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Summary

Numerous factors affect vitrification success and post-thaw development of oocytes after
in vitro fertilization. Therefore, elaboration of an optimal methodology ensuring higher cryo-
tolerance of oocytes and subsequent blastocyst yield is still of great interest. This paper describes
and evaluates critical factors affecting the success of oocyte vitrification. In particular, an appro-
priate oocyte stage such as maturation status (germinal vesicle stage, metaphase II stage),
presence/absence of cumulus cells before vitrification, and the effect of follicle size, as well
as different culture systems and media for in vitro production of embryos, the types and con-
centrations of cryoprotectants, and cooling and warming rates at vitrification are considered.
Special attention is paid to various cryocarriers used for low-volume vitrification, which ensures
safe storage of oocytes/embryos in liquid nitrogen and their successful post-thaw recovery.
At the end, we focussed on how age of oocyte donors (heifers, cows) influences post-thaw devel-
opment. This review summarizes results of recently published studies describing different
methodologies of cryopreservation and post-thaw oocyte development with the main focus
on vitrification of bovine oocytes.

Introduction

Cryopreservation is nowadays a crucial tool in reproduction as used for long-term storage of
genetic material, not only in human but also in other animal species including farm animals.
Cryopreservation enables obtaining higher numbers of offspring from a valuable individual
using the preserved material even after several decades of storage (Makarevich et al., 2018).

Although oocyte cryopreservation for many years appears to be an established method of
assisted reproduction, there is still no relevant methodology that would avoid damage during
freezing and thawing. Due to high variability in culture conditions, biological material, concen-
tration of cryoprotectants (CPs) and physiological properties of oocytes across species, oocyte
survival and further development are still low and variable among studies. Therefore, new meth-
odological approaches are continuously being developed to improve the freezing and thawing
process, including the choice of suitable cryoprotectants or the replenishment of the culture
medium composition.

Cryopreservation is a term often used in reproduction. The possibility of cryopreservation in
the field of reproduction was reported for first time by Polge et al. (1949), who accidentally
discovered the cryoprotective properties of glycerol (G) on human spermatozoa. This finding
was a turning point in cryobiology and started a wave of studies exploring the possibility of
cryopreservation.

Initially used slow freezing has now been replaced by vitrification, rapid freezing by direct
immersion into liquid nitrogen. Vitrification, due to the high cooling rate, eliminates the prob-
lem of intracellular ice crystal formation. However, vitrification success is negatively influenced
by the high concentration of cryoprotectants that may be toxic to cells during prolonged expo-
sure. Nevertheless, vitrification increases the percentage of oocytes surviving after thawing as
well as the percentage of morphologically normal cells (Valojerdi et al., 2009).

Despite the fact that embryo cryopreservation has a relatively high success rate, oocytes are
more difficult to vitrify, mainly because of chromosome abnormalities, microtubule depolyme-
rization, changes in spindle structure and disruptions in the actin cytoskeleton structure
(Saunders and Parks, 1999). Spricigo et al. (2014) reported degeneration of the cytoplasm as
the most serious damage. Oocytes of some animal species have high lipid content in the cyto-
plasm compared with human ones, making it difficult to detect the status of the meiotic spindle
(Prates et al., 2014). Bovine oocytes are more susceptible to cold temperatures when compared
with oocytes of mice and rabbits that are more thermotolerant (Martino et al., 1996a).
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In our previous study (Makarevich et al., 2018) we attempted to
vitrify bovine ovarian fragments containing antral follicles as a pos-
sible alternative to oocytes. Unfortunately, the vitrified/warmed
oocytes showed no further development to metaphase II (MII)
phase due to extensive damage at the histological and ultrastruc-
tural level. From this point of view, cattle oocytes are more suitable
to be vitrified because of their smaller size compared with ovarian
fragments.

This review summarizes published techniques and methods of
oocyte cryopreservation and their effect on the survival rate and
post-thaw development of oocytes and embryos with a particular
emphasis on bovine species. Moreover, the article discusses the
efficiency of individual vitrification techniques for cryopreserva-
tion of bovine oocytes.

Oocyte stage suitable for vitrification

A fully grown Graafian follicle ready for ovulation with a developed
antrum contains an oocyte surrounded by a layer of cumulus cells,
the so-called cumulus oophorus. Under in vivo conditions the
cumulus oophorus is present before fertilization (Van Soom
et al., 2002). Different methodological approaches have to be taken
into account under in vitro conditions, as an optimal environment
for development must be created and, at the same time, appropri-
ate stage for vitrification must be selected to minimize cell damage.

A summary of the bovine embryo development in relation to
the presence/absence of cumulus cells or to the oocyte maturation
status is shown in Table 1.

Effect of cumulus cells (cumulus oophorus)

Removal of the cumulus cells from cattle oocytes prior to in vitro
fertilization (IVF) significantly reduces the per cent fertilization
rate, suggesting the need for the presence of these cells during
in vitro maturation (IVM; Tanghe et al, 2002). Ishii et al
(2018) in their study also confirmed that the removal of cumulus
cells from vitrified mature bovine oocytes before IVF reduced
blastocyst formation (13.9%) compared with blastocysts obtained
from oocytes with several layers of cumulus cells before IVF
(23.3%). Miyake et al. (1993) reported that the presence of cumulus
cells even prior to vitrification of mouse oocytes is important,
as they prevent the penetration of a highly toxic cryoprotectant
and, thereby, prevent the cell damage. This was also confirmed
by Jin and Sun (2008), who showed that the presence of cumulus
cells on human oocytes during vitrification provides better
survival, cleavage and pregnancy rate compared with denuded
oocytes.

Chian et al. (2004) found no difference in the development of
bovine embryos obtained from the oocytes with or without cumu-
lus cells (6.9% vs. 7.7%). In mice, the presence of cumulus cells dur-
ing in vitro maturation improved the fertilization rate but not
blastocyst formation (Zhou et al, 2016). In cattle, complete
removal of cumulus cells before IVM led to decrease in maturation,
fertilization and developmental rates, although partial removal of
cumulus cells significantly improved blastocyst rate. The presence
of cumulus cells also improved penetration of sperm into bovine
oocytes (Zhang et al., 1995). Cumulus cells during fertilization cap-
ture and select the sperm, and are important for induction of
capacitation, acrosomal reaction and penetration, while preventing
zona pellucida hardening (Ortiz-Escribano et al., 2016).

As a consequence of the complexity of the vitrification process,
partially denuded bovine oocytes better survived vitrification
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compared with cumulus—-oocyte complexes (COCs) (Ortiz-
Escribano et al., 2016). Dinnyés et al. (2000) suggested that the
presence of several layers of cumulus cells before vitrification
did not have a deleterious effect on bovine embryo division and
development even after parthenogenetic activation. As referenced
in Dhali et al. (2000), the presence of partially denuded cumulus
cells in buffalo oocytes is the most suitable for vitrification and
seems to be a solution to greater embryo survival and development.
In contrast, Vajta et al. (1998) showed a higher percentage of
bovine blastocysts (25%) in the denuded oocytes 6 h after matura-
tion, compared with 11% of blastocysts obtained from the denuded
oocytes up to 22 h after the onset of maturation.

Effect of oocyte maturation status

It has been documented that in vitro matured oocytes achieve a
higher percentage cleavage rate after fertilization compared with
immature oocytes (Chaves et al., 2017; Spricigo et al, 2014).
Also, after vitrification with open pulled straw (OPS), mature
oocytes showed a higher cleavage rate even if blastocyst rate was
still low compared with the control group. By contrast, Chaves
et al. (2017) reported that bovine immature oocytes were more tol-
erant to cryoprotectant exposure compared with mature oocytes.
Similarly, Magnusson et al. (2008) reported lower tolerance of cat-
tle mature oocytes to cryoprotectants compared with oocytes at the
germinal vesicle (GV) stage.

Hajarian et al. (2011) obtained 3-5% bovine blastocysts
from immature vitrified oocytes using various freezing methods
compared with the control group, with 35.62% of blastocysts.
Zhou et al. (2010) observed significant differences between cumu-
lus-enclosed and partially denuded bovine oocytes (GV stage) in
cleavage (65.8% vs. 47.3%) and blastocyst rates (11.3% vs. 4%).
At the same time, they obtained a higher percentage of blastocysts
from cumulus-enclosed oocytes vitrified at the GV stage, com-
pared with MII oocytes. Based on their results we can summarize
that cumulus-enclosed oocytes vitrified at the GV stage developed
more often to blastocysts (11.3%) compared with partially denuded
oocytes at the GV stage (4%) and cumulus-enclosed or partially
denuded oocytes at the MII stage (5% and 4.4%). By contrast,
Men et al. (2002) obtained 8.37% blastocysts from bovine oocytes
vitrified at the MII stage vs. 1% at the germinal vesicle breakdown
(GVBD) stage.

Matsumoto et al. (2001) in their study failed to obtain blasto-
cysts after vitrification of bovine immature oocytes. As referenced
in Spricigo et al. (2014), mature bovine oocytes should have a
greater ability to resist vitrification as they have completed meiosis,
avoiding problems with division of a first polar body, organelle dis-
tribution and removal of cumulus cells. However, they may show
poor developmental competence due to meiotic spindle decompo-
sition and subsequent chromosomal scattering. The authors found
in their study different degrees of degeneration of oocytes vitrified
at different stages of development (0, 8 and 22 h), when the lowest
degree of degeneration was at 0 h (GV) and the highest was
observed after 22 h (MII) of maturation. The cause may be the dis-
organization and disruption of the cytoskeleton, which is well
organized during the MII stage. However, a higher blastocyst rate
was obtained when oocytes were vitrified at the MII (4.1%) com-
pared with GV (2.6%) or GVBD (1.8%) stages (Spricigo et al.,
2014). Diez et al. (2005) in their study suggested an association
among the maturation stage of the cattle oocyte before vitrification,
the incidence of oocyte degeneration and embryo development
after IVF.
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Table 1. Development of embryos produced from vitrified bovine oocytes in relation to the presence/absence of cumulus cells or the maturation

status

Cumulus cell state Maturation status

Cleavage rate (%)

Blastocyst rate (%) References

C-E oocytes GV 7.00 0.00 Matsumoto et al. (2001)°
C-E oocytes GV 8.00 0.00 Chaves et al. (2017)

C-E oocytes GV 65.80 11.30 Zhou et al. (2010)

C-E oocytes GV 30.94 2.85 Hajarian et al. (2011)°
C-E oocytes GV 33.29 3.61 Hajarian et al. (2011)¢
C-E oocytes GV 40.21 4.88 Hajarian et al. (2011)¢
C-E oocytes Mil 35.20 5.00 Zhou et al. (2010)

C-E oocytes Mil 19.00 1.00 Chaves et al. (2017)

P-D oocytes GV 26.53/34.04 15.31/18.09¢ Magnusson et al. (2008)
P-D oocytes GV 47.30 4.00 Zhou et al. (2010)

P-D oocytes GV 22.70 2.60 Spricigo et al. (2014)
P-D oocytes Mil 7.29/19.39 4.17/8.167 Magnusson et al. (2008)
P-D oocytes Mil 36.80 4.40 Zhou et al. (2010)

P-D oocytes Ml 24.10 4.10 Spricigo et al. (2014)
C-F oocytes Mil 47.00/50.00 11.00/13.00¢ Vajta et al. (1998)

C-E, cumulus-enclosed oocytes; C-F, cumulus-free oocytes; P-D, partially denuded oocytes.

“Results obtained using electron microscopy grids for oocyte vitrification.
bResults obtained using open pulled straws for oocyte vitrification.
‘Results obtained using the Cryotop system for oocyte vitrification.

dValues before and after the forward slash correspond to different concentrations of cryoprotectants used.

The above-mentioned reports demonstrated that there is no
consistent and uniform opinion about which maturation stage
(mature/immature) is more suitable for oocyte cryopreservation,
because different authors used various maturation and/or vitrifica-
tion schemes.

Effect of follicle size

Another important criterion for proper embryo development is a
follicle size. Oocytes derived from cow ovarian follicles smaller
than 4 mm showed a lower developmental competence compared
with those from 4 to 10 mm, regardless of whether they had under-
gone vitrification or not (Anchamparuthy et al., 2009). Lonergan
et al. (1994) obtained many more blastocysts using oocytes from
cow follicles that were greater than 6 mm in size vs. oocytes from
follicles smaller than 6 mm (65.9% vs. 34.3%, respectively).
Kahraman et al. (2018) obtained similar blastocyst yields from
human oocytes, however the implantation rate of embryos derived
from small and large human ovarian follicles did not differ
significantly.

Culture systems and media for in vitro production (IVP)
of embryos

In vitro maturation medium

Maturation medium plays a crucial role in the whole process of
oocyte development to the blastocyst stage (Russel et al., 2006).
Commercially produced medium M199 is the most commonly
used maturation medium supplemented with serum, hormones,
antibiotics and sodium pyruvate (Fuku et al, 1995; Agca et al.,
2000; Verma et al., 2018; Makarevich et al., 2019a). Comparing
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compositions of different maturation media, Russel et al. (2006)
found that bovine COCs showed better cell expansion during
maturation in M199 medium supplemented with 10% of fetal calf
serum (FCS) when compared with bovine serum albumin (BSA).

Many authors tried out IVM medium enriched with various
substances to improve in vitro maturation, resistance to cryopre-
servation, as well as development into the blastocysts. In particular,
Wang et al. (2017) obtained 30.1% of bovine blastocysts
(versus 10.4% in the untreated group) after the addition of
10 pM BAPTA (calcium ion blocker) into IVM medium for the
last 2 h after 20 h of IVM, and a combination of 10 pM BAPTA
with 1 uM ruthenium red (RR; Ca?* efflux inhibitor) both into
the vitrification medium and after 0.5 h post-thaw incubation with
1 pM RR. This blastocyst rate (30.1%) was comparable with that of
the control group (34.4%).

Zhao et al. (2015) improved bovine blastocyst development by
supplementing IVM medium and vitrification medium with mela-
tonin (10-°M). Phongnimitr et al. (2013) described a positive effect
of L-carnitine on the nuclear maturation of bovine oocytes that
was, however, neutralized after vitrification. Later, Verma et al.
(2018) obtained a higher percentage and post-thaw survival of buf-
falo blastocysts using 1.5 mM of L-carnitine in IVM medium com-
pared with the control group and groups with 1 and 2 mM of
L-carnitine. Oppositely, Knitlova et al. (2017), when supplement-
ing IVM medium with L-carnitine, did not obtain a significant dif-
ference in the blastocyst yield in meiotically more competent
bovine oocytes, but observed a reduction in the number of lipid
droplets and higher blastocyst rate during L-carnitine supplemen-
tation of less competent oocytes.

Rahim et al. (2011) reported a higher percentage of mature
bovine oocytes after cysteine supplementation (100 and 500 pM)
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of IVM medium. Rocha-Frigoni et al. (2013) confirmed that
the addition of cysteine during IVM and first 72 h of in vitro culture
(IVC) reduced reactive oxygen species (ROS) level and apoptotic
rate in the bovine blastocysts, but did not affect embryo develop-
ment after vitrification. However, to date there has been no report
on if it had effect on embryo development after oocyte vitrification.
The addition of coenzyme Q10 (50 pM) to IVM medium increased
the survival rate of bovine oocytes after vitrification from 57.9 to
77.2% (Ruiz-Conca et al., 2017).

Bernal-Ulloa et al. (2016) tested the effect of caffeine, known as
an inhibitor of meiotic resumption. Addition of 10 mM caffeine for
2 h to pre-IVM improved the survival of IVP bovine blastocysts
after vitrification (blastocoel re-expansion), but not blastocyst yield
before vitrification.

Glutathione added to IVM medium (5 mM) significantly
increased bovine blastocyst total cell number (n=133.00) com-
pared with the control group (n=98.63) without affecting the
blastocyst rate (Curnow et al., 2010). Trapphoff et al. (2016)
described the decrease in a ROS level as well as rapid recovery
of meiotic spindle in mouse vitrified-thawed oocytes after addition
of 1 mM glutathione ethyl ester during IVM.

Some authors have reported positive effects of resveratrol on
bovine oocyte maturation (Wang et al, 2014), the development
of IVP embryos up to hatching (Salzano et al., 2014) as well as
embryo survival and lipid content after cryopreservation (Abe
et al., 2017). By contrast, Spricigo et al. (2017) did not achieve bet-
ter embryo development by addition of resveratrol or L-carnitine
into the IVM medium after vitrification-thawing of the oocytes
from prepubertal calf.

In vitro culture systems

There are several approaches for embryo culture. One of them is
co-culture of embryos with a monolayer of somatic cells, such
as cumulus cells derived from oocytes after maturation, buffalo
rat liver (BRL) cells or other (Vero cells; STO fibroblasts) in
the incubator under 5% CO, in air conditions. An alternative
to co-culture with somatic cells is a commercially provided syn-
thetic culture medium, such as synthetic oviduct fluid (SOF),
KSOM, CR2 and others. Some of these media required an incu-
bation system with a reduced oxygen concentration from 20%
down to 5%.

Blastocyst rate under different oxygen content and culture
conditions

Carolan et al. (1995) in their study obtained 33% of bovine blas-
tocysts at 5% O, during incubation, compared with 9% of blasto-
cysts at 20% O,. As only 2-9% of oxygen is present in the female s
reproductive tract, an oxygen reduction incubation system is often
more preferable compared with a CO,-supplemented (5%) system.
In addition to the air composition in the incubator, other factors
as temperature, osmolality and pH of the culture medium are
important.

To maintain an optimal pH value, the medium must be buf-
fered; this is ensured by adding 4(2-hydroxyethyl)-1piperazine
ethanesulfonic acid (HEPES) to the culture medium, especially
during handling outside the incubator. Presence of 5% CO, keeps
the pH of bicarbonate buffers in the medium at the physiological
level (Carter and Shieh, 2015).
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Higdon et al. (2008) in their study with bovine oocytes using a
dual-gas incubator (5% CO, and 95% air) described a higher
fertilization rate (95% vs. 84%) compared with a triple-gas incu-
bator (7% O,, 5% CO,, 88% N,). However, blastocyst yield was
significantly lower when using a dual-gas incubator for embryo
culture (34% vs. 49% in a triple-gas incubator). Authors pointed
out that pH was related indirectly to CO, concentration in the
bicarbonate-based medium. Therefore, it is preferable to fertilize
an egg at a higher pH and then to reduce the pH during zygote
cleavage.

Carolan et al. (1995) reported a significant difference in the
bovine blastocyst rate (18%) on day 7 obtained using SOF culture
medium without BSA in contrast with the presence of BSA (28%).
However, there was no difference between groups with or without
addition of FCS, when the SOF medium was supplemented with
BSA. Lane et al. (2003) reported a significantly higher percentage
of hatched blastocysts post-thawing under defined conditions fol-
lowing addition of hyaluronan to the culture medium together
with recombinant albumin instead of serum.

Farin et al. (1997) observed that Menezo B2 medium was more
suitable for co-culture of bovine embryos with BRL cells than M199.
Olexikova et al. (2009) obtained a higher blastocyst rate using
Menezo B2 medium in combination with BRL cells (28.3%) com-
pared with SOF medium without co-culture (6.1%).

Blastocyst cell number under different oxygen content and
culture conditions

Tables 2 and 3 summarize the data on the total cell numbers of
blastocysts cultured under different culture conditions, obtained
from fresh (Table 2) and vitrified (Table 3) bovine oocytes. The
published data on blastocyst cell numbers in different articles
are often inconsistent. In particular, some authors report average
cell number counted for all blastocysts, including all, expanded,
normal and, sometimes, hatching blastocysts, while other authors
represent the numbers of expanded and normal blastocysts sepa-
rately. This fact may cause high variability in embryo cell counts
among studies.

Some studies on cattle embryos (Carolan et al., 1995; Curnow
et al., 2010; Yashiro et al., 2015; Bernal-Ulloa et al., 2016) docu-
mented a significantly higher number of cells in embryos incubated
at reduced oxygen content (5% O,) compared with the classical
system (5% CO, and 20% O,). The number of cells in blastocysts
can also be influenced by maturation time. For example, Park et al.
(2005) in their study described 130-cell (average value) bovine
blastocysts developed after an 18 h maturation compared with
112-cell blastocysts at 24 h maturation. Mori et al. (2002) counted
84.6 cells in day 7 bovine blastocysts, while expanded blastocysts
contained up to 119.5 cells. In our previous study (Olexikova
et al., 2019), blastocysts derived from vitrified bovine oocytes con-
tained on average 84.45 cells vs. 97.29 cells in the blastocysts of the
control fresh group. A higher blastocyst cell number (n = 148) was
achieved by Carolan et al. (1995) after 20-24 h culture in SOF
medium supplemented with serum at 5% O,, compared with 92
cells without serum addition.

Yashiro et al. (2015) reported that the addition of a-tocopherol
to the recovery medium improved the survival of bovine oocytes
after thawing, the blastocyst rate as well as the total cell number
(143.4) compared with the untreated group (107.8). Irrespectively
of the addition of tocopherol, the number of cells in blastocysts from
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Table 2. Difference in total cell number of blastocysts obtained from fresh oocytes using different oxygen content and culture conditions

Oxygen content Culture conditions Blastocyst rate (%) Total cell number DE References

20% O, TCM199 - 84.60/119.50° 7 Mori et al. (2002)

20% O, B2+BRL 23.02 97.29 £ 6.43 T Olexikova et al. (2019)
20% O, B2+BRL 25.80 129.00 + 24.30 8 Knitlova et al. (2017)
20% O, CR2-granulosa 32.50 90.90 + 2.50 - O’Doherty et al. (1997)
5% O, CR2 34.70 92.60 + 31.30 7 Kim et al. (2007)

5% O, SOF 27.00 148.00 + 61.00° 8 Carolan et al. (1995)

5% O, SOF 21.00 92.00 + 35.00 8 Carolan et al. (1995)

5% O, SOF 26.40 154.60 + 2.90 8 Bernal-Ulloa et al. (2016)
5% O, SOF 60.00¢ 158.00 8 Yashiro et al. (2015)

5% 0,/20% 0,7 SOF/SOF + BOEC 17.50 96.20 = Paul et al. (2017)

5% 0,/20% 0,7 SOF/SOF + BOEC 24.3 1222 £ 141 T Phongnimitr et al. (2013)

B2+BRL, B2 medium + buffalo rat liver cell monolayer; BOEC, oviduct epithelial cells; DE, day of evaluation; SOF, synthetic oviduct fluid.
%alue before the forward slash indicates the cell number in blastocysts and the value after the forward slash indicates the number of cells in expanded blastocysts

evaluated on day 7.

bimproved total cell number using addition of 10% FCS to SOF after 20-24 h of in vitro culture.

‘Blastocysts harvested on days 7+8.

9Oxygen content (from 5% to 20%) and IVC medium (from SOF to SOF + OEC) were changed when embryos reached 8-cell stage.

Table 3. Difference in total cell number of blastocysts obtained from vitrified-thawed oocytes using different oxygen content and culture

conditions
Oxygen content Culture conditions Blastocyst rate (%) Total cell number DE References
20% O, B2+-BRL 11.24 84.45 + 10.16 7 Olexikova et al.(2019)
5% O, CR2 2.30 84.30 + 18.90 7 Kim et al. (2007)
5% O, SOF 19.20¢ 107.80 8 Yashiro et al. (2015)
5% 0,/20% 0,7 SOF/SOF + BOEC 6.70 67.10° - Paul et al. (2017)
5% 0,/20% 0,7 SOF/SOF + BOEC 10.00 74.70¢ = Paul et al. (2017)
5% 0,/20% 0,7 SOF/SOF + BOEC 10.80 98.10 + 12.40 7 Phongnimitr et al. (2013)

B2+BRL, B2 medium + buffalo rat liver cell monolayer; BOEC, bovine oviduct epithelial cells; DE, day of evaluation; SOF, synthetic oviduct fluid.

9Blastocysts harvested on days 7+8.
bThe blastocyst rate and cell number obtained using two-step vitrification.
‘The blastocyst rate and cell number obtained using three-step vitrification.

dOxygen content (from 5% to 20%) and IVC medium (from SOF to SOF + OEC) were changed when embryos reached the 8-cell stage.

vitrified oocytes was still higher when the culture was performed
under conditions of 5% O, using SOF culture medium.

Type and concentration of cryoprotectants

During vitrification, an intracellular ice is formed that can damage
the cell. This damage can be reduced or eliminated using cryopro-
tectants (Kasai, 2002; Chian et al., 2014); the type and concentra-
tion of cryoprotectants are important.

Before placing the oocytes into freezing medium with a cryo-
protectant, most authors (Martins et al., 2005; Ortiz-Escribano
et al., 2016; Makarevich et al, 2019b) used pre-incubation of
bovine oocytes in the equilibration medium with a cryoprotectant
beginning at concentrations lower (3-40%) than would be used in
the vitrification medium (30-40%). However, vitrification of
murine oocytes was performed without equilibration with almost
a 50% successful birth rate after the transfer of two-cell embryos
(Nakagata, 1989). Martins et al. (2005) did not observe any
differences in the survivability of vitrified bovine oocytes, which
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were pre-equilibrated for 0.5, 5 or 15 min in different concentra-
tions of CPs. However, different concentrations and time of equili-
bration produced significant differences in the ability of oocytes to
reach the MII stage after vitrification. The highest concentration of
ethylene glycol (EG; 40%) in equilibration solution was the most
harmful after 5 and 15 min of equilibration. The medium EG con-
centration (20%) and 5 min of equilibration showed the highest
(44.5%) MII rate after vitrification-thawing of immature oocytes.
Moreover, the lowest tested concentration (3%) of EG showed
better results (MII rate: 18.1-19.4%) compared with the 40% of
EG during 5 and 15 min of equilibration.

During vitrification, the cryoprotectant penetrates the oocyte
and causes replacement of intracellular water, its dehydration
and subsequent rehydration after thawing. Therefore, different
membrane permeabilities of the oocyte at different stages of matu-
ration should be considered. In particular, the movement of a
cryoprotectant and water is slower in bovine oocytes at the MII
stage, as the plasma membrane has a low permeability coefficient
(Mogas, 2019).
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The most commonly used penetrating CPs used for bovine
oocytes are EG and dimethylsulfoxide (DMSO). Some authors
have also reported the effects of other cryoprotectants, such as
1,2-propanediol (PROH), glycerol (cattle: Chian et al, 2004;
buffalo: El-Shahat and Hammam, 2014) or polymer Ficoll 70
(Abdel-Gawad et al., 2016). The latter authors tested the effects
of different CP combinations on vitrification of bovine oocytes
at different volume ratios: 20% DMSO + 20% EG + 0.3M treha-
lose vs. 40 % EG + 18% Ficoll 70. Although they did not find
any significant differences in blastocyst rate (blastocysts from
vitrified oocytes) between the tested concentrations, significant dif-
ference was noted in the recovery rate of frozen-thawed blastocysts
between the DMSO group (45%) and the Ficoll 70 group (79.28%).
Anchamparuthy et al. (2009) obtained a lower blastocyst rate from
vitrified oocytes using Ficoll in combination with EG and sucrose
in vitrification solution compared with Abdel-Gawad et al. (2016).

Sucrose as a non-penetrating cryoprotectant is often added to
the vitrification medium together with EG, as it acts as a membrane
stabilizer, minimizing the harmful effects of EG on membrane
integrity of mouse oocytes (Hotamisligil et al., 1996). The benefi-
cial effects of sucrose added at the 0.4-0.8 M range have also been
reported for the vitrification of mouse ovarian tissues (Zhang et al.,
2009). Martins et al. (2005) also achieved a better percentage of
bovine oocyte maturation using sucrose compared with trehalose.

Several authors have described the positive effects of antifreeze
proteins (AFPs) on cryopreservation of mouse oocytes (Jo et al,
2011), as well as rabbit (Nishijima et al, 2014) and cattle (Liang
et al., 2017) embryos. AFPs are able to bind to ice during vitrifica-
tion and therefore prevent crystallization. However, Chaves et al.
(2016) did not note any cryoprotective effects of these proteins
during vitrification of bovine oocytes/embryos. Supplementation
of AFPs improved embryo development only up to day 5, while
none of the developing embryos reached the blastocyst stage on
day 7 when using 500 ng/ml AFPs compared with 6.3% of blasto-
cysts using 1000 ng/ml of AFPs (Chaves et al., 2016).

A combination of multiple CPs is used mostly at lower concen-
trations of the individual components to reduce the toxic effect of a
high total concentration of CPs. The combination of DMSO and
EG with the addition of a non-penetrating CP such as sucrose is
used more frequently. Chian et al. (2004) obtained a higher per-
centage of bovine blastocysts (7.4%) using the combination of
EG with PROH compared with 1.7% blastocysts using EG with
DMSO. Therefore, DMSO appears to be less suitable for cryopre-
servation of bovine oocytes compared with EG, corresponding to
the study by Cetin and Bastan (2006) who found that EG was less
harmful to bovine oocytes compared with DMSO. Despite this,
DMSO is still a commonly used cryoprotectant, because it is a
smaller molecule and, therefore, more permeable to membranes
compared with glycerol (Yamada et al., 2007).

An important factor for successful cryopreservation is the CP
concentration. At vitrification after 18 h of maturation, less oocytes
developed to the blastocyst stage compared with immature bovine
oocytes vitrified using 40% EG (7.17 M) (Magnusson et al., 2008).
The authors further reported a higher cleavage (19.39% vs. 7.29%)
and blastocysts rate (8.16% vs. 4.17%) at a higher concentration of
EG (7.17 M) compared with a lower concentration (5.37 M) at the
MII stage. Papis et al. (2000) obtained the highest blastocyst rate
(29.6%) using 3% of EG in the equilibration medium for 12 min
followed by 30 s in vitrification medium with 5.5 M EG and 1 M
sucrose.

Yamada et al. (2007) reported a higher percentage of mature
bovine oocytes (29.2%) after vitrification with a higher concentration
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of CPs (25% EG + 25% DMSO + 0.5 M trehalose) compared with
a lower concentration of CPs (20% EG + 20% DMSO + 0.5 M
trehalose; 11.7% of mature oocytes). The lowest maturation rate
(4.3% of mature oocytes) was reached using a combination of EG
and glycerol (25% EG +25% G+ 0.5 M trehalose). However, the
differences were not only in concentration, but also in length of
CP exposure but without vitrification. The exposure of oocytes to
low CP concentrations in a vitrification medium for 30 s did not
show any significant difference compared with the fresh control.
Nevertheless, higher concentrations of CPs seemed to be more toxic
especially at 60 s of exposure compared with the control fresh group.

El-Shahat and Hammam (2014) compared the effects of EG
(7 M), DMSO (7 M) and G (4 M) on embryo development from
vitrified immature buffalo oocytes. Developmental capacity of
embryos derived from vitrified thawed oocytes using glycerol as
the cryoprotectant was lower compared with EG and DMSO.
Lim et al. (1999) reported similar results, i.e. a reduced proportion
of morphologically normal bovine oocytes after vitrification using
G versus DMSO and propylene glycol. In immature buffalo
oocytes, Wani et al. (2004) obtained a lower oocyte maturation rate
after the exposure to 7 M of G compared with DMSO, EG and
PROH.

As referenced in Paynter (2005), glycerol appears to be unsuit-
able as a cryoprotectant, particularly for mature mouse oocytes, as
it has low permeability and causes extreme cell shrinkage com-
pared with other CPs. This author also mentioned the temperature
as an important factor for cell shrinkage and swelling. At higher
temperatures, oocyte shrinkage decreases, reducing osmotic stress,
but the potential toxicity of CPs increases. For example, at 30°C,
oocytes shrank more in the presence of EG compared with
DMSO, while at 10°C the volume change was almost the same.
Temperature range may vary with type of cryoprotectant, so it
is important to adapt the protocol for each cryoprotectant to min-
imize cell damage.

Permeability of EG and DMSO is different for GV or MII stages
of bovine oocytes (Agca et al., 1998). Therefore, the developmental
stage of the oocyte should be considered when determining the CP
concentration.

Cooling/warming rate and post-thaw oocyte development

Cooling rate (CR) and warming rate (WR) can also be key factors
causing differences in bovine oocyte or embryo survival after vit-
rification. At slow freezing using programmable devices, the CR at
the beginning of the procedure is around 0.3-2°C/min, compared
with more than 20,000°C/min CR during vitrification using car-
riers developed for direct contact with LN, (Chian et al, 2014).

Arav et al. (2018) in their study using a Sarah® vitrification
device with a CR of 18,000°C/min, obtained 7% blastocysts from
vitrified bovine oocytes. Kuwayama (2005) in their study using
human oocytes obtained a higher blastocyst rate (22.9%) using a
Cryotop system with the highest CR of 22,800°C/min, compared
with OPS (7.4% blastocysts with 16 340°C/min CR) and in-straw
dilution (5.3% blastocyst with CR 4460°C/min). Zhou et al. (2010)
in their study using a Cryotop system with a CR of 23,000°C/min
obtained 4.0-11.3% bovine blastocysts.

Misumi et al. (2013) found that the CR value using the micro-
volume air cooling (MVAC) technique (860°C/min) was approx-
imately 20 times slower compared with CR using the Cryotop
system (17,250°C/min). However, they did not note differences
in survival and hatching rates after IVC of vitrified porcine
embryos using these two CR rates. Later, Punyawai et al. (2015),
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Table 4. Development of embryos from vitrified oocytes using various vitrification carriers

Vitrification carrier

Type and conc. of CP

Cleavage rate (%)

Blastocyst rate (%)

References

OPS 16.5% D + 16.5% EG+0.5M S 47.00 11.00 Vajta et al. (1998)
20% D +20% EG+0.5M S 50.00 13.00 Vajta et al. (1998)
20% D +20% EG+0.5M S 49.00 6.10 Vieira et al. (2002)
20% D + 20% EG + 0.48 M Gal 48.90 5.30 Checura and Siedel (2007)
16% D+ 16% EG+1MS 19.00 1.00 Chaves et al. (2017)
20% D +20% EG+0.5M S 31.50 0.00 Morato et al. (2008a)
Cryotop 20% D +20% EG+0.5M S 46.10 2.40 Moraté et al. (2008a)
15% D + 15% EG + 17.1% S 40.90 1.60 Prentice-Biensch (2012)
15% D+ 15% EG+05M S 82.50 12.10 Yashiro et al. (2015)
15% D + 15% EG+05M S 24.10 4.10 Spricigo et al. (2014)
35% EG+0.4 M Tr 56.60 20.70 Punyawai et al. (2015)
Cryoloop 20% D + 20% EG + 0.48 M Gal 54.00 10.80 Checura and Seidel (2007)
EMG 4-55M EG 4 0.5-1 S 30.00 15.00 Martino et al. (1996b),
30% EG+1MS 55.81 11.24 Olexikova et al. (2019)
Paper container 20% D +20% EG+0.5M S 54.00 8.00 Paul et al. (2017)
Sarahe 18% D + 18% EG+ 0.5 M Tr 73.00 7.00 Arav et al. (2018)
MVAC® 35% EG+ 0.4 M Tr 53.10 17.90 Punyawai et al. (2015)
MVAC in LN,? 35% EG + 0.4 M Tr 55.90 16.60 Punyawai et al. (2015)
Nylon mesh 40% EG + 18% Ficoll+0.3 M S 39.1 51 Anchamparuthy et al. (2009)
French straws 15% EG+15% D+ 06 MS 97.83 21.74 Dutta et al. (2013)
Microdrop 20% EG+20% D+05MS 55.7 23 Kim et al. (2007)

D, DMSO; EG, ethylene glycol; EMG, electron microscopy grids; Gal, galactose; MVAC, micro volume air cooling; OPS, open pulled straw; S, sucrose; Tr, trehalose.

9IVM oocytes vitrified using an MVAC device without direct contact with LN,.
bIVM oocytes vitrified using an MVAC device directly plunged into LN,.

using the above-mentioned vitrification carriers (MVAC and
Cryotop) for bovine mature oocytes and embryos, observed no
differences in the hatched blastocyst rates after vitrification of
bovine blastocysts. For vitrified oocytes, there was only a slight
insignificant increase in blastocyst rate using MVAC compared
with the Cryotop system (Table 4).

Hochi et al. (2001), using vitrification of bovine oocytes in
capillaries of 1400 pm with CR 3000°C/min and WR 8000°C/
min, obtained the highest fertilization rate compared with other
tested values of CR and WR. However, they also concluded that
survival of in vitro matured COCs vitrified using OPS was not
affected by WR. Conversely, Mazur and Seki (2011) reported
that mouse oocyte survival after vitrification using the Cryotop
system depended on the WR rather than the previous CR. In
particular, up to 70-80% oocytes survived using the highest
WR (117,000°C/min), while only 0-25% of oocytes survived
using the lowest WR (600°C/min) regardless of the CR (95 to
69,000°C/min). These authors also noted that the higher the
CR used, the higher was the WR required to achieve better oocyte
survival.

Although most authors in their reports specified only CR val-
ues, the above cited studies suggested that “‘WR’ is also an impor-
tant parameter of successful vitrification (blastocyst rate).
Therefore, WR should be taken into consideration when evaluating
vitrification success.
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Vitrification carriers and post-thaw embryo development

Vitrification carriers are increasingly used to provide a minimum
sample volume prior to freezing. A minimum volume of vitrifi-
cation medium allows a sufficiently high CR for successful vitri-
fication. This method is suitable for oocytes, because they are
vitrified in small numbers compared with other cells or tissues,
which have larger volumes. The survival and quality of oocytes
undergoing cryopreservation has improved using a minimal
volume technique. The only difficulty of this approach is the need
for experience in handling oocytes and small volumes of medium
(Zhang et al., 2011). A summary of blastocyst production from
vitrified oocytes using various vitrification carriers is given in
Table 4.

The most commonly used commercial carriers are the OPS sys-
tem, Cryotop and Cryoloop. Another alternative is electron micro-
scope grids (EM grids), which are mainly used to provide volumes
less than 1 pl (Zhang et al., 2011). Moratd et al. (2008a) described
Cryotop as a more effective vitrification carrier compared with
OPS in cattle, because the percentage of blastocyst development
after in vitro fertilization was 0% with OPS, while with Cryotop
it was 2.4%. Similar results (1% of blastocysts) using the OPS
method have been reported by Chaves et al. (2017). Slightly better
results (6.1% of blastocysts on day 8) were reported by Vieira et al.
(2002) using immature bovine oocytes.
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Zhou et al. (2010) in their study, using the Cryotop method,
obtained 5% bovine blastocysts from oocytes at the MII stage after
vitrification vs. 35.6% in the control group. A similar blastocyst rate
in the control group (34.4%) was described by Prentice-Biensch
et al. (2012), whereas they obtained only a 1.6% rate for blastocysts
after oocyte vitrification. Spricigo et al. (2015) also obtained a low
blastocyst rate (2.8%) compared with the control fresh group
(37.9%).

Cryoloops are devices that use a small Nylon loop attached to a
lid by a small metal tube, allowing easier handling (Mukaida
et al., 2003).

Dinnyés et al. (2000) used solid surface vitrification of mature
bovine oocytes. Interestingly, they obtained a higher percentage of
blastocysts (15%) at immediate freezing and thawing procedures
compared with 6% blastocysts, when thawing was performed after
2-3 weeks. Checura and Seidel (2007) did not find any significant
differences in blastocyst rate between the groups of vitrified/
immediately thawed and long-term stored/thawed bovine oocytes.
Using the Cryoloop technique, they observed a greater percentage
of blastocysts (12.9%) compared with OPS (5.4%).

Anchamparuthy et al. (2009) produced 5.1% bovine blastocysts
using a Nylon mesh as the vitrification carrier, compared with
22.9% in the non-vitrified group.

EM grids are another carrier useful for oocyte vitrification, due
to the ability to aspirate the maximum excess freezing medium
from the mesh. Using EM grids, Martino et al. (1996b) obtained
15% bovine blastocysts, although this was lower compared with
the control group (41%). In our previous study (Olexikova
et al., 2019), we approached the results of Martino et al. (1996b),
achieving 11% blastocysts derived from vitrified mature oocytes.
However, Kim et al. (1998) produced 20% blastocysts from imma-
ture vitrified bovine oocytes using EM grids.

Dutta et al. (2013) obtained a high cleavage rate (97.8%) and
blastocyst rate (21.7%) after vitrification of immature bovine
oocytes in 0.25 ml French straws.

Among other various alternative carriers, a paper container was
used, which was advantageous for immediate aspiration of cryo-
protectant (Kim et al, 2012; Paul et al., 2017). However, to date,
amethodological approach for separating oocytes or embryos from
a paper container has not been described and, therefore, difficult to
reproduce. Another option is the use of automatic vitrification
devices, such as Sarah®, which produced 7% bovine blastocysts
compared with the control group (11%; Arav et al, 2018).
Punyawai et al. (2015) tested the MV AC technique, which prevents
the contact of cryopreserved cells with liquid nitrogen, on bovine
oocytes. They did not find any significant difference in the blasto-
cyst rate compared with the Cryotop technique (17.9% vs. 20.7%).
Papis et al. (2000) combined the straw freezing system with this
popular technique using a minimum volume of medium in micro-
droplets without carrier and obtained 6.1-29.6% bovine blastocysts
when using different concentrations of equilibration medium,
compared with the control group (41.5%). Kim et al. (2007) yielded
2.3% bovine blastocysts after freezing in microdroplets using a
glass micropipette.

Effect of age of oocyte donors

The age of oocyte donors (cows or heifers) can also affect blastocyst
yield after oocyte vitrification. In particular, Albarracin et al.
(2005) in their study reported a large difference in blastocyst yield
between cows and heifers (33% vs. 7.8%) in the control group, with
only 2.5% blastocysts from cow oocytes and none from heifer
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oocytes after vitrification with OPS. Moraté et al. (2008b) did
not obtain any blastocysts after vitrification using the OPS method
either in cows or heifers, but the embryo cleavage rate in heifers
was significantly lower compared with that in cows (23.5% vs.
34%). These authors obtained 3.2% blastocysts from cow oocytes
after vitrification in the presence of 1 M taxol, an actin cytoskeleton
stabilizer. This effect of taxol was not observed in heifers. It appears
that oocytes from heifers are more sensitive to cytoskeletal damage
by vitrification compared with oocytes from other cows.

Conclusion

Vitrification of oocytes is still challenging not only in cattle but also
in other animal species. The optimization of the methodology is
demanding due to some factors that affect the vitrification process,
in vitro fertilization and subsequent embryo development. Even
using the same protocols and culture systems, the results of embryo
development after oocyte vitrification are influenced, in addition to
operator skill and experience, by the geographical location of
experimental institutions or research centres, local climate condi-
tions, animal breeds used as an oocyte donor and quality of bio-
logical material delivered to the laboratory.

These factors cause relatively high variability among results
from individual studies. The selection of the appropriate matura-
tion stage of an oocyte before vitrification, as well as presence or
absence of cumulus cells, are the basic factors that ensure the suc-
cess of the whole process. Based on the results summarized in this
review, it is difficult to suggest unambiguously which is the proper
maturation stage of oocytes that is most suitable for vitrification, as
well as to certainly confirm if the presence or absence of cumulus
cells is beneficial. This task hinges on individual experimental
design, research conditions in the laboratory and probably the per-
sonal experience of the researcher.

Culture conditions and medium composition for IVP of
embryos is another criterion required for better embryo develop-
ment after cryopreservation. The addition of different substances
such as antioxidants, hormones and growth factors to maturation
or culture media is a sufficient way to increase oocyte cryotolerance
and ensure lower cell damage and higher blastocyst rate. To con-
firm the influence of tested substances on embryos, completely
defined culture conditions are required.

From the results of different studies that tested different types of
CPs, it was obvious that glycerol was not adequate as a cryoprotec-
tant for bovine oocytes, compared with EG or DMSO. For sugars,
the use of trehalose, as a non-penetrating cryoprotectant, produced
worse results compared with sucrose. Usually, the combination of
several CPs in vitrification medium was used to minimize toxicity
as opposed to the use of one CP alone at high concentrations.
The concentration and exposure time of CPs also played a crucial
role in the whole vitrification process. Higher concentrations
and longer exposure times could cause extensive damage during
vitrification.

The results of studies focussed on measurement of cooling and
warming rates suggested the importance of these parameters
(in their mutual interrelation) for successful oocyte survival after
vitrification.

The specimen carrier chosen for vitrification also played an
important role in the process of vitrification and storage of oocytes
in liquid nitrogen. In this regard, minimum volume size carriers
represented a better choice, as they ensure faster freezing of the
oocyte, however final success depended on the proper combina-
tion, type and, especially, concentration of cryoprotectants.
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Age of oocyte donors appeared to be a factor contributing to the
variability in vitrification survival results. As reviewed here, heifer
oocytes were more vulnerable to vitrification compared with cow
oocytes.

This review presents a summary of the positive and adverse fac-
tors influencing cryotolerance and development of bovine oocytes
following cryopreservation using different vitrification protocols.
At present, no consistent approach for successful oocyte vitrifica-
tion has been published, this review may generate possible ideas for
further modification of cryopreservation and IVP protocols,
adjusted to the conditions of a specific laboratory, to ensure both
better oocyte cryotolerance and higher blastocyst rate.
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