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ABSTRACT: Maturation of oocytes is the most important stage, which determines the subsequent successful 
fertilization, zygote formation, attainment of blastocyst stage, normal embryo growth and development, as well 
as appropriate implantation. Since in some species of mammals the efficiency of IVM maturation is still very low, 
many studies have focused on new combinations of media supplements. In some species of mammals, including 
pigs, mice, bovines, goats and dogs, EGF, BSA, and progesterone are successfully used as an enhancer of the IVC 
system. Application of the Lab-on-Chip system in reproductive biology opens new possibilities for the develop-
ment of techniques available for the assessment of the developmental competency or potency manifested by mam-
malian oocytes and embryos. In most cases, the Lab-on-Chip system was used in mice. However, an increasing 
number of examples are available in which the system has been applied to evaluate porcine and bovine gametes 
and embryos. In this article, the role of EGF, BSA and progesterone is described in relation to maturation effi-
ciency of mammalian oocytes. Moreover, the possibilities of using microfluidics (Lab-on-Chip) for the detection 
of oocyte developmental competency are also shown.
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1. Mammalian COC maturation

Maturation of the cumulus-oocyte complex 
(COC) is one of the most important factors which 

determines entry into metaphase II (MII), subse-
quent successful fertilization, as well as the ability 
of an embryo to undergo an appropriate growth and 
development (Bukowska et al., 2008; Kempisty et 
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al., 2009; Antosik et al., 2010a,c). It was also sug-
gested that COC maturation is correlated with 
the ability of oocytes and embryos to reach devel-
opmental competence or potential (Jaskowski et 
al., 2010; Kempisty et al., 2011b). Since in canine 
species only 20% of ovarian oocytes reach the MII 
stage, several well recognized media supplements 
are available which may increase the low number of 
oocytes that reach full maturity (Otoi et al., 2000; 
England et al., 2001; Mrazek and Fulka, 2003).

Due to the persisting low efficiency of in vitro matu-
ration (IVM) of some mammalian oocytes, including 
oocytes of dogs, in vitro culture (IVC) conditions are 
increasingly being modified to contain new combi-
nations of media supplements, which may increase 
the number of oocytes reaching the MII stage. In 
addition, the detection of apoptosis in mammalian 
oocytes and the surrounding follicular cells may lead 
to the recognition of IVC efficiency with a special 
relationship to applied media supplements.

Developmental competence or potency is defined as 
the ability of oocytes to grow and develop with special 
relation to maturation, successful monospermic ferti-
lization, zygote formation, as well as a development of 
the embryo to the blastocyst stage. These important 
stages also influence proper implantation, foetal de-
velopment and the birth of healthy offspring. Many 
authors suggest that COC maturation is the most im-
portant or critical stage for future embryo growth. 
During the long stage of COC maturation, oocytes, 
through several molecular and cellular modifications, 
reach full developmental competency.

The molecular modifications of COC during 
maturation include accumulation of mRNA and 
proteins, which originate from long stages of de-
velopment during oogenesis and folliculogenesis 
(Kempisty et al., 2011b). In MII oocytes these ac-
cumulated molecules become a template for the 
synthesis of proteins during the consecutive steps 
of embryo growth.

Since it was shown that mammalian spermatozoa 
may be transferred into oocytes to obtain ferti-
lization, it has been suggested that spermatozoal 
mRNA may play an important role during oocyte 
maturation and the early steps of embryo develop-
ment following fertilization (Ostermeir et al., 2004). 
Therefore, identification of spermatozoal mRNA in 
early stage embryos in relation to fertilization and 
early embryogenesis is now of high significance. 
Using a hamster oocyte model, Ostermeier et al. 
(2004) showed that protamine 2 (PRM2) and clus-
terin (Clu) mRNA are transferred into oocytes by 

spermatozoa during fertilization. They suggested 
that these spermatozoal mRNAs reflect a toxic 
effect during early embryogenesis. These results 
were confirmed by Kempisty et al. (2008) in the 
porcine oocyte model. They detected the presence 
of spermatozoal mRNA encoding PRM2 and Clu in 
porcine zygotes and two-cell stage embryos. They 
detected no disturbances in early embryo devel-
opment. However, further analyses using embryos 
at preimplantation stages needs to be performed. 
Thus, spermatozoal mRNA may be an important 
missing piece of the fertilization puzzle in those 
species of mammals (such as dogs) where IVF still 
suffers from very low efficiency.

In mammalian spermatozoa mRNA is synthe-
sized during the early stages of spermiogenesis. 
Moreover, during the subsequent stages of sper-
matogenesis, mRNA is accumulated in cytoplasmic 
droplets or partially degraded (Kempisty, 2008). 
The RNA, also called “the RNA of long life”, is accu-
mulated in cytoplasmic droplets, is very stable, and 
is stored for a long time and present in mature sper-
matozoa. It is suggested that RNA, which is present 
in these cells collected after ejaculation, may be a 
marker of efficiency or expression of mRNA during 
the early stages of spermatogenesis. Therefore, the 
detected RNA fingerprint is a specific “historical 
record” of growth, development and differentia-
tion of spermatogonial cells, mostly in humans, 
but also in other mammalian species including pigs 
(Kempisty, 2008). It is also suggested that there is 
no de novo synthesis of mRNA in mature spermato-
zoa, but that the detected RNA represents remains 
of RNA-storing cytoplasmic droplets (Gorska et 
al., 2006;  Kempisty et al., 2006, 2007; Sikora et al., 
2006; Depa-Martynow et al., 2007; Jedrzejczak et 
al., 2007; Bukowska et al., 2011). However, some 
reports indicate that small sections of mRNA 
may be actively synthesized on the mitochondrial 
fraction of ribosomes. The stable RNA in mature 
spermatozoa may be also delivered to oocytes dur-
ing fertilization, where, as it was suggested, it may 
exert toxic effects on the already formed zygote 
and the growing embryo (Ostermeier et al., 2004). 
With respect to the fact that mRNA in oocytes is 
stored and the template detected in embryo is of 
a female gamete origin, it is suggested that these 
ribonucleic acid molecules may also reach a stable 
structure, which is partially proven by their long 
term accumulation.

During the long period of oocyte maturation 
and differentiation (folliculo-and oogenesis) large 
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amounts of mRNA and proteins become syn-
thesized and accumulated. At the early steps of 
embryogenesis following embryo implantation 
appropriate amounts of these mRNAs are stored 
as a template for the synthesis of new proteins 
involved in regulatory mechanisms responsible 
for early embryo growth and development. These 
oocyte-specific molecules are also called “maternal 
factors”, involved in sequential steps of embryo-
genesis. Li et al. (2010) described the maternal-
effect genes as mRNA templates which appear 
between the last stages of oocyte maturation and 
embryonic genome activation, necessary for early 
embryo development. Recent studies, performed 
mostly in the mouse oocyte/embryo model, indi-
cated the existence of maternally provided factors 
and multi-component mRNA and protein com-
plexes that regulate preimplantation stages of em-
bryo development. It was found in several studies 
that maternally derived mRNAs are degraded at 
the stage of meiotic maturation and ovulation. In 
many species of mammals new activation of the 
embryonic genome develops in one-cell stage and 
two-cell stage embryos (Vastenhouw et al., 2010). 
Early embryonic development is regulated at the 
stage of transition between fully matured oocytes 
and zygotes, also called the maternal-zygote tran-
sition (MZT). This mechanism was recently in-
tensely investigated using experimental models, 
such as echinoderms, nematodes, insects, fish, 
amphibians and mammals (Tadros and Lipshitz, 
2009). Generally, in all of these models MZT may 
be divided into two stages; the first is character-
ized by substantial degradation of maternal mRNA 
and proteins, whereas the second is associated with 
an increase in transcription during zygote forma-
tion, following successful fertilization. Although 
this mechanism is common to all these models, 
there exist significant differences in the timing and 
scale of these two events. 

Molecular changes in COC include accumula-
tion inside the cytoplasm of oocytes of appropriate 
amounts of several substrates, enzymes and other 
molecules involved in biochemical reactions. A 
normal level of hormones is also important for de-
termining oocyte competency and quality; these 
are transferred into oocytes from the culture media 
or are actively synthesized in the cell cytoplasm. 
Biochemical changes have pronounced effects 
on the cell, which may be defined as the ability 
of oocyte to change the specific cell organellum 
activity in relation to modified culture conditions 

(e.g., using of transcription or translation activa-
tors or inhibitors). The specific transport of small 
peptide molecules or hormones is possible, since 
gap junction connections are formed. These con-
nections build a specific “protein corridor”, which 
is formed by proteins called connexins (Cx’s), 
in most cases connexin 37 (Cx37), connexin 43 
(Cx43), and connexin 45 (Cx45). Since the Cx’s are 
responsible for transferring specific molecules into 
oocytes, it is suggested that these proteins are the 
most important players in the regulation of COC 
maturation, which finally leads to attainment of 
the MII stage. Antosik et al. (2011) showed that 
the expression of Cx43 was highly correlated with 
the size of follicles from which the COC were col-
lected. Moreover, an association was also found 
between COC morphology (number of cumulus 
cell layers, colour and granularity of cytoplasm) and 
the expression of connexin, (Antosik et al., 2010c). 
Therefore, based on these results it may be sug-
gested that the expression of Cx43 may indicate the 
COC quality as well as serving as a new marker of 
oocyte developmental competency. 

Vitrification is one of the most frequently used 
procedures to preserve male and female germ line 
cells from various species of mammals. However, 
these procedures are often invasive or have a nega-
tive effect on subsequent fertilization or embryo 
growth and development. Moreover, the vitrified 
cells, especially oocytes, cannot reach such a full 
developmental competence as before vitrification. 
Tharasanit et al. (2009), using equine COC, ana-
lyzed the protective role of cumulus cells during 
oocyte vitrification. After using a plasma membrane 
impermeable DNA marker (ethidium homodim-
er-1) they examined the percentage and location 
of dead cumulus cells as well as the effect of dead 
cumulus cells on the IVM efficiency of oocytes. In 
addition, they labelled the oocytes for connexin-43  
to check the formation of proper gap junction 
connections between the oocytes and surround-
ing cumulus cells during vitrification. They found 
that the cryopeservation of immature COC led to 
an increased number of dead cumulus cells (13 vs 
2.6% for controls; P < 0.05). Surprisingly, the higher 
proportion of dead cumulus cells did not affect the 
post-thawing maturation rates (approximately 30% 
MII), which was presumably the result of death of 
cells localized at the periphery of the cumulus mass. 
Hence, the gap junction connections were not dis-
rupted. It is suggested that cumulus cells protected 
gap junction connections upon cryopreservation, 
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and cumulus-enclosed MII oocytes preserved the 
quality of the meiotic spindle as compared to de-
nuded oocytes (38.1 vs 3.1% normal spindles; P < 
0.05). Nemcova et al. (2006) investigated the role of 
different phases of bovine follicular growth on the 
developmental competence of oocytes, measured 
using maturation markers, such as Cx43, Cx31 and 
Bax. In this experiment oocytes were recovered 
from small (2–5 mm) or medium (6–10 mm) folli-
cles, in the growth/stagnation (G/S) or dominance/
regression (D/R) stage of the first follicular wave. 
Then, the oocytes were successfully matured, and 
fertilized. Expression of Bax, Cx43 and Cx31 was 
analyzed in pooled blastocysts. The authors did not 
observe significant differences in Bax and Cx31 ex-
pression between D7 and D8 embryos derived from 
oocytes collected from medium or small follicles in 
the G/S or D/R stages. However, the expression of 
Cx43 was increased in D8 blastocysts derived from 
oocytes recovered from medium and small follicles 
in the G/S stage as compared to D/R stage. Taking 
into account these results, it is suggested that Cx43 
may be used as a marker in determining oocyte 
and embryo developmental potential, because the 
higher expression of this gene was observed in 
oocytes of an increased competence.

The morphological changes in COC include the 
cytoplasm, zona pellucida and meiotic spindle 
modification during oocyte maturation. Since the 
entire transcriptional and translational machinery 
is activated during COC maturation, the colour of 
the oocyte’s cytoplasm may be changed; indeed, 
this occurs during COC culture-maturation in 
vitro. After 48 h of IVM using porcine COC, the 
oocyte cytoplasm may look contracted and dark 
as compared to in vivo collected COC. This could 
be associated with the induction of degenerative 
processes inside the oocyte cytoplasm, directing 
the cell toward the apoptotic pathway.

2. The role of EGF, BSA and progesterone 
as media supplements during mammalian 
COC maturation

Since the first in vitro maturation (IVM) system 
was applied, several studies have shown differen-
tial IVM efficiency in various species of mammals, 
including cattle, pigs, goats, mice, cat, dogs and 
humans. Use of different IVM media as well as dif-
ferent media supplements leads to an increase in 
the number of oocytes which reach the MII stage, 

which in turn increases the number of cells which 
attain the full maturation status.

Epidermal growth factor (EGF), bovine serum 
albumin (BSA) and progesterone were frequently 
used as media supplements in other species of 
mammals, such as cattle and pigs. EGF is described 
as a factor which has several effects on different 
types of cells, on their differentiation in vivo and 
is a potent mitogenic factor for a variety of in vitro 
cultured cells of both ectodermal and mesodermal 
origin. Expression of EGF was detected in various 
types of tissues including reproductive tissues, such 
as ovary, endometrium and uterus (Antosik et al., 
2010). BSA represents another media supplement 
used in the culture of oocytes collected from vari-
ous species of mammals. Cui et al. (2006) showed 
that cultivation of canine oocytes in media sup-
plemented with EGF (100 ng/ml) and BSA (0.4%) 
increases the resumption of meiosis by canine 
oocytes in vitro. In contrast to these results, pre-
vious results by Bolamba et al. (2002) documented 
no differences in canine oocytes that reach the MI 
and MII stages in media supplemented with BSA 
(3 mg/ml) with or without 20% foetal bovine serum 
(FBS) or synthetic oviduct fluid (SOF). These re-
sults suggested that supplementation of media with 
BSA is not essential for canine oocytes to reach full 
maturity. The steroidogenic activity of COC and 
ovarian tissues is recognized as one factor which 
influences the acquisition of oocyte developmental 
competence (Grupen and Armstrong, 2010). Otoi 
et al. (1999) showed an increased estradiol and 
progesterone concentration in oestrous bitch se-
rum which, as suggested by others, had been found 
to support nuclear maturation of canine oocytes 
(Nickson et al., 1993; Otoi et al., 1999). However, 
the positive influence of progesterone on canine 
oocyte nuclear maturation in vitro is controversial 
and requires further investigation (Willingham-
Rocky et al., 2003; Kim et al., 2005).

In the majority of mammalian species, EGF, BSA 
and progesterone are the most frequently used 
media supplements. The effect of EGF on in vitro 
maturation efficiency was investigated in studies on 
several species of mammals, including dogs, pigs 
and cattle. It was shown that supplementation of 
maturation media with EGF (10 ng/ml EGF for 72 h 
as compared to 0 and 30 ng/ml EGF) significantly 
increased attainment of the MII stage by canine 
oocytes (Song, 2010). The authors concluded that 
EGF used as a media supplement positively influ-
enced the progress of canine COC maturation to 
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the MII phase of IVM. In a similar study, Tkachenko 
et al. (2010) focused their attention on the influence 
of EGF on in vitro maturation and on the cleavage 
rate of marmoset monkey oocytes. In this study 
they cultured COC in media supplemented with 
10 ng/ml EGF in combination with 1 or 10 IU/ml of 
gonadotrophins (FSH/hCG 1 : 1 ratio). In contrast 
to previous studies, they showed that COC cultured 
with the addition of EGF did not differ in matura-
tion or fertilization rates. The addition of EGF led 
to the degeneration of COC and decreased the first 
cleavage rate; in addition, in the EGF groups some 
embryos cleaved faster than in the group without 
supplementation. It was suggested that EGF might 
negatively influence COC maturation, which was 
especially detectable in the presence of low doses of 
gonadotropins, used as supplements. Moreover, the 
same authors showed that EGF may play a protec-
tive role against the effects of higher doses of go-
nadotropins. In contrast to these results, Lott et al. 
(2010) investigated the role of EGF as a TCM-199  
media supplement in combination with IGF-I and 
cysteine in bovine embryo development. They 
showed that supplementation of media with EGF 
combined with cysteine and IGF-I led to an in-
crease in the percentage of cleaved embryos, while 
the rates of blastocyst development were the same 
in the two types of culture. In the same experi-
ment they showed that the proportion of embryos 
reaching the morula stage increased in media sup-
plemented with cysteine.

The effect of EGF supplementation on IVM ef-
ficiency as compared to the effect of gonadotropins 
(FSH) was also studied (Uhm et al., 2010). It was 
shown that EGF mimicked the effect of FSH on the 
IVM of porcine COC and had a synergistic effect 
with this gonadotropin on the cytoplasmic matu-
ration of porcine oocytes. These results suggest 
that the addition of EGF to the maturation system 
can optimize the beneficial effects of FSH on the 
cytoplasmic maturation of porcine COC and opens 
new perspectives for using EGF as a factor, which 
mimics the actions of gonadotropins. The results 
of studies investigating the role of EGF on COC 
maturation or embryo cleavage are contradictory 
in most of the cases. Therefore, unambiguous ex-
perimental proof for a positive or negative role of 
EGF is still required.

The influence of cysteine, EGF and IGF-I on the 
development of in vitro-fertilized bovine embryos 
was investigated by Lott et al. (2011). In these ex-
periments, bovine oocytes were cultured in TCM-

199 culture media with or without the addition of 
0.6 mm cysteine at 0 or 12 h of IVM. After in vitro 
fertilization the embryos were cultured with the 
supplementation of foetal calf serum (FCS, 4%) 
alone, IGF-I (100 ng/ml); EGF (10 ng/ml); IGF-I 
+ EGF (100 + 10 ng/ml). They authors found no 
differences in blastocyst development between 
the treatment groups, although there was an in-
creased proportion of embryos attaining morula 
stage after cysteine addition to culture media. 
Moreover, the recovery of embryos was higher 
when the cysteine was added in combination with 
growth factors. It was suggested that the addition 
of cysteine to culture media significantly increased 
the maturation and fertilization ability of oocytes 
as well as the developmental potential of embryos. 
Furthermore, supplementation with cysteine in 
combination with growth factors could effectively 
be used as a replacement for FCS. In other experi-
ments, Sirisathien and Brackett (2003) investigated 
the influence of IGF-I and EGF supplementation 
on bovine embryo development and nuclear DNA 
fragmentation as indices of embryo quality. The 
zygotes obtained by IVF were randomly cultured 
in either control (with no added growth factor) or 
treatment groups, i.e., with 50 ng/ml IGF-I (ex-
periment 1) or 5 ng/ml EGF (experiment 2). The 
percentage of blastocysts formed was significantly 
higher in the IGF-I treatment group as compared 
to the control (38.0% vs. 28.5%). The proportion 
of blastocysts was also increased in the EGF treat-
ment group, as compared to the control (38.5% vs. 
30.7%). In both treatment groups (IGF-I and EGF) 
lower percentages of TUNEL-positive cell nuclei 
or no TUNEL-positive cell nuclei at all were ob-
served. Similarly to the results quoted above, the 
authors found that supplementation with IGF-I in 
combination with EGF significantly increased the 
developmental potential of bovine embryos.

The effect of BSA on the maturation efficiency 
of COC has recently been the subject of intense 
focus using canine female gametes. Cui et al. (2006) 
investigated the role of BSA combined with EGF 
supplementation in the IVM of canine oocytes. 
They showed that the addition of 0.4% BSA and 
100 ng/ml EGF led to an increased number of MII 
oocytes, as compared to the control. Moreover, 
EGF supplementation in the presence of BSA in-
creased the meiotic resumption of oocytes. The ef-
fect of macromolecule (BSA) supplementation was 
also examined using goat oocytes and embryos. In 
experiments performed by Herrick et al. (2004), the 
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influence of BSA on embryonic development was 
investigated. In this study the cleavage, blastocyst 
development, hatching, and total cell number of 
goat embryos were examined. The varying concen-
trations of BSA (2.5, 8.0, or 20.0 mg/ml) used did 
not affect the developmental potency of the inves-
tigated embryos. Moreover, it was suggested that 
BSA may be successfully used for the maturation 
of oocytes and development of embryos in vitro, 
as a goat-specific media supplement. Similarly to 
these results, Bolamba et al. (2002) used canine 
COC as a model for investigating the effect of BSA 
supplementation on IVM efficiency. In this study, 
supplementation with BSA was at a concentra-
tion of 3 mg/ml BSA, in combination with SOF 
(synthetic oviductal fluid) + 20% FBS (foetal bo-
vine serum). The percentages of oocytes at MI to 
MII stages did not vary between the treatments. 
However, the addition of BSA and FBS to culture 
media significantly increased the number of MI 
and MII oocytes as compared to the control only 
after 72 h of culture. Furthermore, the number of 
MI and MII oocytes did not differ at 24, 48 and 
72 h of culture, as compared to the control. Thus, 
under defined culture conditions supplementation 
with BSA had no effect on IVM efficiency. It may 
be inferred from these data that supplementation 
with BSA is not always essential for successful IVM 
and may exert a species-specific effect. 

Varga et al. (2011), using bovine oocytes and 
embryos as a model, investigated the role of BSA 
used at different concentrations (3 and 8 g/l) as 
well as the effects of freezing and lyophilisation as 
procedures for preserving the SOF during bovine 
embryo development. They observed that sup-
plementation of culture media with BSA (3 g/l) 
led to increased Day 7 blastocyst expansion rates 
(18.3 ± 1.6 vs. 14.4 ± 0.7; P < 0.05). Moreover, it was 
observed that the addition of FCS to SOFaa (SOF 
with amino acids) medium supplemented with 
sodium citrate (SOFaaci) at 48 h and at 72 h post-
insemination led to higher rates of Day 6 bovine 
embryos, as compared to FCS supplementation at 
18 or 96 h post-insemination. However, they did 
not observe differences in hatching rates between 
the treatment groups. Moreover, Choi et al. (2002) 
found that culture of bovine blastocysts in medium 
supplemented with BSA for 72 h and then in FBS-
containing medium for the subsequent 96 h re-
sulted in an increased rate of blastocyst formation 
(49% versus 25–36%) as compared to other groups 
(BSA to BSA or PVA to PVA, BSA or FBS). Taking 

into account both of the mentioned above results, 
it was suggested that supplementation with BSA 
alone or in combination with FBS significantly in-
creases bovine blastocyst formation rate and might 
be a factor which promotes embryo growth and 
development. However, the enhanced development 
of bovine embryos in vitro may have no influence 
on pregnancy outcome after embryo transfer in 
this species of mammals.

Progesterone (P4), as the steroid hormone most 
important for reproduction, plays a central role 
during oestrus in several species of mammals. It 
was also suggested that P4 is actively synthesized by 
reproductive organs and germ line cells, especially 
in relation to oocytes (Dressing et al., 2010; Shimizu 
et al., 2010). Wen (2010) investigated the produc-
tion of this hormone by follicular fluid and granu-
losa cells in IVF patients. They found no significant 
association between oocyte recovery and steroid 
levels in follicular fluid (FF). Also, no association 
was found between FF steroid levels for those 
oocytes that did or did not fertilize. Moreover, they 
found increased concentrations of P4 in granulosa 
cells; however, this was not dependent on follicular 
size. They concluded that progesterone levels were 
not associated with the maturation or fertilization 
ability of human oocytes. The influence of P4 on 
cumulus cell viability and function, and porcine 
oocyte nuclear and cytoplasmic maturation, was 
investigated by Grupen and Armstrong (2010). 
They recorded the concentration of progesterone 
in spent IVM medium and the level of apoptosis in 
cumulus cells, as well as the expansion of cumulus 
cells, the ability to reach MII stage and the forma-
tion of blastocysts after IVF. The results indicated 
that increased P4 production led to higher cumulus 
expansion and a decreased incidence of apoptosis. 
A negative association was found between P4 syn-
thesis by cumulus cells and the induction of apop-
tosis. Furthermore, oocytes recovered from FF with 
higher concentrations of P4 (+FF, +FF) displayed 
an increased ability to reach the MII stage and in-
creased blastocyst formation, as compared to the 
group with a low concentration of this steroid (–FF, 
–FF). The results suggested that FF and a high con-
tent of P4 display several positive effects on porcine 
oocyte IVM, and exert protection against oxidative 
stress while apoptosis induction in cumulus cells is 
strongly associated with the steroidogenic activity 
of these cells. It was also argued that P4 in FF has an 
important influence on the acquisition by oocytes 
of developmental competence. While the role of P4 
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production and expression of progesterone recep-
tor were intensively investigated by several teams, 
another important factor is the progesterone recep-
tor-membrane component (PGRMC1), associated 
with P4 action in various tissues. Luciano et al. 
(2010) examined the role of PGRMC1 expression in 
bovine oocytes and embryos in relation to embryo 
developmental competence. Using western-blot as-
says, they described the expression of this protein 
in germinal vesicle (GV)- and MII-stage oocytes 
as well as in zygotes and blastocysts. Moreover, 
a significant association was also found between 
PGRMC1 expression and male and female pronu-
cleus formation. Confocal microscopic observation 
revealed differential PGRMC1 protein localization 
in various maturation stages of bovine oocytes. 
Taken together, these results indicate that P4, its 
receptor and the membrane component have an 
important impact on mammalian oocyte develop-
mental competence as well as providing an impor-
tant mechanism (such as apoptosis) for controlling 
the reproductive potency of mammals.

In other studies using the bovine blastocyst mod-
el, a differential effect of P4 on culture efficiency 
was observed. In addition, Larson et al. (2011), us-
ing bovine oocytes fertilized in vitro, investigated 
the influence of P4 in two experiments (LO, 1 ng/ml 
or HI, 100 ng/ml during either the first (Culture-1, 
Day 1 to 3) or the second (Culture-2, Day 4 to 7) 
phase of culture, on the in vitro developmental 
efficiency of the embryo, embryo metabolism or 
blastocyst cell number. They found no differences 
between cleaved oocytes, the percentage of cleaved 
embryos that developed to the morula or subse-
quent stages, the blastocyst, or subsequent stages 
or the hatched blastocyst stage, among the treat-
ment groups. The quantities of glucose metabolized 
per blastocyst per hour did not differ among the 
groups, although the blastocysts from Culture-2 
metabolised more glucose (P = 0.03), as compared 
to other groups. They also observed a correlation 
between the embryos that received low doses of pro-
gesterone and the ability to metabolize glucose. The 
number of cells per blastocyst in the control group 
was increased as compared to both treatments (P = 
0.039). It was suggested that supplementation of 
the embryo culture with P4 did not improve the 
efficiency or quality of the obtained bovine blas-
tocysts. However, the effect of P4 supplementa-
tion seems to be different depending on the stage 
of embryos development. It was recently reported 
that supplementation of the embryo culture system 

with P4 had a positive effect on the early stages of 
mammalian embryo development (Aparicio et al., 
2011). In contrast to these results, Pereira et al. 
(2009) suggested that P4 may affect embryo in vitro 
culture. In these experiments presumptive zygotes 
were transferred into embryo growth medium sup-
plemented in Experiment 1 with bovine oviduct 
epithelial cells (BOEC) (n = 378) and BOEC plus 
onapristone (OP), (n = 325); in Experiment 2 with 
granulosa cells (GC), (n = 514); GC plus OP (n = 
509); BOEC (n = 490); BOEC plus P4 (n = 500); 
BOEC plus P4 and OP (n = 502). They found no 
differences between BOEC and BOECOP (P > 0.05) 
in relation to the development rates of embryos, 
quality or developmental stages. Supplementation 
with P4 negatively influenced embryo development 
rates in the BOEC system (BOECP4 = 16.8 ± 2.6% 
vs. BOEC = 23.7 ± 1.7%, P = 0.02). However, this 
effect was abolished when the OP was added into 
the culture system. It was suggested that supple-
mentation of embryo cultures with high concentra-
tions of P4 was not directly associated with embryo 
survival at early stages of development. However, 
it is also possible that P4 may act via several other 
mechanisms, which are related to the co-culture of 
embryos with other cell types.

3. Determination of the developmental 
competence of mammalian oocytes 
and embryos using microfluidics

In recent times, microfluidics has been frequently 
used in the chemical industry, to determine drug 
concentration and delivery, as well as to assess 
the danger of bioterrorist agents. In the past four 
years particularly there has been increased inter-
est in microfluidics and the Lab-on-Chip systems 
in reproductive biology, and in the determina-
tion of gamete viability and gamete and embryo 
developmental competence (Szczepanska et al., 
2009, 2010; Jaskowski, 2010; Walczak et al., 2010; 
Kempisty et al., 2011). The Lab-on-Chip system, 
used by Walczak et al. (2010) for the evaluation 
of bovine, pig, and canine oocytes and embryos 
consists of a silicon-glass sandwich with two glass 
optical fibres positioned “face-to-face”. The di-
mensions of the microchannels are adjusted to 
the average size of an oocyte (110–140 µm). The 
total optical path length is 340 µm. The two opti-
cal fibres determine the “measurements chamber” 
within which the oocytes/embryo are located and 
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spectrophotometrically evaluated. The first optical 
fibre is aligned to the edge of the inlet microfluidi-
cal channel; the second fibre forms a “trap” for the 
oocytes/embryo, ensuring fluid flow but immobi-
lizing the oocyte in the “measurement chamber”. 
During the measurement light is transmitted from 
the source by the first optical fibre which passes 
through the culture medium, and is used to char-
acterize the oocytes/embryo. It is then collected by 
another optical fibre, connected to the miniatur-
ized spectrometer. After a short measurement (few 
seconds) the oocytes/embryo are flushed back for 
future treatment. The spectral characteristics of 
analyzed oocytes/embryos are recorded, normal-
ized, and processed using Origin (USA) software. 
For each measurement, the spectral characteristics 
of the oocyte/embryo are standardized according 
to the culture media used for transferring the cells 
onto the chip.

Szczepanska et al. (2009) explored the possibil-
ity of using Lab-on-Chip systems to assess bovine 
and porcine oocyte potency. They introduced 
a new device, which assessed the characteristic 
microspectrophotometric features of mammali-
an gametes. The subsequent studies of this team 
have investigated the relationship between oocyte 
morphology as well as the follicular size and spec-
tral characteristics of analyzed cells (Szczepanska 
et al., 2010; Walczak et al., 2010). Their results have 
shown that the morphology of porcine oocytes, 
according to the scale proposed by Jackowska et 
al. (2009), is highly associated with the spectral 
(spectral shift of analyzed cell) images of investi-
gated cells. They conclude that the physical char-
acterization of oocytes is strongly associated with 
their biological features and that the Lab-on-Chip 
system may be an important tool in the evalua-
tion of the developmental competence of porcine 
and bovine oocytes. In similar experiments they 
focused on the non-invasiveness of this method, 
and analyzed embryo viability using the Lab-on-
Chip system before transfer to recipients (pigs and 
cattle). They reported a of successful pregnancy 
rate of 50% in pigs and cattle after the Lab-on-Chip 
assessment (unpublished data). Thus, this method 
can be said to be non-invasive and has no influence 
on the ability of embryos to undergo successful 
implantation. 

Although there are still comparatively few studies 
on the possibility of using the Lab-on-Chip device 
in reproductive biology, reports which describe its 
non-invasiveness and the possibility of using it for 

describing oocytes and the developmental compe-
tence of embryos mean that this number should 
rise in the near future.

4. Non-invasive methods for quality 
assessment of oocytes/embryos 

The non-invasive assessment of the quality of 
oocytes/embryos is based on cellular, biochemi-
cal and metabolomical methods. Cellular methods 
of oocyte quality evaluation include assessment of 
first polar body quality, perivitelline space, zona 
pellucida structure, colour and granularity of the 
cytoplasm. It is well known that oocytes with clear, 
light cytoplasm manifest an increased ability to 
reach maturity in vitro, and to undergo subsequent 
fertilization and early stage embryo development 
(Montag et al., 2011). It has also been suggested 
that the structure of the zona pellucida is an im-
portant determinant of successful fertilization, es-
pecially in relation to the structure and diameter 
of the zona pores. Santos et al. (2008), et al., using 
scanning electron microscopy, investigated the 
developmental competence, in vitro fertilization 
outcome and incidence of polyspermy in bovine 
oocytes. They found that the diameter of zona pores 
had an important influence on the fertilization rate 
and was also associated with the developmental 
competence of oocytes. In addition, Antosik et al. 
(2010b), showed that the expression of the zona 
pellucida and integrin genes and proteins were 
associated with the morphological quality of por-
cine oocytes. Moreover, the morphology of por-
cine oocytes was associated with the differential 
distribution of zona pellucida protein 3 (ZP3) and 
integrin beta 2 (ITGB2) between the zona, mem-
brane and oocyte cytoplasm.

The brilliant cresyl blue test (BCB) is the most 
frequently used test for biochemical evaluation 
of oocyte developmental competence, and is per-
formed in several species of mammals, including 
bovine, pigs, goats and dogs (Catala et al., 2011). 
Using this test blue-stained oocytes are character-
ized by an increased developmental competence, 
whereas the unstained female gametes manifest 
lower competence. It was observed in several stud-
ies that blue-stained mammalian oocytes have an 
increased ability to mature, become fertilized and 
to undergo early embryo development (Silva et al., 
2011). It was shown by Kempisty et al. (2011a) that 
the results of the BCB staining test had an impor-
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tant influence on the fertilization ability of porcine 
oocytes. Moreover, they found that single or double 
exposure to the BCB test influenced the expression 
of zona genes as well as the distribution of zona 
proteins within the oocytes. However, Wongsrikeao 
et al. (2006) showed that double exposure to BCB 
test may exert a toxic effect on oocytes and leads 
to fertilization failure. 

For a non-invasive assessment of oocytes/em-
bryo quality, evaluation of small molecular weight 
substances (metabolites) in the culture media or 
follicular fluid is often performed. In addition, 
Bender et al. (2010) suggested that the metabo-
lites present in the follicular fluid might be used as 
markers of oocyte maturation ability as well as of 
the subsequent embryo development. They inves-
tigated the metabolomic profile of follicular fluid 
obtained from the dominant follicle of lactating 
cows and heifers using gas chromatography mass 
spectrometry. They suggested that the follicular 
microenvironment in cows negatively influenced 
the developmental potential of oocytes as com-
pared to heifers, which might have an important 
influence on fertilization ability and outcome in 
these animals. Low-molecular weight metabo-
lites, as end products of regulatory, maturation 
and differentiation processes, reflect the ability of 
oocytes/embryos to grow and develop. Glycolytic 
intermediates and amino acids are often used as 
markers when follicular fluid or culture media 
metabolites are non-invasively tested to quantify 
oocyte and embryo metabolism. It was found that 
the assessment of these markers may be used as a 
useful predictor of pregnancy outcome following 
embryo transfer in mammals (Singh and Sinclair, 
2007; Revelli et al., 2009; Royere et al., 2009). In 
conclusion, morphometry analyses and the assess-
ment of metabolomic markers are at present the 
most frequently used methods to detrmine embryo 
viability. 

5. Perspectives

Although in several species of mammals IVM ef-
ficiency is satisfactory, in others, such as dogs, this 
efficiency is still very low. Therefore, in these spe-
cies IVM should be enhanced with new media sup-
plements or new combinations of supplements to 
improve IVC systems. Some reports have reported 
that the application of EGF, BSA and progester-
one increases IVM efficiency in several species of 

mammals; however, others publications, in turn, 
refute these results. Therefore, it seems reasonable 
to assume that these media supplements have ef-
fect IVM efficiency in a species-specific manner. 
Since the Lab-on-Chip system was used in repro-
ductive biology for the first time, there is a growing 
requirement to prove its non-invasiveness and to 
determine its potential for assessing oocyte and 
embryo developmental competence. Moreover, we 
still await the birth of healthy offspring after the 
transfer of embryos originating from Lab-on-Chip 
assessment. In the last 20 years molecular methods 
appear to be the most objective and precise for 
assessing the developmental potential of oocytes/
embryos but there is an increasing requirement 
new methods that will be objective and in addi-
tion, non-invasive. Therefore, for the evaluation of 
oocyte/embryo viability, metabolomic markers are 
often used. Moreover, the analysis of genetic and 
metabolomic markers is now of high significance. 
We suggest that only a combination of both these 
approaches with microfluidics may precisely de-
termine (without destruction of the analyzed cell) 
the biological features of mammalian oocytes and 
embryos.
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