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With the growing move in in-vitro fertilization (IVF) clinics to transfer fewer embryos to
women, there is an increasing reliance on the IVF laboratory to maximize embryo viability.
Subsequently, there is justified scrutiny on the culture system and the media used to sustain
the human embryo in vitro. The transfer of fewer embryos to patients also creates an increased
dependence on the ability to cryopreserve embryos successfully. Therefore, in addition to the
ability of a culture system to produce a single top-quality embryo for transfer, it is also necessary
to enhance the cryotolerance of sibling embryos so that they can survive freezing or vitrification.
Therefore, when examining which culture media is the best, it is prudent to not only examine
the ability of a culture system to produce a pregnancy with the one or two highest-grade
embryos, but also to determine how many embryos from the entire cohort (both fresh and
frozen embryos) are capable of producing a live birth. Additionally, research on animal models
has demonstrated that stress, and the resultant adaptation to conditions during pre-implantation
stages, can affect pregnancy loss and fetal growth. It is therefore important to understand the
role of each medium component and to identify possible sources of cellular stress to the embryo
that will ultimately affect the function and viability of the conceptus.
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Since the establishment of in-vitro fertilization (IVF) technologies worldwide, a large
number of different media formulations and culture systems have been employed
for the development of the human embryo. These media have highly varied
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formulations, ranging from simple salt solutions to complex tissue culture media. In the
last decade, there has been a substantial increase in knowledge regarding the physiol-
ogy, biochemistry, genetics and epigenetic control of the mammalian embryo, including
several studies performed directly on the human embryo. This advance in our under-
standing of the pre-implantation embryo has led to significant changes in the
philosophy of how best to culture the human embryo, and as a result, there has
been significant evolution in the culture media used in clinical IVF.1e4

A major challenge facing IVF clinics around the world is to address the epidemic of
multiple pregnancies that result following IVF.5 This has resulted in an increased focus in
the last decade on how best to culture the human embryo and which culture media to
choose as clinics move towards transferring fewer embryos whilst striving to maintain-
ing acceptable pregnancy rates. In fact, it is now possible to transfer a single embryo to
many patient groups while maintaining acceptable pregnancy rates and eliminating mul-
tiple pregnancy and its associated complications (such as the increase in premature birth
and extremely low birth weight, and the six- to seven-fold increase in cerebral palsy).6

This review will identify the different types of media systems that are available for grow-
ing human embryos in culture, and also focus on important aspects that need to be con-
sidered in determining which media system to use. However, it is essential to realize
that the culture medium is only one part of the culture system, which is only one com-
ponent of the laboratory system and clinical management protocol. The developmental
competence of embryos can be influenced significantly by other aspects of the culture
system, such as gas phase, both carbon dioxide and oxygen levels, and physical factors
such as the number of incubator chambers. Several of these aspects have been reviewed
extensively elsewhere.2,7,8

AT WHAT STAGE SHOULD THE EMBRYO BE TRANSFERRED?

At what stage should embryos be cultured in the laboratory? This is an important
consideration as different media systems are designed to support embryo develop-
ment at different stages. Historically, human embryos have been cultured for 2 or 3
days before transfer to the mother. This is still the preferred procedure for a large
number of clinics internationally. However, it is now clear that blastocyst culture
and transfer is an important treatment component in an increasing number of
clinics.4,5,9e13 In the authors’ clinics, a mixture of cleavage-stage and blastocyst
transfers are performed, after the clinicians have identified which patients would
best benefit from a cleavage-stage transfer and which from a blastocyst transfer.
Therefore, the systems used in the authors’ laboratory must be able to support viable
cleavage-stage embryos and blastocysts. The use of sequential culture systems gives
one the flexibility to use systems that can support cleavage-stage development and
optimal subsequent blastocyst development.

DOES THE COMPOSITION OF THE MEDIUM REALLY MATTER?

There has been a long-held view that the choice of culture media for the cleavage-
stage embryo is not important due to the fact that many different media have been
used with dramatically different formulations. However, it is now apparent that
resultant implantation and pregnancy rates are different. Interestingly, there is often
a focus on the ability of a given culture system to generate large numbers of
blastocysts without assessment of the ability of a culture system to maintain cellular



Embryo culture medium: which is the best? 85
physiology, gene expression and normal developmental regulation. Significantly, there
is an increasing volume of information being generated that challenges the dogma that
media formulations do not matter which has revealed that the cost of adaptation in the
early stages of development is impaired pregnancy potential. Furthermore, prior to
compaction, the embryo is at increased risk for cellular damage, and many of these
changes in physiology and gene expression are not evident until later in development.
Studies in animal models show that exposure of embryos to suboptimal culture con-
ditions, such as media lacking amino acids or a gas phase comprising 20% oxygen, dur-
ing the precompaction stages alone has significant effects on postimplantation
development and fetal growth following blastocyst transfer.14e16 Similarly, it has
been demonstrated that methylation patterns in the embryo can be altered as early
as the two-cell stage, and that gene expression in the blastocyst is affected by the con-
ditions to which the early embryo is exposed.14,16,17 This is a significant finding as
there are now reports of an increase in the incidence of disorders associated with im-
printed genes after IVF. The majority of these cases have occurred following transfer of
cleavage-stage embryos18e20 and not solely at blastocyst stage. Therefore, while the
early embryo appears to have a great deal of plasticity, it is increasingly recognized
that imposing stress on the embryo results in disruption of the co-ordination of de-
velopmentally important functions, which results in a loss in viability; this is particularly
evident in the precompaction-stage embryo (Figure 1). As such, it is essential that the
conditions in which the embryo is grown minimize stress on an embryo and take into
account the physiology of the embryo, thus preventing the need for the embryo to
adapt, which could affect subsequent embryo health and developmental potential.
To reiterate, even if an IVF unit either completely or predominantly performs cleav-
age-stage embryo transfers, it is essential that there is knowledge of the components
and an understanding of the philosophy of how the culture system was developed.

DEVELOPMENT OF MEDIA SYSTEMS

Historically, human embryos were cultured in either simple salt solutions or in
complex tissue culture media. The ‘simple’ media were those such as Earle’s, T6
and HTF medium consisting of balanced salt solutions with added carbohydrates
glucose, pyruvate and lactate, and commonly supplemented with the patient’s
serum.21e23 These media lacked many components that are now known to be impor-
tant for the maintenance of embryo physiology and health, such as amino acids (see
below). Alternatively, embryos used to be grown in tissue culture media. Such media

Figure 1. Exposure of pre-compaction stage embryos in a suboptimal environment results in adaptations in

cellular physiology that are manifest at later stages of development and adversely affect blastocyst health and

pregnancy outcome.
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were designed to support immortal cell lines in culture and were far more complex,
being supplemented with carbohydrates, amino acids, vitamins, nucleotides and metal
ions. Examples of such media are Ham’s F-10, MEM and TCM-199.24,25 Importantly,
none of these media were designed to support embryo development, and they actually
contain many components that have subsequently been shown to be detrimental to
embryo development in vitro, such as high levels of glucose, divalent metal ions, nucle-
otides and certain hormones.

Although these different media support the development of the human embryo
through the first three cleavage divisions, they are not able to support acceptable
levels of blastocyst development. Consequently, it was necessary to transfer the
embryos to the female reproductive tract at the cleavage stages on day 2 or day 3
of development. However, in recent years, there has been the change in the way
that media are formulated, and several media have been designed specifically to
support development to blastocyst stage, such as DM1/2/3, G1/G2 media, KSOM
and Quinns Advantage.26e28

Until relatively recently, it was common practice for clinics to prepare their own
culture media in house, either by making them from individual chemicals in the
case of simple media or by reconstituting preformulated powder in the case of
tissue culture media. However, a significant change has occurred over the last
decade with a major shift away from ‘in-house’ media preparations to commercially
produced media manufactured specifically for use in clinical IVF applications. The
ability to purchase aseptically produced media, formulated in a specialized factory
under good manufacturing procedures and which has undergone regulatory and
quality control inspection, is an attractive alternative for all IVF clinics. Only
a few specialized clinics have the capacity to match the level of quality control
that commercial media undergoes. Interestingly, this move to commercially
produced media has also resulted in a convergence of the formulations used for
clinical IVF worldwide. Currently, there are essentially two types of media that
are widely used for clinical IVF: sequential culture systems or monoculture systems.
Some of the scientific basis for these two different styles of media systems are
discussed below, and knowledge of media components and ability to support
normal embryo development is reviewed.

DYNAMIC PHYSIOLOGY OF THE PRE-IMPLANTATION EMBRYO

The pre-implantation embryo is a highly dynamic period during which the pronuclear
stage embryo develops from the relatively quiescent oocyte under the genetic control
of maternally derived transcripts, to a metabolically and biosynthetically active group
of cells predominantly under their own genetic control by the blastocyst stage.
Furthermore, the oocyte, and pronuclear and cleavage-stage embryos appear to
resemble unicellular organisms in that they possess relatively primitive mechanisms
for the regulation of cellular homeostasis.29,30 A series of highly co-ordinated develop-
mental events then occur in a period of 4e5 days. Firstly, there is completion of the
sperm-derived calcium waves initiates oocyte activation31e34, followed by the first
cleavage division some 21 h later.35 Subsequently, cleavage divisions occur every
12e15 h, while there is gradual activation of the embryonic genome.36 On day 3 of
development, compaction occurs37 and finally the blastocoel is formed38 with the dif-
ferentiation of the inner cell mass (ICM) and the trophectoderm. As a result of such
changes, there are different demands and requirements as the embryo develops and
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differentiates, which require the precise regulation of many cell functions such as cel-
lular homeostasis, metabolism and gene expression (Table 1).

Dynamics of pre-implantation embryo metabolism

Studies on mammalian embryos, including the human embryo, have determined that
the morphological changes that occur during development from the zygote to the
blastocyst stage occur concomitantly with dynamic changes in the metabolism of
the embryo. At the zygote stage, the embryo is initially quiescent with a low
metabolic and biosynthetic activity. At these early stages, the embryo predomi-
nantly uses the carboxylic acids pyruvate and lactate as its preferred energy
substrates39e41, together with specific amino acids, such as aspartate.42 Therefore,
at these early stages of development, the embryo is completely reliant on
mitochondrial-based metabolism for ATP generation. However, the embryo does
take up low levels of glucose39,40, which are thought to be metabolised by the
pentose phosphate pathway for the maintenance of reducing power in the cell,
particularly in the production of reduced glutathione for protection against
oxidative stress, in nucleic acid and lipid biosynthesis. Furthermore, there is
a more recent understanding that the metabolism of glucose by the hexosamine
biosynthesis pathway in the early embryo may be important in establishing O-linked
glycolyslation for later stage development.43 Therefore, it may be that this metab-
olism of glucose, although at a low level during the early stages of pre-implantation
development, is essential for setting the subsequent metabolic programme.

With the onset of embryonic genome activation and the concomitant increase in
biosynthesis, there is a switch in nutrient preference to a glucose-based metabolism,
so that by the blastocyst stage, glucose has become the preferred nutrient.39,40

However, unlike somatic cells that metabolise virtually all of the glucose taken up
via the tricarboxylic acid (TCA) cycle, glucose taken up by the blastocyst is metabol-
ised by both the TCA cycle and by aerobic glycolysis (approximately 30e50% of all of
the glucose being converted to lactate).44,45 This unusual conversion of glucose to lac-
tate in the presence of significant levels of oxygen is thought to result from the high
biosynthetic demand46, or as a result of an inability to maintain redox control in the
cell, as reported for other rapidly dividing cells. Interestingly, there appears to be a dif-
ference in the metabolism of the ICM cells of the blastocyst compared with the cells of

Table 1. Differences in the physiology of the mammalian embryo for development from the zygote to

the blastocyst stage.

Precompaction stage Postcompaction stage

Low biosynthetic activity High biosynthetic activity

Low QO2 (Metabolic Quotient) High QO2 (Metabolic Quotient)

Pyruvate-based metabolism Glucose-based metabolism

Maternal genome Embryonic genome

Single cell Transporting epithelium

Low ability to maintain cellular homeostasis Complex systems for maintenance

of cellular homeostasis

Totipotent Differentiation into inner cell mass and

trophectoderm
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the surrounding trophectoderm. ICM cells have been shown to be completely reliant
on glycolysis for their energy, and appear to have limited functional oxidative
metabolism. In contrast, trophectoderm cells metabolise the majority of glucose
through oxidative-based metabolism.47,48

Significantly, the nutrients available within the human female reproductive tract
mirror the changing nutrient preference of the developing embryo. At the precom-
paction stages when the embryo resides in the oviduct, the fluid within is charac-
terized by relatively high concentrations of pyruvate and lactate, and a relatively
low concentration of glucose (Table 2). In contrast, uterine fluid is characterized
by relatively low levels of pyruvate and lactate, and a higher concentration of
glucose.49,50 Therefore, at the time that the embryo is in the reproductive tract,
there is a declining gradient of pyruvate and lactate from the oviduct to the uterus,
while the reverse is true for glucose. These changing levels of carbohydrates reflect
the switch from a carboxylic-acid-based metabolism to a glucose-based metabolism
in the embryo.

Changes in cellular homeostasis

In addition to the metabolic changes that occur in the embryo, there are significant
changes in the ability of the embryo to regulate ionic homeostasis as development
proceeds. The oocyte and early embryo in the first few hours following egg activation
have no active transport systems for the regulation of intracellular pH.30,51,52

Transport systems for regulating pH are not detected until 6e8 h after fertilization
and are not completely functional until around 10 h after fertilization. In some
mammalian species, the transport systems for regulating an acid load function are
either reported to be absent or are unable to restore pH and the embryo cannot re-
cover completely from a pH stress.30,51e53 Additionally, embryos that are collected
from the reproductive tract in the first few hours after egg activation also appear
to have a reduced ability to regulate intracellular calcium levels compared with em-
bryos collected 9 h following egg activation.

An increasing ability of the embryo to regulate ionic and metabolic control as
development proceeds can be observed by the increased developmental capacity in
vitro when embryos are collected at later stages from the reproductive tract. It is clear
that the earlier an embryo is collected from the tract, the more susceptible it is to its
environment. As a result, the culture media for the early embryo must be able to
support the embryo in its ability to maintain homeostatic functions (Figure 2).

Table 2. Differences between oviduct and uterus in mammalian embryos.

Component Oviduct Uterus

Glucose concentration 0.5 mM 3.15 mM

Pyruvate concentration 0.32 mM 0.10 mM

Lactate concentration 10.5 mM 5.2 mM

Oxygen concentration 8% 1.5%

Carbon dioxide concentration 12% 10%

pH 7.5 7.1

Glycine concentration 2.77 19.33

Alanine concentration 0.5 1.24

Serine concentration 0.32 0.80
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Therefore, regulators of homeostatic functions such as amino acids that can protect
against ionic and pH stress (see below) are essential components of culture medium
for the precompaction-stage embryo.

SIGNIFICANCE OF COMPACTION IN REGULATING THE
PHYSIOLOGY OF THE PRE-IMPLANTATION EMBRYO

It is clear that one of the most significant events to occur during the development of the
early embryo is the process of compaction and the formation of a transporting
epithelium. At this time, the embryochanges from a group of individual cells to a structure
containing a functioning epithelium that enables the embryo to control its physiology and
to create a specific environment around the ICM. An example of this is the increased
ability of the postcompaction-stage embryo to regulate its internal environment against
ionic stress. Precompaction-stage embryos take up significant levels of the amino acid
glycine in response to an increase in salt concentration in the medium.29,54,55 However,
after embryos have compacted, their reliance on external osmolytes to regulate ionic
stress is reduced significantly.29 Similarly, the postcompaction-stage embryo has an
enhanced ability to regulate intracellular pH. The pre-compaction stage embryo has
a low capacity to regulate intracellular pH when challenged with an acid load. However,
after compaction, the embryo is able to maintain normal levels of intracellular pH when
challenged with an acid stress. Significantly, when embryos were decompacted experi-
mentally by exposure to medium lacking calcium and magnesium, the ability to regulate
intracellular pH was lost.56 To reiterate, the process of compaction, with the formulation
of the tight junctions, facilitates the development of a functioning transporting epithelium
which helps to regulate ionic homeostasis, thereby making the embryo less sensitive to
its environment and hence less susceptible to trauma.

Figure 2. The early stages of development, when the oocyte and early embryo have primitive mechanisms

for maintaining metabolic homeostasis, are more susceptible to stress. Therefore, there is a greater reliance

on external factors to maintain homeostasis and developmental competence at the early stages of embryo

development. When these precompaction-stage embryos are placed in culture, there is an increased reliance

on the components of the culture to provide this protection. S/O¼superovulation.
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DEVELOPMENT OF CULTURE MEDIA/RELIANCE
ON ANIMAL MODELS

One of the limitations in the development of culture media for the human embryo
is the inability to perform empirical studies on the human embryo or to perform
large-scale controlled studies on individual medium components. As a result, the
majority of what is known about the mammalian pre-implantation embryo comes
from research conducted on animal models. The most commonly used models
for the human embryo have been the mouse and the cow. Subsequently, strong
opinions have been penned regarding which model might be the most appropri-
ate.57 However, as with all animal research, models have both benefits and
limitations, and therefore it is proposed that no single species may provide an
appropriate basis for the backbone of a clinical media system. Rather, a mixture
of models have been used that can determine common traits pertaining to the
physiology of the mammalian embryo. One example of this would be the observa-
tion that amino acid requirements change as the embryo develops from the
cleavage stage to the blastocyst stage; this was demonstrated in several animal
models, specifically the mouse58, the cow59 and the sheep.60 As a result of these
commonalities, a biphasic exposure to amino acids has been factored into many
media system formulations for the human embryo. It was subsequently
demonstrated that amino acid requirements of the human embryo are similar to
those of other species.61

As the majority of basic research is performed on animal models, it is important
to critically assess the endpoint used as the criteria to assess the effects of a me-
dium component. It is now acknowledged that blastocyst development, especially at
a single timepoint, is a relatively poor indicator of embryo quality. Therefore, it is
important that the endpoints used in basic research reflect subsequent viability of
the embryo, such as the determination of the ability of resultant embryos to im-
plant and develop into a normal fetus after embryo transfer. For example, many
embryos may be able to form blastocysts under specific conditions, but they could
have fewer cells and perturbed cell signalling and nuclear function that is incompat-
ible with subsequent development. Several components of a culture medium, that
do not necessarily affect blastocyst development, can have significant effects on
the viability and postimplantation development of the fetus.14,62 Some culture sys-
tems have been formulated solely on the basis of the ability of a culture medium to
support delayed development to the blastocyst stage, and were never assessed in
terms of their ability to produce blastocysts of normal physiology or on pregnancy
outcomes, e.g. the medium KSOM. In contrast, we have used numerous markers of
cellular health and physiology, such as metabolic and homeostatic control,
differentiation and gene expression, and assessment of viability in multiple species,
on each individual component as well as the final medium formulations in the
development of our sequential culture media G1/G2.

KEY COMPONENTS OF CULTURE MEDIA

Several extensive reviews have focused on the individual components present in
the majority of embryo culture media.21,63,64 This review will highlight important
components that differ between media systems. Understanding their effects on
embryo physiology may alter the choice of which culture system to use in a clinic.
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It is also important to consider that sequential media were developed specifically
to work together, and that mixing different pairs of media from different sequential
systems is of limited value and could conceivably induce some homeostatic stress
that may influence pregnancy establishment and health.

Glucose

Over several years, a number of publications reported that the addition of glucose to
the culture medium for the mammalian embryo resulted in impaired development to
the blastocyst stage. Studies on the mouse65, hamster66, sheep67, cattle68 and human69

have all demonstrated that a high level of glucose in culture is responsible for
retardation or developmental arrest of cleavage-stage embryos. However, such
observations appear to contradict the situation in vivo where glucose is present in
the reproductive tract, and the oocyte and the embryo have transporters for glucose
at all stages of development.70 Significantly, this apparent toxicity of glucose appears to
be manifest in medium containing phosphate and typically lacking amino acids.
Embryos cultured in the presence of high levels of glucose and phosphate had reduced
respiratory capacity, and mitochondrial function appeared to be reduced.71 This re-
duction in metabolic control culminated in a loss in ATP production and therefore de-
velopmental arrest. Subsequently, several culture media have been designed to support
the cleavage-stage embryo, in which either glucose alone or both glucose and phos-
phate were removed from the formulation.

In the following decade, several studies determined that this inhibitory effect of
glucose in the presence of phosphate could be alleviated by the presence of amino
acids, EDTA or vitamins.26,45 The addition of amino acids, vitamins or EDTA to the
culture medium containing glucose and phosphate helped to prevent a loss in respira-
tion and metabolic control. Embryos were therefore able to maintain a more normal
metabolism and adequate ATP production for development to proceed. Interestingly,
and perhaps more significantly, it was determined that the lack of glucose in the media
for the postcompaction-stage embryo resulted in impaired development to the
blastocyst stage and a loss of viability.26,72 Therefore, the observed inhibitory effect
of glucose appears to be an in-vitro-induced artifact that is manifest as a result of
lack of other important regulators in the medium.

Amino acids and ammonium

Among the most important components of all handling and culture media for the mam-
malian oocyte and pre-implantation embryo is amino acids. Studies on the embryos from
all mammalian species to date, i.e. mouse26,62,73e76, hamster77,78, sheep60,79, cow59 and
human61, have all demonstrated that the inclusion of amino acids in the culture medium
enhances embryo development to the blastocyst stage and increases subsequent viabil-
ity. Even a transient exposure (less than 5 min) of mouse zygotes to medium lacking
amino acids impairs subsequent developmental potential.26 This has implications for
all media for the handling and collection of oocytes and embryos.

Oviduct and uterine fluids contain significant levels of free amino acids80, while both
oocytes and embryos possess specific transport systems for amino acids81 to maintain
an endogenous pool.82 As amino acids are readily taken up and metabolised by the
embryo, the above information supports the notion that amino acids have a physiolog-
ical role in the pre- and peri-implantation periods of mammalian embryo development.
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Significantly, amino acids have now been shown to have many important roles in
culture media, including chelators, osmolytes, pHi buffers, antioxidants, regulators
of energy metabolism, biosynthetic precursors and energy substrates4, confirming
the above hypothesis.

The utilization of amino acids by the early embryo has been demonstrated to
change as the embryo develops from the precompaction stage to the postcompaction
stage. Up to the eight-cell stage, those amino acids present in relatively high levels in
oviduct fluid (which are also present in the group defined as non-essential, together
with glutamine), increase cleavage rates58,59 and viability. However, after compaction,
non-essential amino acids and glutamine increase blastocoel formation and hatching,
while those amino acids classified as essential amino acids are required for ICM devel-
opment and viability.62 In the mouse, equivalent implantation rates to in-vivo-devel-
oped blastocysts were achieved when pronucleate embryos were cultured with
non-essential amino acids to the eight-cell stage followed by culture with all 20 amino
acids from the eight-cell stage to the blastocyst.58

Furthermore, as well as a reduction in blastocyst development and viability, it has
also been demonstrated that the absence of amino acids in the culture medium
significantly alters blastocyst gene expression83, and significantly disrupts the normal
imprinted expression of H19 with high proportions of blastocysts demonstrating
bi-allelic expression.84 The observation that a change in the culture system can
significantly alter methylation status and chromatin silencing is significant, especially
if examined in the context of the reported increase in imprinted gene disorders after
IVF.19,85,86 Significantly, the majority of reported imprinting disorders following human
assisted reproductive technology (ART) are the result of day 2 or day 3 transfers, al-
though cases have been reported following blastocyst transfer.85 However, cases of ab-
normal human imprinting in resultant offspring have also resulted following ovulation
induction alone, i.e. without any laboratory treatments. Therefore, the importance of
understanding how ovarian stimulation and culture systems affect the physiology of the
oocyte and resultant embryo are increasingly important.

Ammonium

One of the consequences of having amino acids, particularly glutamine, in the culture
medium is that they breakdown spontaneously at 37 �C to produce ammonium.74,87

The levels of ammonium that are produced by medium containing glutamine (1 mM)
incubated at 37 �C in just 24 h (around 150 mM) are significantly higher than
those that have been shown to be inhibitory to embryo development.74,87 Significantly
in media containing amino acids, this level of ammonium does not always alter
blastocyst development; however, the cellular health of the blastomeres is affected
significantly.14,74 More importantly, the effects of ammonium on embryos from animal
models resulted in a significant reduction in the ability of embryos to implant, and also
resulted in a significant fetal loss after pregnancy was established, with a significant
number of fetuses resorbing and not developing to term (Figure 3). Furthermore, at
moderate levels of ammonium (300 mM), fetal growth rates were affected such that
resultant fetuses were smaller than control embryos.14,62,87 Recently, a study found
that the levels of ammonium that are produced after incubation of medium containing
glutamine inhibits development of the human blastocyst in vitro.88

Although glutamine is quite labile in culture, it can be substituted with a stable
dipeptide of glutamine such as alanyl glutamine or glycyl glutamine, which have the
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beneficial effects of glutamine without the problematic build-up of the toxin
ammonium. Therefore, one of the significant choices that must be made is whether
to use a medium that contains glutamine in a clinical setting. The use of a medium
containing glutamine results in significant levels of ammonium build-up, even when
the medium is changed every 24 h, and therefore requires high levels of vigilance in
laboratory protocols to constantly monitor the length of time that media is placed
in the incubator with or without embryos. However, with the increasing body of
evidence highlighting the inhibitory and perturbing nature of the presence of
ammonium in the medium on embryo health and viability, it is strongly recommended
that the media chosen for human ART does not contain glutamine but rather a stable
dipeptide form.

Chelators: EDTA

The addition of EDTA to culture media has been shown to be important in the
development of the early-stage embryo, with the first beneficial effect reported
some 30 years ago.89 Subsequently, many studies have demonstrated the beneficial
effect of EDTA for development of the embryo from the zygote stage.65,90e92

Significantly, the beneficial effects of EDTA are confined to the cleavage-stage
embryo.26,91 When cultured with 100 mM EDTA, postcompaction-stage embryos
have reduced ICM development and fetal development after transfer.26,91 A possible
explanation for this biphasic effect of EDTA could be due to its effects in inhibiting

Figure 3. Fetal development of mouse blastocysts cultured with 300 mM ammonium for various stages of

development: control (no ammonium); 1e2 cell (from the zygote to the two-cell stage); 2e8 cell (from the

two-cell stage to the eight-cell stage); Post-comp (from the eight-cell compacted stage to the blastocyst

stage); and NH4
þ (from the zygote to the blastocyst stage). Fetal development is expressed as a percentage

of the blastocysts that implanted. *Significantly different from control (P< 0.05). Exposure of the embryo at

the precompaction stage significantly reduced fetal development rates and therefore increased fetal loss after

implantation. This was despite all blastocysts developing in vitro at similar rates and appearing morpholog-

ically similar.14
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glycolysis by inhibiting cytosolic kinases such as 3-phosphoglycerate kinase at concen-
trations as low as 10 mM.93 As the ICM of the embryo uses glycolysis as its main
energy-producing pathway47, the presence of EDTA would inhibit its development
and therefore fetal development. Therefore, media designed specifically for develop-
ment of the postcompaction-stage embryo omit EDTA from their formulations such
as G24,27, DM326 and Ham’s F-10 (blastocyst medium).94

Macromolecules

In the early years of IVF, embryo culture media was most commonly supplemented
with patient’s serum at a concentration of 5e20%.21 However, evidence is mounting
that serum can be detrimental to the developing mammalian pre-implantation embryo
in culture, and may be involved in alterations in metabolism, ultrastructure, methyla-
tion of imprinted genes and fetal overgrowth.95 This has resulted in a major change
to culture systems which are now routinely supplemented with serum albumin.
Importantly, recombinant human serum albumin has recently become available, which
can potentially eliminate the problems inherent with using blood-derived products,
and lead to the standardization of medium formulations.96

The fluid of the reproductive tract is rich with macromolecules. One macromole-
cule that is present at increasing levels in the tract when the embryo is present is hy-
aluronan. Subsequently, it has been demonstrated that hyaluronan has an important
role in embryo culture media. Hyaluronan can substitute for albumin in culture media
but what is perhaps more significant for human IVF applications is that the addition of
hyaluronan to a culture medium containing albumin significantly increased develop-
ment but also improved the cryosurvival of embryos (Figure 4).97,98 This is a highly
significant outcome for clinical IVF applications, as one of the consequences of trans-
ferring fewer embryos for the fresh transfer is that more embryos are available for
cryopreservation. Therefore, a component that can improve the ability of embryos
to survival cryopreservation is highly significant and increases the efficacy of the cul-
ture system.

In addition to its role in culture medium, an elevated concentration of hyaluronan in
the medium for embryo transfers in the mouse has also been shown to increase preg-
nancy and implantation rates. A recent randomized controlled trial in clinical IVF con-
firmed that elevating the levels of hyaluronan increased pregnancy and implantation
rates, which was particularly evident in selected patient groups.99,100

MEDIA SYSTEM TYPES: MONOCULTURE SYSTEMS

Monoculture systems are defined here as a single medium formulation that is used
to support zygote development to the blastocyst stage. A monoculture system
does not reflect any changes in the physiology of the embryo. Direct comparisons
of monoculture systems with sequential media in animal models of ‘on-time’
development to different stages resulted in slower rates of development in
monoculture.8,101 Interestingly, when monoculture systems were included in
a meta-analysis for blastocyst transfer, there was no increase in the implantation
rate of blastocysts over cleavage-stage embryos, while there was a significant
increase in implantation rates of blastocysts cultured in a sequential media sys-
tem.102 This meta-analysis supports the animal data which indicate that adaptation
by embryos in culture, which must occur in a monoculture system, may not affect
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the ability to develop to the blastocyst stage by results in perturbations in cellular
function that reduce subsequent viability.

MEDIA SYSTEM TYPES: SEQUENTIAL MEDIA SYSTEMS

The majority of commercial culture systems available for the human embryo are
sequential culture systems designed around the known requirements of the developing
embryo and the changing composition of the reproductive tract, examples of which
have been given above. Sequential media systems are designed initially to provide
optimal support for the development of the cleavage-stage embryo, and the culture
media is subsequently changed to allow for optimal conditions for extended culture
to the blastocyst stage. These media systems are formulated to address the changing
requirements of the developing embryo, thereby reducing cellular stress and limiting
the need for the embryo to undergo adaptation to grow to the blastocyst stage. In
a practical sense, what has been determined is that culture conditions that support
optimal blastocyst development and differentiation are actually inhibitory to the devel-
opment of the early-cleavage-stage embryo.103 Conversely, those conditions that
support good growth of the zygote in culture do not sustain optimal blastocyst
development and differentiation.

These sequential culture systems have been shown to produce high pregnancy rates
after both cleavage stage and blastocyst culture, and have been shown by a meta-analysis
to be essential for blastocyst viability. Therefore, if a clinic intends to use blastocyst

Figure 4. Effect of macromolecules in the culture medium on re-expansion after freezing and thawing of bovine

blastocysts. Culture medium was supplemented with either 8 mg/mL bovine serum albumin (BSA), 8 mg/mL

BSA and 0.125 mg/mL hyaluronan, recombinant albumin 2.5 mg/mL, or recombinant albumin 2.5 mg/mL and

0.125 mg/mL hyaluronan. *Significantly different from BSA (P< 0.05). **Significantly different from BSA

(P< 0.01). Addition of hyaluronan to the culture medium significantly enhanced cryotolerance of blastocysts.

Furthermore, purified recombinant albumin in the medium also increased cryosurvival. Therefore, macromo-

lecular supplementation of the medium can significantly alter cryotolerance, which will affect the overall efficacy

of the culture system.98
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transfer as a treatment option for any patients, the answer to the question of which me-
dia is best is a sequential system.

CONCLUSION

While human embryos can grow in vitro in a wide variety of media from simple
systems to complex tissue culture media, such media do not seem to be able to
maintain normal blastomere physiology. Therefore, although morphological
assessments may not differ between culture systems, only sequential media systems
designed specifically for the embryo are able to reduce perturbations associated
with in-vitro development, and as a result, the embryo is better able to maintain
normal development and viability. Culture of embryos in suboptimal or perturbing
conditions compels the embryo to undergo adaptations, the consequences of which
are lower pregnancy rates and significantly greater fetal loss. However, it is also
important to recognize that the culture media is only one part of the culture system,
and that optimal performance of the medium is dependent on the quality of other
aspects such as contact supplies and oil. The importance of the quality of the entire
system increases with extended culture. Therefore, it is essential that high levels of
quality control and assurance exist in the laboratory to enable any culture medium
to perform to its maximum.7
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