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Abstract

Purpose High survival rates and clinical outcomes similar to
those from fresh oocytes and blastocysts have been observed
with open oocyte vitrification systems. It has been suggested
that the extremely fast cooling rates that are only achieved
with open systems are necessary for human oocyte and blas-
tocyst vitrification. However, there is a potential risk of intro-
ducing contamination with open systems. The aim of this
study was to assess whether similar survival and subsequent
implantation rates could be achieved using a closed vitrifica-
tion system for human oocytes and blastocysts.

Methods Initially, donated immature oocytes that were ma-
tured in vitro were vitrified using the cryoprotectants ethylene
glycol (EG) + dimethyl sulphoxide (DMSO) + sucrose and
either a closed system (Rapid-i®) or an open system
(Cryolock). The closed system was subsequently introduced
clinically for mature oocyte cryopreservation cases and blas-
tocyst vitrification.

Results Using in vitro matured oocytes, a similar survival was
achieved with the open system of 92.4 % (73/79) and with the
closed system of 89.7 % (35/39). For clinical oocyte closed
vitrification, high survival rate of 90.5 % (374/413) and an
implantation rate of 32.7 % (18/55) from the transfer of day
2 embryos was achieved, which is similar to fresh day 2
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embryo transfers. Blastocysts have also been successfully
cryopreserved using the Rapid-i closed vitrification system
with 94 % of blastocysts having an estimated >75 % of cells
intact and a similar implantation rate (31.5 %) to fresh single
blastocyst transfers.

Conclusion Closed vitrification can achieve high survival and
similar implantation rates to fresh for both oocytes and
blastocysts.

Keywords Closed vitrification - Human - Oocyte -
Blastocyst - Implantation rate - Births

Introduction

Vitrification has changed the face of ART in recent years
for both oocytes and blastocysts with more emphasis on
cryopreservation cycles than ever before even to the extent
of contemplating freeze all cycles [1] and social oocyte
cryopreservation. The previous variable results with slow
freezing of blastocyst and oocytes [2] have now been super-
seded by more reproducible efficient vitrification procedures
[3, 4]. Vitrification of donor oocytes has resulted in high sur-
vival (92 %) and implantation rates (39.9 %) similar to fresh
oocytes [4, 5]. Similarly, high survival and implantation rates
with blastocyst vitrification [3, 6] have convinced clinics to
adopt single cryopreserved blastocyst transfers [7].

However, these high survival rates have been achieved by
extremely rapid cooling in direct contact with liquid nitrogen
(open), raising the issue of potential contamination during
cooling and/or during storage [8, 9]. Although this risk may
be theoretical in ART with no reports of contamination, there
are concerns that the risk may increase for oocytes in long-
term storage for fertility preservation, which is now common
practice. Procedures have been developed to reduce the
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potential risk [10-13] and a number of closed vitrification
tools developed [14], but there has been a reluctance to use
closed systems due to the impact of slower cooling rates on
survival.

Although it might depend on the tool, all closed vitrifica-
tion systems achieved slower cooling rates than open systems
[14]. In addition, some carriers are also associated with slower
warming rates which may be more critical for survival [15,
16]. To compensate for slower cooling, higher concentrations
of cryoprotectants have been used [17, 18] but these formula-
tions are not commercially available, limiting the application
of the closed system. Direct comparisons of open and closed
systems have demonstrated similar survival for blastocysts for
both [19-23]. Similar studies with oocytes observed lower
survival for the closed system [18, 24], suggesting improve-
ments are necessary to adopt a closed system for oocytes.

Due to infection control measures in force at our hospital,
no material could be stored in an open system under liquid
nitrogen, prompting the evaluation of the closed Rapid-i vit-
rification tool.

This study examines initially whether high survival can be
achieved for human oocytes vitrified using a closed system.
The study subsequently reports the application of the proce-
dure to a clinical oocyte cryopreservation program. We also
report the outcomes of blastocyst vitrification using the same
closed tool.

Materials and methods
Patients

Oocytes were cryopreserved from patients undergoing con-
trolled ovarian stimulation cycles from June 2012 to June
2015. Although over 340 patients stored oocytes, only 54
have subsequently warmed oocytes. Patients requesting
warming were infertility patients who had oocytes vitrified
due to failure to retrieve sperm (n=237), objection to embryo
cryopreservation (n=8), ovarian hyperstimulation (n = 3), fer-
tility preservation (n=2), social reasons (n=2), and egg do-
nation (n=2).

QOocytes

Retrieved oocytes were denuded of cumulus and corona cells
using hyaluronidase (20 IU/ml; Hylase, Sanofi Aventis
Australia) in Quinn’s Advantage HEPES-buffered medium
(QHEPES; SAGE BioPharma, USA). Metaphase II oocytes
were held in Quinn’s Advantage Fertilisation medium
(QFERT; SAGE BioPharma, USA) containing 4-mg human
serum albumin (HSA)/ml (SAGE) for a minimum of 1 h be-
tween denuding and dehydration. This concentration of HSA
was used throughout unless stated.

@ Springer

For evaluation and development of the technology, the only
material available was oocytes deemed unsuitable for clinical
procedures, i.e. germinal vesicle and metaphase I oocytes re-
covered following denuding for ICSI. Therefore, the initial
evaluation of the procedure and comparison of open and
closed systems was using immature oocytes unsuitable for
ICSI which were cultured overnight in QFERT and only
resulting MII oocytes were vitrified. Due to legal restrictions,
no subsequent fertilisation or embryo development could be
assessed with these oocytes.

Open versus closed oocyte vitrification

All cryoprotectants were purchased from Sigma, Australia.
Vitrification and warming basal medium was QHEPES sup-
plemented with 20 mg HSA/ml.

The in vitro matured metaphase II oocytes were exposed to
equilibration solution; 7.5 % ethylene glycol (EG) + 7.5 %
dimethyl sulphoxide (DMSO), at room temperature until the
oocyte had re-expanded to approximately 80 % of initial vol-
ume. Re-expansion was achieved when no faceted sides were
observed and the oocyte membrane was completely smooth.
Due to known variability in membrane permeability which is
exacerbated with culture, no standard time was used. Each oo-
cyte was moved after re-expansion (range 4-12 min; n=118
oocytes) was complete. Using a small bore pipette to reduce
dilution effects, the oocyte was moved to the vitrification solu-
tion; 15 % EG + 15 % DMSO + 0.5 M sucrose, at room
temperature and within 1 min was loaded onto the vitrification
tool and vitrified. For the Cryolock® (BioDiseno), the oocyte
was loaded in minimal volume (<0.1 uL) on to the flat end and
plunged directly into liquid nitrogen followed by covering with
the cap (open). For the closed tool, the oocyte was loaded into
the 30-nl hole of the Rapid-i™ (Vitrolife), the metal rod in the
precooled sleeve removed, and the Rapid-i then dropped into a
pre-cooled sleeve (in a liquid nitrogen bath). Care was taken to
reduce liquid nitrogen vapour entering the sleeve prior to load-
ing the Rapid-i by covering the opening. The sleeve was then
sealed with an ultrasonic sealer. All oocytes were stored under
liquid nitrogen for at least 7 days before warming.

Clinical application of closed oocyte vitrification

Metaphase II oocytes were vitrified using the closed tool
(Rapid-i) only. From the assessment of re-expansion times in
the initial study, a uniform time of 12 min in the ES solution
was used for all clinical oocytes. Generally two oocytes were
loaded onto each Rapid-i.

QOocyte warming

For the open tool, the cap was removed under liquid nitrogen
and the Cryolock end plunged directly into first warming
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solution (1.0 M sucrose) at 37 °C for 1 min. For the closed
tool, the sleeve containing the Rapid-i was placed in a liquid
nitrogen bath, the sealed end cut and the Rapid-i removed
quickly and dipped directly into the first warming solution
(same as above). The cryoprotectants were subsequently di-
luted by transferring the oocyte to 0.5 M sucrose at room
temperature for 3 min and finally two washes in QHEPES at
37 °C for 3 min. For the open and closed comparison with the
in vitro matured oocytes, initial survival was confirmed fol-
lowing overnight culture in QFERT. The vitrified clinical oo-
cytes were warmed following the same procedure for the
closed vitrified tool.

Clinical oocytes; fertilisation and embryo development

The following warming oocytes were incubated in QFERT for
a minimum of 1 h before ICSI was performed. The ICSI pro-
cedure has been previously reported [25]. Oocytes were then
cultured in QFERT and assessed for pronuclei at 16—18 h post
injection and subsequently transferred to Quinn’s Advantage
Cleavage medium. Assessment of timing of syngamy and first
cleavage has been previously reported [26], together with se-
lection criteria for day 2 embryo transfer [27]. All remaining
embryos suitable for cryopreservation were subsequently
cryopreserved by slow cooling on day 2 using the 1.5 M
PROH + 0.2 M sucrose embryo method previously reported
[28]. For comparison, fresh single embryo transfers on day 2
during January 2013 and December 2014 were included.
Implantation was defined as detection of an intrauterine fetal
heartbeat.

Blastocyst development

Extended culture of fresh embryos was used where applicable
in IVF/ICSI cycles within our ART program. Embryos were
cultured in Quinn’s blastocyst medium (QBlast) and excess
good quality blastocysts on day 5 were vitrified. Medium was
replenished for all other embryos and culture continued for
reassessment on day 6. Blastocysts which subsequently devel-
oped on day 6 were also vitrified.

Blastocyst vitrification

It is prohibited in Australia to undertake experimentation on
embryos used in clinical treatment. Therefore, the solutions
tested by Vitrolife for use in conjunction with the tool were
used for blastocyst vitrification. Excess blastocysts were vit-
rified on day 5 or 6 using the closed tool (Rapid-i) and the
RapidVit™ Blast Kit solutions at 37 °C. The blastocyst was
transferred to the G-MOPS holding solution and then in min-
imal volume moved to the Vitri 2 solution; 8 % EG + 8 %
propanediol (PROH) for 2 min. The blastocyst was subse-
quently moved again in minimal volume to Vitri 3; 16 %

EG + 16 % PROH + 0.65 M sucrose + ficoll and loaded at
30 s onto the Rapid-i.

Blastocyst warming

The solutions used were the RapidWarm™ Blast kit, all at
37 °C. The sleeve was opened as above and Rapid-i dipped
immediately into 0.25 M sucrose; the blastocyst remained in
this solution for 5 min and then moved to 0.125 M sucrose for
5 min followed by G-MOPS/albumin for 5 min. Blastocysts
were cultured for a minimum of 2 h in QBlast before transfer.
Cell counts to determine the proportion of cells surviving
within the blastocyst could not be determined due to legal
restrictions on embryos used in a clinical procedure and, there-
fore, the survival reported is an estimate and can be biased by
the operator. Data presented is of single vitrified blastocyst
transfers during January 2014 to March 2015. For compari-
son, fresh single day 5 blastocyst transfers during the same
time period are included. Data was analysed by chi square.

Results
Open versus closed oocyte vitrification

There was no difference in survival between the open [92.4 %
(73/79)] and closed [89.7 % (35/39)] vitrification of in vitro
matured oocytes.

Clinical oocyte vitrification

The results for clinical oocytes are presented in Table 1 and are
stratified according to female age at cryopreservation (<38
and >38). All metaphase II oocytes were vitrified irrespective
of morphological appearance. Despite this, the post thaw sur-
vival rate was 90.5 % and was similar for both age groups. The
fertilisation rate appeared relatively low (64.2 %) but two
thirds of the patients used sperm recovered from repeated
testicular biopsy for the ICSI procedures. A high proportion
of the vitrified oocytes which fertilised subsequently cleaved
(90.4 %) on day 2 and the fetal heart implantation rates for
both age groups [<38 and >38 (34.2 %, 29.4 %) respectively]
were not significantly different to our fresh implantation rates
[32.3 % (426/1318) and 14.0 % (98/698)] for the same age
groups. This corresponds to implantation rates per oocyte
thawed of 4.1 % for <38 and 5.1 % for >38.

Blastocyst vitrification
A high proportion of blastocysts (94 %) survived with an
estimated >75 % of cells intact irrespective of whether cryo-

preserved on day 5 (96.0 %) or day 6 (90.8 %) using the closed
vitrification system (Table 2). The implantation rates for the
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Table 1 Survival and clinical
outcomes for closed vitrified

oocytes

<38 >38 Total
Mean age at vitrification 322 40.6 34.7
Number of patients 39 15 54

Survival rate
Fertilisation rate
Proportion of cleavage on day 2

Number of transfers

Number of fresh embryos transferred

Implantation rate (number FH)
Implantation rate per oocyte
Clinical pregnancies
Miscarriage

Fresh

Implantation rate (number FH)

90.5 % (285/315)
66.3 % (189/285)
91.0 % (172/189)
31

38

342 % (13)

4.1 % (13/315)
41.9 % (13/31)

2 (6w, 10w)

323 % (426/1318)

90.8 % (89/98)
573 % (51/89)
88.2 % (45/51)
13

17

29.4 % (5)

5.1 % (5/98)
38.5 % (5/13)
2 (8w, 10w)

14.0 % (98/698)

90.5 % (374/413)
64.2 % (240/374)
90.4 % (217/240)
44

55

32.7 % (18)

43 % (18/413)
40.9 % (18/44)

4

day 5 and 6 vitrified blastocyst were similar within both age
groups (<38 and >38; Table 3) and not significantly different
to the fresh single blastocyst implantation rates for the same
age groups [36.3 % (353/972) and 21.5 % (80/372)].

Discussion

The results presented have clearly established that closed vit-
rification with the Rapid-i tool can achieve high survival and
implantation rates for both oocytes and blastocysts. Oocyte
survival using the closed Rapid-i tool was similar to reports
for open systems using the same cryoprotectants [4, 29-34].
Limited previous experience with a variety of closed systems
(not Rapid-i) has generated survival rates ranging from 60 to
90 % [18, 24, 35, 36]. The super cooled air in the Rapid-i
sleeve cools at 1220 °C/min [22] which is more than 50-fold
slower than the rate when using direct contact with liquid
nitrogen 69,000 °C/min [37] but survival was similar for both
direct contact and the Rapid-i. The comparison of the open
and closed tools using the same dehydration process in the
present study indicates that, at least with the Rapid-i tool, there
is no requirement to increase cryoprotectant concentrations
during the dehydration process to compensate for the slower
cooling rate, as suggested by previous studies [18]. It can be
assumed from the identical process for the warming that the

Table 2 Blastocyst survival following closed vitrification

Survival rate Total

for day 6

Survival rate
for day 5

Estimated
proportion
of cells intact

<50 % 2.3 % (16/698) 5.5 % (25/456) 3.5 % (41/1154)
50-74 % 1.7 % (12/698) 3.7 % (17/456) 2.5 % (29/1154)
>75 % 96.0 % (670/698) 90.8 % (414/456) 93.9 % (1084/1154)

warming rate is the same for both the Cryolock and Rapid-i
(117,500 °C/min) which Seki and Mazur (2012) suggest to be
the more critical factor for survival. Critical for achieving high
survival with the Rapid-i is eliminating vapour exposure dur-
ing handling of the Rapid-i and accumulation inside the straw,
which are likely to result in a slower cooling rate and may also
initiate ice nucleation.

Although the fertilisation rate in the present study is lower
than previously reported for our fresh oocytes and slow frozen
oocytes [38], this is probably due to the change from use of
donor sperm in cases of failed testicular retrieval [38] to
fertilisation with testicular sperm obtained from repeated at-
tempts at testicular biopsy in the majority of cases in the pres-
ent study. The fertilisation rate for fresh oocytes using testic-
ular sperm in our clinic during the same time period is 61.4 %
(1227/1998). This is not significantly different to fertilisation
rate for the vitrified oocytes, which supports the concept that
this is a likely confounding factor in the fertilisation rate with
the vitrified oocytes in present study. The high proportion of
oocytes vitrified in the closed system which subsequently
cleave and implant is similar to fresh oocytes indicating that
the vitrification had no impact on subsequent development.
This is reassuring but the numbers are small and perinatal
outcomes need to be compared. No birth abnormalities were
reported.

High survival with the Rapid-i was also observed for blas-
tocysts regardless of the day of vitrification which was similar

Table 3 Implantation rate of single blastocyst transfers following
closed vitrification

<38 >38 Total

Vitrified day 5
Vitrified day 6
Total
Fresh

35.9 % (160/446)
31.4 % (89/283)

34.2 % (249/729)
363 % (353/972)

25.4 % (34/134)
21.9 % (25/114)
23.8 % (59/248)
21.5 % (80/372)

33.5 % (194/580)
28.7 % (114/397)
31.5 % (308/977)
32.2 % (433/1344)
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to results obtained for open vitrification on day 5 and day 6
[3]. Comparisons of open and closed vitrification of blasto-
cysts have all achieved similar survival and implantation rates
[19-23] for both. In these comparisons, two closed tools have
been used; the CBS straw [19, 21] and the Rapid-i [20, 22,
23]. High survival of blastocysts with closed vitrification in
15 % EG, 15 % DMSO and 0.5 M sucrose, at least with the
Rapid-i [20, 23], indicates, as for oocytes, that there is no
requirement for increased concentrations of cryoprotectants.
The EG/DMSO combination together with a slightly higher
sucrose concentration (0.65 M) and ficoll with the Rapid-i also
achieves high survival and implantation rates for blastocysts
[22]. Similarly, the combination of 16 % EG, 16 % PROH,
0.65 M sucrose and ficoll, used in the present study, has also
achieved high rates indicating that adherence to the EG/
DMSO combination is not mandatory with the Rapid-i. The
high survival in the present study also supports the concept
that artificial collapse of the blastocyst is not necessary.

The results presented in the present study confirm that
closed vitrification is an efficient reproducible approach for
both oocyte and blastocyst vitrification, which minimises the
possible risk of contamination.
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