8) [19].
However, tissue samples should be stored for at least one day
prior to thawing. The result of the viability assay, expressed by the
rate of viable follicles after calcein staining, must not differ by more

Fig. 7 Manual seeding of cryotubes at the proper seeding temperature

Fig. 8 Viability stain of primordial follicles after combined collagenase digestion
and calcein staining shown under fluorescence light

Development of a Nationwide Network for Ovarian Tissue Cryopreservation 213

ri-cheng.chian@mcgill.ca



than 10–20 % between fresh and thawed tissue. In addition the
integrity of the entire cortical tissue should be occasionally assessed
by other assays (i.e., glucose/lactate assay; [19]). Only then the
cryopreservation procedure can be considered as being under
control.

Finally, at least one to two samples from ovaries with a suffi-
ciently high number of viable primordial follicles must be success-
fully transplanted under the skin of ovariectomized female SCID
mice, and the integrity of the tissue as well as the initiation of
follicular growth in the tissue transplant has to be verified by
histology [20]. Only then the tissue bank has all necessary proof
to go live.

3 Aspects Other than Tissue Freezing During Routine Operation

Cryopreservation of ovarian tissue is only one aspect of a somehow
holistic concept.

Prior to cooperation with a surgical unit, a contract should be
signed that clarifies the responsibilities and duties of both parties.

Although it may sound strange, the cryobank should interact
with the surgeons regarding tissue requirements for optimal results.
The main issue is that bipolar scissors cannot be used as they
damage up to 50 % of the tissue, especially the primordial follicles,
which are located in the periphery (Fig. 9).

Fig. 9 Ovarian cortex with partial burned/coagulated tissue (dark part in the
middle of the dish) due to the use of bipolar scissors during excision of the
tissue. All follicles located within this area as well as in the surrounding areas
will be irreversibly damaged
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Another advice is to retrieve tissue from the inactive ovary and
not from the region with the corpus luteum, as follicle density in
that part of the cortex is very low and the thin tissue is prone to
rupture and not well suited for retransplantation.

Further, it is absolutely important to know the potential of the
tissue—fresh as well as after freeze-thaw. The density of viable
primordial follicles determines if the tissue can be stored and how
many tissue pieces may be used later for retransplantation. So for
every case, a patho-histological examination of a representative part
of the biopsied tissue and a viability assay (life-dead assay) for fresh
and frozen-thawed tissue must be performed. Assessing the AMH
level prior to surgery and prior to retransplantation is suggested in
order to generate data that may be used in the future for patient
counseling, although the value of AMH after transplantation is
under discussion [21]. All this should be initiated and coordinated
by the cryobank, and all data should be stored in a database at the
cryobank.

It should be also noted that an ovarian cryobank can coordinate
adequate research that is related to all aspects of ovarian tissue.
Patients do welcome “patient-related research” as they do see the
need for further basic research and the shortcomings in our current
knowledge if it comes to find the best modalities for protecting
their fertility. Numerous such examples are available in the litera-
ture and document the important role of ovarian cryobanks in that
regard [14, 19, 20, 22].

3.1 Key Performance
Indicators

A professional cryobank service has to include KPIs for the temper-
ature control during transport with a maximum drop between the
start temperature and the incoming temperature of the transporta-
tion medium. The viability count of follicles in the fresh tissue must
be used in relation to the viability count after a freeze-thaw proce-
dure and should not differ by more than 10–20 %. Prior to routine
large-scale clinical kickoff, tissue integrity and the potential to allow
for growth of primordial follicles of retransplanted tissue into SCID
mice must be proven [20].

3.2 Quality
Management
of a Cryobank

Quality management of an ovarian cryobank includes that the
relevant authorities approve the cryobank. All procedures that are
used have to be defined as SOPs in a handbook and cooperation
contracts with surgical units, and informed consent forms and
contracts with patients have to be prepared. Medium used for
cryopreservation has to be tested and evaluated prior to clinical
use. All procedures and lot numbers of material and consumables
used must be documented. If local transplantation law specifies
detailed conditions, these need to be followed. In general ovarian
tissue banking should in all aspects follow GMP guidelines. Con-
stant records of assays for tissue integrity and viability have to be
kept. It is crucial to perform statistical analysis of patient-related
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data and success rates of the freeze-thaw procedures as well as of
retransplantation, including the outcome and the health of the
children born. Last but not least, an analysis of current receipts
and expenses has to be done to document and determine long-term
calculations.

3.3 Documentation
and Patient
Management

A centralized cryobank service will require proper patient docu-
mentation and management. This includes documentation of the
medical record of the patient, contract details, as well as informed
consent. For the cryopreservation process, the temperature profile
during freezing protocol and the storage information are manda-
tory. Adequate software solutions are commercially available from
several sources, and these basics are essential for running such a
cryobank. The most important factor is the contact to the patients.
To our experience, women having cryopreserved ovarian tissue are
highly sensitized toward the value of their tissue and all aspects that
relate to safe storage and professionalism in interaction [3, 23].
Patients do welcome a yearly reminder for prolonging the storage
period and have the impression that the cryobank personnel do take
care for them. Although such a concept requires administrative
work, it helps to reduce dropout rates in regard to patient contact.
The cryobank in Bonn receives from almost more than 95 % of all
patients an annual feedback. And for some patients, the informa-
tion that they are deceased is also obtained.

4 Examples from the Cryobank Bonn, Germany

4.1 Cryopreservation From 2000 to 2015, 1300 ovarian biopsies were stored after cryo-
preservation in the cryobank in Bonn. The mean age of patients
who cryopreserved their tissue for fertility protection is 28 years
(2–45 years). The number of prepubertal tissue (girls aged
2–12 years and without menstrual cycle at the time of harvesting)
is 13 biopsies. The majority of patients of the Cryobank Bonn are
women diagnosed with breast cancer, followed by female patients
diagnosed with Hodgkin lymphoma (Table 1).

On average, nine cortical tissue pieces (sized 8 # 4 # 1 mm3)
were prepared and cryopreserved. Most of the ovarian cortical
biopsies that are stored at the Cryobank Bonn were obtained
from collaboration partners, mainly clinics in Germany and Austria.
The transportation of tissue to the cryobank is organized via special
transplantation media and transportation boxes, which are able to
maintain temperature conditions between 4 and 8 !C [19]. The
transportation equipment including the medium is provided by the
Cryobank Bonn. After surgical retrieval of the cortical tissue,
the return transportation to the cryobank has to be organized by
the surgical clinic, mostly by overnight transportation. The logistic
aim is to get the cortical tissue on the following day at 9 a.m. at the
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Cryobank Bonn. In the majority of cases, the transportation proce-
dure was realized within the specified temperature and time frame
(Table 1).

Since 2008, a viability test based on calcein staining is routinely
performed to ensure that the incoming tissue is not damaged
during laparoscopy or during transportation. The results until
today are also shown in Table 1. Since 2013 the viability test was
refined, and the potential of the ovarian cortex is since then ana-
lyzed with standardized three 2 mm biopsies prepared from differ-
ent parts of the cortical tissue. These are stained with calcein and
subjected to collagenase digest under defined conditions to deter-
mine the primordial follicle count, which is representative of the
potential of the ovarian cortex.

4.2 Thawing and
Retransplantation

According to the homepage of the network FertiPROTEKT, 43
female patients have been documented that received a laparoscopic
retransplantation of ovarian cortical tissue in Germany, Austria, and
Switzerland during 2008 and 2013 [10]. Ovarian cortex pieces
were predominantly retransplanted into a peritoneal pocket. From
24 out of these 43 patients, the tissue was initially cryopreserved at
the Cryobank Bonn, 22 after overnight transportation, and two
after direct transportation on the same day. Fourteen of these 43
documented retransplantations were accompanied through the
Cryobank Bonn: two retransplantations were performed at the
University of Bonn and 12 at the same seven collaborating clinics,

Table 1
Overview of cryopreserved ovarian biopsies at the Cryobank Bonn that are stored for fertility
protection

Ratio of diagnoses Total number: 1300 Patients with breast cancer: 624
Patients with Hodgkin lymphoma: 397
Patients with other malignant diseases: 156
Patients with other benign diseases: 20
Patients with unknown diagnoses: 103

Ratio of overnight
transportation
procedures

Total number: 1125 Optimal (4–8 !C): 1029
Not optimal (>8 !C): 91
Not optimal (<2 !C): 5

Ratio of direct
transportation
procedures

Number of ovarian tissue biopsies
obtained in Bonn: 124

Number of ovarian tissue biopsies
obtained in a collaborating
clinic: 51

Optimal (4–8 !C): 51

Ratio of tested ovarian
tissue biopsies before
cryopreservation
(since 2008)

Total number: 1200 Viable: 1147
Nonviable: 7
Reduced viability: 8
No results after testing: 8
Not analyzed: 30
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which initially retrieved the ovarian tissue prior to gonadotoxic
therapy. The reproductive biologist of the Cryobank Bonn per-
formed the thawing procedure. From these 24 cases, nine pregnan-
cies were achieved in eight patients after thawing, and the first
retransplantation resulted in six healthy babies, and another preg-
nancy ended in a miscarriage. Four pregnancies were still ongoing
in June 2015. The mean age of the patients at the time of cryopres-
ervation of ovarian tissue was 31 years, and the mean age at the time
of retransplantation is 35 years.

By the time of April 2015, the number of cases with active
participation of the Cryobank Bonn during retransplantation have
doubled within two years (n ¼ 27, four cases in Bonn, 23 in eight
cooperation clinics); in Germany, Austria, and Switzerland, 84 cases
are documented [24]. The success rates in Germany, Austria, and
Switzerland amount to 15 pregnancies from 13 patients after the
first retransplantation; eight healthy babies were born and five
pregnancies are ongoing. One pregnancy ended in a miscarriage
and one pregnancy was documented as biochemical pregnancy.
The success rates of the Cryobank Bonn are shown in Table 2.

Table 2
Success rates of the Cryobank Bonn

Success rates after retransplantation from the Cryobank Bonn (updated: April 2015)

No. Diagnosis Retransplantation

Patient age
at surgery/at
retransplantation Outcome

1 Hodgkin lymphoma 06/2010 27/32 Delivery 10/2011

2 Hodgkin lymphoma 06/2012 35/37 Delivery 12/2013

3 Breast cancer 08/2012 36/37 Delivery 11/2013

4 Hodgkin lymphoma 10/2013 33/37 Delivery 12/2014

5 Breast cancer 12/2013 33/36 Delivery 12/2014

6 Fibrosis of ovarian cortex 07/2013 20/27 Delivery 04/2015

7 Breast cancer 09/2014 ?/38 Ongoing pregnancy

8 Breast cancer 07/2014 30/36 Ongoing pregnancy

9 Hodgkin lymphoma 12/2012 22/29 Ongoing pregnancy

10 Breast cancer 05/2013 28/34 Miscarriage

11 Breast cancer 05/2013 28/34 Ongoing pregnancy

All cases in black were cryopreserved at the Cryobank Bonn after overnight transportation (1–6, 9, and 10/11).
Retransplantations that were accompanied by personnel from the Cryobank Bonn are marked in bold (Nos. 3, 5, 7,
and 8). Cases written in black cursive were cryopreserved at the Cryobank Bonn and retransplanted in external
collaborating clinic (Nos. 1, 2, 4, 6, 9, and 10/11). Nos. 10 and 11 are the same patient, who achieved two pregnancies
after the first retransplantation, where the first ended as a miscarriage
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5 Knowledge and Experience Transfer: Creating a New Cryobank

The concept of the ovarian tissue bank at the University of Bonn
has been transferred to a recently created new cryobank at the
Gynecology and Obstetrics Hospital of the Capital Medical Uni-
versity of Beijing, China. The process was completely supervised by
external experts (JL and MM) and involved blueprint drafts for the
clean room laboratories (tissue preparation room, storage room)
and an adjacent documentation room, a complete list for the
required equipment, training of personnel at the University of
Bonn and Heidelberg, on-site training in Beijing with the equip-
ment, and technical properties of the local environment. The first
clinical cases were done under guidance of the external experts in
January 2015. The cryobank in Beijing will initially serve the local
area, which comprises more than 20 million people, and then
expand to nearby regions.

6 Conclusions

Centralized cryobanking for ovarian tissue freezing in conjunction
with a national or regional network is no longer fiction but reality.
Transportation of ovarian tissue overnight can be carried out under
appropriate conditions and full control. The increasing number of
reports on successful retransplantation of cryopreserved-thawed
ovarian tissue—both from in-house sources and from transported
tissue—is encouraging. A centralized approach that is based on a
reasonable number of ovarian cryobank facilities is a major back-
bone of national as well as international fertility protection regis-
tries that have evolved over the last few years. The responsible
implementation of this concept may soon allow changing the clas-
sification of this treatment option from “experimental” to “imple-
mentation into clinical routine.” Transferring cryobanking
concepts from one location and region to another is feasible and
will further enhance the spreading of this technology for the health
benefit of cancer patients.
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Chapter 16

Directional Freezing of Ovarian Tissue and Freeze-Drying
of Stem Cells for Fertility Preservation

Amir Arav and Yehudit Natan

Abstract

Fertility preservation is practiced today for women in their fertile years who wish or need to postpone or
prolong their reproductive era. Currently women have two main options to preserve their fertility either by
oocyte vitrification or by freezing of ovarian cortical slices. In this chapter we will describe the use of
directional freezing for cortical slices and freeze-drying of stem cells. These procedures open the way for the
preservation of reproductive cells and tissue for future use in fertility preservation treatments.

Key words Fertility preservation, Cryopreservation, Freezing, Directional freezing, Freeze-drying,
Ovary, Stem cells, Cortical slices

1 Introduction

Fertility preservation is practiced today for women in their fertile
years who for medical reasons (e.g., undergoing chemotherapy or
radiation) or lifestyle reasons (career choices, finding a partner)
wish to postpone their pregnancy [1–5].

The main way to preserve women’s fertility is either by cryo-
preserving ovarian cortical slices or by vitrification of oocytes
[6–10].

There are three methods for cryopreservation: slow freezing,
directional freezing, and vitrification. Vitrification is a process in
which ice crystal formation is avoided. This occurs when the viscos-
ity of the sample is high (using high concentrations of cryoprotec-
tants (CPs)), the volume is very low, and the cooling rate is very
high (at the range of 20,000!C/min) [11]. Vitrification is done by
exposing the tissue to high concentration of CPs and rapidly cool-
ing into liquid nitrogen (LN).

In conventional slow freezing, the tissue is cooled to tempera-
ture below the freezing point with or without seeding and then
slowly frozen in a controlled cooling rate to a temperature between
"35!C and "130!C before plunging into LN [12].

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
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The alternative technique to slow cooling is known as direc-
tional solidification or directional freezing; after the initial seeding
stage, the sample is advanced at a constant velocity through a linear
temperature gradient. This allows precise control over the freezing
process, thus facilitating very accurate and homogenous cooling of
the sample. The constant sample propagation also results in contin-
uous seeding, thus controlling ice crystal growth in a direction
opposite to the direction in which the sample is moved down the
temperature gradient. This directional growth of ice crystals pro-
duces lamellae between which the cells in the sample are trapped.
Dissipation of heat from the sample is achieved primarily in two
ways. The highly heat-conductive metal block snugly surrounding
the sample efficiently removes heat away as it freezes. Because of the
temperature gradient and the directional movement of the sample,
heat also continuously moves away from the ice front into the
unfrozen fraction of the sample that is still located at the higher
temperature end of the gradient. This controlled and directional
heat dissipation protects the ice front from melting, thus avoiding
damages to the cells. All these processes result in highly controlled
and “cell-friendly” ice crystal morphology that contributes to
reducing mechanical damages [13–15].

The efficient heat removal and controlled ice crystal propaga-
tion make it possible to use this technology to freeze small and large
volumes alike [16].

Cryopreservation of ovarian tissue is now a well-established
method for preserving female fertility [17, 18]. This can be
achieved through the excision and banking of the entire organ or
of fragments of the cortical region. However, whereas no live births
or pregnancies have been achieved following the cryopreservation
of whole human ovaries, 24 live babies were obtained after trans-
plantation of frozen-thawed ovarian cortical fragments [19]. This
clearly suggests that the use of cortical fragments is the method of
choice even if, at present, the average functional life span of these
samples ranges from 2 to 5 years [19, 20]. We have recently
performed a direct comparison of sheep ovarian tissue viability
between organs cryopreserved with a convectional programmable
slow-freezer or a directional freezing apparatus [21]. Our results
indicate that ovarian structures and functions were significantly
better preserved by the directional freezer.

Freeze-drying of cells is the holy grail many scientists wish for
the field of cryopreservation of cells. It will allow the long-term
storage of cell and tissue samples at elevated temperatures with no
need for freezers or cryogenic tanks, thus simplifying storage and
transportation of samples as well as lowering costs.

Scientists have achieved to successfully freeze-dry sperm cells
[22, 23] and mononuclear cells from umbilical cord blood which
were able to grow and differentiate after rehydration with water
[24] (see Fig. 1). A recent development showed that stem cells can
differentiate into gametes (spermatozoa and oocytes) [25].
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Therefore, the ability to preserve stem cells in a dry state will be of
great importance to the field of fertility preservation as well as other
regenerative medicine applications.

2 Materials

All solution should be prepared at room temperature unless other-
wise stated and with analytical grade reagents.

2.1 Saline Solution Nine grams (9 g) of sodium chloride is dissolved in 100 ml of
ultrapure water (prepared by purifying deionized water to attain a
sensitivity of 18 MΩ cm at 25!C) (see Note 1).

2.2 Freezing Solution
for Cortical Slices

Ten percent (v/v) of fetal bovine serum (FBS) and 10 % (v/v)
of dimethyl sulfoxide (DMSO) in medium 199-Hepes solution
(see Note 2).

2.3 IMT-2 Freezing
Solution for Freeze-
Drying

0.945 mg/ml epigallocatechin gallate (EGCG) having >98 %
purity and 0.1M trehalose dissolved in Ca2+- and Mg2+-free PBS
(see Note 3).

2.4 Thawing
Solutions

Three thawing solutions are used; all three are based on the
medium used for the freezing solution, medium 199-Hepes solu-
tion, supplemented with 0.25 M, 0.125 M, and 0 M sucrose.

2.5 Rehydration
Solution

Rehydration was done either by double-distilled water (DDW) or
by medium 199.

3 Methods

All work is done at room temperature unless written otherwise. In
addition, when working with liquid nitrogen, make sure to follow
liquid nitrogen safety guides.

Fig. 1 Freeze-dried human MNC derived from umbilical cord blood before and after rehydration with DDW
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3.1 Cortical Slice
Preparation

Sheep female reproductive tracts collected at the local slaughter-
house are transported to the laboratory in cold (0–4!C) saline
solution.

In the laboratory cortical fragments (10 # 5 # 1 mm) are
sliced, using forceps and scalpel, from the cortical region and
immersed into the freezing solution described in Subheading 2.2
above.

3.2 Directional
Freezing Procedure
for Cortical Slices

1. Cortical samples prepared as described above are inserted into a
16 mm diameter, 80 mm long, glass test tube containing about
10 ml of the same freezing solution.

2. Close the samples using a special silicon cup (Fertilesafe Ltd.,
Israel) (see Note 4).

3. Prepare the directional freezing apparatus MTG-1314 (Ferti-
lesafe, Ltd., Israel). The two thermal blocks were set as follows:
the first block was set to 4 !C and the second block was set to
"10 !C and "70 !C, respectively, thereby imposing a temper-
ature gradient. Freezing tubes were pushed along the thermal
gradient, and the velocity was set to 0.01 mm/s resulting in a
cooling rate of 0.3 !C/min (see Note 5).

4. At the end of the freezing process, remove the samples (using
long forceps) from the device and plunge them into liquid
nitrogen for storage (see Note 6).

3.3 Thawing
Procedure

1. Remove samples from liquid nitrogen storage tank using long
forceps (see Note 7).

2. Insert the test tubes into a water bath heated to 68!C, and
make sure the cup is left outside the water bath, for 20 s while
moving the test tubes from side to side in the water bath.

3. After 20 s put the sample into a water bath warmed to 37 !C for
2 min until samples are completely thawed.

3.4 Preparation
of Stem Cell Samples
for Freeze-Drying

1. Stem cells are harvested according to each lab procedure. When
we worked with mononuclear cells (MNC) from human umbil-
ical cord blood, cells were isolated using histopaque-1077
solution and then washed twice using PBS. To the received
pellet, we then added 2 ml of IMT-2 (see Subheading 2.3 for
preparing this solution).

2. The cell suspension is then transferred into a 16 mm diameter,
80 mm long, glass test tubes (seeNote 4 for further description
of the test tubes). Test tubes are closed using a special silicon
cup. Make sure samples are protected from light, e.g., using an
aluminum foil or a dark box.
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3.5 Directional
Freezing Procedure
for Freeze-Drying
Stem Cells

1. Stem cell samples prepared as described above are inserted into
a 16 mm diameter, 80 mm long, glass test tube containing
about 10 ml of the same freezing solution.

2. Prepare the directional freezing apparatus MTG-1314 (Ferti-
lesafe, Ltd., Israel); two thermal blocks are set as follows: the
first block was set to 5 !C, and the second block was set to
"10 !C and "70 !C, respectively, thereby imposing a temper-
ature gradient. Freezing tubes were pushed along the thermal
gradient, and the velocity was set to 0.2 mm/s resulting in a
cooling rate of 5.1 !C/min, and samples are rotated during
freezing at 60 RPM. When the samples enter the cold block
(set to "10 !C), seeding is performed by holding the tip of the
test tubes inside the second block for 30 s before allowing to
continue at 0.2 mm/s (see Note 8).

3. At the end of the freezing process, remove the samples (using
long forceps) from the device and plunge them into liquid
nitrogen for storage or open the test tubes and put inside the
lyophilizer.

3.6 Drying
and Rehydration
of Stem Cells

1. Prepare the lyophilizer device according to user guide manual.
We used the VirTis Genesis (Millrock Technology Inc., King-
ston, NY, USA) lyophilizer. The device was set to a shelf
temperature of "50 !C and vacuum was set to 5 mTorr.

2. Remove test tubes from LN tanks or from the freezing device
and remove the silicon cups to open the test tubes (seeNote 9).

3. Wrap each test tube opening with gauze strip and insert sam-
ples into the lyophilizer (already cold and ready for samples).

4. Samples are left to dry for 24–72 h.

5. After the above time period, remove samples and rehydrate
with 1.9 ml of DDW or medium 199 pre-warmed to 37 !C.

4 Notes

1. Any saline for injection that is purchased can be used as well.

2. Instead of the 199-Hepes medium, other media can be used
such as Leibovitz L-15 medium, 1314-RPMI, or University of
Wisconsin (UW) solution.

After the solution is ready, it should be kept protected from
light, e.g., using an aluminum foil.

3. The glass test tubes are made of quartz glass having a thickness
of 1 mm and a specially designed silicon cap (Fertilesafe, Ltd.,
Israel).

4. When inserting the cortical slices to the test tube, some freez-
ing solution should be there prior to the insertion (about
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1–2 ml), and after inserting the cortical slices, the test tube
should be filled with the freezing solution as much as possible.

5. The freezing apparatus should be prepared ahead in order to
minimize the time samples that are waiting in the freezing
solution to be frozen. In addition, the freezing tubes contain-
ing the cortical slices should wait in a refrigerator (or in the first
block of the MTG-1314 device if they have reached 4 !C) until
the temperatures of the freezing device are set and the device is
ready for the freezing process.

6. The MTG-1314 can freeze simultaneously up to five test tubes
at the same freezing cycle.

7. When holding the test tubes upon removal from LN tank, be
sure that the cup is facing downward to allow access LN that
enters the test tube to evaporate.

8. The MTG-1314 device has LCD screen controlled in which all
freezing parameters are entered (block temperature, sample
velocity, RPM, and seeding waiting time) according to the
device user manual guide.

9. Opening of the samples should be performed in nitrogen
vapor, i.e., above LN, in order to avoid warming of the
samples.
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Chapter 17

Sterile Plate-Based Vitrification of Adherent Human
Pluripotent Stem Cells and Their Derivatives
Using the TWIST Method

Julia C. Neubauer, Frank Stracke, and Heiko Zimmermann

Abstract

Due to their high biological complexity, e.g., their close cell-to-cell contacts, cryopreservation of human
pluripotent stem cells with standard slow-rate protocols often is inefficient and can hardly be standardized.
Vitrification that means ultrafast freezing already showed very good viability and recovery rates for this
sensitive cell system, but is only applicable for low cell numbers, bears a high risk of contamination, and can
hardly be implemented under GxP regulations. In this chapter, a sterile plate-based vitrification method for
adherent pluripotent stem cells and their derivatives is presented based on a procedure and device for
human embryonic stem cells developed by Beier et al. (Cryobiology 66:8–16, 2013). This protocol
overcomes the limitations of conventional vitrification procedures resulting in the highly efficient preserva-
tion of ready-to-use adherent pluripotent stem cells with the possibility of vitrifying cells in multi-well
formats for direct application in high-throughput screenings.

Key words Sterile plate-based vitrification, Adherent cells, Stem cells, GMP compliant

1 Introduction

Pluripotent stem cells (PSCs), regardless of whether naturally
occurring, like embryonic stem cells (hESCs), or artificially
induced, like induced pluripotent stem cells (hiPSC), are currently
the key research topic in developmental biology, regenerative med-
icine, and pharmaceutical industry. Especially their ability to differ-
entiate into all cell types of the human body [1] and their high
telomerase activity [2] theoretically preventing cell aging and pro-
grammed cell death make them a promising cell model for organ
and cell replacement therapies. Besides, with the possibility to
artificially produce PSCs from patients carrying specific mutations
by epigenetic reprogramming techniques, these cells have the
potential to accelerate drug discovery and drug development
[3, 4]. But particularly for applications with therapeutic focus and
for high-throughput screenings of new target drugs, a readily

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
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available and reliable supply of high numbers of stem cells or stem
cell-derived cells with good quality is crucial [5].

Until now, slow-rate cryopreservation of PSCs in suspension is
not efficient probably due to their sensitivity to cell-to-cell contact
disruption [6] and prevents direct usage of PSCs in screening assays
because of the prolonged recovery time after thawing. Vitrification
approaches, typically by immersion in liquid nitrogen combined
with a very high concentration of cryoprotective agents, already
showed high recovery rates for hESC cultures [7]. This procedure
instantly transforms the cytoplasm of cells into a glasslike structure,
preventing the formation of intracellular ice crystallization [8] that
is the main reason for cell death during slow-rate freezing of cells
sensitive to cellular damage [9].

But current vitrification techniques are based on using
detached cells or cell clumps in small volume straws for reaching
the required high cooling rate, just enabling vitrification of up to
ten cell clumps [10]. Additionally, the vitrification and thawing
procedure is quite labor-intensive and cumbersome, increasing
the risk of contamination and significantly impeding the implemen-
tation of GxP workflows.

Hence, we have developed a surface-based vitrification method
that can overcome the limitations of small cell numbers and tricky
handling [11]. Adherent cells immobilized on a plastic coverslip show
a very high cell viability and recovery and maintain their stem cell
characteristics after vitrification and thawing. But for this method,
direct contact of the adherent cells with liquid nitrogen is necessary,
still struggling with the risk of contamination and GxP regulations.

Based on these results, we have developed a sterile plate-based
vitrification method using the so-called TWIST-substrate [12]
which is reviewed by this chapter, enabling vitrification of adherent
cells in a closed and sterile environment without direct contact with
liquid nitrogen. This technology facilitates the highly efficient
cryopreservation and storage of large cell numbers for therapeutic
applications. For the evaluation of vitrification protocols as well as
for the analysis of possible cryoinjury mechanisms, the vitrification
process can be mimicked in a particular microscopy chamber and
observed in situ. To this end we performed multiphoton laser
scanning microscopy (cryo-MPLSM) enabling specific labeling of
cellular structures and three-dimensional resolution even in the
solid body of a vitrified sample (or of a frozen sample in the
unfavorable case).

Further development of the TWIST-substrate to a multi-well-
plate design, e.g., 96-well plate, will help to provide adherent stem
cells or their derivatives with high quality in a format ready to use
for high-throughput screenings in the field of drug discovery and
drug development. Currently, also specific computer-controlled
freezing devices are developed for the efficient vitrification of cells
in multi-well plates based on standard cooling systems using liquid
nitrogen or also electronic solutions.
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2 Materials

2.1 Components of
the TWIST-Substrate
for Sterile Vitrification

1. IBIDI μ-dish, high (35 mm diameter, IBIDI, Martinsried,
Germany).

2. Two-component glue.

2.2 Cultivation
Components for H1
Human Embryonic
Stem Cells on
Inactivated MEF

1. H1 human embryonic stem cells (WiCell, Madison, WI, USA).

2. Treated cell culture dishes (60 mm diameter, Thermo Scien-
tific, Nunc, Schwerte, Germany).

3. PBS (without Mg and Ca; Gibco/Life Technologies, Darm-
stadt, Germany).

4. H1 culture medium: add 0.1 mM β-mercaptoethanol (Sigma-
Aldrich, Taufkirchen, Germany), 20% syntactical serum
replacer, 2 mM L-glutamine, 1% nonessential amino acids,
4 ng/mL human recombinant bFGF, 100 U/mL penicillin,
and 100 μg/mL streptomycin to DMEM/F12 (all Gibco/Life
Technologies, Darmstadt, Germany).

5. Mitotically inactivated MEF cells, CF-1 strain (Merck Milli-
pore, Darmstadt, Germany).

6. MEF culture medium: add 10% heat-inactivated FCS and 1%
nonessential amino acids to DMEM (all Gibco/Life Technol-
ogies, Darmstadt, Germany).

7. Coating solution for hESCs and MEFs: dissolve 0.1% gelatin
from porcine skin (Sigma-Aldrich, Munich, Germany) in water
and autoclave it.

2.3 Components
for sterile, plate-based
vitrification

1. Vitrification solution 1 (VS1): add 10% Me2SO (WAK-Chemie
Medical, Steinbach, Germany) and 10% ethylene glycol
(Sigma-Aldrich, Munich, Germany) to H1 culture medium.

2. Vitrification solution 2 (VS2): add 300 mM sucrose (Sigma-
Aldrich, Munich, Germany), 20% Me2SO, and 20% ethylene
glycol to H1 culture medium.

3. Warming solution 1 (WS1): add 200 mM sucrose to H1
culture medium.

4. Warming solution 2 (WS2): add 100 mM sucrose to H1
culture medium.

5. 37 !C warm water.

6. A Dewar vessel with liquid nitrogen.

2.4 Components
for Analysis of Cell
Viability and Recovery
of Adherent hESC
Colonies

1. Live/dead staining solution: add 50 μL ethidium bromide
(stock solution, 1 mg/mL in ddH2O; Molecular Probes/Life
Technologies, Darmstadt, Germany) and 8 μL fluorescein dia-
cetate (stock solution, 5 mg/mL in acetone; Molecular
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Probes/Life Technologies, Darmstadt, Germany) to 5 mL PBS
(without Mg and Ca).

2. Stereo fluorescence microscope (SMZ 1500, Nikon, Japan).

2.5 Components
for Analysis of Cell
Morphology and
Membrane Integrity
of Adherent hESC
Colonies During
Vitrification

1. Calcein AM (Molecular Probes/Life Technologies, Darmstadt,
Germany) as cytosol dye.

2. Hoechst 33324 (Molecular Probes/Life Technologies, Darm-
stadt, Germany) for staining of the cell nuclei.

3. Circular microscopy slides, diameter 18 mm (VWR, Darm-
stadt, Germany).

2.6 Setup of the
Cryo-MPLSM for
Analysis of Cryoinjury
Mechanisms During
the Vitrification
Process

1. A laser scanning microscope with at least two detection chan-
nels equipped for multiphoton excitation. Herein we used a
Zeiss LSM 510 META NLO laser scanning microscope (Carl
Zeiss, Jena, Germany).

2. A mode-locked laser in the NIR spectral range that delivers
pulses on the 100 femtosecond order and nJ pulse energy.
Herein we used a Coherent Chameleon Ultra mode-locked
laser (Coherent, Santa Clara USA) with effective pulse dura-
tions below 200 fs.

3. An excitation wavelength of 780 nm was chosen to uniformly
pump both stains and the evoked blue and green fluorescence
was split into two detection channels by means of appropriate
filter arrangements.

4. A Linkam MDS 600 cryo-microscopy chamber (Linkam,
Waterfield UK) without the outer observation window. The
MDS 600 is designed for upright operation. As the scanning
microscope is operated in inverted mode, an objective inverter
(LSM Tech, Etters, USA) was applied. The objective inverter is
mounted into a thread of the microscope’s objective turret, and
the objective is mounted to the endpiece of the inverter in
upright direction. The objective inverter lets both the excita-
tion and the fluorescent light make a U-turn. It translates all
lateral scanning movement of the laser beam 1:1 by creating an
intermediate image at the half of its optical path (Fig. 1).

3 Methods

3.1 Assembly of the
TWIST-Substrate
and Preparation
for Vitrification

1. Remove the cultivation foil of one IBIDI μ-dish, high, from the
plastic rim.

2. Glue the remaining plastic rim upside-down onto the bottom
of an intact IBIDI μ-dish, so that a sealable cultivation chamber
and a chamber for liquid nitrogen are formed (Fig. 2).

3. Let the glue evaporate for at least 4 days prior to cell plating.
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Fig. 1 Setup of the cryo-MPLSM

Fig. 2 The TWIST-substrate for sterile vitrification (A) IBIDI μ-dish, high (35 mm diameter) [13]; (B) the
assembled TWIST-substrate consisting of a sealable cultivation and an open liquid nitrogen chamber, (C)
schematic drawing of the TWIST-substrate during cultivation, and (D) schematic drawing of the TWIST-
substrate during vitrification
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3.2 Cell Seeding 1. Add 1 mL 0.1% gelatine solution to the cultivation chamber
and incubate it at 37 !C overnight.

2. Aspirate the 0.1% gelatine solution, plate 1.25 " 105 mitoti-
cally inactivated MEFs per TWIST-substrate and cultivate the
cells in MEF culture medium in an incubator with 95 % humid-
ity, 37 !C and 5% CO2 for 24 h.

3. Aspirate the MEF culture medium, wash once with PBS, and
add the H1 colonies detached using your standard protocol in
H1 culture medium (see Note 1).

4. Cultivate the cells for 5–7 days in an incubator with a medium
change every other day.

3.3 Vitrification 1. Take pictures of individual hESC colonies with 7.5" magnifi-
cation on a stereo fluorescence microscope before vitrification.

2. Remove the culture medium from theH1 colonies, add 1.5mL
VS1, and incubate the cells for 1 min.

3. Aspirate VS1, add 1.5 mL VS2, and incubate the cells for 5 s.

4. Aspirate VS2 (see Note 2), close immediately the cultivation
chamber with the corresponding lid, and turn the TWIST-
substrate upside-down.

5. Fill liquid nitrogen into the nitrogen chamber (see Note 3).

6. Transfer the TWIST-substrate upside-down to a nitrogen stor-
age tank and store the TWIST-substrate in the vapor phase of
the storage tank.

3.4 Thawing 1. Remove the TWIST-substrate from the storage tank and
immediately fill liquid nitrogen into the nitrogen chamber.

2. Transfer the TWIST-substrate to a laminar flow.

3. Remove the liquid nitrogen and fill 37 !C warm water into the
liquid nitrogen chamber.

4. Remove the water and turn the TWIST-substrate around.

5. Open the lid, add 1.5 mL of WS1, and incubate for 1 min.

6. Aspirate WS1, add 1.5 mL of WS2, and incubate for 5 min.

7. Aspirate WS2, add H1 culture medium, and cultivate the cells
in an incubator (37 !C, 5% CO2, 95 % humidity).

8. Use the cells after 24 h recovery for the planned application or
cultivate them further on (see Note 4).

3.5 Analysis of the
Cell Viability and
Recovery of Adherent
hESC Colonies After
Vitrification

1. Remove the culture medium from the H1 colonies.

2. Add 1.5 mL live/dead staining solution per TWIST-substrate.

3. Incubate cells in the dark at room temperature for 5 min.

4. Aspirate the live/dead staining solution and add 1.5 mL PBS
(without Mg and Ca) per TWIST-substrate.
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5. Take pictures of the same hESC colonies as before
vitrification using the stereo fluorescence microscope
with 7.5" magnification with FITC and Texas Red filter (see
Fig. 3).

Fig. 3 Representative images of hESC colonies after sterile vitrification in the TWIST-substrate (A–D) hESC
colonies before cryopreservation; (E, F) hESC colonies after thawing; (G, H) non-frozen control. Inlays show the
position of the images on the complete cultivation surface of the TWIST-substrate; (E, G) cells were stained
with live/dead staining solution immediately after thawing; (F, H) cells were stained with live/dead staining
solution 24 h after thawing. Corresponding cell colonies are marked with white squares and connecting
arrows. (I-L) Thawed hESC colonies after passage and 6 days of cultivation; (I, K) cells were passaged
immediately after thawing; (J, L) cells were passaged after a 24 h post-thawing cultivation in the TWIST-
substrate. Note the thicker, possibly differentiated areas of the colonies (red arrows) lost after the vitrification
process. Scale bars indicate 1 mm (A–H) and 500 μm (I–L)
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3.6 Analysis of the
Cell Morphology and
Membrane Integrity
During the Vitrification
Process Using
Cryo-MPLSM

1. Grow the cell colonies and the MEF cells on circular micros-
copy slides as described in Subheading 3.2.

2. Apply Calcein AM and Hoechst 33324 to the sample culture
prior to vitrification experiments at room temperature accord-
ing to the supplier’s application notes.

3. Remove the staining medium and add vitrification medium.

4. Immerse the microscopy slide with cells in the vitrification
media according to Subheading 3.3.

5. Put another microscopy slide on top of the sample.

6. Cool the silver block of the cryo-microscopy chamber down to
#180 !C.

7. Place the “sample and slide sandwich” onto the precooled
silver block in order to vitrify them at the highest possible
cooling rate (see Note 5).

8. Cool the 40"/1.3NA oil immersion objective by the stream of
cold, dry gas before attachment.

9. Attach a 40"/1.3NA oil immersion objective carrying a tiny
drop of oil to the sample face for observation (see Note 6).

10. Adjust the focal plane to a favorable position, once the sample
is vitrified in the cryo-microcopy chamber and maintained
under #140 !C (see Note 7).

11. Adjust the microscope settings (pixel number, pixel time, repli-
cates, etc.).

12. Perform the image acquisition as for room temperature
microscopy.

13. Analyze the acquired images by visual inspection for ice forma-
tion events. The green fluorescing areas indicate intracellular
sites where the cytosol did not crystallize, i.e., remained amor-
phous. The blue fluorescing areas indicate the presence of
nucleic acids, i.e., the cell nucleus (as long as it is intact).
Dark areas inside and between cells mark adverse ice formation.
In case of (stem) cell clusters that were cooled with typical slow
freezing rates, a lot of frozen water can be found in the inter-
cellular space between shrunken cells due to osmotic processes
during the cooling course (see Fig. 4c). The interruption of the
intercellular cohesion will lead to decomposition of the cell
cluster after thawing. Faster cooling will lead to the formation
of intracellular ice (see Fig. 4d) since the cells still have nearly
their natural water content. So far it is the tissue analogy to
Mazur’s two factor hypothesis. If the cooling rate is finally high
enough for vitrification, the entire sample keeps its genuine
morphology even at very low temperatures, and no dark ice
areas show up at all (see Fig. 4a, b) (see Note 8).
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4 Notes

1. Avoid cluster formation of the plated hESC fragments in the
middle of the dish before the cells attach to the cultivation
surface.

2. Remove as much VS2 as possible by manual pipetting to avoid
the formation of a meniscus. A medium meniscus results in
high colony loss in these areas post-thawing due to a reduced
cooling rate not sufficient for vitrification.

3. The vitrification procedure can be performed outside of the
laminar flow, when the lid of the cultivation chamber is closed.

4. Few of the vitrified TWIST-substrates show damages after
vitrification due to high thermal stress on the material, result-
ing in damaged hESC colony areas with low viability.

Fig. 4 MPLSM images of hESCs during vitrification and slow-rate freezing: (a, b)
hESC colony during successful vitrification at #196 !C; (c) frozen water (black
areas) in the intercellular space of a hESC colony during slow-rate freezing
with 1 !C/min at #50 !C; (d) formation of intracellular ice in a hESC colony
during freezing with 10 !C/min at #50 !C; cells were stained with Calcein AM
and Hoechst 33324 as described above
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5. It’s necessary to perform the vitrification in the cryo-
microscopy chamber under a gentle flow of nitrogen (e.g.,
from the evaporating liquid nitrogen) or precooled dry air to
prevent the condensation of air humidity on the sample face
and the chamber interior.

6. The oil immersion is needed for sufficient excitation in multi-
photon excitation and helps to keep the air humidity away from
the sample face. Once the oil is at observation temperature
(that means at least #140 !C), it is nearly solid, so further
lateral displacements of the sample against the objective are
no longer possible. One has to investigate the field of view
you choose first.

7. In vitrification protocols usually no particular cooling rates are
given. It is an “as fast as possible” approach. Therefore, it is
difficult to mimic the cooling rate of a protocol in the micros-
copy setup. But if the cooling rate of the process in the cryo-
microscopy chamber turns out to be too slow for a given
sample, this can be easily noticed by the formation of intracel-
lular ice grains.

8. The cryo-microscopy setup presented here allows furthermore
a nice insight into the devitrification process. Once the sample
is successfully vitrified to the amorphous state below #140 !C,
it may be slowly rewarmed (e.g., to mimic the temperature rise
due to a withdrawal of a neighbor sample from the sample rack
in biobanking). We found the glass transition temperatures of
typical vitrification media to be in the range around #120 !C.
Above the glass transition temperature ice nucleation and
growth is enabled and may be observed by the emergence of
dark spots within and between the cells. In order to observe
devitrification of the medium, an additional (membrane imper-
meant) dye has to be added for detection in another channel.
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Chapter 18

Vitrification: A Reliable Method for Cryopreservation
of Animal Embryos

B. Singh, G. Mal, and S.K. Singla

Abstract

The impact of cryopreservation in assisted reproduction is increasingly appreciated. Cells, oocytes, and
embryos preserved under ultralow temperature can endure storage for indefinite time with almost no
alteration in their metabolic and genetic components. Advances in cryopreservation and its applications to
preserve cells, gametes, and embryos offer opportunities in conservation of biodiversity and dissemination
of elite livestock germplasm. This chapter describes the vitrification for cryopreservation of livestock
embryos.

Key words Vitrification, Cryopreservation, Embryos, Livestock

1 Introduction

Consistent supply and preservation of raw biological materials
(cells, gametes, and embryos) are the major challenges in the
widespread use of assisted reproduction technology (ART) in ani-
mals. To deal with the problem of uncertain supply and demand,
the researchers often have to store gametes and embryos over
extended time period. With the invention of advanced technologies
like mammalian cloning, animal transgenesis, and stem cell engi-
neering, the conservation of biological materials through cryopres-
ervation has become imperative (Fig. 1).

Cryopreservation is an established component of ART and
biodiversity conservation. Compared with slow freezing, the vitri-
fication is simple, and is the technique of choice in human and
mammalian reproductive programs, animal facilities, and genetic
manipulation experiments [1]. In view of its simpler technical and
equipment requirements, the vitrification appears to be the method
of choice [2].

The standard vitrification protocol may vary for oocytes and
embryos in different species. For instance, the oocytes are, in
general, more susceptible to cooling injuries, due to disassembling

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_18, © Springer Science+Business Media LLC 2017
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of meiotic spindle and subsequent impaired reassembling. Porcine
and bubaline oocytes and embryos [3–5] are particularly sensitive
to chilling injuries in part due to presence of cytoplasmic fat glo-
bules that cause damage to cell membranes during cryopreserva-
tion. Cytoplasm degeneration could be the major damage caused
by vitrification in bovine oocytes [6, 7].

However, the spindle damage can be minimized significantly by
proper methodology and cryoprotective agents (CPAs) [8]. In
addition, the cytoskeleton stabilizers such as cytochalasin-B signifi-
cantly improve developmental competence of vitrified oocytes [9].

Vitrification in open pulled straw (OPS) [10] originally devel-
oped for bovine ova and embryos was found to be better than slow
freezing for the cryopreservation of cloned bubaline embryos
[11, 12]. The studies on bovine IVF blastocysts vitrified for 15
years followed by in vitro culture or embryo transplantation
revealed that there were no significant differences in their in vivo
developmental competence and pregnancy outcomes [13].

Compared to conventional cryopreservation, the OPS vitrifica-
tion was reported to be the method of choice for cryopreservation
of goat blastocysts [14]. In addition, reduction in lipid contents
could improve vitrification cryotolerance of in vitro produced
(IVP) ovine embryos [15].

While vitrification has a clear role in livestock assisted reproduc-
tion [16–18], we support continued research to establish optimal

Preserving somatic cells, tissues
or organs for therapeutic
and other experimentation

Preserving the valuable
female germplasm from the

slaughtered females

Management of supernumerary
embryos destined to be transferred
under more appropriate conditions

Global dissemination and
preservation of valuable germplasm,

embryos, and somatic cells

Conserving surplus embryos for future
applications in case of

non-availability of recipients

Preserving the somatic cells for
use as donor nuclei, or producing

induced pluripotent stem cells

Ensuring uninterrupted supply
of oocytes for embryos or

derivation of ESCs

Cryopreservation
by Vitrification

Increasing time interval between
collection and transfer, or IVEP and

transfer to estrus-synchronized
females

Fig. 1 A summarized presentation of the applications of cryopreservation in animal assisted reproduction
technologies and diversity conservation. The cryopreservation by using vitrification is simpler and economi-
cally doable method. IVEP in vitro embryo production, ESCs embryonic stem cells
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slow-cooling methods that may assist in alleviating concerns over
safety issues, such as storage, transport, and use of high concentra-
tion of CPAs in the process.

2 Materials and Methods

Prepare all solutions in ultrapure cell culture-grade water (prepared
by purifying deionized water to attain sensitivity of 18 MΩ at
25 !C) and high cell culture-grade analytical reagents. Prepare
and store the reagents at room temperature (unless indicated oth-
erwise) or diligently following the instructions specified by the
manufacturers. Also, follow the waste disposal regulations properly
when disposing the waste materials.

2.1 Cell Culture
Media, Sera,
and Supplements

1. Cell culture media.

2. Fetal bovine serum (FBS) and other supplements (L-glutamine
and antibiotics).
Aseptic milieu is required at all stages (seeNote 1). Cell culture
media and supplements should be high-grade cell culture
tested. Biochemicals, cell culture media, and supplements
from Sigma Chemical Company, St. Louis, MO, USA, are
suitable for in vitro production and cryopreservation of
embryos. In a set of experiment, we strongly advise that culture
media, sera, and supplements should be of same batch to avoid
variation in results. Rather than preparing media from lyophi-
lized or powdered ingredients, ready-to-use culture media
should be preferred. It is obligatory to follow the specifications
and instructions recommended by the manufacturer.

2.2 Plasticware 1. The 90 " 15 mm cell culture dishes (Nunclon or BD Falcon).

2. Center well organ culture dish (BD Falcon).

3. Unopettes (20 μL capacity, Becton Dickinson and Co. Lincoln
Park, NJ, USA).

4. Disposable syringe membrane filters (0.45 μm Nunclon or
Millipore Corporation, Bedford MA, USA).

5. French mini straws (0.25 mL, IMV, L’Aigle, France) (see
Note 2).

6. Visotubes 10 mm (IMV, L’Aigle, France).

7. Styrofoam container.

8. Disposable microtips of various sizes and capacity.

9. Autoclaveable micropipettes.

10. Cryoware markers or pens (Nalgene Nunc.) are recommended
for manual marking of straws.
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2.3 Instruments 1. Good quality dissecting or Stereo Zoom microscope
(e.g., Olympus or Nikon) with warming stage.

2. Laminar flow hood.

3. Inverted fluorescence microscope (e.g., Olympus, Nikon, or
Carl Zeiss).

4. Cryocanes (IMV, L’Aigle, France).

5. Refrigerators.

6. Humidified CO2 incubators.

7. Water baths are required. There should be ample availability of
liquid nitrogen. The person involved should be a qualified
cryobiologist.

2.4 Vitrification
of Embryos

1. Due care is recommended in preparation and use of CPAs (see
Note 3). Transfer the blastocysts to an equilibrium solution
comprising of 7.5 % EG, 7.5 % DMSO, and 20 % FBS in
TCM-199 (T20) medium for 1 min.

2. Take out the cell culture dishes containing blastocyst from
humidified CO2 incubator, and transfer them with the help of
sterile Unopettes to the next solution consisting of 15 % EG,
15 % DMSO, and 20 % FBS in T20.

3. After incubation for 30 s, transfer the blastocysts to OPS or
French mini straw (seeNotes 4–6), and seal them with the help
of thermal sealer. Note that embryos enter OPS by capillary
action and no suction pressure is needed. Plunge the labeled
OPS instantly into liquid nitrogen. Different cryocontainers
(see Note 7) or labeled visotubes should be used to store
separate batches of embryos.

2.5 Warming 1. Take out the straws from liquid nitrogen and dip in warm water
(38 !C). Wipe the warmed straws with sterile blotting paper,
and cut one end to allow the embryos gather in cell culture dish
containing thawing solution (1.0 M sucrose in T20) for 1 min.

2. Transfer the embryos into dilution solution (0.5 M sucrose in
T20) for 3 min.

3. Wash twice or thrice the blastocysts with T20 for 5 min every
time.

4. After incubation in T20 for 5–6 h and based on their character-
istic morphological attributes, the blastocysts are ready for
transfer into estrus-synchronized recipient animals (seeNote 8).

3 Notes

1. Contamination should be avoided. Users are recommended to
choose a working system that allows for work with cells,
oocytes, and embryos. As cloning involves multiple steps
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including in vitro maturation (IVM) and micromanipulation of
oocytes, and culturing of cells, the labs should be well furnished
for handling and maintaining cell lines and embryos.

2. Special care should be taken while selecting carriers. It is neces-
sary to use the types of carrier or vessel materials with rapid heat
transfer that support the process of uniform heat exchange to
achieve optimal cooling rates. A stepwise exposure of embryos
to precooled concentrated CPAs is recommended.

3. Higher concentrations of CPAs allow shorter exposure times to
the CPAs. However, this may lead to CPA-induced toxicity to
the cells or embryos. It is important to carefully monitor the
duration of exposure to the final CPA before plunging the
loaded embryos into liquid nitrogen.

4. The loading of blastocysts into OPS (Figs. 2, 3) should be
performed under a Stereo Zoom microscope. This ensures
proper loading in carrier system.

5. Exposure of the loaded embryos to vapor phase should be
minimum. Embryos should be plunged into liquid nitrogen
as immediately as possible.

6. While switching the cells between different concentrations of
solutions, fill up the pipette with next lower concentration
solution before picking up the embryos for transferring to
next concentration.

Fig. 2 Preparing open pulled straw (OPS) for vitrification of embryos. (A) A comparative overview of 0.25 mL
French mini straw (FMS) and OPS which is much smaller and narrower than FMS. (B) Gross appearance and
diameters of FMS and OPS, (C, D) the microscopic overviews and comparison of the diameters of the FMS and
manually prepared OPS
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7. Cryocontainers should be stored in separate air conditioned
laboratories. Levels of liquid nitrogen should be monitored
regularly to avoid chances of warming and devitrification.

8. The embryo quality can be determined by TUNEL staining,
visual morphology, and detection of apoptosis-inducing molec-
ular markers.
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Chapter 19

Cryopreservation Effect on Genetic Function:
Neonatal Outcomes

Vanesa Robles, Marta F. Riesco, and David G. Valcarce

Abstract

Cryopreservation is a well-established technique commonly used in clinical practice. It is used widely for the
conservation of gametes and embryos that will be used later for insemination or in vitro fertilization.
However, several studies have shown that this technique can produce changes in messenger RNA levels, in
the epigenome and induce DNA damage. Although the embryo has potent mechanisms for DNA repair,
and molecular changes in spermatozoa are not necessarily reflected in the embryo, it is important to explore
new molecular tests and diagnostic tools to design optimal cryopreservation protocols and avoid undesir-
able molecular alterations. This chapter describes a protocol to quantify the lesions produced by cryopres-
ervation using a protocol previously published by Rothfuss.

Key words Cryopreservation, DNA damage, Quantitative polymerase chain reaction, DNA lesions,
DNA extraction

1 Introduction

Assisted reproductive technologies (ARTs) have been associated
with a higher than normal risk of epigenetic syndromes [1] such
as Beckwith-Wiedemann syndrome, Angelman syndrome (AS) and
Prader-Willi syndrome (PWS) [2–4]. Moreover, higher than nor-
mal rates of low birth weight (LBW) (not attributable to maternal
age or multiple births) have also been observed with the use of
ARTs [5]. Cryopreservation is a technique used widely in ARTs but
it has never been considered as a potential factor in these altera-
tions. However, in humans, it is known that cryopreservation alters
the presence of crucial transcripts in the spermatozoa [6], and in
model animals such as zebrafish, it modifies the methylation pattern
of certain promoters [7]. Additionally, cryopreservation affects
DNA in the germline, producing not only fragmentation but also
mutations in different genes that cannot be detected with tradi-
tional methods for DNA evaluation [8]. Spermatozoan DNA dam-
age has been associated with a significant increase in embryonic loss

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
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after in vitro fertilization and intracytoplasmic sperm injection
(ICSI) [9]. Most studies evaluating DNA status in human sperma-
tozoa have been limited to fragmentation analysis. Our group used
a quantitative polymerase chain reaction (q-PCR)–based technique
published by Rothfuss et al. [10] to quantify lesions in specific
genome regions after cryopreservation. First in animal models
[7, 8, 11], and then in human sperm samples [12], our results
demonstrated that, even when fragmentation is absent, significant
DNA damage could be detected in some of the studied genes. This
is particularly relevant for those genes considered key players in
early embryo development or those genome regions particularly
related to certain syndromes. Interestingly, among all the genes and
genome regions studied, an elevated number of lesions were found
in SNORD116/PWSAS (a key region in PWS) and UBE3A (key
gene in AS) [12].

Thus, the qPCR technique initially described by Rothfuss et al.
[10] can be applied successfully for the detection of DNA damage
produced by cryopreservation (Fig. 1), and could be crucial in the
selection of optimized cryopreservation protocols for human sperm
that contribute greatly to the safety and success of ARTs. This
chapter provides a detailed description of this technique and its
application to the detection of lesions produced by
cryopreservation.

Fig. 1 Molecular basis of q-PCR-based technique for DNA lesion analysis described by Rothfuss et al. [10].
DNA lesions derived from damage caused after cryopreservation affects DNA polymerase amplification. This
disruption in the polymerase complex progression is translated in a threshold cycle (Ct) delay when the
analysis is monitored in a real-time PCR system. The graph illustrates non-treated DNA (fresh DNA) and
treated DNA (cryopreserved DNA) differences schematically
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2 Materials

Informed consent should be obtained from donors, and specific
national legislation should be followed in order to work with
human samples. The approval of the bioethics committee of the
working institution is also required.

Perform all protocols at room temperature unless otherwise
specified.

2.1 Sampling 1. Sterilized sample container.

2. Pasteur pipettes.

3. Calibrated 15 mL tubes.

4. Haemocytometer.

5. Optical microscope.

6. PBS 10!: to a flask, add 2 g KCl (27 mM), 14.2 g Na2HPO4

(100 mM), 2.4 g KH2PO4 (17 mM), and 80.8 g NaCl
(1.37 M). Add bidistilled water up to 1 L. Adjust pH to 7.4.
Prepare a 1:10 dilution to obtain PBS 1!, check the pH, and
autoclave.

2.2 Cryopreservation
and Thawing Protocol

Lesions produced by any cryopreservation protocol can be
measured using this technique. In this chapter, one such protocol
used for human spermatozoa in fertility clinics is described.

1. Sperm freezing medium (Origio Medicult Media).

2. 0.5 mL French straws.

3. Cooling device, consisting of a hermetic box with a lid (made of
polystyrene or similar material) filled to half of its volume with
liquid nitrogen. A rigid plastic rack is then positioned inside it at
the appropriate distance from the surface of the liquid nitrogen
where the samples will be placed.

2.3 DNA Extraction 1. Lysis buffer. Prepare a solution of 10 mMTris-Cl, 50 mMNaCl,
1 mM ethylenediamine tetra-acetic acid (EDTA) and 1 % v/v
sodium dodecyl sulphate; adjust pH to 8 prior to addition of the
sodium dodecyl sulphate. Immediately prior to experimenta-
tion, aliquot the required amount of this solution and add
2 mg/mL proteinase K and dithiothreitol to 1 mM.

2. Heater.

3. Phenol/chloroform/isoamyl (25:24:1).

4. Chloroform.

5. Flow hood.

6. Centrifuge.

7. Absolute ethanol.
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8. 70 % pre-cooled ethanol ("20 #C).

9. TE buffer. Add 1 mL of 1 M Tris pH 7.5 and 0.2 mL 0.5 M
ethylenediamine tetra-acetic acid (EDTA), pH 8, to a flask. Add
bidistilled water up to 100 mL, and adjust the pH to 7.4.

2.4 Primer Validation
and Establishment
of Optimal Melting
Temperature

1. Gradient thermocycler.

2. PCR commercial kit (DNA polymerase, dNTPs, MgCl2, specific
DNA polymerase buffer).

3. Agarose.

4. Electrophoresis system.

2.5 q-PCR Validation
and q-PCR Assays:

1. Real-time PCR system.

2. Fluorescent dye for short fragments.

3. Fluorescent dye for long fragments.

4. Adapted 96-well optical plates for the real-time PCR system.

3 Methods

3.1 Sampling 1. Collect the ejaculates in sterilized sample containers previously
provided to the patients or donors (see Note 1). If possible,
following WHO guidelines [13], collect sample after 3 days of
sexual abstinence.

2. Let the ejaculates liquefy for 20 min (see Note 2).

3. Evaluate the volume of the sample with a disposable Pasteur
pipette (see Note 3).

4. Analyse sperm concentration using a hemocytometer (see
Note 4). Flick the sample to dilute a homogeneous sample
1:10 in PBS 1! and charge the chambers. Evaluate the aggluti-
nation level of the sample, abnormal morphology, and leukocyte
population, and take into account any unusual values for inter-
pretation of results (see Note 5).

3.2 Cryopreservation
Protocol and Thawing

Perform the protocol under evaluation at this point. The following
is an example of a common cryopreservation protocol.

1. Divide the sample in two aliquots: one will be subjected to the
cryopreservation protocol, and the other kept in fresh condi-
tions for comparison. Note that this step ensures cell number
count equivalence between cryopreserved and fresh samples.

2. Drop by drop, dilute the semen sample 1:1 in a commercial
Sperm Freezing Medium (Origio Medicult Media) to a final
concentration: 4 ! 107 sptz/mL.

3. Loading of the straws should be performed after exactly 10 min,
since this is the equilibration time needed in the cryoprotectant
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solution. For loading of 0.5 mL French straws, a P-1000
micropipette can be used (see Note 6).

4. After loading, expose straws horizontally to liquid nitrogen
vapour (2 cm over the surface) in the cooling device (seeNote 7).
Close the box to reduce nitrogen evaporation and keep the
straws in this atmosphere for 30 min.

5. Immediately following the vapour freezing period, plunge the
straws into liquid nitrogen. Then, transfer the straws to
the storage liquid nitrogen tank, and keep them until needed
(see Note 8).

6. For thawing, carefully remove the straws from the liquid nitro-
gen and allow them to thaw at room temperature for 5 min.
Thereafter, rub them between your hands for 2 s to ensure they
are completely thawed. Hold the straw vertically in an Eppen-
dorf tube with a cotton plug outside. Cut the cotton plug with
scissors. Blow gently from above with a micropipette to allow
the mixture to collect in the tube.

3.3 DNA Extraction This part of the protocol must be repeated identically with the non-
cryopreserved aliquot.

Work in a gas extraction flowhood for steps 3 and 4.

1. Take an aliquot containing 107 cells from the thawed cryopres-
ervation sample and centrifuge it at 400 g for 10 min.

2. Resuspend the pellet in 0.7 mL lysis buffer. With gently agita-
tion, lyse the samples at 55 #C for 2 h.

3. Add one volume (0.7 mL) phenol/chloroform/isoamyl
(25:24:1) and, by hand, agitate the tubes vigorously for 4 min.

4. Centrifuge the tubes at 13,200 ! g for 5 min. Collect the
aqueous phase (upper phase) with a P-1000 micropipette,
and recover it to a new tube (seeNote 9). Wash it with a volume
(0.7 mL) chloroform by performing exactly the same proce-
dure but this time with 2 min of vigorous agitation and
5 min of centrifugation at 13,200! g. Discard the other phases
(see Note 10).

5. Repeat the previous step with the upper phase after the first
wash.

6. Split the volume into two new tubes (0.35 mL). Add 0.875mL
(2.5 volume) absolute ethanol to precipitate the DNA. Main-
tain it overnight at "20 #C. In many cases, after shaking, DNA
is visible.

7. Centrifuge the sample at 13,200 ! g for 10 min. Carefully
discard the ethanol, keeping the precipitated DNA in the
tube, then wash the DNA with 0.5 mL of 70 % ethanol cooled
to "20 #C.
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8. Centrifuge the sample for 5 min at 13,200 ! g. Discard the
ethanol with a micropipette and, if needed, use a pulse centri-
fuge to collect as much ethanol residue as possible, then
remove it with a micropipette.

9. Maintain the tubes open for 10–15 min to let the ethanol
evaporate.

10. Carefully, resuspend DNA in 30 μL of TE buffer.

11. Evaluate DNA quantity and purity using a Nanodrop
spectrometer. Select only high purity (A260/A280 > 1.8)
samples for q-PCR analysis.

12. Dilute DNA samples to the desired concentration for q-PCR,
usually 20–25 ng/μL. Keep the DNA samples stored at"80 #C
if they are not immediately processed (see Note 11).

3.4 Primer Design 1. Select sequences of the studied genes from a database.

2. Using primer design software, create two pairs of primers for
each studied gene. The first set of primers should generate a
longer amplicon of around 700–800 bp, and the second should
create a shorter one ($100 bp); this short fragment must be
designed to be within the larger amplicon (Fig. 2). Primers
should have the following characteristics: 19–25 bases long,
G+C content not higher than 70 %, and melting temperature
(Tm) between 58 #C and 62 #C (see Note 12).

3.5 Primer Validation
and Establishment of
Optimal Melting
Temperature

1. Check optimal primer melting temperatures (Tm) by conven-
tional PCR in a gradient thermocycler in order to confirm the
product size and optimized Tm. Try varying the temperature
around the Tm suggested by the primer design software (%1 or
2 #C). Use a commercial kit for this purpose, with a final con-
centration of around 20 ng/μL in the final reaction mix.

2. Carry out a standard PCR cycle adapted for the expected prod-
uct length (see Note 13).

3. Separate the products using 2 % agarose gel electrophoresis to
verify their size, and select the optimal Tm (the one yielding the
cleanest specific band) for q-PCR assays.

Fig. 2 Schematic representation of primer design. Two sets of primers are needed for the protocol: (1) Long
primers: Generated product is ~750 bp; and (2) Short primers: generated product is <100 bp. The small
amplicon must be contained within the big amplicon
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3.6 q-PCR Validation 1. Evaluate the efficiency of the designed primers sets for validating
q-PCR results. Prepare a dilution series starting from 1 μg/mL
DNA sample from 1:10 to 1:100,000, corresponding to approx-
imately 1000–0.01 ng DNA.

2. Amplify each dilution for each gene and set of primers (long
and short) using the cycling conditions described below (Sub-
heading 3.7, steps 1 and 2).

3. Acceptable efficiencies should range from 80% to 120 %. The
relation between Ct and the DNA dilution value must be linear,
ideally with regression, R2 ¼ 1.

3.7 q-PCR Perform the q-PCR analysis for long and short fragments for the
same gene simultaneously in the same 96 plate in the real-time
system (see Note 14).

1. Prepare the reaction mixture for long fragments (20 μL): 4 μL
5! Fast Start DNAMaster plus SyBr Green I (Roche), 1 μL each
10 μM forward and reverse primer, 0.4 μL 50! ROS passive
reference dye (Bio-Rad), template DNA (3 ng) and bidistilled
water up to 20 μL (see Note 15).

2. Prepare the reaction mixture for short fragments (20 μL): 10 μL
2! SYBER Green PRC (Applied Biosystems), 1 μL each 10 μM
forward and reverse primers, template DNA (3 ng) (see
Note 16).

3. Design the plate conditions for the q-PCR system.

4. Run a q-PCR cycle in a quantitative thermocycler consisting of a
pre-incubation phase of 10min at 95 #C followed by 40 cycles of
15 s at 95 #C, 10 s at the melting temperature of each primer set,
and 50 s at 72 #C, with a final extension period of 7 min at 72 #C.

5. Always check product specificity by running a 2 % agarose gel
electrophoresis.

3.8 DNA Lesion
Analysis

Rothfuss and colleagues initially described the following analysis in
2010 (Rothfuss et al., 2010):

1. Calculate the difference in Ct value determined by q-PCR anal-
ysis between the cryopreserved (treated) and the fresh samples.
Repeat this calculation for each long and short fragment for each
gene. In this way, a collection of “Δlong” and “Δshort” variables
will be generated.

2. Replace the reported values in this formula described by
Rothfuss:

Lesion rate Lesionper10kbDNA½ ( ¼ 1" 2" △long"△shortð Þ
! "

! 1000 bp½ (
size of long fragment bp½ (

Cryopreservation Damage 257

ri-cheng.chian@mcgill.ca



4 Notes

1. Note that any biological sample that has not been tested for
infectious diseases is potentially hazardous, thus compliance
with all health and safety measures is paramount in this respect.

2. If evaluation of motility is needed, keep the samples at 37 #C
until this has been performed.

3. If motility is going to be analysed, avoid using plastic pipettes as
they can negatively influence this parameter.

4. The most common haemocytometer types regularly used for
sperm concentration evaluation are: Neubauer chamber and
Makler chamber. Computer Assisted Sperm Analysis (CASA)
software can also be used for motility and concentration
evaluation.

5. If cell type selection is needed for a particular experiment (for
example, a study may focus only on motile cells), perform a
density gradient adapted to the requirements.

6. Loading French straws require practice. Training may be
required before performing the protocol in an experimental
setting. Using a P-1000 micropipette is the most common
method of loading the straws; however, a system for loading
French straws can be created easily with a syringe, a piece of
thin plastic tube, and a P-200 tip. Attach the tip to the extreme
end of the tube by its narrower end, and then connect this item
to the syringe. Place the cotton plug part of the French straw
into the tip, and the other end inside the mixture of the
cryoprotectants and ejaculate. Aspire 0.5 mL of the mixture
until the French straw is loaded (Fig. 3). When working with a
lot of different samples, the use of coloured straws facilitates
tracing afterwards, and avoids mistakes.

7. To create a cooling device, cut two identical square pieces of
polystyrene with a width corresponding to the distance of
exposure in your cryopreservation protocol. Then, remove
the internal part of the squares to create two perimeters. Cut
a plastic rigid net, or similar, to the same dimensions of the
polystyrene perimeters. Glue the three parts together (Fig. 4).

8. Working with liquid nitrogen can be dangerous. Extreme cau-
tion and specific health and safety guidelines must always be
followed.

9. Note that aqueous phases present very dense mucus textures
that might hamper their recovery with a micropipette. It is
recommended to attempt this step very slowly and carefully,
trying to collect as much volume as possible without
compromising the sample. It is preferable to work with a
smaller volume than to risk contamination with the inter-
phase.If it is not possible to recover the full starting volume,
top up with TE to reach the required volume.
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10. All discarded solutions must be properly processed.

11. If samples are not processed immediately, DNA samples
should be stored at "80 #C since, due to the high accuracy
of the technique, "20 #C storage could induce detectable
alterations in the DNA. For this reason, it is better to process
both control and experimental samples instantly processed,
or, if this is not possible, they should be kept for the same
period of time at "80 #C.

12. It is possible to use the forward or reverse primer from the
long amplicon as the forward or reverse primer for the short
amplicon. In this way, you can reduce the number of primers
you need to design, reducing both the time required and the
cost.

13. A conventional PCR cycle usually consists of 5 min at 95 #C
followed by 30 cycles of 30 s at 95 #C and 30 s at Tm, and

Fig. 4 Preparing a cooling device. Using polystyrene sheets and a rigid plastic net, a cooling device for French
straw cryopreservation can be generated by hand in the laboratory. Adapt sheet width according to the
protocol

Fig. 3 Preparing a system for loading French straws. A syringe, a P-200 tip and a plastic tube create a helpful
device for loading samples into French straws

Cryopreservation Damage 259

ri-cheng.chian@mcgill.ca



72 #C at the required amplification time (reference: 60 s for
1000 bp), with a final extension of 7 min at 72 #C.

14. In q-PCR experiments, pipetting precision is crucial. Always
use calibrated micropipettes and the same set of materials for
these experiments. Try to perform all procedures in a repro-
ducible manner, avoiding variation among technical and
biological replicates. Use one tip for each pipetting in order
to avoid introducing changes in volumes.

15. For q-PCR assays, three technical replicates are needed. In
order to avoid possible pipetting mistakes, prepare 1.5 times
the volume of the reaction mixture required. q-PCR dyes
must not be exposed to direct light (work in partial darkness).
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Chapter 20

Gavi-Automated Vitrification Instrument

Tammie K. Roy, Susanna Brandi, and Teija T. Peura

Abstract

Gavi is intended for use in a laboratory or clinic environment for the preparation and vitrification of oocytes,
cleavage stage embryos and blastocysts. Gavi is designed to automate the equilibration steps in the
vitrification process to minimize the variability that occurs during cryopreservation. This automated process
reduces the potential for errors and ensures a standardized, repeatable procedure for vitrification in a
controlled, closed-system environment.

Key words Automation, Cryopreservation, Embryo, Gavi, IVF, Standardization, Vitrification

1 Introduction

Cryopreserving oocytes and embryos is essential to the operation of
in vitro fertilization (IVF) clinics around the world. Cryopreserva-
tion allows clinics to maximize their pregnancy rates from a single
oocyte collection procedure as well as to ensure the safety of
patients through a reduction in ovarian hyperstimulation syndrome
(OHSS). There are two main methods routinely used for the
cryopreservation of human oocytes and embryos: slow freezing
and vitrification. Vitrification is often described as the most effec-
tive method to cryopreserve oocytes and embryos [1]. Vitrification
utilizes high concentrations of cryoprotectants along with ultra-
rapid cooling to preserve cells in a glass-like (vitreous) state pre-
venting detrimental ice crystal formation [1]. Clinics that have
mastered vitrification report extremely high embryo recovery
rates, in excess of 90 %, and pregnancy, live birth, and neonatal
outcomes equivalent (or better) than those from fresh transfers
[2–4].
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While these outcomes make vitrification very appealing, the
actual process involves a number of manual steps, which can make
it a time-consuming procedure that requires highly skilled opera-
tors. These can result in outcomes that may vary between operators
and ART clinics [5], leading some clinics to train a limited number
of staff that specialize in the technique to ensure consistency and
outcomes.

There are currently a large variety of vitrification devices and
protocols available to IVF clinics. For all vitrification devices and
processes, there are numerous variables that need to be addressed.
These include the type and concentration of cryoprotectants, tem-
perature and timing of oocyte and embryo exposure, the rate of
cooling and subsequent warming, and whether or not the embryo
comes in direct contact with liquid nitrogen [6, 7]. All of these
variables make it difficult to standardize the procedure when per-
formed manually.

The high number of variables, as well as the high-labor and
high-skill demands of vitrification, make it a good candidate for
automation. Automation has the potential to provide a more stan-
dardized and repeatable vitrification process that will allow all users
to achieve the best outcomes from their cryopreservation program.
The Gavi system has been developed to automate the equilibration
of oocytes and embryos prior to vitrification using a novel closed-
system device [8]. The system has been designed to allow the
control of a number of the variables of vitrification, including the
concentration of cryoprotectants, exposure rates of the oocyte
and embryo to the cryoprotectant, and the temperature and timing
of exposure to these cryoprotectants, variables that can be difficult
to control manually. The automated Gavi system has been shown to
produce equivalent in vitro outcomes to that of the gold-standard
Cryotop open system [8, 9]. The following method details the
steps required for vitrification and warming of oocytes, cleavage
stage and blastocyst stage embryos using the Gavi system.

2 Materials

The Gavi instrument has been developed as part of a system. The
use of specific Gavi-related consumables will ensure that the best
outcomes are achieved. The use of non-Gavi consumables may
impact the embryo recovery and survival outcomes.

The Gavi Pod, Gavi Tip and Seal Cartridge, and Gavi Medium
Cartridge are designed for single use only. Do not attempt to refill
or reuse items.

Installation and setup of the Gavi instrument should be com-
pleted as per the Gavi user manual supplied with the Gavi
instrument.
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2.1 Equipment
and Consumables
Required for
Vitrification

The following is a list of the general equipment needed for the
preparation of the Gavi consumables and accessories:

l Pipettes with sterile tips suitable for moving embryos.

l Pipette with flexible tip capable of dispensing 2 μL.
l Patient identification labels or xylene-free permanent marker.

l PPE required for handling liquid nitrogen.

l Liquid nitrogen.

l Liquid nitrogen storage Dewar’s.

l VitBase solution (see Note 1).
l Two 4-well culture dishes.

l Microscope with a non-heated stage.

l Gavi Pods.

l Gavi cassettes.

l Gavi Tip and Seal Cartridges.

l Gavi Medium Cartridges (see Note 2).
l Gavi tweezers.

l Gavi operating tray.

l Gavi storage dividers already in liquid nitrogen storage
Dewar’s.

l 37 !C incubator with gas off.

l Timer with count-up function.

2.2 Equipment
and Consumables
Required for Warming

1. The following is a list of the general equipment needed for the
warming of pods vitrified on the Gavi:

l Microscope with heated stage turned OFF.

l Water bath set at 37 !C.

l Suitable 4-well IVF dishes.

l Pipettes—P1000 and P10/20 with sterile tips.

l PPE required for handling liquid nitrogen.

l LN2 bucket.

l Gavi working station.

l Sealed Gavi Pods from Gavi vitrification.

l Gems Warming Set (WarmSol1, WarmSol2, and Warm-
Sol3) (see Note 3).

l MilliQ/deionized/tap water.

l Calibrated timer.

l Tweezers.

l Kimwipes/paper towels.
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3 Methods

All steps should be completed at room temperature unless other-
wise specified.

3.1 Preparation
of VitBase Dishes

1. VitBase dish for oocyte and embryo equilibration: Prepare and
label a 4-well culture dish. Add 500 μL of VitBase in each well
required. For example, if three oocytes/embryos are to be
vitrified, add 500 μL of VitBase in each of three wells. Place
the dish in a 37 !C non-gassed incubator. Allow sufficient time
for the VitBase to equilibrate to 37 !C.

2. VitBase dish for pod loading: Prepare and label another 4-well
culture dish with 500 μL of VitBase in a single well. Place the
dish onto the bench top and allow sufficient time to warm to
room temperature.

3.2 Switching
on Gavi

1. Switch on Gavi using the power switch located on the left-hand
side of the instrument.

2. Select the oocyte, cleavage or blastocyst protocol icon from the
Protocol Selection Screen. Gavi will begin an internal warm-up
process (see Note 4).

3.3 Preparation
of the Gavi Operating
Tray

1. Load each tip and seal cartridge into the operating tray’s tip
and seal cartridge dock so that the cartridge’s loading tab sits
just below the operating tray’s top and the tip and seal cartridge
handle clicks gently into place (Fig. 1).

Fig. 1 Loading of medium and tip and seal cartridges into operating tray. Load one consumable for each
pod to be processed in the positioned as shown. Ensure that each consumable cartridge clicks into place.
Always start loading from the A position
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2. Load each medium cartridge into the operating tray’s medium
cartridge dock so that the cartridge’s loading tab sits just below
the operating tray’s top and the medium cartridge handle
gently clicks into place (Fig. 1).

3. Load the operating tray into Gavi. Open the Gavi access door
and gently place the operating tray over the Gavi operating tray
dock (see Note 5).

4. Do not remove the covers from the tip and seal cartridge or the
tops from the medium cartridge vials at this stage.

3.4 Preparation
of the Gavi Pods
and Cassette

1. Place an identification label [or mark] onto both label areas of
the cassette (see Note 6).

2. Remove each pod that is to be used from its packaging.

3. Place each pod into the cassette so that the pod’s loading tab sits
inside the cassette’s pod bracket and the pod handle sits over the
magnetic location holder on the cassette (Fig. 2) (seeNote 7).

4. Place an identification label [or mark] onto the label area of
each pod that is to be used.

5. Place the cassette with loaded but empty pods onto the bench
top. To minimize the chance of debris falling into the empty
pods, the cassette with loaded pods may be placed upside down
on the bench top.

3.5 Preparation
of the LN2 Bucket

1. Fill the LN2 bucket with liquid nitrogen. Ensure the LN2

bucket is filled to the fill line and returned to its position on
the Gavi instrument.

2. Place the lid on the LN2 bucket to reduce liquid nitrogen
evaporation.

Fig. 2 Insertion of pod/s into cassette. Ensure that pods are inserted as shown and fit securely into place
before use. Label all areas of the pod and cassette as shown
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3.6 Equilibration
of Oocytes/Embryos in
VitBase

1. Retrieve the oocytes/embryos to be vitrified, and the 4-well
culture dish in the 37 !C un-gassed incubator prepared earlier.
Place both onto the microscope stage (see Note 8).

2. Transfer the oocytes/embryos to be vitrified to the 4-well
dish. Place the number of oocytes, cleavage embryos or blastocysts
that will be vitrified in each pod into each well. Note: For blasto-
cysts only 1 blastocyst should be vitrified in each pod. For oocytes
and cleavage stage embryos 2 can be vitrified in a single pod.

3. Return both dishes to their respective incubators.

4. The 4-well dish with the oocytes/embryos to be vitrified
should remain in the 37 !C un-gassed incubator for an addi-
tional 5 min. The 5 min timer should start once the dishes have
been placed within the incubator.

5. The following two steps (final instrument preparation and
preparation of pods with VitBase) are to be completed within
the 5 min period in which the oocytes/embryos are equilibrat-
ing in VitBase (see Note 9).

3.7 Final Instrument
Preparation

1. Remove the tops from the medium cartridge vials (Fig. 3).

2. Remove the covers from the tip and seal covers (Fig. 4).

3. Check there is sufficient LN2 in the LN2 bucket.

4. After Gavi has warmed up, the following warning message
appears on the instrument screen: “Check LN2 Levels.” After
checking sufficient LN2 in LN2 bucket, select the tick icon.

5. Use the þ and – buttons to input the number of pods to be
vitrified into the instrument screen. Based on the input, Gavi
will highlight the items on the operating tray it expects to
receive (see Note 10).

Fig. 3 Removal of medium cartridge caps. Use the vial decapper as shown to carefully remove the caps from
the medium cartridge vials
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3.8 Preparation
of Gavi Pods with
VitBase

1. Retrieve the previously prepared 4-well culture dish with
500 μL of VitBase in a single well equilibrating at room
temperature.

2. Retrieve the cassette and pods prepared earlier and place under
a microscope. Microscope stage heater should be OFF.

3. Set the pipette with flexible tip to 2 μL. Aspirate 2 μL of
VitBase from the 4-well dish using the second stop of the
pipette (see Note 11).

4. Complete the following steps under the microscope.

5. Place the pipette tip into the pod divot (Fig. 5).

6. Fill slowly the divot area first ensuring no bubbles are created.

7. Continue to dispense the remaining 2 μL (to the first pipette
stop), by dragging the pipette tip to pipette well and then up to
cover the entire pod channel. Ensure to spread the VitBase
around the pod to fill area (Fig. 5) by gently dragging the
pipette tip around the edge of the pod channel (see Note 12).

8. Using the same pipette with flexible tip, repeat the above steps
for all pods that are to be run in the current cassette.

9. Tominimize the risk of evaporation, the completion of this step
should coincide with the end of the 5 min period that the
oocytes/embryos are equilibrating in VitBase in the 37 !C
un-gassed incubator. (see Note 13).

3.9 Loading
of Oocytes/Embryos
into the Pods

1. Retrieve the 4-well culture dish with embryos to be vitrified
from the un-gassed 37 !C incubator. Place the dish on the
microscope stage. Note: Microscope stage heater should be
OFF (see Note 14).

Fig. 4. Removal of covers from tip and seal cartridge. Carefully peel off the cover
from the cartridge using the tabs. Be careful not to dislodge the position of the
foil seal in the cartridge
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2. Transfer the oocytes, cleavage embryos or blastocyst from the
4-well culture dish to the pod in pod dock 1. Place the
oocytes/embryos such that they are positioned within the
pod divot (Fig. 6) (see Note 15).

3. Repeat this step and load any remaining oocytes/embryos into
each of the pre-prepared pods.

4. After placing all oocytes/embryos into their pods, perform a
final check to ensure each oocyte/embryo has remained in the

Fig. 5 Pod loading with VitBase. In preparation for placing the oocyte/embryo in the pod, ensure that VitBase is
loaded and spread evenly from the pipette tip area to the top fill area with no bubbles present in the pod

Fig. 6 Oocyte and embryoloading into the pod. Oocytes/embryos should be placed in the area indicated. All
pods should be checked for correct oocyte/embryo placement prior to placing the cassette on the instrument
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pod divot. If they have moved, return them to the specified pod
divot position.

3.10 Loading
of Cassette into Gavi

1. Gently place the cassette into the operating tray cassette dock
so that it sits flush against the back of the tray. Start by placing
the distal end of the cassette onto the tray and then lowering
the cassette handle onto the tray. The magnets in the cassette
and pods will “clip” into place ensuring correct positioning
(Fig. 7) (see Note 16).

2. Close the access door.

3.11 Running
the Gavi Protocol

1. Select the “Play” icon on the Gavi screen (see Note 17).

2. As part of the protocol, Gavi automatically detects and displays
error alerts if it has been loaded and prepared incorrectly (see
Note 18).

3. The user interface will display a countdown timer showing the
time remaining until protocol completion.

4. The first WARNING ALARM sounds with approximately 30 s
remaining until protocol completion. At the first WARNING
ALARM, immediately return to the Gavi instrument (see
Note 19).

5. Open the LN2 bucket cover. Remove the LN2 bucket lid.

6. The second WARNING ALARM sounds at completion of the
protocol. At the second WARNING ALARM, open the Gavi
access door.

Fig. 7 Placement of cassette onto Gavi. Carefully place the loaded cassette onto the Gavi instrument as shown
in the figure above
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7. The operating tray should be moving back to its original
position.

8. When the operating tray has come to a complete stop, use the
tweezers to grip the cassette handle (Fig. 8) (see Note 20).

9. Remove the cassette from the operating tray and immediately
dunk the cassette into the LN2 bucket. Ensure all pods are
completely submerged. The cassette should be moved around
within the liquid nitrogen in a swirling motion for a minimum
of 5 s (Fig. 9) (see Note 21).

10. Release the cassette from the tweezers. Replace the LN2 bucket
lid to minimize liquid nitrogen evaporation.

11. Return to the Gavi screen. Select the “tick” icon to confirm
completion of the protocol run.

12. After completion of the protocol run, remove the operating
tray and dispose of the tip and seal cartridge and the medium
cartridge.

13. When ready, remove the LN2 bucket and transfer the cassettes
to long-term storage Dewars (see Note 22).

14. The instrument can now be loaded with another operating tray
and used again.

3.12 Preparation
of Warming Dishes

1. Dishes for culture of warmed oocytes/embryos should be
prepared as per laboratory protocol.

Fig. 8 Removal of cassette from Gavi. On completion of the protocol, use the
Gavi tweezers to grip the cassette at the handle as shown to ensure secure and
fast removal of the cassette
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2. Retrieve a Gems Warming Set (see Note 23).

3. Using aseptic techniques, prepare a 4-well dish as follows:

Aliquot 500 μL of WarmSol1 into well 1.
Aliquot 500 μL of WarmSol2 into well 2.
Aliquot 500 μL of WarmSol3 into well 3 and well 4.

4. Allow the dish to equilibrate to room temperature.

5. Prepare sufficient dishes for the number of oocytes/embryos
to be warmed. Note: each dish can be used for a maximum of
two rounds of warming (i.e., no more than two pods from the
same patient) (see Note 24).

1. Set up a stereo microscope with the heated stage OFF.

Fig. 9 Dunking of cassette into LN2 Bucket. Quickly dunk the cassette into the
LN2 bucket and agitate for at least 5 s

Fig. 10 Warming setup. From left to right, the Gavi working station, water bath,
and microscope
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3.13 Preparation of
Equipment for
Warming

2. Prepare a water bath with MilliQ or deionized water. Set the
water bath to achieve a temperature of 37 !C. Ensure the water
bath is as close as possible to the microscope (Fig. 10).

3. Set up the Gavi working station. Ensure there is sufficient LN2

in the Gavi working station. If required, top up with LN2.

4. Ensure the following items are within reach of the microscope:
Warm dish (refer 4.2)
P10/P20 pipette
Wipes
Tweezers
Timer

3.14 Retrieval
of Gavi Pods

1. Retrieve the cassettes with the pods to be warmed from long-
term cryogenic storage.

2. Using LN2 bucket, transfer the cassettes to the warming station
(see Note 25).

3.15 Warming
of Gavi Pods

1. Using the P10/P20 pipette, pre-load a sterile tip with 10 μL of
WarmSol1 from well 1 of the warm dish. Keep the pipette
within reaching distance to the microscope. Proceed quickly
to the next step (see Note 26).

2. Use the working station to access the pod to be warmed.

3. Use the magnets on the bottom of the internal working station
block to place the cassette on its back against the magnets
(Fig. 11).

4. Use tweezers to remove the pods required from the cassette
and place on top of the block (see Note 27).

5. The following steps should be completed in less than 20 s (see
Note 28).

6. Quickly move the pod from the working station into the water
bath using tweezers. Move the pod around the water for 2–3 s
(see Note 29).

Fig. 11 Working station. Place cassette on internal metal block using the
magnets to locate and secure the cassette in place
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7. As the pod is removed from the water bath, wipe the pod using
a wipe/paper towel to remove water from the external surfaces
of the pod.

8. Place the pod under the microscope.

9. Remove the lid seal from the pod. If there is difficulty in
removing the lid seal, this step can be done on the bench before
moving the pod under the microscope.

10. Carefully dispense the 10 μL of WarmSol1 from the pre-loaded
pipette into the pod

11. For oocytes, cleavage embryos and blastocysts, the oocytes/
embryos should remain in WarmSol1 in the pod for 1 min.
During this time, locate the oocytes/embryos in the pod (see
Note 30).

12. For oocytes and cleavage stage embryos only, transfer the
oocytes/cleavage embryos to the WarmSol1 in well 1 of the
warming dish prepared earlier and release the oocyte/embryo
at the bottom of the dish. Wash the oocyte/embryo around in
the solution three times before leaving it in the solution for a
further 1 min.

13. Transfer the oocyte/embryo from the pod (blastocyst) or well
1 (oocyte/cleavage embryo) to WarmSol2 in well 2 of the
warm dish. Release the oocyte/embryo at the bottom of well
2. Although the oocyte/embryo may float, do not move
oocytes/embryos during this time. Leave the oocyte/embryo
to re-equilibrate for three minutes. The oocyte/embryo
should start to show signs of re-expansion.

14. After 3 min, transfer the oocyte/embryo from well 2 to Warm-
Sol3 in well 3. Release the oocyte/embryo at the bottom of
well 3. Although the oocyte/embryo may float, do not move
the oocytes/embryos in this time. Leave the oocyte/embryo
to re-equilibrate for 5 minutes. The oocyte/embryo should
continue to re-expand.

15. After 5 min, transfer the oocyte/embryo from well 3 to Warm-
Sol3 in well 4. Leave the oocyte/embryo in well 4 for 1 min.
During this time gently move the oocyte/embryo around the
well.

16. After 1 min, transfer the oocyte/embryo from well 4 into the
standard embryo culture dish.

17. Repeat for each pod to be warmed (see Note 31).
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4 Notes

1. VitBase is a HEPES buffered medium that is used to maintain
oocytes/embryos for a short period of time in a non-gassed
environment.

2. Gavi Medium Cartridge contains two solutions. The first is an
equilibration solution that contains 8 % ethylene glycol (EG)
and 8 % DMSO. The second is the vitrification solution that
contains 16 % EG, 16 % DMSO, and 0.68 M trehalose.
Only these media should be used in conjunction with the
Gavi instrument.

3. Gems Warming Set is used for the warming of embryos that
have undergone vitrification using the Gavi instrument. The set
contains three solutions. WarmSol1 is a 1 M trehalose solution,
WarmSol2 is a 0.5 M trehalose solution, and WarmSol3 is
VitBase. Only these media should be used in conjunction
with the Gavi instrument.

4. It is important to allow the Gavi instrument time to warm up
prior to use. Completing this step at this time allows the
instrument to be ready for use once the oocytes/embryos are
loaded into the pods.

5. Gavi is equipped with heating and cooling elements beneath
the operating tray dock to equilibrate the Gavi Medium Car-
tridge to the set temperature. Therefore, it is important to load
the operating tray with the consumables at this point to allow
equilibration of the medium cartridge to the correct
temperature.

6. Cassettes and pods can be labeled with either specially designed
labels or with a marker that is suitable to use with LN2. If using
pre-purchased labels, a pod label can be placed on the top of
the cassette in order to help identification when stored
vertically.

7. When less than four pods are to be vitrified, the pods should be
arranged sequentially starting at the proximal end (closer to the
label area) of the cassette. For example, if two pods are to be
vitrified, the pods should be placed in pod location A and pod
location B only and not into any other location.

8. VitBase is the initial holding solution for oocytes/embryos
being processed in Gavi. Oocytes/embryos require equilibra-
tion in VitBase before being loaded into pods. This ensures the
oocytes/embryos remain in place in the pod during processing
on the instrument.

9. This timing is critical and should be practiced to ensure it can
be adhered to prior to clinical use of instrument.
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10. Inputting the correct number of pods is vital as the instrument
will complete checks of consumables and process only the
positions selected on this screen.

11. Loading the correct amount of VitBase into the pod is crucial
to ensuring the success of the instrument. The instrument is
programmed to remove a specified amount of VitBase prior to
dispensing the equilibration solution from the medium car-
tridge. If too much VitBase is loaded at this step, it can result
in dilution of the equilibration solution. If too little VitBase is
loaded into the pod, this may result in over-draining of the pod
which could lead to drying out of the divot area where the
oocyte/embryo resides. Reverse pipetting is also recom-
mended in order to prevent any bubbles being created in the
pod during loading.

12. It is important at this stage to ensure the divot is full of VitBase
and has no bubbles. If a bubble forms in the divot of the pod
please discard the pod and prepare a new one. Bubbles have the
potential to either dislodge the oocyte/embryo from its cor-
rect position or attach to the oocyte/embryo and cause float-
ing. Both of these have the potential to impact the recovery of
the embryo. The pipette well must also be filled properly with
VitBase. This ensures that the pipette tip will have contact with
the VitBase to ensure its correct removal by the instrument.
Staff should be competent in this process prior to clinical use of
instrument.

13. As the pods have been loaded with a small volume, it is very
important that these steps are completed to coincide with the
end of the 5 min period that the oocytes/embryos have been
equilibrating in the VitBase at 37 !C in an un-gassed environ-
ment. If there is too long between loading the pods and placing
the oocytes/embryos in them you risk evaporation reducing
the volume of VitBase which may impact the osmolality of the
solution and also the ability of the instrument to remove the
correct amount of VitBase. Staff should be competent in this
process prior to clinical use of instrument.

14. Microscope stage needs to be off to limit evaporation from the
VitBase that is loaded into the pods.

15. The pods are designed to hold 2 oocytes, 2 cleavage embryos
but only one blastocyst. Increasing the number of each of these
types loaded into each pod may impact recovery and survival. It
is important to ensure the oocyte/embryo is placed and
remains within the pod divot. Incorrect positioning of the
oocyte/embryo may result in incorrect processing of the
oocyte/embryo by Gavi.

16. While oocytes/embryos are very stable when loaded into the
pods in the correct position, some care should be taken to not
drop the cassette too roughly into position.
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17. You can abort a run at any time by pressing the “red cross”
icon.

18. Gavi automatically detects and displays error alerts if it has been
loaded and prepared incorrectly. If an error is detected it is
important to ensure the problem is fixed prior to pressing play
again as the instrument will only process the pods that are
selected and assessed to be correct during the instrument
check. More details of these errors can be found in the Gavi
user manual.

19. While the instrument is running the protocol, the embryolo-
gist is free to leave. If there is more than one patient that has
oocytes/embryos to be vitrified, the time can be used to start
to set up the next operating tray and prepare the oocytes/
embryos and pods.

20. Using the supplied tweezers ensures that the cassette is held in
a safe and secure position while dunking the cassette and pods
into the LN2 bucket. This aids in ensuring the vitrification
occurs as quickly as possible.

21. The cassette should be placed into the LN2 as quickly as
possible to ensure that vitrification takes place as soon as possi-
ble after protocol completion. This ensures that the time of
exposure to the vitrification solution is as consistent as possible
to reduce any chances of impact on the survival of the oocyte/
embryo from cryoprotectant toxicity.

22. Take care to limit the exposure of the vitrified pods to room
temperature during moving and storage. Exposure time should
be less than 2 s.

23. Instrument development and testing has been completed using
Gems Warming Set. Use of another warming set may impact
embryo survival.

24. Limiting the use of the dishes will ensure that the solutions stay
as pure as possible. With each oocyte/embryo movement,
transfer of some of the previous solution occurs. This can
change the concentration of the solutions which may impact
how the oocyte/embryo is equilibrated and the cryoprotec-
tants removed.

25. While not absolutely required, the working station allows the
user to access the pods in a horizontal position while still
remaining under LN2. This ensures that the pod will remain
in the vitrified state until the actual warming step. This prevents
exposure of the oocyte/embryo to temperatures and condi-
tions that may encourage ice crystal formation which can dam-
age the cells and impact survival.

26. It is important to pre-load the solution to ensure that it can be
added to the pod as quickly as possible. Care should be taken
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not to leave this pre-loaded tip for too long as evaporation may
occur which may impact oocyte/embryo survival when it is
introduced into the pod during the subsequent steps.

27. At this stage the cassette could be returned to long-term
storage or placed down the side of the working station if
more than one pod is intended to be warmed.

28. This timing is critical to ensure the warming process is com-
pleted as quickly as possible and to ensure that oocytes/
embryos are exposed to the first warming solution as quickly
as possible after warming. This timing should be practiced to
ensure it can be adhered to prior to clinical use of instrument.

29. This timing has been tested during development and has been
shown to give the fastest warming rates. This timing is critical
and should be practiced to ensure it can be adhered to prior to
clinical use of instrument.

30. Oocytes and embryos tend to float in this solution; so if the
oocyte/embryo is not immediately obvious, focusing of the
pod area up and down through different focal planes will
usually help in locating the oocyte/embryo. The oocyte/
embryo is quite often found on the surface of the warming
solution.

31. Gavi pods are single use only and should not be reused.
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Appendix A: Cryotech® Vitrification Thawing

Goral Gandhi, Masashige Kuwayama, Sakina Kagalwala,
and Priyanka Pangerkar

Abstract

In the last 15–20 years, many centers are using vitrification as a method of choice for cryopreservation of
human oocytes and embryos. As vitrification technologies have improved their success profiles, new
applications seem to have emerged, making IVF treatments more successful and more flexible.
This appendix describes the Cryotech® method, which is the latest “minimal volume approach” method,

suitable for cryopreservation of oocytes and embryos of any developmental stage, including blastocysts. Dr.
Masashige Kuwayama, who has introduced major advances in oocyte and embryo cryopreservation, has
developed this method. A detailed protocol has been described with finer tips for the accurate use of the
method for perfect survival and safety.

Key words Cryotech vitrification, Cryotech, Cryotech, Embryos, Blastocysts, Thawing

1 Introduction

Vitrification refers to the physical process by which a highly
concentrated cryoprotective solution supercools to very low tem-
peratures and finally solidifies into a metastable glass, without
undergoing crystallization at a practical cooling rate. Samples
are thus cryopreserved without detrimental intracellular ice
formation.

Vitrification is now accepted as a very reliable and reproducible
technique to cryopreserve human gametes. Its physical and
biological principles are nowmuch better understood. Laboratories
the world over are reporting very high survival rates [1–3]. This is
leading to more numerous and more successful applications of
vitrification.

There are many areas where vitrification is playing a key role
today.

1. The ultimate aim of any ART procedure is the birth of a single,
live, healthy baby that can be achieved through an elective

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_21, © Springer Science+Business Media LLC 2017
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single-embryo transfer. Consequently, if we want to reduce the
number of embryos that we transfer, optimizing the embryo
cryopreservation program is essential.

2. Ovarian hyperstimulation syndrome (OHSS) is a potentially
life-threatening, iatrogenic complication of IVF resulting
from the extensive use of gonadotropins [4]. A variety of
preventive strategies have been adopted to reduce the risk of
OHSS, but none of these methods have consistently demon-
strated efficacy in preventing the syndrome except for cancella-
tion of the cycle before hCG administration [5]. Although
cycle cancellation is the most effective and safest approach, it
is obviously frustrating and costly for the patients, and a second
attempt of ovarian stimulation may lead to the same risk.
Vitrification has enabled us to cryopreserve all eggs or embryos
and avoid a fresh embryo transfer.

3. Minimal stimulation protocols are thought to produce few
eggs, but eggs of better quality. Women with a poor ovarian
reserve, who commonly do not respond to heavy stimulation,
are left with few options when planning a family. One such
option is embryo banking with a minimal stimulation IVF
protocol. This approach allows women to have consecutive
cycles before the follicular reserve is depleted. It will maximize
the ovaries’ already limited life span, allowing patients the
opportunity to store embryos while oocyte production is still
active. Results suggest the efficacy of this approach for patients
who would normally be counselled for donor egg IVF [6, 7].
Minimal stimulation IVF is unthinkable without a strong vitri-
fication program.

4. Oocyte vitrification is giving a chance to women to preserve
their fertility and plan their families. A woman’s ovarian reserve
quantity decreases with advancing age, as does the quality of
her oocytes (e.g., there is a higher incidence of chromosomal
anomalies) that, in turn, reduces the chances of successful
fertilization, implantation, and early embryo development
[8]. By age 35, a woman has lost ~95 % of her eggs, and the
rest are aging rapidly. Fertility preservation with egg banking is
a great way for women to plan their families.

Today, we can make any IVF programmuchmore efficient with
the strong support of an excellent vitrification program.

During the development of vitrification methods, scientists
have made great efforts to find innovative methods using minimal
volume techniques to increase the thermal change during the pro-
cess. A higher cooling rate can facilitate vitrification, and a higher
warming rate can prevent devitrification at lower concentration of
cryoprotectants. This can reduce toxicity from vitrification solu-
tions. Minimum volume methods can prevent ice crystal formation.
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The high rates of cooling and warming resulting from the mini-
mum volumemethods can prevent the harmful chilling injuries that
happen between 15 and !15 "C [9]. Minimum volume methods
can also avoid fracture injury.

Dr. Masashige Kuwayama has more than 20 years of laboratory
and clinical experience with both animal and human oocytes and
embryos. He has introduced several novel procedures to vitrify
oocytes and embryos, including various dilution methods, as well
as the Cryotop method and the Cryotip method [10, 11]. His
minimal volume vitrification techniques are used worldwide pro-
ducing excellent results. Cryotech vitrification, a minimal volume
approach, is the latest method of oocyte and embryo cryopreserva-
tion introduced by Dr. Kuwayama. Using Cryotech method of
vitrification, oocyte survival rate of 97.1 % [12] and embryo survival
rate of 97.34 % have been reported [6].

2 Product Description

2.1 Solutions Cryoprotectant toxicity is a fundamental limiting factor for the
successful cryopreservation of living systems by both freezing and
vitrification. Mixtures of cryoprotectants have less toxicity and are
more effective than single-agent cryoprotectants. With two cryo-
protectants, the concentration of each can be lower than that
needed when either is used separately, thereby making the solution
less toxic [13].

Extracellular disaccharides and macromolecules, such as
sucrose and trehalose, are commonly added to vitrification solu-
tions to lower the concentration of cryoprotectants. This helps to
draw water out of the cell to attain better dehydration and reduce
osmotic shock. Sucrose that is routinely used has been replaced
with trehalose in Cryotech solutions, thus reducing endotoxicity
due to sucrose [14].

There is no added serum and synthetic serum supplements in
Cryotech vitrification solution. Hence, risk of serum-derived virus
contamination is avoided. It contains hydroxypropyl cellulose
(HPC), which has optimal high viscosity providing better resistance
to damage during cooling, storage, and warming [15]. Vitrification
solution is completely chemically defined and is stable for one year
at 4–8 "C and 3 months at room temperature. Each component of
vitrification and warming solution is specifically selected to get
optimum results (Fig. 1).

2.2 Loading Device:
“Cryotech”

The carrier device is a polypropylene strip attached to a plastic
handle accompanied with a protective covering for safe handling
and storage (Fig. 2). Longer and wider handle and sheet make it
easy for writing details and loading samples. It can be used as
“closed cooling” after sealing or “open cooling” before sealing
(Fig. 3).
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2.3 Vitri Plate
and Warm Plate

The Vitri plate (Fig. 4a) used for vitrification has a special holder for
the Cryotech. Thus, the focus remains the same while washing the
oocytes in vitrification solution and placing them on the Cryotech
device. One hand of the embryologist is completely free while
loading the device. It gives tremendous ease of handling to the
embryologist, thus greatly increasing the overall efficiency of the
method.

The warm plate (Fig. 4b) has a well for the first solution, called
the “thawing solution (TS)” of the warming process followed by
three other wells for diluent solution (DS) and washing solution
(WS). This increases the speed and efficiency of the warming

Fig. 1 Cryotech vitrification and warm solutions

Fig. 2 Cryotech carrier device

Fig. 3 Cryotech carrier device can be used as both open and closed cooling
system
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process. High warming rates are extremely crucial to survival of the
gametes, and the design of the warm plate facilitates very high
warming rate, aiding in the overall efficiency of the process.

2.4 Protocol The toxicity of a cryoprotectant is correlated to its concentration,
the time of exposure, and the temperature.

Time: All cryoprotectants are toxic, and it is important to monitor
the duration of exposure to the final cryoprotectant very carefully
before plunging into liquid N2. Survival rates after vitrification
improved with the evolution of two-step protocols. The Cryotech
method involves 10–15 min equilibration in the 50 % diluted
solution of the final permeable cryoprotectant medium at room
temperature and short exposure (<90 s) to the final concentrated
cryoprotectant. This approach is relatively harmless for sensitive
structures including human oocytes, while it increases considerably
their survival rate and developmental competence [16].
Temperature: The fast entrance and the degree of toxicity of the
cryoprotectant can be influenced by temperature. Equilibration at
37 "C avoids the re-expansion of the cell especially the first step of
warming. Using CPAs at room temperature (22–25 "C) or lower
rather than 37 "C may decrease their toxicity. The Cryotech
method uses room temperature equilibration for significant
improvement in survival rate.

Fig. 4 (a) Left image—Vitri plate, (b) right image—warm plate

Fig. 5 Cryotec Vitrification Kit and LN2
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Only the first step of warming is done at 37 "C as rapid warm-
ing rates are a prerequisite to successful vitrification as it prevents
the vitreous water present in cells from crystallization at the time of
warming.

2.5 Theoretical
Risk of Cross
Contamination vs.
Successful Outcome

A high freezing rate and even higher warming rate are crucial to
successful vitrification and survival [17]. This can be best achieved
via direct contact between the sample and liquid nitrogen (open
system vitrification). However, there are technical concerns regard-
ing sterility in open systems.

A misconception in the field of reproductive medicine is that
there is a significant risk of cross contamination during gamete or
embryo cryostorage. However, in a recent article by Pomeroy
consisting of a review of the available literature on animal models
and human IVF, it suggests otherwise [18]. There is a negligible
risk of cross contamination in IVF working conditions. Bielanski
et al. suggested that viral pathogens could be transmitted to vitri-
fied and stored embryos by contaminated nitrogen [19]. These
authors placed small virus-contaminated particles of ice in a nitro-
gen tank to demonstrate that those particles could attach to the
samples when they are taken from the tank. The risk is only theo-
retical, particularly when standard universal precautions are used.

In ART centers cross contamination by these agents and
transmission between samples have not occurred, and no such
disease transfer has yet been reported in an estimated of
600,000–1,000,000 vitrified embryos. At present, most embryos
and oocytes are vitrified with open systems worldwide, indicating a
higher overall efficiency and consistency.

3 Cryotech Vitrification Protocol

3.1 Materials
Required

l Cryotech Vitrification Kit.

Equilibration solution (ES).
Vitrification solution (VS).
Cryotech.
Vitri plate.

l Microscope (turn off the heating plate).

l Stopwatch (with count up function).

l Tweezers.

l Micropipette for 300 μL.
l Cooling rack.

l Liquid nitrogen.

Note: Solutions are to be used within 30 days of opening the vials.
Sterile aseptic conditions of dispensing should be maintained.
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3.2 Preparation
for Vitrification

1. Bring ES and VS vials to room temperature (25–27 "C) at least
1 h before vitrification.

2. Fill 90 % of the cooling rack with fresh liquid nitrogen.

3. Take the culture dish containing oocyte/embryo out from the
incubator. Check the quality of the oocyte, embryo, or
blastocyst.

Note: Use a right size Pasteur pipette: 140–170 μm for oocyte and
cleavage-stage embryo and 170–300 μm for blastocyst. For oocyte
vitrification take the cumulus cells off. Best timing of vitrification of
blastocyst: the size (diameter) should be between 160 and 220 μm
for perfect survival after vitrification.

3.3 Equilibration
(12–15 min)

1. Write ES, VS1, and VS2 on the lid of the Vitri plate. Fill the
wells of Vitri plate with 300 μL ES, 300 μL VS1, and VS2,
respectively. Put the lid on the Vitri plate immediately (Fig. 6).

2. Aspirate the oocyte/embryo at the middle of the fine part of a
Pasteur pipette.

3. Put the oocyte/embryo with small amount of medium on the
surface of ES well (Fig. 7). Start the stopwatch. As oocyte/
embryo sinks to the bottom, it will shrink (Fig. 7b).

4. Put the lid and wait for the recovery of the shrinkage. When the
oocyte/embryo volume is completely recovered, it is the end of

Fig. 6 Vitri plate with vitrification solutions

Fig. 7 (a) Time 0 (b) After 90 seconds. Equilibration step—shrinking of the oocyte/embryo
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this step. If you can’t confirm the complete recovery, the limit
time of this step is 15 min for oocyte and blastocyst and 12 min
for 4–8 cell embryo (Fig. 8).

5. Write information of oocyte/embryo on the handle of Cryo-
tech and set on Vitri plate (Fig. 9).

Note: Oocyte vitrification is complete when the width of perivitel-
line space becomes equal to the width before immersing in ES.

3.4 Vitrification Step
in VS1 (30–40 s)

1. Aspirate the oocyte/embryo with ES till the middle of the
pipette. Transfer the oocyte/embryo at the middle depth of
VS1 with ES (Fig. 10, step 1).

Fig. 9 Vitri plate with Cryotech

Fig. 8 Equilibration step—recovery of the oocyte/embryo

Fig. 10 VS1 washing of oocyte/embryo (steps 1–4)
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2. Expel the remaining ES outside the well (Fig. 10, step 2/1)
and aspirate fresh VS1 from the edge of the wall (Fig. 10, step
2/2). Oocyte/embryo floats immediately to the surface of VS1
(Fig. 10, step 2/3).

3. Aspirate oocyte/embryo at the top inside of pipette. Transfer it
again to the bottom of VS1 (Fig. 10, step 3).

4. The oocyte/embryo floats slowly to the middle depth and
stops (Fig. 10, step 4).

5. Expel the remaining VS1 outside the well and aspirate fresh
VS2. Aspirate oocyte/embryo at the top inside of the pipette.

3.5 Vitrification Step
in VS2 (10–20 s)

1. Transfer the oocyte/embryo to the middle depth of VS2
(Fig. 11, step 5).

2. Expel the remaining VS outside the well (Fig. 11, step 6/1)
and aspirate fresh VS2 from the edge of the wall (Fig. 11, step
6/2).

3. Expel VS2 around the oocyte/embryo and mix the solution
around oocyte/embryo to exchange the remaining previous
solution (Fig. 11, step 7). Expel and wash inside of the pipette
with fresh VS2.

4. Take oocyte/embryo at the top of pipette (Fig. 11, step 8).

3.6 Loading Cryotech 1. Place the oocyte/embryo near the end of Cryotech sheet with
minimal volume of VS2 (one oocyte/embryo per droplet is
recommended) (Fig. 12). Immediately submerge the Cryotech
into fresh liquid nitrogen.

2. Put the straw cap on Cryotech in the liquid nitrogen.

Fig. 11 VS2 washing of oocyte/embryo (steps 5–8)
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4 Cryotech Warming Protocol

4.1 Materials
Required

l Cryotech Warming Kit.

– Warming solution (TS).

– Diluent solution (DS).

– Washing solution (WS).

– Warm plate.

l Microscope (turn off the heating plate).

l Stopwatch (with count up function).

l Tweezers.

l Micropipette for 300 μL.
l Cooling rack.

l Liquid nitrogen.

4.2 Preparation
for Warming

1. Place the warm plate and TS vial (with cap) in the incubator at
37 "C >3 h before warming (overnight storage is recom-
mended). Bring DS and WS vials to room temperature
(25–27 "C) at least 1 h before warming.

2. Retrieve the cane with the specific Cryotech; quickly immerse
the cane in cooling rack filled with fresh liquid nitrogen.

3. When you are absolutely ready, take the warm plate and TS out
of the incubator, and fill the rectangular well with 1.8 mL of TS
(Fig. 13, step 1/1).

4.3 Step 1 Warming
(1 min)

1. Quickly (within 1 s) put the Cryotech into TS well. Start the
stopwatch for 1 min (Fig. 13, step 1/2).

2. Oocyte/embryo separates from the Cryotech sheet by itself
and begins to float. Confirm the oocyte/embryo existence in
TS well. Do not touch the oocyte/embryo before 1 min. While
waiting, fill the DS well with 300 μL of dilution solution
(Fig. 13, step 2/1).

4.4 Step 2 Dilution
(3 min)

1. At the end of 1 min, aspirate the oocyte/embryo and 3 mm
long of TS into the pipette (Fig. 14, step 1).

Fig. 12 Loading of Cryotech
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2. Transfer TS to the bottom center of DS (Fig. 14, step 2), and
expel the oocyte/embryo slowly at the bottom of TS layer in
DS well (Fig. 14, step 3). This is for most gradual displacement
from TS to DS. Wait for 3 min. While waiting, fill the WS1 and
WS2 well with 300 μL of washing solution.

4.5 Step 3 Washing

4.5.1 Washing 1 (5 min)

1. Aspirate the oocyte/embryo and 3 mm long of DS into the
pipette (Fig. 14, step 1).

2. Transfer DS to the bottom center of WS1 (Fig. 14, step 2), and
expel the oocyte/embryo slowly at the bottom of DS layer in
WS1 well (Fig. 14, step 3). This is for most gradual displace-
ment from DS to WS1. Wait for 5 min.

3. Give a survival judgment at the end of this step depending on
the recovery of the shrunken oocyte/embryo.

Fig. 14 Gradual replacement of solutions (TS ! DS, DS ! WS1)

Fig. 13 Procedure for warming (steps 1–3)
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4.5.2 Washing 2 (1 min) Aspirate the oocyte/embryo with minimal volume of WS1.
Put the oocyte/embryo on the surface of the WS2 well

(Fig. 13, step 3/3). When oocyte/embryo sinks to bottom, aspi-
rate and put on the surface. It will again sink to the bottom; thus,
washing is done twice.

Put the oocyte/embryo in the droplet of the culture media for
the recovery for ICSI and ET.

Note: After the warming, 2–4 h culture for oocyte and 3 h for
embryo is recommended.

5 Practical Tips to be Followed for Cryotech Vitrification

Protocol

l Vitrification is a highly skill-oriented technique, and close
adherence to the recommended protocol of the manufacturer
is absolutely essential to achieve optimal results.

l A single Cryotech protocol for oocytes, embryos, and blasto-
cysts simplifies freezing activity within the embryology labs and
could potentially optimize costs in the laboratory.

Loading

l To make sure that the cells have been loaded on the carrier,
perform the loading process under a stereomicroscope.

l Check the number of loaded embryos, and check if the pipette
is empty after loading.

l You can load up to 3–4 oocytes per Cryotech. For embryos,
place only the number of embryos that you would like to thaw
at a time for transfer.

l While using minimal volume techniques, each oocyte/embryo
has to be loaded in separate drops while loading multiple
oocyte/embryo on a single Cryotech. Don’t load all in a single
blob of solution. Smaller volumes allow better heat transfer,
thus facilitating higher cooling and warming rates.

Immersion in liquid nitrogen

l During vitrification, higher cooling rates can be achieved by
quickly passing through the damaging vapor phase above the
liquid nitrogen.

l During vitrification after immersing in liquid nitrogen, do rapid
front-back movement of Cryotech to disperse the layer of
gaseous nitrogen around the surface of Cryotech for uniform
cooling.
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Warming

l The first step of the procedure of immersing the Cryotech from
liquid nitrogen into warm TS at 37 "C is most critical. This step
must be performed with utmost efficiency to achieve very high
warming rate.

l Move the sample from one solution to the other by keeping it
in a small quantity of the previous solution and releasing it into
the next solution. In this way the passage will be less shocking.

Oocyte vitrification

l Removing cumulus cells is better for vitrification of mature
oocytes.

l Immature oocytes should be vitrified with the cumulus cells, as
the cumulus cells may help the in vitro maturation of oocytes
after warming.

l Timing of oocyte vitrification (Fig. 15)—the meiotic spindle of
the oocyte is very sensitive to cryoprotectants and low temper-
ature. Spindle undergoes transient disappearance or disorgani-
zation immediately after thawing. The spindle apparatus
recovers after thawing and seems to do so without alterations
in>80 % of the cases after 1–3 h of in vitro culture at 37–38 "C.
Inseminating oocytes soon after thawing, when there is serious
spindle disorganization, adversely affects fertilization outcome
and growth of embryos. The optimum time for intracytoplas-
mic sperm injection (ICSI) for human oocytes is between 37
and 41 h post human chorionic gonadotropin (hCG). The time
interval between oocyte thawing and ICSI is crucial for normal
fertilization and subsequent development. Therefore, consid-
ering competing aspects of oocyte aging and spindle recovery,
timing of events is essential for a successful oocyte cryopreser-
vation program. Hence, oocyte recovery can be performed at
34 h post hCG, vitrification of oocytes being performed at 2 h
after oocyte recovery, and ICSI being performed at 3 h post
thaw (post hCG 39 h).

Embryo vitrification

l Freeze the number and grades of embryos per Cryotech as per
the requirement for the frozen embryo transfer.

34 h post hCG

• Oocyte 
retrieval

2h 36 h post hCG

• Oocyte 
freezing

~36 h post 
hCG

• Oocyte 
thawing

3h 39 h post hCG

• ICSI

Fig. 15 Timing of oocyte vitrification
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Blastocyst vitrification

l Best timing of vitrification of blastocyst: the size (diameter)
should be between 160 and 220 μm for perfect survival after
vitrification.

l Post-warming, viable blastocysts re-expand and are usually
allowed 3 h of incubation to regain their vitality before being
transferred. Re-expansion is the sign of viability.

Storage and expiry

l Heat dissipation occurs much faster in vitrified specimens as
they have smaller surface area. As a consequence, anyone
handling vitrified cells should be extremely cautious when
transferring vitrified specimens to and from the storage dewar.

l Failure to check and top up dewar can have disastrous conse-
quences for cryopreserved material, and top-up can be man-
aged via a staff that is strictly adhered to.
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Appendix B: Solid Surface Vitrification

Mohan S. Kamath and K. Muthukumar

Abstract

Solid surface vitrification method involves direct contact of carrier loaded with droplet containing gametes
or embryos with precooled metal surface. Over the years, following certain modifications, solid surface
vitrification has emerged as an efficient method for vitrifying human gametes and embryos. Here, we
describe the principle and methodology of solid surface vitrification.

Key words Solid surface vitrification, Blastocyst vitrification

1 Introduction

Vitrification is now an established method of cryopreservation for
human gametes and embryos. It has the advantage of lack of
intracellular ice formation in comparison with the traditional slow
freeze technique. Disadvantages include embryo exposure to rela-
tively higher concentration of toxic cryoprotectants and theoretical
concerns regarding risk of transmission of viral infections due to
contact with liquid nitrogen [1, 2].

Various combinations of carriers and loading devices are now
currently being used in both open and closed vitrification methods
[3]. Several carrier systems have been further modified and proto-
cols refined to improve post-thaw outcomes [3–6].

Solid surface vitrification (SSV) methodology involves direct
contact of carrier (fiber plug) loaded with media droplet containing
the gametes or embryos with precooled metal block. In 1990,
Drosophila embryos were successfully preserved by keeping them
in a metal grid on a cold metal surface [7]. This resulted in more
efficient heat transfer, and similar principal was used to develop
solid surface vitrification. The solid surface vitrification as described
by Dinnyés et al. [8] consists of metal cube covered by aluminum
foil partially submerged in liquid nitrogen (Fig. 1). In the original
study, the microdrops containing the bovine oocytes were dropped
onto the metal surface (precooled to !150 "C to !180 "C by
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partial immersion into liquid nitrogen) leading to instantaneous
vitrification of the droplets. This containerless method resulted in
sterile handling of the droplets due to clean metal surface along with
higher cooling rates [8]. Subsequent study compared SSV with
cryoloop vitrification method for cryopreserving goat oocytes and
embryos and found similar survival and cleavage rates [9]. The sur-
vival and development of porcine oocyte improved with SSV method
when it was combined with pretreatment with cytochalasin B [10].

There has been refinement of the SSV protocol over the years.
A standard kit is now available commercially (CryoLogic Vitrifica-
tion Method—CVM). However the survival rate following CVM
was found to be lower than open Cryotop method. In a subsequent
study, modification of original protocol was introduced to enhance
the survival. Firstly, a thin glass pipette was used to reduce the
vitrification volume to less than 0.2 μL compared to 1 μL per fiber
plugmedia in the original protocol. Secondly, the fiber plug was kept
in contact with metal wall within the hole for approximately 10 s
before it was pushed down into the sleeve to minimize temperature
changes. The modified CVM protocol yielded similar cryosurvival
rates in the mice model compared to Cryotop method [11].

2 Materials for Vitrification

1. Sterile hollow metal block covered with lid (weighs around
1.2 kg) with six pairs of holes(see Note 1).

Media droplet
loaded onto 
fibreplug

Metal Block

Cryobath

Liquid 
Nitrogen

Liquid 
Nitrogen

Fibreplug

Engraved 
areas on 
metal 
surface

Hookend

Fig. 1 Solid surface vitrification device consisting of sterile metal block partially submerged in liquid nitrogen
in a container (Cryobath). The media drops containing the gametes or embryos are brought in contact with
metal surface, leading to instantaneous vitrification of the drops
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2. Carrier device preferably sterile fiber plug (nylon make) with
sleeve.

3. Liquid nitrogen (3–4 L).

4. Vessel to hold the liquid nitrogen around the metal block
(Cryobath).

5. Four-well sterile culture dish.

6. MOPS (3-(N-morpholino)propanesulfonic acid) or HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer.

7. Equilibration and vitrification solution.

8. Heated stage with stereomicroscope.

9. Stripper handle with strippers.

3 Methods

3.1 Preparation
of Metal Block
for Solid Surface
Vitrification

The metal block is placed in the Cryobath (CryoLogic, Victoria,
Australia). The metal block is covered by a lid to prevent the liquid
nitrogen or vapors from coming in contact with media drop which
is being vitrified. The metal block has a provision to hold the sleeves
facilitating the placement of carrier (Figs. 2 and 3).

The liquid nitrogen is slowly poured around the hollow metal
block. Liquid nitrogen initially boils, and when the temperatures of
metal block and liquid nitrogen are similar, the boiling stops. The
level of liquid nitrogen is raised steadily until it reaches the level of
top hole on the sides of the block.

We have observed sedimentation of liquid nitrogen vapors on
the surface of the block if the lid is not closed and metal surface is
exposed for long duration (see Note 2). Due to exposure of media

Fig. 2 The hollow metal block placed inside the Cryobath surrounded by liquid
nitrogen and the surface of the block shown closed by the lid
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droplets to liquid nitrogen vapors, SSV is classified as a semi-closed
system. The lid should be placed immediately over the block to
minimize the vapor sedimentation. If the lid is not closed properly,
sedimentation can take place or liquid nitrogen can percolate
through the gap onto the metal surface. Sedimentation of vapors
or liquid nitrogen on the surface can reduce the efficiency of heat
transfer resulting in ice crystal formation. Such areas of sedimenta-
tion can be removed using sterile plastic to ensure that a clean metal
surface is available for vitrifying the droplets.

There are multiple engraved slots on the metal block. Each slot
can be used for individual patient. In practice, the individual slot
surface area can be used to vitrify the embryos/gametes derived
from patient infected with blood borne viruses. The adjoining slot
can be used for the next patient.

3.2 Preparation
of the Solutions

1. Aliquot the buffer (HEPES or MOPS) in the first and second
well of four-well dish. Subsequently aliquot equilibration solu-
tion (ES) consisting of 7.5 or 8 % ethylene glycol (EG) and 7.5
or 8 % dimethyl sulfoxide (DMSO) in HEPES or MOPS in the
third well and vitrification solution (VS) consisting of 15 or
16 % EG and 15 or 16 % DMSO in 0.5 M sucrose or 0.68 M
trehalose in the fourth well, respectively.

2. Vitrification solution consisting of sucrose is left at room tem-
perature, and the one with trehalose is kept at 37 "C for 10 min
before starting the vitrification.

Fig. 3 The engraved slots on solid metal surface and holes to hold the sleeves
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3.3 Preparation
of the Carrier
and Holding Material

1. For patient identification, we can either use label with name
and hospital number using thermal printer (Brady labels, Mil-
waukee, United States) or manually write using cryomarker
near the holding end of the fiber plug (Fig. 4a, b). The sleeve
is placed in the hole of metal block after cooling in liquid
nitrogen with open end on the top for facilitating the place-
ment of fiber plug.

2. The aluminum cane with goblet (Cryo Bio System, Irvine
Scientific) with patient’s name and identity number is kept
submerged in liquid nitrogen in the 1 L Dewar flask (Fig. 4c,
d). Sterile handling of the materials remains essential through-
out the procedure.

3. Records of the patient in the embryology worksheet along with
details of number of embryos to be vitrified in each fiber plug
need to be maintained.

3.4 Vitrification
Method for Oocytes
and Embryos

1. The oocyte and embryos are rinsed in buffer and then moved
into the ES and incubated for 5–10 min till they reach osmotic
equilibrium. Subsequently they are placed in the VS for less
than 30 s and then loaded onto the fireplug (carrier) near the
hook end. The volume is between 1–3 μL to achieve higher

Fig. 4 Fiber plug labeled with patient’s identification details (a and b). Dewar flask filled with liquid nitrogen
holding aluminum cane and goblet (c). Work station with stereomicroscope and heated stage, Cryobath, and
stopwatch arranged before starting vitrification procedure (d)
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cooling rates when the drop is brought in contact with metal
surface.

2. Blastocoel collapse using mechanical pipetting method is
practiced for rapid permeation of cryoprotectants which
increases the post warming blastocyst survival rates [12](see
Note 3).The exposure time in ES (containing 8 % DMSO) for
collapsed blastocyst should be approximately 1 min 50 s and
between 5 and 10 min in ES (7.5 % DMSO) for blastocyst
without collapsed blastocoel. The cryosurvival rate was around
80–85 % with the use of ES with 8 % DMSO and collapsed
blastocoels [13–15].

3. For cleavage stage embryos, the exposure time depends upon
the time taken for re-expansion of the blastomeres of the
embryo after initial shrinkage and generally considered to be
between 5–10 min [16]. The exposure of 3 min is suggested if
8 % DMSO in ES is being used to maximize survival rates and
prevent partial lysis of the embryos [17].

4. Collected oocytes with intact cumulus are incubated for 2 h
prior to vitrification. The oocytes require more gradual expo-
sure using microdrops to facilitate permeation of cryoprotec-
tants. Selection of good quality oocytes without any major
intracytoplasmic dysmorphism is advised prior to vitrification.

5. For zygote stage vitrification, the protocol is similar to cleavage
stage embryo vitrification.

6. After exposing to the VS for less than 30 s, the media droplet
containing the oocytes or embryos (1–3 per droplet) are loaded
onto the hook end of the fiber plug and brought in contact
with precooled metal surface. The drop turns into a glassy bead
(Fig. 5). The loaded fiber plug is then pushed into the sleeve
(Fig. 6).

Fig. 5 The loaded carrier is brought in contact with engraved slot on the
precooled metal surface leading to formation of glassy bead vitrified drop
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3.5 Warming
Protocol

1. Warming method following SSV is similar to warming protocol
following other commonly used vitrification protocols for
embryo/oocyte cryopreservation.

2. The carrier is removed from the sleeve and placed in 0.33 M
trehalose to identify the blastocysts. Subsequently the blasto-
cysts are transferred into well containing 0.33 M trehalose
solution for rinsing and removing the toxic cryoprotectants
(duration 5 min). They are shifted and incubated in the next
well containing 0.22 M trehalose and finally in buffer solution
for 5 minutes each. Finally they are placed in blastocyst
medium till transfer.

3. In the warming protocol for cleavage stage, 1.0 and 0.5 M
sucrose replaces the trehalose solution. The exposure time also
is 1 and 3 min for the first (1.0 M) and second (0.5 M) sucrose
well and 5 minutes in the buffer solution. Subsequently they
are placed in cleavage (for day 2 embryos) or blastocyst
medium (for day 3 embryo) till transfer. Warmed zygotes are
placed in cleavage stage medium as well.

4. Oocytes have similar exposure time as cleavage stage protocol,
and subsequently they are transferred to fertilization medium
and incubated 2 h for spindle to reorganize before ICSI.

5. Ensure that the warm stage temperature is maintained at 37 "C
during the entire warming procedure.

3.6 Cryopreservation
of Spermatozoa
by SSV

The main principle of spermatozoa vitrification involves vitrifying
low volume of sample to maintain higher cooling rate which mini-
mizes cryopreservation-induced damages. The technique has been
refined by utilization of only nontoxic, non-permeable cryoprotec-
tants (glucose, sucrose, and trehalose) and doing away with toxic

Fig. 6 The carrier with vitrified droplet inserted into the sleeve and sealed
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cryoprotectants (DMSO), diminishing the risk of cryoinjury to the
spermatozoa [18, 19]. The protocol has been standardized and
involves simple carrier system [20]. The SSV protocol has been
compared with standard vapor freezing method and has been
found to comparable in terms of yielding fewer numbers of DNA-
damaged sperms [20].

3.7 Sperm
Vitrification Method

1. The sterile metal block for SSV is prepared as described in the
previous subheading.

2. The sperm preparation is done using density gradient method
and small volume of pellet is collected. The reconstituted pellet
is used for vitrification. The SSV method is efficient for vitrify-
ing severe oligoasthenoteratozoospermic samples.

3. In our unit, we use a simple stripper-based carrier to vitrify the
spermatozoa using low-volume droplet for facilitating
vitrification.

4. We use 4 μL sperm suspension, diluted with 0.5 M sucrose
(dilution ratio 1:1) at 37 "C (Fig. 7). We load it into MEA tested
stripper (275μLcapacity) (Fig.8) andthe samplepushedoutonto
the precooledmetal solid surface to vitrify as droplet (Fig. 9). The
vitrified drop is attached to the end of the stripper. The stripper is
then placed into sperm straw and sealed near the holding end to
finally close the sperm straws (CBS high security straw, Irvine
Scientific, USA) for storage in liquid nitrogen (Fig. 10).

3.8 Warming
of Vitrified
Spermatozoa

1. In our unit, we use the following protocol for warming the
vitrified spermatozoa as described below.

2. The warm stage temperature should be maintained at 37 "C.
We need to aliquot 0.150 mL of buffer solution in a sterile test
tube.

Fig. 7 Sperm suspension mixed with sucrose in HEPES or MOPS (1:1) ratio at
37 "C in heated stage
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Fig. 8 A stripper (capacity 275 μL) with silicon seal connected to handle used to
pipette less than 3 μL sperm suspension with sucrose buffer

Fig. 9 The sperm suspension droplet brought in contact with metal surface to
vitrify as a droplet

Fig. 10 The vitrified droplet in the stripper end is carefully inserted into the straw
and the stripper is detached and left inside the straw secured by silicon seal and
later transferred into the cryobank
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3. The stripper containing the vitrified spermatozoa is placed into
the buffer solution to warm and release the spermatozoa. The
warmed spermatozoa can be directly used for ICSI since they
are not exposed to permeable cryoprotectants. However we
use a separate drop in the ICSI dish, and selected spermatozoa
are washed before use to remove any sucrose.

4 Notes

1. The solid surface metal block can be sterilized prior to use by
autoclaving. After its usage, the block should be left for drying
and the deposited dried sediments should be removed. Avoid
using the block when it is hot.

2. The liquid nitrogen should be filled in Cryobath just prior to
start of the procedure since too early filling results in longer
exposure of metal surface to liquid nitrogen vapors leading to
sedimentation. Alternatively, we can use a sterile aluminum foil
to secure the gap between the block and the lid.

3. Blastocoel collapsing can be done using mechanical pipetting
or with the help of laser. In our unit, we perform laser-assisted
hatching for warmed day 5/6 blastocysts prior to transfer.
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Appendix C: Automated Vitrification of Mammalian
Embryos on a Digital Microfluidic Device

Jun Liu*, Derek G. Pyne*, Mohamed Abdelgawad, and Yu Sun

Abstract

This chapter introduces a digital microfluidic device that automates sample preparation for mammalian
embryo vitrification. Individual microdroplets manipulated on the microfluidic device were used as micro-
vessels to transport a single mouse embryo through a complete vitrification procedure. Advantages of this
approach, compared to manual operation and channel-based microfluidic vitrification, include automated
operation, cryoprotectant concentration gradient generation, and feasibility of loading and retrieval of
embryos.

Key words Automated vitrification, Digital microfluidics, Embryo vitrification

1 Introduction

This Chapter is modified from our previous work in digital micro-
fluidic processing for vitrification of embryos [1]. Two commonly
used cryopreservation techniques for freezing embryos are the
slow-freezing method and the vitrification method. Both techni-
ques aim to minimize cell damage caused by freezing that is largely
due to the formation of intracellular ice crystals [2]. Convention-
ally, cells are frozen through the slow-freezing method where cells
are placed in a large freezer that can accurately control the freezing
rate down to liquid nitrogen temperatures, with low concentrations
of cryoprotectants [3]. During slow freezing, extracellular water
freezes away from the embryo, using a seeding technique, which
creates an osmotic gradient that draws water out of the cell until it
finally freezes without the formation of intracellular ice crystals [4].
This procedure requires sophisticated equipment to control the
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freezing rate, which ranges between 0.3 and 1.0 !C/min, and
produces a relatively poor survivability rate [5].

On the other hand, vitrification offers an alternative approach in
which cells are frozen at extremely high rates, usually by directly
plunging the sample into liquid nitrogen, after bathing them in a
sequence of high concentration cryoprotectants [6]. Vitrification
reduces intracellular ice formation, which is the primary cause of cell
death, by freezing the sample in a glass-like state before the mole-
cules have a chance to form crystal structures. This results in a higher
cell survival rate after thawing compared to conventional slow freez-
ing without the need for a seeding procedure or a programmable
freezer [5, 7]. However, vitrification requires precise washing
sequences and timings in each cryoprotectant medium since higher
concentrations are used and there are risks of toxicity if overexposed.
The process is expensive in terms of technical skills required. In IVF
clinics, processing an embryo/oocyte in cryoprotectant medium
typically costs a highly skilled embryologist 10–15 min.

Digital microfluidics, which enables the manipulation of liquid
droplets over an array of electrodes [8], is a useful tool for sequen-
tial sample processing and has been used in many biological appli-
cations such as PCR, cell culture, and immunoassays [9–11]. It was
also used for testing cryoprotectant concentrations in slow-freezing
cryopreservation [12]. Given its capabilities, digital microfluidics is
well poised to automate embryo processing for embryo vitrifica-
tion. The key to automating the vitrification process is to replicate
the washing and timing steps of a given protocol while also keeping
complete control of the embryo. Droplets on the digital microflui-
dic platform can act as microvessels to move an embryo and subject
it to a series of cryoprotectants of different concentrations, as
required by IVF vitrification protocols (Fig. 1).

Here we introduce a digital microfluidic device to automate
embryo preparation for the vitrification procedure. Although vitri-
fication was demonstrated inside microchannels [13–15], the digi-
tal microfluidic device does not undesirably “park” the embryo to a
confined area, which could expose the embryo less uniformly to
cryoprotectant medium and has less intricacy of embryo introduc-
tion and retrieval onto and from the device. By keeping the embryo
in a single droplet, as opposed to microchannels or wells, users are
also able to constantly track and control the embryo’s locations
within the field of view of the imaging system throughout the
procedure to avoid cell loss.

2 Materials

1. Mouse embryos were produced by natural mating female mice
and were gathered 2.5 days past conception, which corre-
sponds to most embryos being in the eight-cell stage.
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2. Vitrification solution (VS) typically contains antifreezing
agents or cryoprotectants, such as dimethyl sulfoxide
(DMSO), some small molecular sized glycols (e.g., ethylene
glycol), or sucrose [16]. A combination of DMSO and sucrose
was used in this work.

3. The vitrification solution (VS) was made by diluting DMSO in
serum-free KSOMmedium (EMDMillipore, Billerica, USA) at
33 % concentration, with 1.0 M sucrose. The equilibrium
solution (ES) was at half concentration of VS (i.e., 16.5 %
DMSO + 0.5 M sucrose).

4. VS was preloaded on the DMF chip before each experiment.
The first mixing step, which mixes VS with embryo culture
medium (i.e., serum-free KSOM), generates the equilibrium
solution ES.

3 Methods

3.1 Device
Fabrication

The devices were constructed via microfabrication.

1. Pre-coated chromium glass slides (Deposition Research Labs
Inc., MO) were first primed with hexamethyldisilazane
(HMDS) P-20 (Shin-Etsu MicroSi, Phoenix, AZ) by spin

Fig. 1 Key device design elements and fabrication layers. (a) Device structure and fabrication. Electrodes
(1 " 1 mm) were separated by a 20 μm gap. (b) Regions for vitrification medium dispensing and for embryo
loading/extraction. The top ITO slide is placed on the device in a manner that exposes portions of the top
electrodes in the dispensing reservoir and exposes portions of the leg of the T-shaped electrodes, for medium
and embryo loading, respectively. (c) Embryo is input and extracted by actuating electrodes at edge of top
glass slide
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coating (3000 rpm, 30 s) before spin coating Shipley S1811
photoresist (3000 rpm, 30 s).

2. Substrates were then baked to remove solvents (115 !C, 2 min)
and UV exposed through a transparency mask for 10 s.

3. Substrates were next developed inMF-321 (2 min), hard baked
(115 !C, 1 min), and etched with CR-4 (2 min).

4. Photoresist was removed with AZ-300T stripper (15 min in
ultrasonic bath). Electrodes (1 " 1 mm) were separated by a
20 μm gap.

5. A 2 μm thick dielectric layer of Parylene C was then deposited.

6. Lastly, a hydrophobic coating of Teflon AF 1600 (Dupont,
Mississauga, ON) was spin coated on the device (1 % w/w in
Fluorinert FC-40, 2000 rpm, 1 min) and baked (160 !C,
10 min).

7. A second glass slide coated with un-patterned ITO (Deposition
Research Labs Inc., MO) and Teflon AF was used as the
ground electrode.

8. Finally, the devices (Fig. 1a) were assembled by placing the top
ITO slide over the patterned device using two pieces of double-
sided tape as a spacer. This produces a gap of approximately
100 μm between the top and bottom structures.

3.2 Device Design 1. Voltages applied to actuate droplets were 55–75 Vrms at
15 kHz.

2. Cryoprotectant droplets were actuated inside silicone oil
(2.0 cSt, Gelest Inc., Morrisville, PA) to reduce friction and
evaporation.

3. Different regions of the device were designed to achieve the
general digital microfluidic functions of transporting, mixing,
dispensing, and splitting droplets.

4. A large reservoir was used to hold and dispense the high
concentration cryoprotectant medium, as shown in Fig. 1b.
This reservoir was split up into many sections to handle varia-
tions in liquid volume in the reservoirs as droplets are dispensed
during the vitrification protocol.

5. The second reservoir was used as a waste reservoir and, thus,
was split into two large electrodes only.

6. A central inverted T-shaped array of electrodes was used for
droplet transport, mixing, and splitting. Electrodes in this array
were interdigitated to allow droplet overlap with adjacent elec-
trode and increase electrodynamic forces applied on droplets.

7. Top electrode in the leg of the T-shape was an input/output
region where half of the electrode was exposed out of the ITO
slide to enable embryo loading.
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3.3 Embryo Loading
and Retrieval

As shown in Fig. 1c, to input an embryo, a small droplet (200 nL)
containing the embryo is pipetted onto the loading electrode and
then actuated into the device, as described in [17]. This technique
minimizes exposure of the embryo to outside air. Extraction of the
embryo is completed in the opposite manner by transporting
the embryo-containing droplet to the edge of the device and
retrieving it by a micropipette. Once the embryo is extracted
from the device, it is directly frozen in the micropipette inside
liquid nitrogen.

3.4 Cryoprotectant
Mixing

An embryo is input into the device in a small droplet of embryo
culture medium, and 100 % VS is input into the device in larger
volumes (“reservoir inlet” in Fig. 1b). The cryoprotectant bathing
procedure is then performed through a serial mixing/splitting
process (see Fig. 2). This is accomplished by mixing the embryo-
containing droplet with a vitrification solution droplet (VS), thus
increasing the concentration of cryoprotectant around the embryo.
The resulting droplet is then split into two daughter droplets with
the one containing the embryo identified and kept, while the other
droplet is moved to the waste reservoir.

After the first mixing step, the droplet reaches 50 % cryopro-
tectant concentration (i.e., equilibrium solution or ES); the
embryo is kept in the ES droplet as long as the specific protocol
requires. Then the cryoprotectant concentration is increased again
by droplet mixing and splitting. Contrary to its state in ESmedium,
embryo volume sharply decreases in VS medium and does not
recover. The overall mixing profile generated with a single

Fig. 2 Droplet mixing protocol and resulting concentration profile. (a) 1: Embryo (red circle) contained in
culture medium (CM) droplet. 2: Embryo droplet mixed with VS droplet. 3: Droplet split into two droplets (left
contains embryo). 4: Droplet containing embryo is kept and other droplet is sent to waste. Process is repeated
to increase VS concentration. (b) Mixing profile showing the generation of ES medium and VS medium. Droplet
volumes were calculated by imaging droplet boundaries and modeling as cylinders. Concentrations were then
calculated using these volumes before and after each mixing step
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dispensing reservoir is C nð Þ ¼ 100 1& 1
2n

! "
%, where C(n) is the

concentration of the droplet and n is the number of mixing steps.
This protocol mimics a typical two-step human embryo/

oocyte protocol. However, mouse embryos are typically frozen
with only a single-step protocol where the embryo is directly trans-
ferred to VS medium and then frozen. On our device, this corre-
sponds to simply removing the waiting time in the ESmedium step.
Both protocols were performed; however, the results presented
were done with the mouse embryo timings to follow the protocol
provided by Canadian Mouse Mutant Repository (CMMR).

After complete transfer of the embryo into the VS medium, the
droplet containing the embryo is moved toward the edge to be
collected by a micropipette (Fig. 1c) and then plunged into liquid
nitrogen. Contrary to conventional vitrification protocols andman-
ual operation, which subject embryos to sudden changes in
medium concentration, the digital microfluidic approach gradually
increases the VS medium concentration, (Fig. 2), which is generally
accepted by IVF practitioners to be more benign to embryos due to
lower osmotic stress [18].

4 Notes

Previous studies of embryo vitrification (4–16-cell stages) reported
survival rates in the range of 80–100 %. Based on the limited sample
size we have tested, vitrification using digital microfluidic device in
our work produced a survival rate of 77 %, and our own manual
vitrification trials resulted in a survival rate of 73 %. These lower
survival rates, compared to the results in the literature, can be
mainly attributed to our use of a micropipette (vs. vitrification
straw) inside liquid nitrogen. The micropipette tip is a standard
plastic pipette for embryo manipulation and had an inner diameter
of 125 μm (The STRIPPER micropipetter, Origio). Much research
has gone into developing different mechanical structures (e.g.,
straw-type carriers [19], cryotube [20], Cryotop [21], and mesh-
type carriers [22]) to increase the heat transfer rate [3]. Using these
devices in liquid nitrogen requires the transfer of a processed
embryo onto the device (e.g., vitrification straw) with minimal
liquid volume remained on the vitrification straw. Since this embryo
transfer process is not within the capability of our present micro-
fluidic device and would introduce an extra manipulation step by
hand, this work focused on proving the feasibility of using digital
microfluidics for embryo processing. Therefore, the microfluidi-
cally processed embryos were directly frozen inside the micropi-
pette tip in our experiments.

Due to the programmability of the digital microfluidic devices,
one key benefit is the ability to implement/test a number of vitri-
fication protocols for efficacy comparisons. Although different
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human and mouse vitrification protocols use different cryoprotec-
tants, number of mediums, and timings, all of these protocols, at
their core, involve the controlled increase in cryoprotectant con-
centration over a given period of time. This is convenient for DMF
device design as it always produces a 50 % concentration after the
first mixing (neglecting the time required to homogenize concen-
tration of the resulting droplet which is in the order of 2~3 s when
the droplet is rolled over a few electrodes to enhance mixing). This
means that a typically two-step protocol involving an initial 50 %
concentration ES step, followed by a short 100 % VS step, can be
easily realized by following the mixing curve with a pause after the
first mixing step to allow the embryo to reach equilibrium.

One limitation of the digital microfluidic platform was
handling culture mediums containing high serum concentrations.
Serum contains a mixture of proteins that can adsorb on the Teflon-
coated surfaces of the device, eventually accumulating to the point
that the surface becomes hydrophilic, making droplets immovable
[23]. Some strategies have been developed to help overcome this
problem, such as the use of Pluronic additives [24], silicone oil
baths [25], and superhydrophobic surfaces [26]. Pluronic additives
were avoided in our work as embryos are highly sensitive to addi-
tives. Superhydrophobic surfaces were also avoided as they require
significant additional fabrication efforts. A silicone oil bath was
used which did increase droplet movability; however, this approach
did not work with sufficient effectiveness for conventional embryo
culturing mediums that contain high serum concentrations. There-
fore, in this work, a serum-free culture medium was chosen for this
proof-of-principle study. In further work, we will explore droplet
movability improvement for serum-containing culture medium and
the automation of transferring embryos onto vitrification devices
(e.g., straw or Cryotop).
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Appendix D: Irvine Scientific® Vitrification System

Matthew VerMilyea and Amber Brewer

Abstract

This chapter will describe the use of the Irvine Scientific® vitrification and warming solutions (Vit Kits®)
along with a detailed protocol for the correct use of the CryoTip® vitrification device for human embryos
and oocytes. Successful pregnancies have been reported after carrying out rapid vitrification methods of
oocytes, cleavage stage embryos, and blastocysts using the CryoTip® (Popwell et al. Fertil Steril, 101:e20,
2014; Kuwayama et al. Reprod Biomed 11:608–614, 2005; Kuwayama et al. Fertil Steril 84:S187, 2005;
Kuwayama et al. Vitrification of human embryos using the CryoTip TM method. Reprod Biomed
11:608–614). Compared to other vitrification carrier devices, the CryoTip® is considered a closed carrier
for vitrification, thereby eliminating the theoretical risk of disease transmission through contaminated
liquid nitrogen during cooling and storage (Bielanski et al. Cryobiology, 40:110–116, 2000). The Cryo-
Tip® is cleared by the FDA and has CE mark approval as a closed device to carry gametes or embryos in a
specialized medium during cryopreservation procedures and subsequent long-term storage in liquid
nitrogen. The CryoTip® has been shown to be a safe and reliable vitrification device, and when compared
to other open system vitrification devices, it has provided similar results (Martino et al. Reprod Biol
Endocrinol 11:27, 2013, Valbuena et al. Fertil Steril 97:209–217, 2012; Kuwayama et al. Reprod Biomed
11:608–614, 2005). The CryoTip® has also been shown to be suitable for use as a vitrification device for
the cryopreservation of small volumes of sperm (Tanaka et al. Fertil Steril 90: S292, 2008).

Key words Irvine Scientific, CryoTip®, Vit Kits®, embryo vitrification

1 Introduction

The CryoTip® vitrification device has been optimized as a closed
system for cryopreservation procedures. It consists of a straw with
an ultrafine tip (250 μm inner diameter, 20 μm wall thickness, and
3 cm in length) connected to a wide end (2000 μm inner diameter,
150 μm wall thickness, and 4.5 cm length) and equipped with an
adjustable protective metal cover sleeve (Fig. 1). The devices can
also be equipped with a classical PETG sperm straw for easy labeling
and specimen identification (Fig. 2). Embryos are loaded into the
ultrafine tip of the device in approximately 1 μL of vitrification

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_24, © Springer Science+Business Media LLC 2017
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solution. The gamete/embryo and vitrification solution is aspirated
into the device by a reusable connector and syringe. The straw is
then hermetically heat-sealed at both ends, and the protective metal
sleeve is pulled over the ultrafine tip for added protection during
handling. The entire device is then plunged into liquid nitrogen
and stored for future use.

Since the device has been optimized as a closed system for
cryopreservation procedures, it is important to validate that the
impulse heat sealer is working optimally. A validation protocol
should be followed to assure consistency of the individual sealer
settings and confirm a sufficient heat seal. It is recommended that
the heat sealer validation procedure be performed annually to
ensure seals are made properly.

For warming, the CryoTip® is removed from liquid nitrogen
and immediately plunged into a 37 !C water bath for 3 s. The
device is wiped dry with a sterile tissue, and both sealed ends are
cut with sterile scissors after sliding the protective metal sleeve away
from the ultrafine tip. A syringe and connector are attached to the
wide end of the straw, and the contents are carefully expelled onto a
sterile dish.

When the CryoTip® is used in conjunction with the Irvine
Scientific® Vit Kits® for freezing and thawing, exceptional embryo
recovery and survivability rates can be achieved (Table 1) along
with clinical outcomes (Table 2). Additionally, the CryoTip® and
Vit Kits® have been optimized to be used together at room tem-
perature (22–27 !C), providing an easy and reliable protocol for
closed system vitrification.

Fig. 1 The CryoTip® vitrification device with ultrafine tip, loading marks, and
metal protective sleeve

Fig. 2 CryoTip®(s) with sterile classical PETG sperm straw and label for sample
identification
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2 Materials (Fig. 3)

l Impulse heat sealer: with heating element width of 2 or 5 mm,
to seal both ends of the CryoTip®.

l Vit Kit®-Freeze: Irvine Scientific® P/N #90133-DSO.

l Vit Kit®-Thaw: Irvine Scientific® P/N #90137-DSO.

l CryoTip®(s): Irvine Scientific® P/N# 40709.

l Connector: Irvine Scientific® P/N# 40736.

l Cryogenic labels.

l 25 μL Hamilton Gastight Luer Tip Syringe or equivalent aspi-
ration tool (using a small volume Hamilton syringe provides
greater control during loading and unloading of the
CryoTip®).

l 250 μL Hamilton Gastight Luer Tip Syringe (Recommended
to be used for warming protocol).

l Small, sharp surgical grade scissors.

l Tweezers or forceps.

l Vitrification solution (VS): Irvine Scientific® P/N #90132.

Table 1
Warming results: laboratory

Cycles 471

Embryos warmed (mean) 852 (1.81)

Embryos recovered 833 (98 %)

Embryos survived 807 (97 %)

Embryos transferred (mean) 807 (1.71)

Data collated from 1/2012 to 12/2014 from Fertility Institute of Hawaii.

Table 2
Warming results: clinical

Cycles 471

Embryos transferred (mean) 807 (1.71)

Clinical pregnancies 290 (62 %)

Sacs 400 (50 %)

Singleton pregnancies 183 (63 %)

Twin pregnancies 104 (36 %)

Triplet pregnancies 3 (1 %)

Data collated from 1/2012 to 12/2014 from Fertility Institute of Hawaii.
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l Liquid nitrogen (LN2).

l Liquid nitrogen reservoir or Styrofoam box.

l 37 !C water bath.

l Minimum 500 mL beaker.

l Thermometer.

l Glass pipettes.

l Sterile embryo culture dishes.

l Stereo microscope.

l Timer.

3 Methods

3.1 Impulse Heat
Sealer Validation
Protocol

1. Fill the liquid nitrogen reservoir with liquid nitrogen (LN2).

2. Attach the syringe to the wide end of the connector, and then
attach the wide end of the CryoTip® to the other (narrow) end
of the connector; pull the plunger of the syringe slightly to
ensure that there is no capillary action when placing the Cryo-
Tip® in the VS solution.

3. Slide the metal cover sleeve up along the CryoTip® to expose
the ultrafine tip end.

Fig. 3 Examples of heat-sealed CryoTip®(s)
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4. Load the CryoTip® with VS solution up to the 3rd mark by
gently pulling on the plunger of the syringe.

5. Set the impulse sealer to scale #3, holding the CryoTip® per-
pendicular to the sealer, place the ultrafine tip on the middle of
the heating element, and brace your hand to ensure a steady
seal. Gently push the handle of the heat sealer down to heat-
seal the ultrafine tip end at or below the 1st mark. You will hear
a beep and the light will turn off to indicate the seal is complete.

6. Observe the seal under the microscope to ensure you have
achieved a complete seal. Heat-seal the tip one more time just
above the first seal, if the seal is not complete.

7. Slide down the cover sleeve to protect the ultrafine tip.

8. Disconnect the CryoTip® from the connector and syringe; set
the impulse sealer to scale #6, holding the CryoTip® perpen-
dicular to the sealer; place the wide end on the middle of the
heating element; and brace your hand to ensure a steady seal.
Gently push the handle of the heat sealer down to heat-seal the
wide end at or above the 4th mark. You will hear a beep and the
light will turn off to indicate the seal is complete.

9. Observe the seal under the microscope to ensure you have
achieved a complete seal. Heat-seal the tip one more time just
below the first seal if the seal is not complete.

10. Plunge the CryoTip® (metal covered ultrafine tip side down)
into the LN2 and gently swirl for 3 s.

11. Prepare a 500 mL beaker with 37 !C water bath, and place
the thermometer in the water bath to monitor the
temperature.

12. Use the tweezers/forceps to gently grab the wide end of the
CryoTip® (submerged in LN2), and then immediately plunge
it into the 37 !C water bath.

13. Wipe the CryoTip® dry with a Kim wipe, slide up the metal
cover sleeve, and carefully observe for leakage of the VS solu-
tion along the entire ultrafine tip end. The same volume of VS
solution (up to the 3rd mark on the CryoTip®) should be
present if no leakage occurred.

14. Withdraw the plunger of the syringe (with connector attached)
to the halfway position.

15. Cut the wide end of the CryoTip® on the 4th mark (to remove
the heat seal), and then attach it to the connector and syringe.

16. Apply light pressure to the CryoTip® by lightly pushing down
on the plunger of the syringe.

17. Carefully observe for leakage of the VS solution and note the
location of any leaks. In rare cases, solution may leak from
locations not associated with the heat seal as a result of:
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l Exceeding the pressure capacity of the sealed CryoTip®.

l Cracks in the CryoTip® (may occur from damage or com-
promise of the tip integrity prior to or during use).

l The heat sealer interface is not sufficiently flexible and may
damage the CryoTip® with creases or cracks during heat
sealing; such heat sealers would FAIL the validation.

18. Repeat the entire procedure for a total of 15 CryoTip®(s) per
validation, to assure consistency (sealer settings and sufficient
heat seal) of the heat sealer (Fig. 4). Note: Sealer settings may
vary between heat sealers; you should adjust your settings
accordingly to achieve a complete seal. We suggest writing
the sealer settings on the side of the sealer.

19. It is also strongly encouraged to validate both ends (ultrafine
tip and wide end) of the CryoTip® to ensure the sealer settings
are sufficient for an adequate seal at the bottom and top of the
device.

3.1.1 Heat Sealer

Validation Protocol

Acceptance Criteria

PASS:
When properly heat-sealed, there should be no apparent leaks

at either heat seal location and no crimp-induced cracks on the
CryoTip®(s). If a leak occurs at the point of the seal, the heat sealer
settings may be too high or too low and should be re-tested at an
adjusted scale setting.

FAIL:

1. Heat sealer is consistently too hot and does not form a secure
seal.

2. Heat sealer is not sufficiently flexible at the point of the heating
element which could induce crimps and cracks in the CryoTip®

during sealing.

Fig. 4 Schematic of solution distribution and method for embryo vitrification
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NOTE: If frequent incomplete seal is observed due to wearing off
of the heat sealer, the heating element should be replaced and then
heat sealer should be re-validated.

The recommended heat settings of the impulse sealer may vary
in different heat sealers.

3.2 Simplified
Embryo Vitrification
Protocol (2PN to
Blastocyst)

All procedures must be performed at room temperature
(22–27 !C).

Artificial collapse of the blastocoel cavity is highly recom-
mended prior to vitrification.

Have all necessary materials, tools, and equipment ready and
handy before starting procedure.

1. Aseptically dispense one (1) 50 μL drop of ES in a sterile
embryo culture dish (Fig. 5).

2. Transfer embryo(s) (2 maximum) to the ES drop and expose
undisturbed for 6–10 min.
NOTE: In pre-blastocyst stage embryos, the embryo(s) will
shrink and then gradually return to original size, indicating
that equilibration is complete.

3. During above equilibration in ES, aseptically dispense one (1)
50 μL drop of VS 2 minutes prior to complete equilibration.

4. Transfer embryo(s) with minimal volume of medium from ES
to the VS drop for 30 s before loading.

5. Gently pipette embryo(s) once within VS drop to ensure com-
plete rinse with VS.
NOTE: To minimize floating, after 10 s pipette the specimen(s)
to the bottom center of the VS drop.

Fig. 5 Materials required at workstation: Vit Kit®, CryoTip®, labeled straws, impulse heat sealer, 25 μL
Hamilton Gastight Luer Tip Syringe, and connector
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6. Load, seal, and plunge CryoTip® into LN2 within 80 s. Total
maximum exposure to VS is 110 s.

7. Refer to Subheading 3.3 diagram for detailed loading
instructions.

Notes:

l All procedures are to be done at ROOM TEMPERATURE
(22–27 !C). Do not use a heated stage.

l Have all necessary materials, tools, and equipment ready and
handy before starting procedure.

l CryoTip®(s) should be pre-labeled with patient information
and assembled with connector and syringe (for loading) prior
to starting procedure. To protect the ultrafine tip from damage,
keep it covered with metal cover sleeve until ready to load
specimen(s).

l Where possible, select only the best quality embryos (2PN to
blastocyst) for vitrification.

l The recommended CryoTip® capacity is a MAXIMUM of two
specimens.

l Process only as many specimen(s) as will be loaded per Cryo-
Tip® at one time.

l Minimize exposure of specimens to light during equilibration
in ES and VS solutions.

l Transfer specimens between drops using a minimal volume of
medium.

l The timing for exposure to VS is CRITICAL. Maintain micro-
scopic visualization of specimen(s) by adjusting focus as needed
during rapid exposure to VS (specimens will float in the drop).
Keep transfer pipette tip close to drop for quick manipulations.
Count the seconds with timer during 30 s exposure to VS.
Load, seal, and plunge the CryoTip® into LN2 within 110 s
after transfer to VS drop.

3.3 CryoTip®

Loading Protocol
It is important to note that all procedures must be performed at
room temperature (22–27 !C).

As an added precaution during the preparation procedure,
carefully examine each CryoTip® outside of the package. Prior to
use, all CryoTip® should be examined under a suitable magnifica-
tion (40" power) for possible damage (such as tip breakages or
cracks) that may have occurred during transport or storage.

Have all necessary materials, tools, and equipment ready and
easily accessible before starting procedure, including:

l Validated Impulse Heat Sealer (refer to Subheading 3.1).

l Load, seal, and vitrify within 80 s (within 110 s after initial
exposure to vitrification solution.
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l Withdraw the plunger of the 25 μL Hamilton Gastight Luer
Tip Syringe or equivalent aspiration tool (with connector
attached) to the halfway position.

l Attach CryoTip® to connector and syringe (or equivalent aspi-
ration tool).

l Gently slide up metal cover sleeve to expose the ultrafine tip of
CryoTip®.

l Verify that CryoTip® are labeled with either a PETG sperm
straw and interior ID rod (Fig. 6a) or external jacket (Fig. 6b).

While viewing under the microscope: (Fig. 7)

1. Aspirate vitrification solution (VS) to mark #1.

2. Aspirate specimen(s) and VS to mark #2.

While viewing directly:

3. Aspirate more VS to mark #3.
NOTE: Specimen(s) MUST be between mark #2 and mark #3.

Heat-seal both ends (use only recommended “impulse”-type
heat sealers which have been previously validated):

4. Disconnect the CryoTip® from the connector and syringe.

5. Seal #1 (Fig. 8): Set the impulse sealer to scale #3, holding the
CryoTip® perpendicular to the sealer, place the ultrafine tip on
the middle of the heating element, and brace your hand to
ensure a steady seal. Gently push the handle of the heat sealer
down to heat-seal the ultrafine tip end at or below the 1st mark.
You will hear a beep and the light will turn off to indicate the
seal is complete.

l Slide cover sleeve down to protect the ultrafine tip.

l Inspect the seal under the microscope to ensure a complete
seal.

Fig. 6 (a) CryoTip® with PETG sperm straw and interior colored identification rod. (b) CryoTip® with PETG
sperm straw and colored external jacket
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6. Seal #2 (Fig. 8): Set the impulse sealer to scale #6, holding the
CryoTip® perpendicular to the sealer, place the wide end on the
middle of the heating element, and brace your hand to ensure a
steady seal. Gently push the handle of the heat sealer down to
heat-seal the wide end at or above the 4th mark. You will hear a
beep and the light will turn off to indicate the seal is complete.

l Inspect the seal under the microscope to ensure a complete
seal.

Fig. 8 Schematic of impulse heat sealer and proper placement of the CryoTip® at
time of sealing. The impulse sealer should be set to scale #3 for seal #1 and
scale #6 for seal #2

Fig. 7 Step-by-step schematic of CryoTip® loading marks and specimen observation while viewing under a
microscope (1 and 2) and while viewing the device directly (3–6)
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7. Plunge sealed CryoTip® into liquid nitrogen (LN2) (Fig. 9).
Ideally, place into an LN2-filled goblet for long-term storage.

Notes:

l Have all necessary materials, tools, and equipment ready and
easily accessible before starting procedure (e.g., LN2-filled
holding reservoir, CryoCane and goblets, heat sealer, tongs or
forceps, pipette or syringe).

l CryoTip® should be pre-labeled with patient information and
assembled with connector and syringe (for loading), prior to
starting vitrification procedure. To protect the ultrafine tip
from damage, keep it covered with metal cover sleeve until
ready to load specimen(s).

l The recommended CryoTip® capacity is a MAXIMUM of two
specimens.

l The timing for exposure to VS is CRITICAL.

Load, seal, and plunge the CryoTip® into LN2 within 110 s
after initial exposure to VS drop.

l Rapid and controlled loading of the CryoTip® is essential and
requires a secure seal between the CryoTip®, connector, and
25 μL Hamilton syringe or equivalent.

Carefully attach the connector to the Hamilton syringe ensur-
ing that there is a secure seal. Next, insert the wide end of the
CryoTip® gently into the connector until you have achieved a
slight seal.

l The recommended heat settings of the Impulse Sealer may vary
in different heat sealers. The appropriate settings for heat seal-
ing both ends of the CryoTip® should be determined by fol-
lowing the Subheading 3.1.

Fig. 9 Schematic of CryoTip® plunged into liquid nitrogen (LN2). After the metal
cover sleeve is slid down over the sealed ultrafine tip of the CryoTip®, the device
is plunged, metal cover sleeve side downward, into the LN2
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l CryoTip® must remain submerged in LN2 until ready to thaw.
When transferring CryoTip® from LN2-filled holding reservoir,
or between LN2 storage tanks, CryoTip® should remain
submerged in an LN2-filled goblet to prevent uncontrolled/
premature thawing in air.

3.4 Simplified
Warming Protocol
for CryoTip®

(Oocytes and Embryos)

It is important to note that all procedures must be performed at
room temperature (22–27 !C).

Do not begin warming procedure until you have a pre-
equilibrated dish of appropriate culture medium supplemented
with SSS or DSS at 20 % (v/v) or HSA at 12 mg/mL for final
recovery of specimen(s).

Assisted hatching of embryos is highly recommended prior to
embryo transfer.

Have all necessary materials, tools, and equipment ready and
easily accessible before starting procedure.

1. Select CryoTip®(s) to be warmed from LN2 storage and
quickly transfer to LN2-filled holding reservoir in preparation
for warming procedure.

2. Place LN2-filled holding reservoir close to 37 !C water bath
(minimum volume 500 mL) and microscope for subsequent
rapid manipulation.

3. To set up warming dish, aseptically dispense (as shown in
diagram):

l One (1) 50 μL drop of TS

l One (1) 50 μL drop of DS

NOTE: For oocytes, dispense a minimum of 100 μL of TS.

4. Quickly remove CryoTip® from LN2 and within 1 s fully
immerse the device in the 37 !C water bath (>500 mL) and
swirl gently device for 3 s. Swirling the device is critical to
ensure the most rapid warming rate (+24,000 !C/min)
(Fig. 10).

5. Remove CryoTip® from the water bath and promptly remove
metal cover sleeve from device by firmly grasping the lower end
of the cover sleeve and pulling away from the CryoTip®. Gently
wipe away any water with a sterile dry tissue ensuring the
ultrafine tip of the device is dry.

6. Using sterile medical grade sharp scissors make Cut #1 below
seal at wide end of CryoTip®.

7. Withdraw the plunger of the 250 μL Hamilton syringe (with
connector attached) to the halfway position. Gently attach
CryoTip® to connector and syringe.

8. Place ultrafine tip end over the prepared warming dish and
quickly make Cut #2 above the seal at the fine end.
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9. While visualizing under the microscope, dispense contents of
CryoTip® as a small drop directly adjacent to TS drop. Once
you visualize the specimen(s), touch the CryoTip® contents
drop to TS drop with end of CryoTip® to mix. Set timer for
1 min and leave undisturbed (Fig. 11).

10. Transfer specimen(s) to DS, for 4 min. Gently pipette speci-
mens once to ensure complete rinse in DS.

11. During the 4 min exposure in DS, aseptically dispense two (2)
50 μL drops of WS (WS1, WS2).

12. Transfer specimen(s) to WS1 and then WS2 for 4 min each
undisturbed.

13. Transfer warmed OOCYTE(S) to pre-equilibrated culture
medium with 20 % (v/v) protein supplement or 12 mg/mL
for recovery (2–3 h to allow time for spindle reformation) prior
to subsequent manipulations.

There are two options for warmed EMBRYO(S):

(a) For immediate transfer to patient: transfer EMBRYO(S) to
pre-equilibrated “transfer” medium containing 20 % (v/v)
protein supplement or 12 mg/mL.

(b) For further culture: transfer EMBRYO(S) to pre-
equilibrated culture medium containing 20 % (v/v) protein
supplement or 12 mg/mL for a 4 h recovery period. After
recovery period, transfer EMBRYO(S) to culture medium
with 10 % (v/v) protein and incubate accordingly until
desired developmental stage has been reached for transfer
to patient.

Fig. 10 Schematic of CryoTip® warming procedure in a 37 !C water bath. Sharp sterile scissors are used to
cut heat seals and contents are dispensed carefully with a syringe and connector
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Notes:

l Have all necessary materials, tools, and equipment ready and
easily accessible before starting procedure.

l Pre-equilibrate a dish of appropriate culture medium supple-
mented with SSS or DSS at 20 % (v/v) or HSA at 12 mg/mL
for final recovery of specimen.

l CryoTip®(s) must remain submerged in LN2 until ready to
warm.When transferring CryoTip®(s) from LN2-filled holding
reservoir, or between LN2 storage tanks, CryoTip®(s) should
always be submerged in an LN2-filled goblet to prevent uncon-
trolled/premature warming in air.

l Use sterile medical grade sharp scissors.

l Set up warming dish with drops of solutions (see step 3) prior to
removing CryoTip® from LN2.

l It is recommended to use a 250 μLHamilton Gastight Luer Tip
Syringe for the warming procedure.

Fig. 11 Schematic of solution distribution and method for embryo warming/
thawing
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l Use a 37 !C water bath with a minimum volume of at least
500 mL.

l Ensure that the plunger of the syringe has been withdrawn
halfway prior to attaching the CryoTip® to the connector.

l Rapid and controlled dispensing of contents from the Cryo-
Tip® is essential and requires a secure seal between the Cryo-
Tip®, connector, and syringe (or pipette).

l Cut ultrafine tip end over the dish in case of premature dispens-
ing of contents. Carefully dispense contents as a drop (ideally
hanging on edge of CryoTip® before touching directly next to
TS drop) to AVOID BUBBLES.

l Limit exposure to light while moving the specimens through
the solutions.

NOTE: Following complete recovery (2–4 h post-warming), oocytes
must be fertilized by ICSI due to zona hardening during vitrification.

4 Notes CryoTip® Loading, Sealing, and Dispensing

The following points should be considered when using the
CryoTip®:

Before Use:

1. Inspect each CryoTip® under the microscope before use.
Check to make sure there are no cracks, defects, or bends in
the plastic. The front edge of the ultrafine tip end should be flat
and straight. If any cracks, bends, or damage is apparent, DO
NOT USE the CryoTip® as this may cause the device to burst
resulting in the specimen being compromised.

2. Slide the metal cover sleeve up and down at least once. The
slide tension of the cover sleeve should be firm but not score
the plastic. Also, it should not be so loose that it slips up and
down without assistance.

3. Connectors are reusable; we recommend you to replace the
connector approximately every 30 CryoTip®(s).

4. Wipe and clean the Teflon sheet and silicone rubber of the heat
sealer with 70 % ethanol to remove any debris. Debris on the
heat sealer may prevent a complete heat seal.

5. Recommended heat sealer is the impulse heat sealer. Each heat
sealer will have its own unique characteristics. It is up to the
operator to determine exactly which settings are best for their
sealer. Practicing with multiple CryoTip®(s) is essential for
determining these settings (Subheading 3.1). You can heat-
seal the same CryoTip® several times when validating your
heat sealer; just make the next seal above the first and so on.
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Approximate optimal settings for sealing each end of the Cryo-
Tip® are:

l Ultrafine tip end—low setting ~3.

l Wide end—high setting ~6: The settings can be marked on
the specific heat sealer so that the same respective settings
are used every time for sealing the corresponding ends (fine
and wide). Alternatively, you can validate two heat sealers,
one for the ultrafine tip end and one for the wide end. This
method allows you to use a separate sealer for the fine end
and the wide end to eliminate the need for adjusting heat
settings between seals. Correct and complete sealing is key
to achieving good recovery rates from the CryoTip®.

6. Heat sealers should be re-validated annually.

Loading:

1. We recommend that you use a glass Hamilton syringe to load
the CryoTip®. You can get these from www.hamiltoncompany.
com. There are several sizes available but we recommend the
25 μL syringe; this size gives you adequate control to easily load
the CryoTip® with <1 μL of medium.

2. Pull back the syringe plunger slightly before attaching the
CryoTip® to prevent any capillary action. Hold the CryoTip®

steady and rotate the syringe slightly while pushing the Cryo-
Tip® into the connector to get the best seal; continue applying
pressure until you see approximately 1 cm of the large end
breach of the seal between the CryoTip® and connector. Be
sure that you push the CryoTip® into the connector just
enough so that the connector holds the CryoTip® in place,
do not push the CryoTip® in too far.

3. Hold the metal cover slip from the ultrafine tip end and slide it
up toward the connector. Ensure that the metal cover sleeve
does not go into the connector; this will make it difficult to
achieve a good fit between the connector and CryoTip®.

4. When loading the embryo(s) in the device, it is advised to
increase your field of magnification but “zooming out” and
using your peripheral vision to view the embryos moving up to
mark #3.

After Loading:

1. Always ensure that when sealing the CryoTip® your hand is
steady and braced. Movement during sealing can lead to stress
on the seal and result in a failure.

2. After heat sealing always visually check the seals using the
microscope. Check the small end to be sure the seal is flat and
melted without bends or kinks. Check the large end to be sure
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the plastic has a complete seal. If the heat seal is sufficient, the
imprint of the brown plastic coating of the sealer should be
visible on the blue plastic of the CryoTip®, and there should be
no cracks along the sealed edge of the large end radiating down
toward the small tip.

3. If the large end of the CryoTip® does not seal entirely, you
need to seal it again. Make the second seal just below the first
seal.

4. Always adjust the heat settings to accommodate the large end
(~6) and small end (~3) of the CryoTip®.

5. Slide the metal cover sleeve completely down to the fine end
until it stops to protect it during storage.

6. Plunge into LN2 and swirl for 3 s to maximize cooling rate.

During Warming:

7. One of the most critical steps to warming is to achieve a rapid
warming rate (+24,000 !C/min). To maximize the warming
rate with the CryoTip®, move the CryoTip® from LN2 to a
large 37 !C water bath (>500 mL) within 1 s. Swirl CryoTip®

for 3 s in water bath and continue with the recommended
protocol for warming.

8. A pair of sharp scissors and a quick “snap” action when cutting
away the ultrafine tip end are essential to prevent the contents
of the CryoTip® from being accidentally dispensed onto
the scissors. If the content is expelled immediately or onto
the scissors, try not to connect the Hamilton syringe onto the
connector too hard. This may create unwanted pressure in the
CryoTip®.

9. If the freezing solution is not expelled from the device or you
can visualize bubbles within the CryoTip® before cutting, the
seals have not been correctly made (usually the seal on the wide
end of the device).

10. Have your TS solution set-up and move your specimens into
the solution as quickly as possible.

11. Specimens should be transferred to equilibrated culture
medium containing 20 % protein for complete recovery after
warming.

Trouble Shooting:

1. If cracks occur upon plunging, then most likely the seals were
not complete before plunging. Check that the heat sealer plat-
form is clean and sealing consistently, that the temperature
setting is correct for each end of the CryoTip® (giving a firm,
melted seal), and that the user is using the sealer correctly (push

Appendix D: Irvine Scientific® Vitrification System 333

ri-cheng.chian@mcgill.ca



the handle firmly, without crushing to seal, let up after the
beep).

2. When just learning how to use the device, you can seal and
unload several CryoTip®(s) prior to implementing the system
with specimens (oocytes and embryos). Load solution, seal,
plunge into liquid nitrogen, remove, plunge into water, and
unload. Make sure you can do this repeatedly without getting
bubbles in the CryoTip® or finding empty CryoTip®(s). If
CryoTip® is empty then it wasn’t sealed correctly.
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Appendix E: Rapid-iTM: Closed Vitrification Device
by Vitrolife

Mark G. Larman

Abstract

Cryopreservation of gametes and embryos is a growing technique in numerous reproductive fields
including human-assisted reproduction. With improved understanding of embryo physiology and opti-
mized culture conditions, there are now more embryos than ever to vitrify for potential use in subsequent
cycles. Many gametes and embryos have been cryopreserved in open systems, but there are concerns with
regard to contamination from the liquid nitrogen and also cross-contamination between patients’ germ-
plasm. The development of the Rapid-i™, a closed vitrification device that does not use direct contact with
liquid nitrogen during vitrification or subsequent storage, will be discussed as well as clinical protocols for
human oocytes and embryos.

Key words Closed device, Cryopreservation, Contamination, Liquid nitrogen, Rapid-i, Vitrification

1 Introduction

Embryos vitrified on open devices and stored in liquid nitrogen are
vulnerable to viral contamination [1]. In the embryology lab, liquid
nitrogen is not stored under sterile conditions, so it is not surprising
that bacterial and fungal contamination have been reported [2, 3]
and that there are concerns with regard to the safety of gametes and
embryos during vitrification and storage in liquid nitrogen. Meth-
ods to minimize contamination concerns have been discussed
[4–6], but ultimately the optimal method to prevent or minimize
contamination during vitrification and subsequent storage in liquid
nitrogen is to use a closed system that does not require direct
contact with liquid nitrogen.

A proof of principle paper was published by Larman and col-
leagues [7], demonstrating that an open device (Cryoloop) could
be modified so that it did not require direct liquid nitrogen contact
during vitrification. Cryovials were held in a polystyrene tray in such
a way that liquid nitrogen around, but not inside the vial, cooled
the air inside the vial to around !190 "C. Vitrification in

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_25, © Springer Science+Business Media LLC 2017
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supercooled air was compared to the standard direct contact proto-
col using mouse pronuclear oocytes. Survival and embryo develop-
ment, including cell differentiation, were comparable between the
two techniques. The manufacturers of cryovials, however, only
recommend storage in the vapor phase as they are not leakproof.
Because cryovials could not provide a hermetic seal, the principle of
supercooled air was applied to an in-straw device, the Rapid-i
(Fig. 1a–d). The Rapid-i underwent significant preclinical testing.
It was developed using mouse embryos and is capable of vitrifying
mouse pronuclear oocytes with a 100 % survival rate. The
subsequent embryo development, cell number, and embryo viabil-
ity (assessed by embryo transfer) were not affected when compared
to sibling non-vitrified embryos [8].

More recently the Rapid-i has been compared clinically to two
open systems (Cryoloop and Cryotop) for human embryo vitrifica-
tion [9, 10]. Embryo development and clinical outcomes with the
Rapid-iwere equivalent tobothopen systems.The results from these
two studies demonstrated that a closed system such as the Rapid-i
can vitrify human embryos with the same efficacy as open systems. It
was thought that vitrification of human oocytes required the high
cooling rates only providedbydirect contactwith liquidnitrogen.As
with embryos, it appears that human oocytes can also be vitrified
with the Rapid-i. In one ongoing clinical study, over 500 oocytes
have been vitrified and warmed with the Rapid-i with a survival
rate of 94 %. Following ICSI, the fertilization rate was 76 %.

Fig. 1 The Rapid-i is a closed vitrification device that requires no direct contact with liquid nitrogen. (a) It is
composed of a weighted storage straw (RapidStraw) that is sealed at one end and a plastic rod (Rapid-i),
which holds the embryos. (b) The Rapid-i is then inserted into the RapidStraw that is held in the SmartBox
containing liquid nitrogen. The air inside the straw is supercooled to around !190 "C causing instantaneous
vitrification. (c) The top of the straw is then sealed with the ultrasonic sealer
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Blastocyst transfer resulted in a 49 % ongoing pregnancy rate, with
five healthy live births reported so far [11].

2 Materials

The Rapid-i can be used with any vitrification/warming media. For
the purpose of this chapter, the procedure will be explained using
Vitrolife’s vitrification/warming media for blastocysts (RapidVit
Blast and RapidWarm Blast). Two other kits are provided for vitri-
fication/warming of oocytes and cleavage-stage embryos (Rapid-
Vit/Warm Oocyte and Cleave, respectively). The protocols are
similar with adjusted timings. Please consult each product insert
for the specific instructions.

2.1 Vitrification RapidVit Blast.

Rapid-i Kit.

SmartBox.

Ultrasonic sealer.

Dewar containing liquid nitrogen.

Cryocane and goblet.

Cryo-label or cryomarker for patient identification.

Multi-well dish such as Vitrolife’s 5-well dish.

Pipettor.

Sterile pipette tips (1 mL and 20 μL).
Stereomicroscope with heated stage.

Embryo handling tool.

Timer.

2.2 Warming RapidWarm Blast.

SmartBox.

Cutters.

Needle nose tweezers.

Dewar containing liquid nitrogen.

Cryocane and goblet containing patients’ Rapid-i with embryos.

Multi-well dish such as Vitrolife’s 5-well dish.

Pipettor.

Sterile pipette tips (1 mL).

Stereomicroscope with heated stage.

Embryo handling tool.

Timer.
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3 Methods

Outlined below is the method for vitrifying and warming human
blastocysts with the Rapid-i and RapidVit Blast and RapidWarm
Blast kits. A video of the protocol can also be found on Vitrolife’s
website.

3.1 Vitrification
of Blastocyst-Stage
Embryos

1. Label the multi-well plate with the patient identification.

2. Place 0.5–1 mL of each of the solutions for vitrification in
separate wells of the labeled multi-well dish, e.g., Vitri 1 solu-
tion in well number 1, Vitri 2 solution in well number 2, and
Vitri 3 solution in well number 3.

3. Place the lid on the multi-well dish and allow the solutions to
warm to 37 "C (see Note 1).

4. While the vitrification solutions are warming, collect the
remaining itemsmentioned above inMaterials Subheading 2.1.

5. Place the SmartBox on the lab bench close to the microscope.
Ensure the bench used for the procedure can tolerate liquid
nitrogen spills.

6. Fill the SmartBox with liquid nitrogen up to 1 cm from the
box’s rim and place the lid on top of the box (see Note 2).

7. Check that the Rapid-i Kit packaging is intact and that the use
by date has not expired. Open the package using aseptic
technique.

8. Label the exact number of RapidStraws needed with the
patient’s identification. Place the label below the top, black
mark on the RapidStraw.

9. Once the vitrification solutions have warmed to 37 "C, move
them on to a heated stereomicroscope stage that will maintain
this temperature.

10. Transfer the embryos into Vitri 1 using a pipette (see Note 3).
The embryos can remain in the solution for 5–20 min (see
Note 4).

11. Move an appropriate number of embryos into Vitri 2 (seeNote
5). Start the timer. The embryos are exposed to this solution
for a total of 2 min.

12. When 30 s remains, make a 20 μL droplet of Vitri 3 on a
nontoxic surface, preferably a culture dish (see Note 6).

13. When 10 s remains, begin collecting the embryos. Transfer the
embryos in a minimal volume of Vitri 2 to avoid dilution of the
Vitri 3 droplet.

14. Transfer the embryos into the 20 μL droplet of Vitri 3, and let
them remain in this solution for 45 s. To allow proper exposure
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of the embryos to Vitri 3, move the embryos around two–three
times within the droplet.

15. When 5–10 s remains, collect the embryos in a minimal volume
and place them onto the Rapid-i.

16. Bring the end of the pipette holding the embryos close to the
wall of the hole on the Rapid-i. Gently expel the embryos and
Vitri 3 until the hole has been filled (Fig. 2a–c).

17. Pick up the Rapid-i and place it in the RapidStraw (seeNote 7).
The total time from placing the embryos into Vitri 3, onto the
Rapid-i, and then into the RapidStraw should be around 45 s.

18. Immediately seal the open end of the RapidStraw with the
ultrasonic sealer.

3.2 Warming
of Blastocyst-Stage
Embryos

1. Label the multi-well dish with the patient identification.

2. Place 0.5–1mL of each of the solutions for warming in separate
wells of the labeled multi-well dish, e.g., Warm 1 solution in
well number 1, Warm 2 solution in well number 2, andWarm 3
solution in well number 3.

3. Place the lid on the multi-well dish and allow the solutions to
warm to 37 "C (see Note 1).

4. While the vitrification solutions are warming, collect the
remaining items for warming mentioned above in theMaterials
Subheading 2.2.

5. Place the SmartBox on the lab bench close to the microscope.
Ensure the bench used for the procedure can tolerate liquid
nitrogen spills.

6. Fill the SmartBox with liquid nitrogen up to 1 cm from the
box’s rim and place the lid on top of the box.

7. Move the cryocane and goblet containing the RapidStraws into
the liquid nitrogen in the SmartBox. Remove one RapidStraw,
without leaving the liquid nitrogen, and make sure the Rapid-
Straw is secure in the lid and that the lower end touches the
bottom of the SmartBox.

Fig. 2 The device is loaded with the embryos and vitrification medium by pipetting the embryos (or in this case
100 μm beads) directly into the 50 nL hole. The small volume and high viscosity of the vitrification solution
mean that the embryos remain securely in place
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8. Warm the RapidStraw with your fingers around the black mark
to get a better view of the black tab on the Rapid-i. Hold the
RapidStraw well above the black mark, and cut it around 3 mm
above the black end of the Rapid-i. Do not lift the RapidStraw
from the lid, and make sure it stays upright in the liquid
nitrogen.

9. Lift the Rapid-i (using needle nose tweezers) out of the Rapid-
Straw just enough to enable you to grasp the end with your
fingertips. Then quickly (as fast as possible, preferably less than
2 s), but carefully, remove the Rapid-i from the RapidStraw,
and plunge the tip and hole of the Rapid-i into the Warm 1
solution immediately (see Note 8).

10. While watching under the microscope, gently move the Rapid-
i back and forth. Verify that the embryos are free inWarm 1 and
then remove the Rapid-i.

11. Embryos remain in this solution for 2 min.

12. Transfer the blastocysts into Warm 2 and let the blastocysts
remain in the solution for 3 min.

13. Transfer the blastocysts into Warm 3 and let the blastocysts
remain in the solution for 5–10 min.

14. Move the embryos into appropriate culture or embryo transfer
medium.

4 Notes

1. Directly measure the temperature of the medium in the multi-
well dish and adjust the temperature of the stage warmer to
achieve 37 "C. The solutions are warmed to 37 "C to maintain
the oocytes and embryos at a physiological temperature. This is
particularly important for the oocyte since exposure to room
temperature will facilitate microtubule depolymerization, lead-
ing to meiotic spindle disassembly [12]. Having a protocol that
uses 37 "C also means that the incubation times are shorter,
resulting in the oocytes and embryos spending less time out of
the incubator.

2. It is critical to check that the level of liquid nitrogen in the
SmartBox is sufficient to cover, at the very least, the lower half
of the straw. This will ensure that during the vitrification and
warming procedures, the embryos remain vitrified. The hole in
the Rapid-i where the embryos are placed has a volume of
around 50 nL, so it is easy for such a small volume to inadver-
tently warm if the Rapid-i and RapidStraw are not handled
appropriately.

3. A finely pulled glass pipette that has a diameter slightly bigger
than the oocyte/embryo allows them to be moved between the
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solutions and into the hole of the Rapid-i in a minimal volume.
The capillary action of the pipette can be broken by introdu-
cing air bubbles in the column of medium. This is simply
achieved by rapidly moving the tip of the pipette in and out
of the medium while applying light suction.

4. It is advised to culture embryos in media that have been sup-
plemented with 0.125–0.5 mgL/mL hyaluronan [13, 14]. All
of Vitrolife’s culture and vitrification/warming media contain
hyaluronan, which has been shown to increase cryotolerance
[14–18].

5. Due to the density of Vitri 2, the oocytes and embryos will float
to the top of the solution. It is advisable to collect the oocytes
and embryos and replace them to the bottom of the drop to
facilitate quick collection for transfer to Vitri 3.

6. As with Note 5, due to the density of Vitri 3, the oocytes and
embryos will float. Since the time the oocytes and embryos
spend in Vitri 3 is critical, a 20 μL drop of the Vitri 3 is created.
This restricts the movement of the oocytes and embryos and
allows them to be quickly mixed within the solution and
gathered.

7. Using supercooled air results in a cooling rate that is much
slower (1200 "C/min) than direct contact (>10,000 "C/min),
but it is still sufficient to vitrify the vitrification medium
(Fig. 3a, b).

8. Often the focus on the development of minimal volume devices
and direct contact with liquid nitrogen was to increase cooling
rates, but it appears that the warming rate is actually more

Fig. 3 To demonstrate that the cooling rate with the Rapid-i permits Vitri 3 to vitrify, the RapidStraw was cut
under liquid nitrogen, and an image was taken while the Rapid-i remained submerged. (a) The Rapid-i hole
filled with Vitri 1 (no cryoprotectant) freezes, becoming opaque. (b) The Rapid-i hole filled with Vitri 3 vitrifies
and remains translucent
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critical. Two papers by Peter Mazur’s group demonstrated the
critical importance of warming rate in the survival of mouse
oocytes [19, 20].
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Appendix F: Quinn’s Advantage Embryo Freeze Kit

Kiri Beilby and Patrick Quinn

Abstract

Despite a large focus on the use of vitrification to cryopreserve embryos in recent years, there are still
arguments for the use of slow freezing for the cleavage-stage embryo. Having said this, there are lessons to
be learned from the process of vitrification that could be applied to slow freezing to improve post-thaw
survival and ultimately clinical pregnancy rates. Specifically, increasing the concentration of sucrose in the
freezing solution from 0.1 to 0.2 M and subsequently increasing the sucrose concentrations in thawing
solutions could prove beneficial. The use of vitrification warming solutions in the thawing of slow-frozen
embryos may also be an option that not only improves survival but also streamlines product purchasing and
protocols within the laboratory.

Key words Embryo, Cryopreservation, Slow cooling, Cryoprotectants, Thawing

1 Introduction

The use of assisted reproductive technologies to treat infertility is
increasing and so is the need for the effective cryopreservation
of oocytes and embryos. With the industry developing and evol-
ving, a greater proportion of high-quality embryos per treatment
cycle can be expected. Subsequently, the chance of pregnancy from
each embryo produced is increasing, resulting in a trend toward
single embryo transfer (SET) [1] and more “spare” embryos per
treatment cycle requiring preservation. Furthermore, a growing
interest in preimplantation genetic diagnosis (PGD) and encourag-
ing results following the transfer of embryos during natural cycles
[2] have placed additional demands of the need for cryopreserva-
tion. One could argue that effective cryopreservation has allowed
us to develop the aforementioned techniques, which are now
dependant on good preservation technique for success. Finally,
reports that children born from the transfer of cryopreserved
embryos do not have the same likelihood of having a low birth-
weight as children born from fresh IVF embryo transfers add
additional interest to this technology [3–5].

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_26, © Springer Science+Business Media LLC 2017
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Numerous animal models and then early human embryo clini-
cal studies have led to the commercial development of the cryo-
preservation products available, including Quinn’s Advantage
Embryo Freeze (QAF) Kit, supplied byORIGIO, a CooperSurgical
Company, Måløv, Denmark. The purpose of this chapter is to
provide a technical explanation of this product in relation to its
composition, and how to use it most effectively. A comparison
between slow freezing and vitrification will be made, where the
use of this product and protocol are placed in context with more
current cryopreservation options; their merits and shortcomings
are discussed. Finally, the relationship between freezing and thaw-
ing products and protocols (rapid thawing and rapid warming) will
be considered. This chapter will focus on, but not be limited to, the
physiology of the cleavage-stage embryo.

2 Materials

2.1 Product
Description

Quinn’s Advantage Embryo Freeze (QAF) Kit is for the effective
freezing of pronuclear and cleavage-stage embryos. Developed in
the 1990s, the kit supplies cryodiluents containing the permeating
cryoprotectant propanediol (PROH, 1.5 M) and the non-
permeating cryoprotectant sucrose (0.1 M). The PROH acts to
support the cell membrane as it transitions from a relatively fluid
state to a more ridged one, protecting the cells against osmotic
shock by binding to electrolytes both inside the cytoplasm and
surrounding it and acting as a partial substitute for the absence of
water. The sucrose promotes the osmotic dehydration of cells, prior
to cooling, and this minimizes the formation of damaging intracel-
lular ice crystals [6].

The solutions are HEPES buffered to maintain a stable pH
during cryopreservation procedures that take place outside of a
high CO2 atmosphere [7]. The addition of 12 mg/mL human
serum albumin (HSA) has been used to provide a similar protein
concentration to that in 20 % (v/v) human serum that has been
successfully used for cryopreservation of human cleavage-stage
embryos and zygotes [6].

The suggested freezing program specifies that embryos are
taken from 37 !C to "6 !C at a rate of 2 !C/min, initially dehy-
drating the cells. This step is followed by a seeding period where
embryos are held at "6 !C for 10–15 min before further cooling at
a rate of 0.3 !C/min down to "35 !C. The embryos are then
transferred to liquid nitrogen for storage.

2.2 Cryodiluent
Development

The cryoprotective effect of glycerol in the preservation of semen
was one of the first insights gained into the diluent composition
required for the successful cryopreservation of mammalian cells
[8]. While the mechanisms of this permeating cryoprotectant
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were yet to be elucidated, a new avenue of investigation had been
opened.

The successful cryopreservation of cleavage-stage embryos
came later with the validation of dimethyl sulfoxide (DMSO) as a
more effective cryoprotectant, allowing mouse embryos to be fro-
zen and thawed and resulting in pregnancies following embryo
transfer [9]. The method was adapted from the mouse to numerous
other species (reviewed by Whittingham; [10]) and ultimately
paved the way for Trounson and Mohr [11] to conduct the first
successful cryopreservation of human cleavage-stage embryos. The
investigators compared the use of both glycerol and DMSO as
permeating cryodiluents, but only DMSO produced a viable preg-
nancy, indicating the low permeability of cleavage-stage embryos to
glycerol as was first suggested. The pregnancy obtained with DMSO
was unfortunately terminated at 24 weeks due to development of
septic microbial infection after premature membrane rupture.

The use of permeating cryoprotectants was explored further
throughout the 1980s, with glycerol cited in the successful freezing
of blastocysts [12] and the use of propanediol in the successful
freezing of zygotes [13]. Propanediol would later also become
the cryoprotectant of choice for freezing cleavage-stage embryos
in combination with sucrose to increase intracellular dehydration
before freezing [13, 14]. It is this cryoprotectant combination that
is used in the Quinn’s Advantage Embryo Freeze Kit and will be
discussed in the next section of this chapter. More recently, the
introduction of ethylene glycol as a permeating cryoprotectant was
reported, demonstrating some positive results [15]. However, this
method has yet to be adopted commercially.

Vitrification, the ultra-rapid cooling (and subsequent warming)
of cells using much higher concentrations of both permeating and
non-permeating cryoprotectants, was later introduced as a poten-
tial method of embryo cryopreservation [16]; the first pregnancies
and deliveries in humans were achieved a few years later [17, 18].
Presently the most common method of cryopreservation for
oocytes and blastocyst, but perhaps not yet for the cleavage-stage
embryo. Reviewed by Edgar and Gook [19], the available evidence
supporting the use of slow cooling versus vitrification for the
cleavage-stage embryo was critically assessed and concluded that
from the comparative studies available, it could not be shown that
one method was outperforming the other as a measure of survival
rate. While several authors have published poorer outcomes follow-
ing the use of slow freezing compared to vitrification [20–23],
evidence exists that a modification in the level of impermeable
cryoprotectant (sucrose) concentration produces results compara-
ble to those best achieved using vitrification [19].

The idea of modified cryoprotectant concentrations in slow
freeing will be explored further in the following section. However,
this observation does raise concerns regarding future medium
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composition, development, and commercialization. It seems obvi-
ous that the publication of evidence supporting a change in product
composition should be rapidly adopted by media producers, yet the
reality of conducting clinical assessments and producing the docu-
ments required by regulatory bodies worldwide is both timely and
expensive. Gone are the days of rapid adaptation of products to
keep pace with the speed of scientific observation. While there is no
doubt that a high level of industry regulation is required in the field
of reproductive medicine, to not only ultimately protect patients
but also support those taking decisions in patient treatment, it can
be a hindrance to incremental, albeit important progressions. The
role of commercial companies in media production allows for
scientists and clinicians working in the field to essentially “out-
source” product quality control, including mouse embryo testing,
sperm survival assays, endotoxin screening, sterility testing, and pH
validation, just to name a few. Both customer preference and local
governance have seen the majority of clinics worldwide shift from
producing media in-house to purchasing products from a number
of well-established suppliers.

2.3 Quinn’s
Advantage Embryo
Freeze Kit

While the initial successes in embryo cryopreservation were
achieved using DMSO [11], most commercially available products
today contain PROH as the permeating cryoprotectant. This devel-
opment stems from work published by Lassalle et al. [14] and
Testart et al. [13] demonstrating the benefits of PROH. Following
commercialization, this diluent composition was widely accepted,
and this is today reflected in the numerous publications that exist
concerning the quality of cleavage-stage embryos following slow
freezing in a 1.5 M PROH and 0.1 M sucrose composition
(reviewed by Edgar and Gook; [19]).

When critically assessing the published work available on slow-
frozen embryos in a 1.5 M PROH and 0.1 M sucrose solution,
these components combined will produce #70–80 % survival rates
upon thawing in a corresponding warming solution, with #50 % of
blastomeres fully intact. Of these fully intact embryos, a similar
implantation can be achieved compared to equivalent fresh
embryos (reviewed by Edgar and Gook; [19]). In this respect,
improving the number of embryos that have intact blastomeres
following thawing would subsequently improve clinical outcomes.
The removal of lysed blastomeres has also been suggested to
improve clinical rates of pregnancy following the recovery of dam-
aged, cryopreserved embryos [24].

The major components in QAF are discussed below. How these
components could be adjusted to enhance product performance is
also considered.

346 Kiri Beilby and Patrick Quinn

ri-cheng.chian@mcgill.ca



2.3.1 Permeating

Cryoprotectant:

Propanediol

As culture is prolonged, the quantity and quality of embryos avail-
able for transfer or cryopreservation are reduced. Therefore, early
work has focused on cryopreserving 2-, 4-, and 8-cell cleavage-
stage embryos as a means of having more material remaining fol-
lowing the additional insult of freeze-thawing. However, more
reliable culture systems, a greater emphasis on single embryo trans-
fer (SET), and the need for blastocyst culture to compliment
advances in PGD/ PGS have meant the development of cryopres-
ervation techniques through all stages of embryo development.
Initial observations made suggesting probable differences in the
permeability of different developmental stages (oocytes vs.
cleavage-stage embryos vs. blastocysts) to different cryoprotectants
has led to the development of different products for the cryopres-
ervation of different stage embryos [19].

With regard to cleavage-stage embryos, the comparison of
1.5 M DMSO to 1 M glycerol showed DMSO to be the more
effective cryoprotectant [11]. However, survival rates of post-thaw
human embryos were disappointing, and it was hypothesized that
by further extending the preseeding equilibration time and allow-
ing for greater dehydration of cells, survival rates could be
improved [7]. Further to this, partial dehydration of embryos at
room temperature using a medium containing PROH and sucrose
was suggested [25].

The use of PROH in place of DMSO lies in the more toxic and
less stable properties ofDMSOwhich has not been used on a regular
basis for human embryo cryopreservation by slow cooling [26].

2.3.2 Non-permeating

Cryoprotectant: Sucrose

Although the initial sucrose concentration recommended by Quinn
[6] was 0.2 M, the final concentration decided on for commerciali-
zation was 0.1 M. This lower concentration of sucrose was used
previously (13, 14) and resulted in good outcomes. Subsequently it
has been reported that 0.2 M sucrose gave better results than when
only 0.1M sucrose was used in the cryopreserved solution [27] and
even 0.3 M sucrose gives better results than 0.1 M sucrose [28].
The better results using increased concentrations of 0.2 M and
0.3 M in the cryodiluent with 1.5 M PROH have probably been
due to the greater amount of dehydration at the higher concentra-
tions of sucrose [27, 29, 30].

2.3.3 Protein The role of protein in both embryo culture and cryopreservation
diluents is often rigorously debated, and there have been strong
observations/opinions expressed following reflection within
isolated clinical setups and systems. The primary role of protein in
traditional in vitro cell and tissue handling protocols was to prevent
adhesion to glass and plastic ware, hence minimizing the potential
mechanical damage suffered by cells during processing [31].

However, the closer inspection of proteins using modern tech-
nologies has revealed additional contributions of protein
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supplements to culture including high levels of amino acids and
transition metals [32]. While the effects of these undefined com-
ponents on the pre-implantation embryo remain to be elucidated,
the addition of protein in large volumes, such as those in cryopres-
ervation media, should be kept in mind.

Supplementation of media with a large protein molecule
decreases surface tension, subsequently reducing the tendency of
the embryo to float or adhere to plastic or glass and also inactivating
heavy metals and other toxins. However, macromolecules derived
from serum are also a possible vector for viral infection of embryos.
The low but associated risks of disease transmittance between
patients and the human protein source are still referenced as a
cause of concern, despite the strict screening of materials used.
For these reasons, recombinant protein products have been com-
mercialized and are available to consumers worldwide [33, 34].
Unfortunately, the costs associated with these products are often
a deterrent to clinics.

At the other end of the spectrum, we have the so-called com-
plex protein sources, including SPS®, LGPS®, and SSS®, all con-
taining an approximate mix of 85 % HSA and 15 % α- and β-
globulins. While less defined, there is evidence that these protein
sources may produce better rates of embryo production in culture
and also provide greater support to embryos and oocytes that have
undergone the freeze-thaw process [31]. However, the optimal
type and dose rate of protein supplement in cryopreservation
media remains to be elucidated.

The role of hyaluronate (HA) should also be mentioned here as
an additional or alternative macromolecule component of cryopres-
ervation media. This has been demonstrated as beneficial in bovine
[35], murine [36], and human studies [37]. There is an indication
that HA could have an effect on embryo cryotolerance, but further
evidence would be needed to take greater inference on its role [38].

2.3.4 Warming The reverse process takes place when it comes to warming cryopre-
served embryos—permeating cryoprotectants are removed from
the cells, and rehydration takes place. Good technical descriptions
of the process can be found in countless reviews and book chapters
[6, 39]. With regard to the composition of thawing medium,
several media with successively lower cryoprotectant concentration
were first used to create a concentration gradient that would draw
permeating cryoprotectants out of the cells in an osmotic stepwise
manner. As the embryo moves between each medium, there is an
initial increase in cellular volume as a result of isotonic equilibra-
tion, followed by a decrease in volume as the cryoprotectant leaves
the embryo. Providing the initial volume increase does not exceed
the maximum volume of the cells, the embryo should remain
structurally undamaged [6].
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Using both a permeating and non-permeating cryoprotectant
has also been considered and forms the basis of existing cryopro-
ducts available on the market today (including the ORIGIO
Embryo Freeze Kit, also supplied by CooperSurgical).

The use of a non-permeating cryoprotectant alone to draw the
permeating cryoprotectant out of the cytoplasm was introduced by
Leibo and Mazur [40] and has largely replaced the use of permeat-
ing cryoprotectants in thawing diluents. This method allows for a
better controlled rehydration process, with the gradual movement
of permeating cryoprotectants out of the cells of the embryo,
resulting in a more gradual swelling of cells. To illustrate with a
practical example and in context of this chapter, for embryos
thawed following freezing in the Quinn’s Advantage Embryo
Freeze Kit, the corresponding solutions recommended for use
consist of two sucrose-containing media (0.5 M and 0.2 M, for
successive rehydration). Importantly, the cryoprotectant concen-
trations of these solutions must be higher than the freezing dilu-
ent’s concentration to ensure an effective osmotic gradient is
established [41, 42].

With the adoption of vitrification as common clinical practice,
an altered warming protocol has been required to account for the
much higher levels of permeating cryoprotectants used in vitrifica-
tion cooling media. With these media commonly containing
approximately 1 M of non-permeating cryoprotectant [43], this
concentration is higher than those found in both vitrification cool-
ing and slow-freezing media. As such it has been proposed that
these media can be used to thaw the countless slow-frozen oocytes
in storage today, regardless of the media or protocol used for
cryopreservation [44]. Subsequent testing of this “universal” thaw-
ing protocol has demonstrated nice results with regard to oocyte
survival rates and post-thaw in vitro embryo development. The
findings of this study indicate that rapid warming diluents that
accompany slow-freezing products may become a thing of the
past, simplifying the media requirements, reducing the cost, and
standardizing the thawing of all cryopreserved oocytes. It has been
suggested that higher sucrose levels in thawing diluents could also
aid the rehydration of slow-frozen cleavage-stage embryos [45].
Further evidence for this was provided by Kojima et al. [46] for the
thawing of pronuclear stage embryos using vitrification warming
solutions.

The studies mentioned above indicate the usefulness of sucrose
in the dehydration of oocytes/embryos prior to cooling and its
benefit for rehydration after thawing/warming. There have been
some studies of other mono- and disaccharides, for example, treha-
lose and galactose, for use in these processes because of their lower
density than sucrose solutions which would assist in a better
handling of the oocytes/embryos [47].
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3 Methods

Both cryopreservation using Quinn’s Advantage Embryo Freeze
Kit and thawing using Quinn’s Advantage Thaw Kit will be
described because effective results are dependent on the proper
use and performance of the kits for both cryopreservation and
thawing. Complete versions of both procedures are available online
[48, 49].

3.1 Quinn’s
Advantage Embryo
Freeze Kit

1. Prepare solutions containing 0.5 M and 1.0 M PROH by
diluting the stock solution of 1.5 M PROH with the freeze/
thaw diluent solution which contains no cryoprotectants.

(a) To prepare the 0.5 M PROH solution, add 0.3 mL of
1.5 M PROH to 0.6 mL of diluent solution.

(b) To prepare the 1.0 M PROH solution, add 0.6 mL of
1.5 M PROH to 0.3 mL of diluent solution.

2. Embryos are pipetted at 37 !C into the 0.5 M PROH solution
for 5 min, then into the 1.0 M PROH solution for 5 min, and
finally into 1mL of the 1.5M PROH solution for 10min. They
are then transferred to 1 mL of 1.5 M PROH + 0.1 M sucrose
freezing medium and then pipetted into straws containing this
same solution. The straws are then sealed. They are held at
37 !C in the 1.5 M PROH + 0.1 M sucrose solution for a total
of 5 min before cooling is initiated.

3. As an alternative, the embryos can be placed directly into the
1.5 M PROH solution for 10 min before transfer to the 1.5 M
PROH + 0.1 M sucrose freezing medium. This procedure
should be retained for use with good-quality, embryos whereas
the complete procedure is described in 2. above provides less
stress on embryos which can be detrimental to embryos of
lesser quality.

4. Vials, e.g., 1.2 mL plastic cryovials, can be used in place of
straws, but we have found that straws are easier to handle and
provide somewhat better results.

3.2 Cooling Protocol Embryos in straws or cryovials are taken from a starting tempera-
ture of 30 !C to "6 !C at 2 !C/minute. They are then seeded
manually using a pair of metal tweezers or a metal rod that have
been immersed in liquid nitrogen and held therein for sufficient
time to cool to at least "100 !C. The tweezers are applied to the
outside of the straw or cryovial at a site away from where the
embryos are located, for example, above the fluid in the straw. Ice
crystals will form in the thin layer of solution on the inside of the
straw and move down into the cryosolution column containing the
embryos.
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After holding the embryos at "6 !C for a total of 10–15 min
after seeding, the straw is cooled at about 0.3 !C/min to around
"35 !C. They are then quickly transferred to a storage tank of
liquid nitrogen.

3.3 Thawing Protocol 1. If straws have been transferred to liquid nitrogen after being
slow cooled to between "30 !C and "37 !C, they should be
thawed rapidly (at least 275 !C/min) so that intracellular ice is
swiftly dispersed. This will help minimize cellular damage by ice
crystals. The easiest way to achieve this is to initially hold the
straw in air for 30–40 s and then immerse it in a water bath at
30 !C–35 !C until the ice has fully melted.

2. Thaw only one cryocontainer at a time. Transfer the liquid
contents of the thawed solution to a dry dish and quickly locate
the embryos. Pick the embryos up in a minimal amount of
solution and transfer them first to 3 mL of 0.5 M sucrose
thawing medium at 37 !C for 10 min followed by transfer to
3 mL of 0.2 M sucrose thawing medium at 37 !C for 10 min
using a new transfer pipette for each procedure to minimize
carry-over of cryoprotectant from one solution to the next.

3. The embryos are then washed through seven drops of freeze/
thaw diluent solution at 37 !C. This can be done by placing
seven drops, each of 100 uL, under sterile oil in a large culture
dish. The embryos are placed in each drop and thoroughly
washed by gently pipetting up and down several times over a
period of about 1 min before being transferred to the next
drop. A new transfer pipetted should be used after the first
drop, but the same pipette can be used for subsequent trans-
fers. After the sixth washing drop, the embryos can be trans-
ferred to the seventh drop and held up to 30 min at 37 !C
before transfer or placed into culture.

4 Notes

1. The best-quality embryos should be chosen for cryopreserva-
tion. Poor-quality embryos give poor results and vice versa.

2. It is important to make sure that embryos are well mixed with
the cryoprotectant solutions. This can be accomplished by
pipetting the embryos up and down in the solution several
times after adding them to the cryoprotectant solution [48].

3. It is recommended that the solutions are covered with
sterile oil for tissue culture during use to minimize evaporation
of water and a subsequent change in osmolality of the solutions
[48].
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4. Embryos are loaded into straws containing 1.5 M
PROH + 0.1 M sucrose freezing medium by using an embryo
handling pipette and observing the procedure under a dissect-
ing microscope [48].

5. Using the thawing protocol wherein straws to be thawed are
held in air for 30–40 seconds followed by immersion in water at
30–35 !C allows for any liquid nitrogen that may have entered
the straw through an imperfectly sealed plug to be blown off
before the straw is placed in the water bath. Little loss of straws
or their contents occurs with this technique [49].
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Appendix G: Vitrification of Blastocysts Using VitriBlastTM

and ThermoBlastTM: Nidacon

Anna Nil€ang Laessker, Thorir Hardarsson, Ann-Sofie Forsberg,
Tetsunori Mukaida, and Paul V. Holmes

Abstract

This appendix describes the vitrification of blastocysts using VitriBlast™ (VBK) and ThermoBlast™ (TBK)
from Nidacon, Mölndal, Sweden. The technique used and the reason for not including DMSO in the
medium at the production stage, but including it separately in the kit, and the importance of collapsing the
blastocyst prior to vitrification will be explained and described.

Key words Vitrification, Blastocysts, DMSO, Ethylene glycol, Cryopreservation, Collapsing, Vitri-
Blast™, ThermoBlast™, Nidacon

1 Introduction

The original formulation was developed by Lane et al. 1999 at
which time the cryo-loop was also introduced [1]. During the
cryopreservation of all gametes and embryos, they are at risk of
injury from chilling ice crystallization, the toxicity of the cryopro-
tectants, extracellular ice, intracellular ice, fracture damage, osmotic
swelling, and shrinkage. To obtain high rates of survival, all these
problems must be circumvented and/or minimized.

A critical factor in all cryopreservation is to avoid ice crystal
formation within the cells. It has been shown that the most effective
way of achieving this is by using vitrification (glass transition)
[2, 3]. One key factor is the vitrification media that involves the
choice of cryoprotectants and the production method. An addition
key factor is the technique used during the vitrifying process.

1.1 Cryoprotectants For preventing intracellular ice from forming, rapidly cell mem-
brane permeating cryoprotectants, like for instance, ethylene glycol
(EG) and DMSO, are suitable since their rapid permeation charac-
ter by the cryoprotectant is essential.

Zsolt Peter Nagy et al. (eds.), Cryopreservation of Mammalian Gametes and Embryos: Methods and Protocols, Methods
in Molecular Biology, vol. 1568, DOI 10.1007/978-1-4939-6828-2_27, © Springer Science+Business Media LLC 2017
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Ficoll is included as a non-permeating polymer (macromole-
cules promote vitrification), in particular since it has high solubility,
low viscosity, and low toxicity. It has been shown that even large
amounts of Ficoll are virtually nontoxic; consequently, a large
amount of polymer occupies a significant proportion of the solu-
tion volume. Therefore, its inclusion increase the proportion of
permeating cryoprotectant per water volume. This may be one
mechanism that promotes vitrification of the solution.

The solutions contain not only EG and Ficoll but also sucrose,
a non-permeating small sugar which has considerable osmotic
effect. The inclusion of sucrose is effective at reducing the apparent
toxicity of EG because sucrose promotes the shrinkage of embryos,
thereby restricting excess permeation of ethylene glycol and, thus,
reducing its toxic effect [4–6]. In addition, sucrose helps prevent
overswelling during the removal of the ethylene glycol after
warming.

Rapidly permeating agents are also suitable to prevent osmotic
swelling during removal of the cryoprotectants after warming, since
the faster the diffusion of the intracellular cryoprotectant out of the
cell, the lower the risk of osmotic overswelling.

Human serum albumin functions chemically as a buffer and a
molecular carrier. Principally, it also enables handling of the blasto-
cyst, which otherwise can easily stick to plastic and glass.

1.2 DMSO vs. PrOH It is often debated whether DMSO or propanediol (PrOH) is the
optimal cryoprotectant to use. DMSO has often been criticized for
being toxic and harmful. This is debatable since DMSO toxicity is
low compared to EG and PrOH. Also, its superiority over PrOH
when used in vitrification has been reported in numerous publica-
tions. Kartberg et al. (2008) found that, when adding DMSO to a
medium containing PrOH and EG, the cell membrane damage did
not occur as quickly as without [7]. Duus et al. (2008) concluded
that vitrification of blastocysts using DMSO gave a higher percent-
age of top-quality blastocysts when compared to PrOH [8].

1.3 DMSO Added
Just Prior to Use

A vital feature of the Nidacon vitrification solutions is the fact that
DMSO is not included in the media and needs to be added to the
medium just before use. DMSO and ethylene glycol are included as
additives in the vitrification kit.

DMSO oxidizes human serum albumin (hSA) by the creation
of disulfide bridges. This reaction is slow, but the longer the two
substances are combined, the more bridges are created and dimers
or oligomers of hSA would be created, thereby impairing its func-
tion. hSA could undergo considerable conformation changes and
not effectively function as an excipient [9, 10].To avoid this risk,
DMSO is not included in the media but supplied as an additive in
the kit.
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1.4 Artificial
Collapse
of Blastocysts
Prior to Vitrification

In the instructions for use, “collapsing” the blastocyst prior to the
vitrification process is recommended.

Although the solutions used in both the vitrification and the
warming processes are important, there are other factors that
will affect the survival rate during the vitrification process. A
blastocyst consists of trophoblast cells surrounding a fluid-filled
cavity, the blastocoele. The likelihood of ice crystal formation in
the blastocoele during the vitrification process is directly pro-
portional to the fluid volume and inversely proportional to its
viscosity and the cooling rate. A decrease in blastocyst survival
rate after vitrification has been noticed when the volume of the
blastocoelic cavity and fluid is increased. This increased blasto-
cyst volume can lead to an insufficient permeation of cryopro-
tectants into the cavity, thereby permitting ice crystal formation
during the cooling step and reducing the post-warming survival.
Vanderzwalmen et al. [11] found that the post-warming survival
rate increased dramatically after artificial shrinkage of the blasto-
cyst, and they suggested that the blastocoelic fluid is the source
of injury, probably due to the higher likelihood of ice crystal
formation, the ice crystals inducing mechanical damage to the
cells.

When the blastocyst is exposed to the vitrification medium, it
most often shrinks after some time. The shorter time the blastocyst
is exposed to the medium, the better due, to the risk of injury from
the chemical toxicity of the cryoprotectants. It has been observed
that human blastocysts are probably less permeable to cryoprotec-
tants since they shrink more slowly than mouse and bovine blas-
tocysts [12]. Therefore, there is a greater risk for ice crystal
formation inside the human blastocyst, and this will cause cell
damage. There again, there are two ways to alleviate this damage,
either increase the duration time in the vitrification medium or
artificially shrink the blastocyst in order to shorten the exposure
time to cryoprotectants [11] and their toxicity.

Artificial shrinkage has been used when performing preimplan-
tation genetic diagnosis (PGD) since the embryos are biopsied
prior to vitrification. In a report by Zhang et al. [13], the biopsied
blastocysts showed a higher survival rate compared to their non-
biopsied controls. Son et al. [14] examined the effects on blastocyst
survival and subsequent pregnancy rate after induced collapse of the
blastocoele before vitrification of human blastocysts; they con-
cluded that the implantation and clinical pregnancy rates were
increased by the artificial shrinkage program, and the pregnancy
outcome was similar to that obtained with the transfer of fresh
blastocysts. Also, Hardarson et al. [15] showed that artificial
shrinkage prior to vitrification significantly improved survival rates
of human blastocysts.

In conclusion, induced blastocyst collapse is a method that
has been used with good results since 1998. The method is well
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documented and has been routinely used by Fertilitetscentrum
in Gothenburg with excellent results (personal communication,
T. Hardarson). Obstetric outcomes have also been followed up
in 2010, and no adverse effects were found in the children
born [16].

2 Materials

2.1 Vitrification
Components

1. VitriBlast™ kit (containing solutions 1–3 and additives: EG
and DMSO).

2. Sterile pipettes.

3. Culture dishes (NUNC 4-well).

4. Device for vitrification (see Note 1).

5. CO2 incubator.

6. Stopwatch or timer.

7. Liquid nitrogen reservoir.

8. Liquid nitrogen.

2.2 Warming
Components

1. ThermoBlast™ kit (Containing solutions 4–6).

2. Sterile transfer pipettes.

3. Culture dishes (NUNC 4-well).

4. Disposable gloves.

5. CO2 incubator.

6. Stopwatch or timer.

3 Methods

3.1 Vitrifying
Blastocysts Using
VitriBlast™ (VB)

Work on a heated stage at all times when manipulating the blasto-
cyst. Do not let the blastocyst remain exposed to the microscope
light during incubations.

1. Remove the DMSO and EG bottles from refrigerator 1 h prior
to use or the day before, and let the DMSO liquefy in RT. They
can also be placed in the incubator prior to use (see Note 2).

2. Label a 4-well culture dish with the patient ID and each well
with each solution number.

3. Prepare the 4-well culture dish by adding 1 mL of VitriBlast 1
(VB1) to the first well.

4. Add 850 μL of VitriBlast 2 (VB2), 75 μL of DMSO, and 75 μL
EG, respectively, to the second well. Mix thoroughly (see
Note 3).
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5. Add 700 μLofVitriBlast 3 (VB3), 150 μLofDMSO, and 150 μL
EG, respectively, to the third well. Mix thoroughly (Fig. 1).

6. Incubate at 37 !C in 5–6 % CO2 for 30 min (see Note 4).

7. Collapse the blastocyst by either laser or by pipette tip under
microscope. Punctuate as far from the inner cell mass (ICM) as
possible (see Note 5, Figs. 2–4).

8. Transfer the blastocyst to VB 1, and incubate 1.5–2 min on the
heated stage (see Note 6).

9. Transfer the blastocyst to VB 2, and incubate for EXACTLY
2 min on the heated stage (see Notes 6 and 7, Fig. 5).

10. During the 2 min incubation, prepare 2 " 10 μL droplets of
VB 3 in the middle of the dish. Illustration (seeNote 8, Fig. 5).

11. At the correct time, move the blastocyst by aspirating VB 3 into
the pipette tip, collect the blastocyst from solution 2 in the se-
cond well, and transfer to solution 3 in the droplet (Fig. 6).

12. The blastocyst must remain in VB 3 for 30–45 s, including the
time on the device.

13. Place the blastocyst onto the vitrification device, leaving the
smallest volume possible of the VB 3 (see Note 9, Fig. 7).

Fig. 1 Preparation of culture dish for vitrification

Fig. 2 Collapsing of blastocyst using a pipette
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Fig. 3 Collapsing of blastocyst using a pipette

Fig. 5 Transferring the blastocyst from solution 1 to solution 2

Fig. 4 Collapsing of blastocyst using laser
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14. Plunge into liquid nitrogen.

15. Transfer to storage (see Note 10).

3.2 Warming
of Vitrified
Blastocysts Using
ThermoBlastTM (TB)

1. Label a 4-well culture dish with the patient ID and each well
with each solution number.

2. Prepare the 4-well culture dish by adding 1mL each of solution
4 and 5 to the first two wells. Add 1 mL of solution 6 the third
(Fig. 8).

3. Incubate at 37 !C in 5–6 % CO2 for 30 min.

4. Immerse the part of the device, containing the blastocyst under
the surface of solution 4. Allow the blastocyst to fall off.
Identify its presence in the well, and incubate for 2 min on
heated stage (see Note 11, Fig. 9).

5. Transfer the blastocyst to solution 5 and incubate 3 min
(see Note 12, Fig. 10).

Fig. 6 Transferring the blastocyst from solution 2 to 10 μl of solution 3

Fig. 7 Placing the blastocyst on vitrification device
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6. Transfer the blastocyst to solution 6 and rinse quickly (see
Note 13, Fig. 11).

7. Incubate in 37 !C in 5–6 % CO2 for 5 min.

Fig. 8 Preparation of culture dish for warming

Fig. 10 Transferring the blastocyst from solution 4 to solution 5

Fig. 9 Immersing the blastocyst in warming solution 4
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8. Transfer to culture medium.

9. For correct evaluation, wait 1–4 h before transfer, in order to
allow the blastocyst time to re-expand (see Note 14).

4 Notes

1. VBK is compatible with most devices. The most important
factor is to use the type of device that feels safe and easy to use.

2. DMSO is solid below +18 !C and needs to be above this
temperature to reach liquid form. If there is a shortage of
time, it can be warmed in the hand or warmed in the incubator.

3. The EG and DMSO can be premixed in the bottles (VB 2 and
VB 3) and stored in the refrigerator for up to a week. However,
it is important to know that the volumes in the VB 2 and 3 are
not EXACTLY 10 mL; there is always a little surplus. There-
fore, the volumes in the VB 2 and 3 must be measured and the
surplus discarded prior to adding the EG and DMSO in order
to achieve the correct concentrations.

4. Do not incubate for longer than 60 min. Any longer incuba-
tion can cause the solutions to become more viscous.

5. Collapsing the blastocyst will improve the results. If laser is
used, shoot as far from inner cell mass (ICM) as possible, and
ensure both the zona and the trophectoderm are breached
(Fig. 4).

If an ICSI pipette or other sharp instrument is used, punc-
ture right through the trophoblast cell layer into the blasto-
coele, and be sure to puncture as far as possible from the ICM
(Fig. 3).

The pipette should be inserted at the 1 O’clock position and
exit through the blastocyst at the 11 o’clock position (Fig. 2).

Collapsing is optional when vitrifying early blastocysts with
smaller blastocoele cavities.

Fig. 11 Transferring the blastocyst from solution 5 to solution 6
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6. To eliminate the stress of the beeping noise, start the stopwatch
and observe when the correct time is approaching. It is easier to
start the stopwatch and let it run toward desired time than
turning it off. Be aware of the risk of forgetting to watch the
timer if this method is used.

7. To avoid dilution of VB 2 when transferring from VB1, aspirate
VB 2 into the pipette tip and, thereafter, collect the blastocyst
and transfer. This technique applies to all transfers of the blas-
tocyst (when transferring from 2 to 3, aspirate VB3 prior to
collecting the blastocyst in VB2).

8. Finding the blastocyst in the droplet is easier than in the well.
Having 1 mL of VB 3 in the well will ensure correct pH and
avoid evaporation, which would occur for the 10 μL drop.

9. The second drop is for coating the loop, if this is the device
used. If another device is used, the second drop is not neces-
sary. The well with the 1 mL is needed to achieve correct pH
and temperature at incubation.

10. Ensure that the device with the vitrified blastocyst does NOT
come in contact with air during transfer to storage in liquid
nitrogen.

11. The 2 min includes the time locating the blastocyst.

12. Do not collect solution from TB5 when collecting from TB4.
This is to allow the blastocyst to sink in TB5 which makes it
easier to identify.

13. Do not collect solution from TB6 when collecting from TB5.
This is to allow the blastocyst to sink in TB6 which again makes
it easier to identify.

14. If the blastocyst has not re-expanded after 4 h, the chance of re-
expansion is low.
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