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prevention of hatching of porcine 
morulae and blastocysts by liquid 
storage at 20 °C
Cristina A. Martinez1,2, Josep M. Cambra1,2, Alicia Nohalez1,2, Inmaculada parrilla1,2, 
Jordi Roca  1,2, Jose L. Vazquez1,2, Heriberto Rodriguez-Martinez  3, Maria A. Gil1,2, 
Emilio A. Martinez1,2 & Cristina Cuello1,2

Vitrification is the ideal method for long-lasting storage of porcine embryos. However, both strict 
airline regulations for transport of liquid nitrogen dewars and the technical problems experienced 
when vitrified embryos are transferred using non-surgical procedures have led to the introduction of 
alternative storage methods, such as preserving embryos in liquid state. This study evaluated whether 
a pH-stable medium containing high concentrations of either foetal calf serum (FCS; 50%) or BSA 
(4%) combined with storage at temperatures of 17 °C or 20 °C maintained in vivo-derived morulae 
and blastocysts alive and unhatched (a sanitary requirement for embryo transportation) during 72 h 
of storage. Neither FCS nor BSA supplements were able to counteract the negative effect of low 
temperatures (17 °C) on embryonic survival after storage. At 20 °C, the protective effect of FCS or BSA 
depended on embryo stage. While FCS successfully arrested embryo development of only blastocysts, 
BSA arrested the development of both morulae and blastocysts. Over 80% of BSA arrested embryos 
restarted development by conventional culture and progressed to further embryonic stages, including 
hatching. In conclusion, porcine morulae and blastocysts can survive and remain unhatched during at 
least 72 h when stored at 20 °C in a BSA-containing medium.

Implementing embryo transfer (ET) technology in commercial pig breeding should have major productive and 
economic gains. Genetic dissemination through ET of morulae or blastocysts with intact zona pellucida (ZP) 
is unquestionably of major benefit for the sector because it markedly reduces sanitary risks and avoids current 
animal welfare issues associated with the costly shipping of live animals1.

Porcine ET has advanced considerably over the last years, overcoming the most traditional problems associ-
ated with the technology, particularly those related to the development of nonsurgical deep uterine (NsDU) ET 
techniques and improvements in embryo preservation1.

Although cryopreservation is the ideal procedure for long-term embryo storage, allowing safe worldwide 
transportation, its use has lately been jeopardized by the strict rules applied for the commercial air transport of 
liquid nitrogen (LN2) dewars. Moreover, and perhaps more importantly, NsDU-ET requires far more cryopre-
served embryos than surgical ET to achieve similar fertility, thus decreasing its effectivity2. These disadvantages 
have led to a demand for alternative storing methods, such as embryo preservation in liquid state. A primary 
condition for liquid storage is that the embryos are transferred at morula or unhatched blastocyst stages because 
the NsDU-ET is performed in the middle or the anterior quarter of a uterine horn. We should remember that 
under conventional culture conditions [i.e., media containing bovine serum albumin (BSA) or foetal calf serum 
(FCS) at 38.5 °C and 5% CO2 in air], a high percentage of in vivo-derived morulae (20%) and blastocysts (50%) 
hatches after 24 h of culture3,4. This fact excludes these conventional culture conditions from being used as a pro-
cedure for embryo storage because they favour hatching, thus jeopardizing the sanitary covering of the embryos 
for transport and ET5.
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In a previous study, we stored porcine morulae at 37 °C for 24 h in a pH-stable medium without CO2 gassing. 
More than 95% of these embryos progressed to the unhatched blastocyst stage, and although there was a certain 
delay in embryo development during storage, the resulting blastocysts retained a similar potential to develop to 
term compared to unstored blastocysts4. This storage period should be long enough to enable transport of the 
embryos in liquid state from the donor to the recipient farms, at least at regional and national levels, consider-
ing most medium-size countries. However, a longer storage period would allow for transport over longer hauls 
including trans-oceanic movement, and would therefore represent a more rational use of the ET technology. In 
another recent study, we evaluated the potential of prolonging the liquid-storage period for up to 72 h after col-
lection. Morulae stored at 37 °C6 and blastocysts stored at 25 °C (unpublished data) in a semi-defined medium 
containing 0.4% BSA maintained their in vitro viability and developmental competence for up to 72 h. However, 
although these embryos exhibited an important development delay compared to controls, many of them hatched 
after 72 h of storage. Additional efforts are thus needed to identify alternative storing conditions that would allow 
for overseas shipment of un-hatched embryos in a liquid state.

Cooling to refrigeration temperatures (around 4–5 °C) not only inhibits embryo metabolism but also main-
tains embryo viability in several species, including bovine7–9, ovine10, rabbit11,12, and rodent13–15 species and 
humans16. However, such cooled storage shows that embryonic survival rates differ among species, embryo stages 
and laboratory procedures. Noteworthy, few studies of the effect of hypothermic temperatures on the survival of 
porcine preimplantation embryos have been conducted. It is widely known that porcine embryos contain high 
amounts of cytoplasmic lipids17,18, which provides them with substantial sensitivity to temperatures below 15 °C19. 
Moreover, a storage temperature of 18 °C not only delays embryo development but also results in much higher 
embryo degeneration rates than those observed at 25 °C or 38 °C20.

The media used for in vitro embryo culture are frequently supplemented with serum or serum-derivate (e.g., 
BSA) as protein source to facilitate embryo manipulation. In addition, these supplements are also included in 
cryopreservation media. BSA protects the cell membranes of both embryos21 and spermatozoa22–24 during cryo-
preservation, and increases survival and development rates of porcine embryos when stored in a liquid state6. In 
those studies, survival and hatching rates of embryos stored at 37 °C (morulae) or 25 °C (blastocysts) in medium 
supplemented with PVA were substantially lower than those obtained using the same medium supplemented 
with 0.4% BSA. On the other hand, the benefits of serum supplementation for embryo cryopreservation seem to 
depend on both species and storage temperature. While it does exert different effects on bovine embryo cryotol-
erance25–28, serum appears to confer increased cryotolerance to porcine embryos29. The effect of serum on bovine 
embryos stored at refrigeration temperatures is clearer; supplementing saline medium with 10% FCS prolonged 
their survival while maintained at 4 °C from 1 to 3 days30. Moreover, a saline medium supplemented with 50% 
FCS allowed bovine embryos to be stored for up to 7 days at 4 °C without affecting pregnancy rates after ET or the 
later health of the obtained offspring9.

The objectives of the present experiments were designed to test the hypothesis that porcine embryos can 
survive at hypothermic temperatures when maintained in saline media containing high concentrations of FCS or 
BSA. Both in vitro viability and developmental capacity of in vivo-derived pig embryos at morula or unhatched 
blastocyst stages were evaluated after storage for 72 h in CO2-free media supplemented with 50% FCS or 4% BSA, 
at either 17 °C or 20 °C.

Results
Experiment 1. This experiment examined the effects of storage temperature and medium supplementation 
on the viability and embryonic development of compacted morulae stored for 72 h in a total of three replicates. 
Immediately after collection, groups of 7 to 10 morulae were stored for 72 h at 17 °C or 20 °C in pH-stable NCSU-
23 medium containing 10 mM HEPES and supplemented with 50% FCS or 4% BSA in a 2 × 2 factorial design. 
At the end of storage, both embryonic viability and morphological development were assessed. Then, the stored 
embryos were conventionally cultured for an additional period of 48 h to reassess viability and development and 
to evaluate their hatching competence. Fresh (non-stored) morulae were cultured under conventional conditions 
for 48 h and used as control groups. Embryos were obtained from 12 donors and embryos from each donor were 
equally and randomly allocated to each of the groups. The mean number of corpora lutea was 19.7 ± 4.1 (range 
12 to 25 corpora lutea). The recovery and fertilization rates were 90.2% and 92.9%, respectively. A total of 177 
morulae were used in this experiment.

The rates of embryonic viability after 72 h of storage under different temperatures and in different media con-
ditions are shown in Table 1. Neither the FCS nor the BSA were able to counteract the negative effect of the lowest 
temperature (17 °C) on embryonic survival during storage. Only 52.4% to 59.1% of morulae stored in the pres-
ence of 50%-FCS or 4%-BSA were viable after 72 h of preservation, and this percentage decreased and reached 
40% to 45% after 48 h in the following conventional culture. These percentages were much lower (P < 0.001) than 
those observed in the controls (97.6%).

In contrast, there were no apparent signs of degeneration at the end of storage in most embryos stored at 
20 °C. Following incubation under conventional culture conditions, more viable embryos were present in the 
4%-BSA group than in the 50%-FCS group (82.2% vs. 62.5%, respectively; P < 0.05), but survival rates were lower 
(P < 0.05) in either group compared to controls.

Embryonic development was arrested at the morula stage in both experimental groups after 72 h of stor-
age regardless of medium supplementation or storage temperature. However, surviving embryos were able to 
restart development under conventional culture conditions; most of them achieving early-full blastocyst or 
expanded-pre-hatching blastocyst stages after 24 h and 48 h, respectively (Table 2). Nevertheless, development 
was slower in stored embryos than in control embryos (P < 0.001), where most embryos were from the expanded 
to hatched or from the pre-hatching to hatched blastocyst stages after 24 h and 48 h under conventional culture 
conditions, respectively (Fig. 1). There were no differences between 50%-FCS and 4%-BSA groups regarding total 
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cell numbers per blastocyst among the surviving stored embryos, following 48 h of conventional culture, but the 
number of cells per embryo in the experimental groups (66.8 ± 12.4) was almost half than in the control embryos 
(114.4 ± 19.8) (P < 0.001).

Experiment 2. This experiment evaluated the effects of storage temperature and medium supplementation 
on the viability and embryonic development of unhatched blastocysts stored for 72 h (three replicates) following 
the same experimental design as described for Experiment 1 except that stored blastocysts were conventionally 
cultured for an additional period of only 24 h. and controls embryos were fresh (non-stored) unhatched blasto-
cysts cultured under conventional conditions for 24 h.

Embryos at the blastocyst stage were collected from 13 sows. The mean number of corpora lutea in the donor 
sows was 23.7 ± 5.2 (range 15 to 32 corpora lutea). Embryo recovery rate was 94.5%, and fertilization rate reached 
92.8%.

Data related to the in vitro survival of the blastocysts stored for 72 h are shown in Table 3. By the end of stor-
age, some blastocysts spontaneously collapsed (Fig. 2). The percentage of these blastocysts was below 26% at 
17 °C while close to 50% at 20 °C in the experimental groups, regardless of the supplementation used in the media 
(P < 0.05). Collapsed blastocysts were not observed in the control group. More than 60% of the collapsed blas-
tocysts had reformed their blastocoel and showed normal morphology after 24 h of conventional culture. These 
reformed blastocysts were considered viable embryos. The probability of reforming the blastocoel was higher 
(P < 0.05) in blastocysts stored in medium containing 4%-BSA than in those in medium containing 50%-FCS 
(73.0% vs. 48.2%, respectively).

By the end of storage, above 55% of the blastocysts maintained at 17 °C showed clear signs of degeneration, 
with no differences between groups. In contrast, the degeneration rate observed in blastocysts stored at 20 °C was 
lower than 7% in both groups. After 24 h in conventional culture, survival rates of blastocysts were significantly 
lower for those stored at 17 °C (24.1% to 41.9%) than those stored at 20 °C (72.7% to 80.0%) (P < 0.005), regard-
less of the supplementation used in the media. Control blastocysts had the highest survival rate (97.9%) by 24 h 
of conventional culture (P < 0.001).

There were no morphological changes in blastocysts between the beginning and the end of the period of 
storage, regardless of the temperature or supplementation used (Table 4). As seen among embryos at the morula 
stage, surviving blastocysts also restarted their development when placed in conventional culture. After 24 h 

Group
Storage 
temperature

Number of 
embryos

72 h of storage [Number of embryos (%)] 48 h of conventional culture [Number of embryos (%)]#

Viable Degenerated Viable Degenerated
Cell numbers per 
blastocyst

50%-FCS
17 °C

21 11 (52.4)a 10 (47.6)a 8 (38.1)a 13 (61.9)a 63.8 ± 6.8a

4%-BSA 22 13 (59.1)a 9 (40.9)a 10 (45.4)a 12 (55.6)a 64.5 ± 13.1a

50%-FCS
20 °C

48 48 (100)b 0 (0.0)b 30 (62.5)a 18 (37.5)a 61.4 ± 9.9a

4%-BSA 45 44 (97.8)b 1 (2.2)b 37 (82.2)b 8 (17.8)b 70.1 ± 9.2a

Control## 41 — — 40 (97.6)c 1 (2.4)c 114.4 ± 19.8b

Table 1. Survival rates of in vivo-produced porcine morulae after 72 h of storage at different temperatures and 
in different medium supplementations. #After storage, the viable stored embryos from each group were`ultured 
for an additional 48 h under conventional culture conditions (NCSU-23 culture medium supplemented with 
0.4% BSA and 10% FCS, at 38.5 °C in humidified air with 5% CO2) to reassess their in vitro survival. ##Control 
morulae were cultured under conventional conditions for 48 h. a,b,cDifferent superscripts in the same column 
represent significant differences (P < 0.05).

Group
Storage 
temperature

Embryo stage# [N (mean ± SD)]

Storage Conventional culture##

0 h 72 h 24 h 48 h

50%-FCS
17 °C

21 (1.0 ± 0.0) 11 (1.0 ± 0.0) 9 (2.4 ± 0.5)a 8 (4.0 ± 1.1)a

4%-BSA 22 (1.0 ± 0.0) 13 (1.0 ± 0.0) 13 (2.4 ± 0.6)a 10 (4.5 ± 1.1)a

50%-FCS
20 °C

48 (1.0 ± 0.0) 48 (1.0 ± 0.0) 34 (2.9 ± 0.8)a 30 (4.1 ± 1.0)a

4%-BSA 45 (1.0 ± 0.0) 44 (1.1 ± 0.3) 40 (2.6 ± 0.6)a 37 (4.5 ± 1.0)a

Control### 41 (1.0 ± 0.0) — 40 (4.7 ± 0.7)b 40 (5.3 ± 0.5)b

Table 2. Embryonic developmental stages of in vivo-produced porcine morulae after 72 h of storage at different 
temperatures and in different medium supplementations. #The developmental stage was scored from 1 to 6 as: 1, 
morula; 2, early blastocyst; 3, full blastocyst; 4, expanded blastocyst; 5, pre-hatching blastocyst; and 6, hatching 
and hatched blastocyst. ##After storage, the embryos from each group were cultured under conventional 
conditions (NCSU-23 medium supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 5% 
CO2) for up to 48 h to re-evaluate the embryonic development. ###Controls included morulae cultured under 
conventional conditions for up to 48 h. a,bDifferent letters in the same column indicate significant differences 
(P < 0.01). Values are expressed as mean ± SD.
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of conventional culture, embryonic development did not differ between experimental groups, regardless of the 
temperature used (Table 4). However, the surviving embryos in the experimental groups presented a clear devel-
opmental delay (P < 0.001) compared to the surviving control embryos, where most of embryos were at the 
pre-hatching or the hatched blastocyst stage at 24 h of conventional culture (Fig. 3). Additionally, a significant 
reduction was seen in total cell numbers per blastocyst between stored blastocysts and controls, after 24 h in con-
ventional culture (89.2 ± 14.9 and 131.2 ± 11.9 cells, respectively).

Representative pictures of the in vitro developmental capacity of the embryos preserved in medium supple-
mented with 4%-BSA at 20 °C for 72 h are shown in Fig. 4.

Discussion
This is the first study to show that in vitro development of in vivo-derived porcine morulae and unhatched blas-
tocysts can be successfully arrested for at least 72 h if stored at 20 °C in a 4%-BSA-containing medium. More than 
80% of the arrested embryos were able to restart development and progress to a further embryonic stage when 
cultured under conventional conditions.

In this study, in addition to the reasons indicated in previous reports4,6, we used embryos at the morula and 
blastocyst stages because these are the most appropriate stages to practically perform the current NsDU-ET 

Figure 1. Embryonic progression of in vivo-produced porcine morulae stored for 72 h at different temperatures 
and medium supplementations. (A) Bar graphs showing the proportion of embryos that reached each 
developmental stage per group after 72 h of storage at 17 °C and after 24 h and 48 h of conventional culture 
(NCSU-23 culture medium supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 5% 
CO2). (B) Bar graphs showing the proportion of embryos that reached each developmental stage per group after 
72 h of storage at 20 °C and after 24 h and 48 h of conventional culture. BL: blastocyst.

Group
Storage 
temperature

Number of 
embryos

End of storage [Number of embryos (%)] 24 h of conventional culture [Number of embryos (%)]#

Viable Collapsed Degenerated Viable Collapsed Degenerated
Cell numbers 
per blastocyst

50%-FCS
17 °C

29 6 (20.7)a 2 (6.9)a 21 (72.4)a 7 (24.1)a 1 (3.4) 21 (72.4)a 86.4 ± 9.0a

4%-BSA 31 5 (16.1)a 8 (25.8)a 18 (58.1)a 13 (41.9)a 0 (0.0) 18 (58.1)a 90.3 ± 12.2a

50%-FCS
20 °C

55 27 (49.1)b 27 (49.1)b 1 (1.8)b 40 (72.7)b 1 (1.8) 14 (25.4)b 90.1 ± 17.3a

4%-BSA 60 27 (45.0)b 29 (48.3)b 4 (6.7)b 48 (80.0)b 0 (0.0) 112 (20.0)b 92.9 ± 13.3a

Control## 49 — — — 48 (97.9)c 0 (0.0) 1 (2.1)c 131.2 ± 11.9b

Table 3. Survival rates of in vivo-produced porcine blastocysts after 72 h of storage at different temperatures 
and in different medium supplementations. #After storage, the viable stored embryos from each group were 
cultured for an additional 24 h under conventional culture conditions (NCSU-23 culture medium supplemented 
with 0.4% BSA and 10% FCS, at 38.5 °C in humidified air with 5% CO2) to reassess their in vitro survival. 
##Control blastocysts were cultured under conventional conditions for 24 h. a,b,cDifferent superscripts in the 
same column represent significant differences (P < 0.05).
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procedure31,32. From a practical point of view, and to facilitate potential future transportation conditions, the 
embryos were hereby stored in a pH-stable medium without CO2 gassing, as this approach was successfully used 
in earlier studies for liquid storage of porcine morulae4,6. Additionally, the storage period was set at 72 h because 
this period should be sufficient to ensure any worldwide distribution of the embryos. We decided to use storage 
temperatures of 17 °C and 20 °C in an attempt to decrease the metabolism of the embryos while preserving their 
viability and thereby ensuring they would remain unhatched until the end of the storage period. We supple-
mented the storage medium with FCS or BSA at concentration much higher than routine, because of their ben-
eficial effects on cold tolerance in bovine embryos9,24,30. This protective role of either of these components could 
be of particular importance for porcine embryos because they are extremely sensitive to temperatures below 
18 °C19,20.

Figure 2. Collapse and re-expansion of blastocysts. (A) The proportion of blastocysts that spontaneously 
collapsed after 72 h of storage at different temperatures and in different medium supplementations and the 
re-expansion ability of the collapsed blastocysts after 24 h of conventional culture (NCSU-23 culture medium 
supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 5% CO2). a,bDifferent letters 
shown per variable (collapsed or reformed) indicate significant differences (P < 0.05). BL: blastocyst. (B) 
Representative pictures of blastocyst collapse and re-expansion. (a) blastocysts just after collection; (b) selected 
blastocysts collapsed after 72 h of storage; (c) re-expansion of blastocysts after 24 upon conventional culture. 
Scale bar is 100 µm.

Group
Storage 
temperature

Embryo stage# [N (mean ± SD)]

Storage Conventional culture##

0 h 72 h 24 h

50%-FCS
17 °C

29 (3.0 ± 0.4) 6 (3.1 ± 0.2) 7 (4.3 ± 1.0)a

4%- BSA 31 (3.0 ± 0.0) 5 (3.0 ± 0.0) 13 (4.4 ± 1.3)a

50%-FCS
20 °C

55 (2.9 ± 0.4) 27 (3.0 ± 0.7) 38 (4.6 ± 1.2)a

4%-BSA 60 (2.9 ± 0.4) 27 (3.1 ± 0.7) 46 (4.6 ± 1.2)a

Control### 49 (3.0 ± 0.3) — 48 (5.4 ± 0.1)b

Table 4. Embryonic developmental stages of in vivo-produced porcine blastocysts after 72 h of storage at 
different temperatures and in different medium supplementations. #The developmental stage was scored from 1 
to 6 as: 2, early blastocyst; 3, full blastocyst; 4, expanded blastocyst; 5, pre-hatching blastocyst; and 6, hatching 
and hatched blastocyst. ##After storage, the embryos from each group were cultured under conventional 
conditions (NCSU-23 medium supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 5% 
CO2) for up to 48 h to re-evaluate their embryonic development. ###Controls included blastocysts cultured under 
conventional conditions for up to 48 h. a,bDifferent letters in the same column indicate significant differences 
(P < 0.01). Values are expressed as mean ± SD.
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Figure 3. Progression stages of in vivo-produced porcine blastocysts stored for 72 h at different temperatures 
and in different medium supplementations. (A) Bar graphs showing the proportion of embryos that reached 
different developmental stages per group after 72 h of storage at 17 °C and after 24 h and 48 h of conventional 
culture (NCSU-23 culture medium supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 
5% CO2). (B) Bar graphs showing the proportion of embryos that reached different developmental stages per 
group after 72 h of storage at 20 °C and after 24 h and 48 h of conventional culture. BL: blastocyst.

Figure 4. Preservation of porcine in vivo-derived morulae. (A) Representative images showing morulae at 0 h 
and 72 h of storage in medium containing 4% BSA at 20 °C or after 48 h upon conventional culture (NCSU-23 
culture medium supplemented with 0.4% BSA and 10% FCS at 38.5 °C in humidified air with 5% CO2). (B) 
Representative images showing morulae at 0 h and 48 h of conventional culture (controls). Scale bar is 100 µm.
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When embryos were stored at 17 °C, survival rates at both the end of the conservation period and after the 
conventional culture were dramatically reduced. Embryo degeneration occurred independent of the stage of 
development and the type of supplement used. These data clearly demonstrate that neither 50%-FCS nor 4%-BSA 
supplementation were effective in protecting morulae and blastocysts from moderate cooling temperatures and 
confirm the extreme sensitivity of porcine embryos to temperatures below 18 °C, as previously reported19,20.

In contrast, survival rates were high by the end of storage when morulae were stored at 20 °C. However, unlike 
the control embryos, a variable percentage of morulae classified as viable after storage showed clear signs of 
degeneration following conventional culture; this was not surprising because we also obtained high survival rates 
in morulae stored for 48 h at 25 °C, and more than 20% of these embryos did degenerate during conventional 
culture in a previous study6. Determining survival and degeneration rates was more complicated for embryos in 
the blastocyst stage because almost 50% of the blastocysts stored at 20 °C appeared collapsed by the end of storage 
and could only be classified as viable or degenerate, depending on whether they were able (or not) to reform the 
blastocoel by the end of the conventional culture period. Anyway, our results suggest that some embryos with 
apparently normal morphology post-storage were functionally damaged during the process, which agrees with 
previous studies6 regarding the importance to use a period of conventional culture after storage to evaluate the 
functionality of any stored embryos.

At 20 °C, the protective effect of 50%-FCS or 4%-BSA depended on embryo stage. While embryo survival rate 
after 48 h of conventional culture was higher for morulae in the 4%-BSA group than in those in the 50%-FCS 
group, there were no significant differences in survival rates between blastocysts from any group. These results 
suggest that blastocysts are less sensitive than morulae to a temperature of 20 °C. The following findings support 
this hypothesis: (i) porcine embryo cryotolerance depends on the developmental stage of the embryos, with those 
in more advanced stages (e.g., hatched and expanded blastocysts) showing greater cryotolerance than those in less 
advanced stages33,34) and (ii) in another study, while more than 95% of blastocysts were successfully preserved in 
liquid state for 48 h at 25 °C (unpublished data), only 75% of the morulae survived these conditions6.

Our results also suggest that 4%-BSA exerts a stronger protective effect than 50%-FCS on embryos stored 
at 20 °C, at least at the morula stage. These results are contrary to those reported in bovine, where embryo sur-
vival rate after storage at 4 °C for 72 h was higher for embryos stored in medium containing 50% FBS than in 
those stored in either low or high concentrations of BSA9. Moreover, those authors obtained high in vitro and in 
vivo survival rates in blastocysts stored for 7 days at 4 °C in a medium with a high serum concentration (50%), 
and they found that the presence of serum during chilling preservation, unlike during embryo culture35,36, did 
not alter either embryonic or foetal development. This apparent discrepancy might be simply due to differences 
between species. In support of this hypothesis, it has been reported that in bovine, low concentrations of serum 
may be a better choice than BSA for embryo culture systems, while in pigs, addition of BSA seems to be superior 
to serum37.

Although several reports have demonstrated the numerous benefits of BSA for cell and embryo culture37–39, 
little information is available about the direct effects of BSA on embryo preservation. BSA has been shown to con-
fer tolerance to strong hypothermia (4 °C) of ovine embryos40 and to increase the ability of bovine blastocysts to 
survive cryopreservation21. Recently, the beneficial effects of BSA on the liquid preservation of porcine embryos 
was clearly demonstrated by our laboratory6. In agreement, the results of the present study further suggest that 
4%-BSA exerts a protective effect when the temperature of storage is 20 °C; an approach that allowed a high per-
centage (>80%) of morulae and blastocysts to survive storage for 72 h and further to maintain functionality upon 
conventional culture conditions. Although it has been hypothesized that the non-permeable large molecule BSA 
may interact with the cell membrane and modulate its structure and function40, the cryo-protective mechanisms 
of BSA on embryos at hypothermic temperatures remain to be determined.

Studies performed in rodents, ruminants and equine have indicated that low, supra-zero temperatures (around 
4 °C) induce a temporary arrest of embryonic development9,12,13,15,41. Interestingly, our results show that porcine 
embryos (morulae and blastocysts) did not grow during the 72 h of storage tested, at either 17 °C or 20 °C. This is 
not surprising since in our previous work, we observed a certain development delay in porcine morulae preserved 
for up to 72 h at 25 °C or 37 °C, with the delay being most marked at 25 °C4,6. Our data suggest that the metabolism 
of pig embryos is severely reduced at temperatures below 20 °C, an effect that could be related to the misregu-
lation of genes that play important roles in embryo development and cell proliferation and alterations in other 
molecular events, as previously reported for mice embryos stored at refrigeration temperatures13,15. Although the 
developmental arrest observed in the stored embryos was temporal, their final developmental stage was equally 
delayed including a lower total cell number compared to controls. However, this situation may not be relevant for 
two main reasons; firstly, we previously reported that developmentally delayed stored pig embryos retained the 
capacity to develop in vivo4,6; and secondly, although the relevance of a cell number limit is not yet fully under-
stood, embryos with significantly lower cell numbers do not exhibit a compromised implantation capacity, at least 
in rodents15.

Studies from our laboratory have indicated that at 25 °C, a proportion of the stored embryos hatched after 72 h 
in storage (unpublished data). These embryos must be eliminated from eventual transport because an intact ZP 
is indispensable for preserving correct sanitary conditions for the embryos5. The fact that a temperature of 20 °C 
maintains the embryos in a developmentally repressed yet viable state is particularly important because it opens 
the door to extend the storage period for both morula- and blastocyst-stage embryos, thus avoiding the loss of 
embryos by hatching.

In the present study, the ability of stored embryos to hatch upon conventional culture was lower than that 
observed in control embryos. While 40% of the control morulae hatched after 48 h in conventional culture, less 
than 15% of the stored embryos hatched. A similar pattern was observed in blastocysts after 24 h of conventional 
culture. Because the hatching rate is a good biomarker of the potential quality and developmental capacity of 
blastocysts42, we speculate that the functionality of preserved embryos could be impaired by storage conditions. 
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However, we have to assume that the short conventional culture performed in this study (48 h for morulae and 
24 h for blastocysts) was likely not enough to compensate for the developmental delay caused by the storage. In 
support of this hypothesis, the hatching rates of conventionally cultured morulae increased from 30% to 80% at 
48 h and 72 h of culture, respectively6. More studies are needed to confirm the functional and in vivo developmen-
tal ability of stored morulae and blastocysts under our conditions of study.

Surprisingly, while control blastocysts did not show any sign of collapse during culture, almost 50% of those 
blastocysts stored at 20 °C were classified as collapsed by the end of storage. After 24 h of conventional culture, 
however, 60% of these blastocysts showed re-expansion of the blastocoel and recovered a typical morphology, 
indicating they were alive. The collapse and re-expansion of a blastocyst is not an uncommon phenomenon, 
and it has been reported in several species, including the pig43. In human, blastocysts can collapse in response to 
several factors, including changes in temperature or incubation media or simply mechanically-induced through 
aspiration into a pipette44. Likewise, our studied stored blastocysts, unlike the controls, were handled in a different 
culture medium (conventional medium) at a different temperature (38.5 °C) and were aspirated with a pipette 
from the storage tubes to the conventional culture Petri dish. Many blastocysts collapsed during the examination, 
indicating any of these stressful environmental factors could be, isolated or concerted, responsible for blastocyst 
collapse. Whether collapse is a sign of compromised embryo functionality is still discussed. In human blasto-
cysts, collapse has been related to lower implantation success45, but others report that artificial collapse improved 
clinical outcomes in fresh blastocyst transfer cycles46. Moreover, blastocyst collapse is frequently used prior to 
vitrification and considered to improve its effectiveness47,48.

In conclusion, while FCS-containing medium was able to successfully arrest embryo development for at least 
72 h of only unhatched blastocysts at 20 °C, BSA in the medium arrested the development of both morulae and 
unhatched blastocysts. In more than 80% of the morulae and blastocysts stored at 20 °C in a medium containing 
a 4%-concentration of BSA, development was arrested for at least 72 h without compromising further viability 
upon conventional culture. Notably, this developmental arrest could extend the storage period while maintaining 
the embryos in the unhatched stage, a sanitary requirement for ET. Although, under these conditions, FCS in the 
medium was also able to arrest the development of unhatched blastocysts, the use of a BSA-containing medium 
is highly recommended owing to its lower impact on animal welfare issues, when considering the controversial 
animal source for the FCS. Although the results of the present study offer new opportunities for the preservation 
of porcine embryos in liquid state, further research is necessary to evaluate their in vivo developmental abil-
ity. Liquid state embryo preservation, when optimized, may constitute an alternative method to vitrification for 
medium-term porcine embryo storage because it avoids the strict regulatory rules associated with flight trans-
portation of LN2 and, more importantly, the persisting procedural complications related to the combined use of 
NsDU-ET and vitrified embryos.

Methods
All chemical reagents were acquired from Sigma-Aldrich Quimica SA (Madrid, Spain) unless otherwise stated. 
Animal procedures were performed according to the European Directive 2010/63/EU EEC for animal experi-
ments and were previously examined and approved by the Ethical Committee for Experimentation with Animals, 
University of Murcia and the Ministry of Agriculture and Water, Region of Murcia (Spain) (research code: 
183/2015).

Animals. A total of 25 crossbred sows (Landrace × Large-White; parity 2 to 6) with similar lactation periods 
(21 to 24 d) were randomly selected at weaning and allotted to the experiments. Mature boars (2 to 3 years of age) 
housed at a breeding artificial insemination (AI) station were used as semen providers. All animals had free access 
to water and were fed commercial diets according to their nutrient requirements.

Artificial insemination and embryo recovery. The sows were checked for signs of oestrus once a day, 
beginning on the day of weaning, as previously described6. The day of onset of oestrus was considered day 0 (D0) 
of the cycle. Only sows with 4 or 5 days of weaning-to-oestrus interval were selected for the experiments. Sows 
were post-cervically inseminated 6 and 24 h after onset of oestrus, as described by Martinez et al.2.

Laparotomy was performed to collect morulae (D5 of the cycle) or blastocysts (D6) following the proce-
dure described by Angel et al.31,32. Briefly, after sedation with azaperone (2 mg/kg body weight, intramuscu-
lar), donor sows were anaesthetised with sodium thiopental (7 mg/kg body weight, intravenous) followed by 
isoflurane-maintained narcosis (3 to 5%). Embryos were collected by flushing the tip of each uterine horn with 
modified Tyrode’s lactate (TL)-HEPES-polyvinyl alcohol (PVA) medium (TL-PVA). Recovery rate (the ratio of 
embryos and oocytes collected to the total number of corpora lutea x100) and fertilization rate (the ratio of viable 
embryos to the total number of embryos and oocytes recovered x100) were assessed. Only compacted morulae 
and unhatched blastocysts with excellent or good morphology according to the standards of the International 
Embryo Transfer Society49 were selected for the experiments.

Embryo storage, embryo culture and evaluation of viability, embryonic developmental stage 
and total cell numbers. Following washing in TL-PVA medium, the embryos were stored for 72 h at two 
different temperatures (17 °C or 20 °C) and in media differentially supplemented (50% FCS or 4% BSA) as per 
the experimental design. At the end of storage time, the embryos were assessed for viability and development 
stage progression using a stereomicroscope. Then, the embryos were immediately cultured to re-evaluate viability 
and embryonic development under conventional conditions in 500 μL of NCSU-2350 supplemented with 0.4% 
BSA and 10% FCS at 38.5°C in 5% CO2 in air with saturated humidity for an additional 24 h or 48 h. Embryos 
with either adequate morphology or whose development progressed to further stages during storage or while 
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in conventional culture were considered viable. The in vitro survival rate was calculated as the ratio of viable 
embryos to the total number of embryos evaluated x 100.

The developmental stages of the embryos were scored from 1 to 6 according to the following previously 
described morphological criteria4: 1, compacted morula (compacted blastomeres and an unrecognizable cell 
periphery); 2, early blastocyst (incipient discernible blastocoel); 3, full blastocyst (differentiated inner cell 
mass and trophoblast); 4, expanded blastocyst (full blastocysts with an increased diameter and thinned ZP); 5, 
pre-hatching blastocyst (expanded blastocysts with an extremely thin ZP); and 6, hatching or hatched blastocyst 
(blastocyst with broken or lost ZP). The hatching rate was calculated as the ratio of hatching or hatched blasto-
cysts to the total number of embryos evaluated x 100.

Total cell numbers per blastocyst were determined as previously described51. Briefly, the embryos were fixed 
in 4% paraformaldehyde for 30 min, washed twice with PBS supplemented with 3 mg/mL BSA and mounted in 
4 µL of Vectashield (Vector, Burlingame, CA, USA) containing 10 µg/mL Hoechst 33342. The embryos were then 
photographed using a fluorescence microscope (excitation filter: 330 to 380 nm), and the total number of cells 
with nuclei showing blue fluorescence was counted.

Statistics. The data were analysed with the IBM SPSS 24.0 Statistics package (IBM, Chicago, IL, USA). 
Percentage data were compared using Fisher’s exact test. Scored data (i.e., embryonic developmental stage) were 
analysed using the Kruskal–Wallis test and, if necessary, two by two comparisons for two independent samples 
with the Mann–Whitney U-test. The total cell number per blastocyst was analysed to evaluate normality and 
homogeneity of variances by the Kolmogorov–Smirnov and Levene tests, respectively, and groups were compared 
by a mixed-model ANOVA. The ANOVA model included the main effects of temperature and supplementation 
and their interactions and the random effect of the replicate. When the ANOVA indicated a significant effect, the 
means were compared by Bonferroni’s test. Differences were considered significant at P < 0.05. The results are 
presented as mean ± SD.
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