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Abstract This review article gives a brief history of the classical experiments that led to the 
development of the embryo culture medium and   in vitro embryo culture. It   proposes that, in view of 
the outstanding and significant pioneering contributions of Wesley Kingston Whitten to the 
development of embryo culture medium, he be considered the “Father of Embryo Culture Medium”.  
Furthermore, it  describes the nutritional requirements of early embryos and how these requirements 
with specific references to carbohydrates, amino acids, phosphates, growth factors, etc, have been 
utilized to formulate increasingly more complex embryo culture media. This has led to the 
development of progressively more efficacious embryo culture media including the formulation of 
completely defined and synthetic protein-free embryo culture medium. The review also describes 
physical factors, growth factors, insemination methods for the fertilization of oocytes and culture 
methods affecting embryo growth, development, metabolism, oxygen embryotoxicity and survival. In 
procedural terms, the review also summarizes the evolution of embryo culture techniques from tube 
culture to, microdrop culture under oil to co-culture to ultra microdrop culture techniques.  It includes 
techniques of in vitro maturation and for the selection of potentially viable embryos of various 
developmental stages. 
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Wesley Kingston Whitten (1918-2010) 
This review article pays tribute to Dr Wesley 
Kingston Whitten.  Dr Whitten has made 
exceptional contributions to the study of 
reproductive biology, in particular, the 
preimplantation embryo. Two of his 
discoveries are so significant that his name 
was given to them, namely, “Whitten’s 
Medium” and the “Whitten Effect”.   
 
In fact, it was Dr Whitten’s work that made the 
study of the preimplantation embryo possible. 
He was the first to formulate a nutrient solution 
(Whitten's medium) that supported the 
development in vitro of mouse 2-cell embryos 
all the way to the blastocyst and hatching 
blastocyst stages. He reported his findings in 
Nature in 1956. Dr Whitten was, perhaps, also 
the first to see a hatching embryo in vitro. Prior 
to this development, research into embryo 
development and metabolism was severely 
hampered because of the inability to grow 
embryos in vitro. The embryo culture medium 
and method that we know today can be traced 
back to Dr. Whitten's original work. It was only 
after the formulation of the Whitten's medium 
that research on embryo development took off 

WK Whitten, 1954; In his office at the 
Australian National University catching 
water in a bucket from a leaking roof. 
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at a rapid rate. The discovery led to 
astounding major achievements, hitherto  

 
                          WK Whitten, 1958 
 
unseen in human history, such as IVF in 
animals   and   the   human   which   led  to  an         
increase in food production and more 
efficacious treatments for human infertility 
termed Assisted Reproduction Technology 
(ART) respectively.  Other advancements such 
as cryopreservation,  preimplantation   genetic  
diagnosis (PGD) and stem cell technology can 
also be related back to the original embryo 
culture methods. 
 
However, contraception was his favored 
outcome for his discoveries. He hoped his 
work would ultimately be applied to help solve 
the problem of overpopulation. Instead his 
contributions formed the basis of subsequent 
developments in ART, stem cell technology 
and related areas of endeavor.  
 
 
As well as his groundbreaking observation that 
preimplantation embryos grow in medium 
supplemented with calcium lactate and so 
have a predilection for 3-carbon energy 
sources, Dr Whitten  showed pheromones play 
a major role in mouse reproduction. This 
phenomenon was called the "Whitten Effect".  
Dr Whitten has written about a 100 research 
publications and was an Associate Editor of 
two major journals: Biology of Reproduction 
and The Journal of Experimental Zoology.  

Dr Whitten was born on the 1st August, 1918 in 
Macksville, New South Wales, Australia. He 
passed away on the 24th May, 2010 in 
Canberra, ACT, Australia.  He graduated from 
the University of Sydney with a degree in 
Veterinary Science (Hons) in 1939 and 
Science in 1941. During the Second World 
War he served in the Australian Army for four 
years as a Captain in the Veterinary 
Corps then as officer in charge of the Land 
Headquarters Food Laboratory. After the war 
he was employed at the Commonwealth 
Scientific and Industrial Research Organisation 
to work on the reproduction of sheep. 
 
Later he moved to The Australian National 
University to direct its Animal Breeding 
programme. It was here that he performed the 
groundbreaking research on the role of 
pheromones in mammalian reproduction and, 
using mouse embryos for the development of 
an efficacious embryo culture medium. 
Subsequently he was awarded a Doctor of 
Science by the University of Sydney and was 
invited to join the scientific staff of the Jackson 
Laboratory in Maine, USA, where he spent 16 
years and became associate director for 
research. At the Jackson laboratory he 
continued to make significant contributions. 
Here Whitten used the technique for 
transplanting mouse ovaries, developed by a 
colleague Leroy Stevens, to obtain both the 
male and female gametes from a single 
hermaphrodite and have them self-fertilize. 
         
 

 
 
              WK Whitten, 2009, Canberra, Australia. 
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In recognition of his contributions to the 
advancement of knowledge, Dr Whitten was 
made a Fellow of the Australian Academy of 
Science in 1982. He was awarded the 
prestigious Marshall Medal from the Society 
for the Study of Fertility in 1993 and the 
Pioneer Award by the International Society for  
Embryo Transfer in 1996. The Memorial 
University of Newfoundland conferred Dr 
Whitten an honorary doctorate degree of 
science in 2001 for his outstanding scientific 
contributions. The Australian National 
University built the Wes Whitten Building in 
2009 in his honor. The Wes Whitten Building 
sits in the centre of the university’s campus 
science precinct to serve as its animal house.  
 
Dr Wesley Kingston Whitten was a great man, 
an outstanding scientist, a pioneer of embryo 
culture, a stellar member of the community, a 
good friend and an excellent mentor. He will 
be greatly missed. One of us (JA) was 
mentored by Dr Whitten.  
 
Brief history of embryo culture 
Walter Heape (1891, 1897) performed embryo 
transfer experiments in which rabbit embryos 
from one strain transferred to surrogates of a 
different strain developed and resulted in 
genetically marked young. The work of Heape 
fired the imagination of the biologists of that 
time to venture into the area of developmental 
biology or, more specifically, embryology. It 
was then (and still is) an exciting area of 
scientific inquiry. Biologists were keen to study 
the development of the mammalian embryo. 
The study of embryos, however, necessitated 
the observation of embryo development 
outside the body - in the laboratory dish. In 
order to do so, a nutrient solution was needed 
to maintain the embryos in a viable state for 
extended periods. It was not until the discovery 
that tissues can be maintained in nutrient-rich, 
aqueous solutions (advent of tissue culture) in 
the 1910s that attempts were made to grow 
embryos in dishes in such solutions composed 
mainly of fluids of biological origin.  
 
The initial attempts to grow or culture 
mammalian embryos in the early years of the 
twentieth century were fraught with failures. 
The first report of an attempt to culture 
embryos in vitro was by Schenck in 1880 
(Schenck, 1880). Mark and Long attempted to 
fertilize rat and mice ova but failed (Mark and 
Long, 1912). They used a growth solution 
composed of blood plasma. At about the same 
time, Bracket endeavored to culture rabbit 
blastocysts in   plasma but could not obtain 
development beyond 40 hours (Bracket, 1912-

13). Subsequently, Maximov investigated the 
development of rabbit embryos in rabbit 
plasma clots (Maximov, 1925). He observed 
histiotrophic outgrowths from developing 6 ½  
day old rabbit embryos. Lewis and Gregory 
managed to culture 1-cell rabbit zygotes to the 
8-cell stage in blood plasma and captured the 
cleavage by time-lapse cinematography for the 
first time (Lewis and Gregory, 1929). Pincus 
succeeded in growing some 2- and 4-cell 
rabbit embryos to the morula stage in culture 
media composed of mixtures of rabbit plasma, 
chick plasma, chick embryo extract and rabbit 
embryo extract (Pincus, 1930).  All of these 
experiments were not successful in obtaining 
continuous growth of embryos in culture media 
consisting of plasma and extracts of other 
biological materials such as chick, rabbit 
extract, rabbit embryo extract, chick embryo 
extract, etc. Attempts to find other culture 
media were not successful (Waterman, 1934). 
The problem of embryo growth outside the 
body remained an obstinate obstruction to the 
study of mammalian embryogenesis. 
 
In 1935, Pincus reported a live birth resulting 
from an embryo that was derived from in vitro 
fertilization (IVF) of rabbit ova (Pincus, 1935) 
but neither Pincus nor Chang, who  
subsequently  joined Pincus, were able to 
repeat his experiment. It is noteworthy as early 
as 1944 Rock and Menkin obtained about 800 
human oocytes from patients that underwent 
surgeries over a period of 6 years. Of these 
138 oocytes were exposed to sperm. They 
used Locke’s solution and serum for washing 
and incubation respectively.  A few oocytes 
cleaved but a vast majority did not (Rock and 
Menkin, 1944). Rock and Menkin’s work was 
the forerunner of human IVF that became a 
reality decades later that both of them did not 
live long enough to see. In 1954, Thibault and 
his group in France reported fertilization and 
early development of ova (Thibault, Dauzier 
and Wintenberger, 1954).  In 1959, Chang 
demonstrated, after 14 years of unrelenting 
work, the fertilization of ova from black rabbits 
by spermatozoa from black rabbits and the 
resultant embryos produced a litter of black 
young by a white surrogate doe. With this 
development the problem of IVF was finally put 
to rest as it became clear IVF could be 
achieved in mammals (Chang, 1959).  
 
John Hammond Sr, occasionally managed to 
grow 8-cell mouse embryos to the blastocyst 
stage in a partially defined growth solution 
consisting of physiological saline 
supplemented with hen egg white and yolk.  
Hammond’s work showed, for the first time, 
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that embryos could develop in partially 
chemically defined solution. However, 
Hammond could not get 2-cell mouse embryos 
to cleave in his growth solution (Hammond, 
1949). 
In 1956-7, Wesley K Whitten, while working at 
the John Curtin School of Medical Research 
(JCSMR) of the Australian National University 
(ANU) successfully used an adapted/modified 
Ringer's Bicarbonate solution to culture mouse 
embryos from the 8-cell to the blastocyst stage 
on regular basis. In this work he found that  
Krebs-Ringer Bicarbonate solution gave  better 
control of the  pH of the culture medium. 
Whitten supplemented his medium with 
glucose, penicillin, streptomycin and 1% fresh 
hen’s thin egg white (Whitten, 1956-7). This 
growth solution became known as “Whitten’s 
medium”. The embryos were placed in 
medium in small glass test tubes in an 
atmosphere of  5% CO2 in air that was sealed 
within the tubes  using air-tight rubber bungs.  
He modified a monocular inverted microscope 
so he could routinely observe the development 
of the embryos  without removing them from 
the tubes.  The embryos were slow to grow. 
He could only get 8-cell embryos to grow to 
blastocyst stages but, as observed by 
Hammond, 2-cell embryos did not grow in this 
system. When Whitten increased the oxygen 
level of the incubation atmosphere in an 
attempt to get them to grow faster, the 
embryos died while the controls survived. 
Whitten considered thatt the embryos may 
require anaerobic metabolism and decided to 
test this hypothesis.  
 
Anaerobic embryos may not be able to 
metabolize lactate. He decided to use Calcium 
lactate as the source of the lactate moiety. The 
use of Calcium lactate also allowed Whitten to 
remove Calcium chloride from his medium. 
Calcium chloride was deliquescent and highly 
hygroscopic which made accurate weighing 
difficult. What happened next was history. 
When Whitten supplemented his medium with 
Calcium lactate, instead of dying as 
anticipated, the embryos survived and 
progressed all the way to hatching and 
hatched blastocyst stages (Whitten, personal 
communication, 1989). Much later it became 
clear that early cleavage-stage embryos have 
a preference for and utilize 3-carbon energy 
substrates such as pyruvate and lactate more 
readily than the 6-carbon energy substrate, 
such as glucose, that was found in all previous 
culture media.    
 
Whitten was perhaps the first to witness an 
embryo hatching in vitro. Whitten was able to 

replace hen egg white with crystalline bovine 
serum albumin fraction V in his medium 
without affecting embryo development. 
Subsequently, Whitten showed that mouse 
blastocysts produced from 8-cell embryos in 
his culture system were capable of further 
development when placed under the kidney 
capsule of female mice. Later, McLaren and 
Biggers (1958) successfully transferred mouse 
embryos that were grown in Whitten’s medium 
to the uteri of pregnant surrogate females 
using the embryo transfer technique 
developed by McLaren and Michie, (1956). 
These embryos developed into normal 
genetically marked young. These findings 
proved conclusively that embryos generated in 
embryo culture medium are viable.  
 
After the formulation of Whitten’s embryo 
culture medium, a number of other embryo 
culture media were developed. Initially, there 
were minor modifications but , with time,  more 
complex versions of media in which 2-cell 
embryos can be cultured through the 
blastocyst stage were developed. It was found 
that mouse embryos can tolerate a wide range 
of osmolality (Whitten and Biggers 1968). 
Although the physiological osmolality is 303 
milliosmols/kg, almost all mammalian embryo 
culture media are slightly hypo-osmotic  and 
are adjusted to 280 and 290 milliosmols/kg. 
Most present day human embryo culture 
media also apply the same osmolality range. 
As a consequence the embryos may appear 
more turgid and expanded in vitro than they 
would appear in vivo.  
 
A number of studies have revealed 
inadequacies in the first generation of embryo 
culture media.  We shall explore this as we go 
along. In 1968, Whitten and Biggers reported 
that in some strains of mice the zygote can be 
cultured without disruption to the blastocyst 
stage but not in others This  suggests possible 
involvement of genetic factors in 
developmental blocks, and that the in vitro 
system lacks something unique to the 
environment within the Fallopian tube. Biggers 
et al. (1962) have in fact shown organ co-
culture (viz; in the ampullary section of the 
Fallopian tube) prevented the 2-cell block in 
the mouse.  The historical account of embryo 
culture in this review were extracted from the 
writings of Biggers (Biggers,1987) and the oral 
narration of Whitten to one of the authors, JA, 
when JA was a doctoral student at the 
Australian National University (Personal 
Communication, Whitten, 1989-1992). It was 
after Whitten’s discovery that embryo culture 
work and research into embryo physiology, 
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metabolism and nutrition, began and 
progressed at geometrical proportion and 
intensity.  
 
 
These advances paved the way for 
astounding, hitherto unprecedented 
developments in the areas of animal/human 
IVF, assisted reproduction, cryopreservation of 
gametes and embryos, animal reproduction for 
increasing food production, embryonic stem 
cell technology, in vitro maturation, 
preimplantation genetic diagnosis, cloning, 
etc., and many more yet to come. In the area 
of human assisted reproduction, the birth of a 
live baby in England following IVF and embryo 
transfer heralded a new era in human infertility 
treatment (Edwards, Steptoe and Purdy, 
1978).  About six years earlier Whittingham 
(1972) and Wilmut (1972) demonstrated, for 
the first time, the successful cryopreservation 
of mouse embryos. Another groundbreaking 
event took place in Calcutta, India, where a 
group headed by Subhash Mukkerjee reported 
the live-birth of the first baby from a frozen-
thawed IVF-derived human 8-cell embryo 
(Mukherjee et al., 1978). The intense 
controversy that enveloped Mukherjee over 
this development and his subsequent 
chastisement ultimately led to his untimely 
demise. Consequently, almost the entire 
scientific community was not aware of this 
achievement which this review hopes to 
rectify. Going through his laboratory notes, 
present day cryobiologists will have little doubt 
that Mukherjee told the truth and in fact his 
claims were later corroborated to be factual.  
 
 
More amazing developments were yet to 
come. These include the very first successful 
birth of a cloned sheep in Scotland following 
nuclear transfer from adult cells into 
enucleated oocytes (Wilmut et al., 1997) and 
the births of babies following preimplantation 
genetic diagnosis in the United Kingdom 
(Handyside, 1989) and Holland (Dreesen et 
al., 1998). In 1981, both Evans and Kaufman 
in the United Kingdom and Martin in the United 
States reported the isolation of mouse 
embryonic stem cells (Evans and Kaufman, 
1981; Martin, 1981). About seven years later 
Thomson et al. (1998) reported the isolation of 
human embryonic stem cells in the United 
States. These advances could not have been 
possible without the use of embryo culture 
media made feasible by the work of Whitten 
(Whitten, 1956). Whitten therefore deserves to 
be called the “Father of Embryo Culture 
Medium”.  

Improving efficacy of the embryo culture 
medium 
Whitten’s observation of the alleviation of 
developmental block of the 2-cell mouse 
embryos by lactate led some workers to 
investigate the effect of the intermediary 
metabolites of the tricarboxylic cycle (TCA). 
Considerable effort was directed at 
overcoming the 2-cell block. Whitten (1957b) 
himself investigated intermediates of the TCA 
cycle and suggested that some metabolites 
could support early embryo development while 
others could not. Brinster studied the effect of 
various individual intermediary metabolites of 
the Glycolytic Pathway and Kreb’s Cycle. He 
observed four intermediary metabolites, 
namely lactate, oxaloacetate, pyruvate, and 
phosphoenolpyruvate could support embryo 
development and could substitute for lactate in 
the medium (Brinster, 1965a,b). He also noted 
that pyruvate could enhance the utilization of 
lactate at low concentrations. A modification of 
Whitten’s medium   that contained pyruvate 
became known as “Brinster’s medium”. 
However, it was observed that the presence of 
glucose helped to generate expanded 
blastocysts when cultured from the 2-cell stage 
in the mouse. Following this finding most 
embryo culture medium contained pyruvate 
and lactate in addition to glucose (Biggers et 
al., 1971; Brinster, 1971).  
 
It is noteworthy that much earlier, in 1962, 
Biggers overcame the 2-cell block in the 
mouse by using organ co-culture consisting of 
the ampullary section of the oviduct. This 
suggested that some factor(s) produced in the 
organ helped alleviate the 2-cell block. Biggers 
also noted that while the ampullar co-culture   
prevented the developmental block,  the same 
effect could not be obtained when the isthmic 
portion of the oviduct was used instead. This 
indicated that the factor(s) responsible for 
overcoming the developmental block are 
produced specifically in the ampullary region of 
the oviduct where the early cleavages occur in 
vivo. Biggers suggested that the ampullary 
region provided special nutrients or 
environmental conditions conducive for 
cleavage from 2- to 4-cell. Bigger’s organ co-
culture was to become the forerunner of the 
oviductal cell co-culture (Gandolfi and Moor, 
1987) and, subsequently, other cell co-culture 
techniques utilized in embryo culture. 
 
Effect of oxygen tension, antioxidants and 
oxidative stress  
Oxygen, at the level present in the 
atmosphere, was thought to be toxic to 
embryos. It is well documented that oxidative 
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stress is responsible for the generation of 
reactive oxygen species that could harm living 
organisms. Furthermore, excessive amounts 
of oxygen are also likely to be harmful. Indeed, 
Whitten noted that mouse morulae 
degenerated when cultured in an atmosphere 
of 5% CO2 and 95% O2 but normal 
development occurred in 5% CO2 in air 
(Whitten, 1957). Nevertheless, Whitten 
subsequently preferred a gaseous atmosphere 
consisting of 5% CO2, 5% O2 and 90% N2 for 
mouse embryo culture. The use of the mixture 
of 5% CO2 in air or 5% CO2, 5% O2 and 90% 
N2 became a standard procedure in embryo 
culture. Some schools favored the former and 
others the latter.   
  
The existence of two schools of thought led to 
considerable debate on the effects of oxygen 
in embryo culture. An enormous amount of 
work was performed worldwide to resolve this 
issue as is evident from the vast body of 
published data available. There are excellent 
reviews on this topic by Tarin (1996), Guerin et 
al. (2001), Burton (2002) and Bavister (2004).  
 
However, in general, there is still no clear 
consensus. It is well documented by numerous 
workers worldwide that culture of human 
embryos in an atmosphere of 5% CO2 in air 
has no untoward side effects and produces 
excellent outcomes. Ali, Whitten and Shelton 
(1993) investigated this problem and 
concluded that the levels of oxygen present in 
either system are equally effective in 
generating quality embryos. The amount of 
oxygen available to embryos in drop cultures 
under oil may be limited by the gas mixture 
employed due to its static nature. The situation 
is quite unlike the more dynamic in vivo 
environment. Also under these conditions, the 
inclusion of glucose in the medium did not 
increase the incidence of 2-cell block in the 
mouse. Furthermore, the addition of  glutamine 
in the presence of glucose enhanced the 
development of 1-cell embryos to blastocysts 
in either gas atmospheres.  Likewise, Kea et 
al. (2007) and Ock et al. (2007) did not find 
any difference in embryo development when 
different oxygen levels (5% CO2, 5% O2 and 
90% N2 or 5% CO2 in air) were used in 
incubation gas mixtures in the human and pig.  
 
However, Karja et al (2006) reported higher 
hydrogen peroxide production occurred 
irrespective of oxygen tension in the presence 
of glucose. Thus oxygen toxicity may be 
related to composition of the medium. 
Therefore, it seems reasonable to speculate 
that the real reason for a difference seen in 

some culture systems adopting either gaseous 
phase is the differential composition of the 
medium, including the presence of scavengers 
of free radicals, and not entirely the level of 
oxygen employed.  
 
The oxygen tension in the oviduct of mammals 
ranges between 11 to 60mmHg which 
corresponds to a level 1 to 9% of oxygen 
(Yedwab et al, 1976; Fischer and Bavister, 
1993). So fertilization and early 
preimplantation development  undoubtedly 
occurs in vivo under low oxygen tension. It is 
tempting to conclude that similar conditions 
should prevail in vitro for optimum culture 
conditions. There appears to be overwhelming 
evidence in favour of low oxygen levels 
compared to the level in air (Bavister, 2004) 
but workers that found no detrimental effect of 
higher oxygen levels in their incubation 
protocol appear not to have reported their work 
widely. The in vivo environment is a dynamic 
milieu with constant movement and churning 
quite unlike the static in vitro conditions (Byatt, 
Leese and Gosden, 1991). Moreover, the 
composition of the fluid bathing the embryo in 
vivo and in vitro is very different and more 
complex. Byatt and coworkers concluded that 
human embryos but not mouse embryos may 
become marginally hypoxic when cultured 
under lower oxygen concentration. The uptake 
of oxygen by the embryos in culture may be 
limited. Baltz and Biggers (1991) using a 
mouse model to study embryo oxygen 
consumption in culture reported that oxygen 
depletion may not occur even if more embryos 
were cultured together in droplet cultures 
under oil.  
 
The reports are conflicting because the 
negative effects of oxygen may be ameliorated 
or exaggerated by the presence or absence of 
certain factors like glutamine or antioxidants in 
the medium. This may explain why numerous 
workers found no negative effect of oxygen 
when the incubation gas mixture consisted of 
the amount normally present in air.   
 
Supplementation of  embryo culture media 
with antioxidants such as EDTA, superoxide 
dismutase, catalase, glutathione, nitric oxide 
scavenger (hemoglobin), thioredoxin, beta-
mercaptoethanol, vitamin C, vitamin E and 
pyruvate  (Abramczuk et al., 1977 ; Chatot et 
al., 1989; Bertheussen et al., 1989; Nielsen 
and Bertheussen, 1990; Ali et al., 1993; 
Gardner and Lane, 1996; Luvoni et al., 1996; 
Ishibashi et al., 1997; Loocytee and Sellens, 
1991; Nonogakai et al, 1992; Natsuyama et 
al., 1993; Lim and Hansel, 1998; Kitagawa et 
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al. 2004; Reis et al. 2003; Wang et al., 2002; 
Zaken et al., 2001;Olsen and Seidal, 2000; 
Ornoy et al., 1999; Orsi and Leese, 2001) 
have been known to enhance embryo 
development in culture. Indeed, most embryo 
culture media now utilizes EDTA as 
antioxidant. Tarin et al. (1994) reported 
ascorbate had no effect on embryo 
development in vitro during short term culture 
in the mouse. While some of these workers 
have shown the beneficial effect of superoxide 
dismutase, catalase, and ascorbic acid,  
attempts to demonstrate the effect of these 
antioxidants in the mouse embryo culture 
using Swiss outbreds from the 1-cell stage 
showed these antioxidants to be ineffective as 
no significant changes in culture 
characteristics could be demonstrated (Ali, 
unpublished observations, 1995). Efforts to 
determine the usefulness of pre-determined 
optimal concentrations of novel and less used 
antioxidants in mouse embryo culture such as 
probucol (PBL), desferrioxamine (DES), uric 
acid (UA), magnolol (MAO) and pentyoxyfylline 
(PTX) showed only marginal improvements in 
culture characteristics. The results were 
statistically insignificant with the exception of 
PTX that was toxic at the lowest concentration 
(0.5mM) tested (Ali, 1999a).     
 
Carbohydrates 
The Carbohydrates are central to the culture of 
human embryos because of their important 
role as energy substrates for embryos in 
culture when utilized through the glycolytic 
pathway. Besides their role as  energy 
substrates, carbohydrates are also required for 
the generation of ribose moieties for nucleic 
acid synthesis and for NADPH used in the 
biosynthesis of lipids and macromolecules 
through the pentose phosphate pathways. 
 
Studies on the nutrient requirement of the 
embryo in the 1980s and 1990s provided the 
information for the formulation of more 
complex embryo culture media. The human 
embryo appears to have a preference for 
pyruvate in the early cleavage stage and 
glucose becomes increasingly utilized from the 
8-cell onwards to maximal utilization at the 
blastocyst stage (Hardy et al., 1989). This is 
reflected in the concentration of nutrients in the 
oviduct.  Pyruvate and lactate levels are the 
highest in oviduct when embryo is present but 
glucose is low at 0.5mM.  Glucose levels drops 
from 5mM to 0.5mM in the oviduct during 
ovulation (Gardner et al., 1996). Glucose 
concentration (3.15mM) is higher in the uterus 
while pyruvate (0.10mM) and lactate (5.87mM) 
are lower (Gardner et al. 1996). 

Most culture media contain 5.56mM glucose 
which is similar to the plasma level but glucose 
levels are lower in the oviduct (0.5mM) and 
uterus (3.15mM). It was reported that embryo 
development is impaired in media containing 
such a large amount of glucose (Conaghan et 
al. 1993; Quinn et al., 1995). Studies on other 
mammalian embryos demonstrated that 
glucose is not the preferred energy substrate 
at the early cleavage stage and is utilized at 
the expense of oxidation (Seshagiri and 
Bavister, 1991; Gardner and Sakkas, 1993).   
 
The presence of inorganic phosphate (Pi) 
appears to drive the metabolic machinery 
towards glycolysis that, in turn, leads to a 
depletion of the cellular reserves of Pi. As a 
consequence, mitochondrial oxidative 
phosphorylation is inhibited and this is 
reported to result in developmental blocks in 
embryos of various species, eg: the 2-cell 
block on the mouse and 4 to 8-cell block in the 
human, 8-cell block in the cattle, etc. The 
finding led some workers to believe that 
glucose and phosphates are toxic for cleavage 
stage embryos (Barnett and Bavister, 1996; 
Chatot et al. 1989; Kishi et al 1991; Kim et al, 
1993; Thompson et al., 1992; Conaghan et al., 
1993; Quinn 1995; Schini and Bavister, 1988; 
Seshagiri and Bavister, 1989a,b; Barnett et al., 
1997). Quinn et al (1995) reported high 
fertilization, cleavage, and development of 
embryos to the blastocyst stage in a modified 
medium lacking glucose but containing EDTA 
and glutamine.  Carrillo et al (1998) also 
reported good results from human embryos 
generated in a medium lacking Pi and glucose. 
 
However, developmental blocks can be 
prevented by supplementing culture media 
with amino acids and chelators such as EDTA 
(Abramczuk, Solter and Koprowski, 1977; Ali, 
Whitten and Shelton, 1993; Gardner and Lane, 
1996; 1998). These two components hamper 
glycolytic activity by different mechanisms and 
appear to act synergistically thereby 
minimizing the adverse effects of glucose on 
cleavage stage embryos. Fructose could 
replace glucose and circumvent 
developmental blocks in mice (Khatchadourian 
et al. 1994). Fructose was also thought to be 
preferable to glucose in embryo culture media 
as the former appeared to increase cell 
number in embryos and increase implantation 
rates (Ludwig, Lane and Bavister, 2001) 
 
Glucose may not be hazardous when present 
at physiological level.  Martin and Leese 
(1995) showed that glucose is required at early 
preimplantation stages to synthesize glycogen 
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which will be utilized during blastocyst 
formation.  In the absence of exposure to 
glucose in the early cleavage stages, the 
embryo may not progress beyond the morula 
stage. Lawitts and Biggers (1992) did not find 
glucose toxicity and developmental blocks with 
embryos from outbred mice.  Likewise Ali, 
Whitten and Shelton (1993) did not experience 
any developmental block in embryos of Swiss 
outbred, C57BL, CBA strains of mice probably 
because of the presence of EDTA and 
glutamine in the modified Whitten’s medium 
used which also contained 5.56mM glucose. 
The mouse Swiss outbred strain is a known 
blocking strain (Du and Wales, 1993). In any 
event, the presence of glucose transport 
glycoprotein, GLUT1 (Gardner and Leese, 
1988) that operates throughout 
preimplantation stages further strengthens the 
view that glucose is meant to be utilized in 
small amounts as early as the 1-cell stage. 
Therefore, glucose cannot be toxic if present 
at the physiological level but may have a 
detrimental effect when present in large 
quantities. Thus, it is reasonable to assume 
that the complete omission of glucose in the 
very early stages of embryo development is 
unjustified. Nevertheless, Chatot et al. (1990) 
concluded that glucose is toxic to the very 
early stage embryos and replaced glucose 
with L-glutamine in their CZB embryo culture 
medium for the culture of days 1 and 2 
embryos (Chatot et al. 1990). Ali, Whitten and 
Shelton (1993) compared the CZB medium 
with the modified Whitten’s medium, with and 
without glucose, and two incubation gas 
mixtures and noted that glucose was not toxic.  
The explanation to this paradox was provided 
by Lawitts and Biggers (1992) who showed 
that glucose had no inhibitory effects and that 
the inclusion of L-glutamine protected the 
embryos against the onslaught of high 
concentrations of sodium chloride in the 
medium. Therefore, the beneficial effect of 
replacing glucose with L-glutamine comes 
from the addition of L-glutamine rather than 
the removal of glucose (Lawitts and Biggers, 
1992; Ali, Whitten and Shelton, 1993). Biggers 
and McGinnis have demonstrated glucose is 
not always toxic to the embryo (Biggers and 
McGinnis, 2001) suggesting that the 
differential composition of the media is 
responsible for the developmental blocks. 
These observations show that  optimization of 
the components of the culture medium is 
crucial for embryo development. The need to 
optimize the levels of individual components of 
the medium was amply demonstrated by 
Lawitts and Biggers (1991b;1993) in their SOM 
and KSOM culture media. 

GLUT2 is expressed in embryos from the 8-
cell stage at the  time when glucose becomes 
the major source of energy for the embryo 
(Hogan, Heyner, Charron et al. 1991). This 
also coincides with the activation of the human 
embryonic genome that occurs between the 4- 
to 8-cell stages in the human (Braude, Bolton 
and Moore, 1988).  GLUT3 is expressed at the 
morula and blastocyst stages (Pantaleon et al., 
1997). The presence of these GLUT proteins 
suggests that the embryo utilizes glucose 
increasingly with development.  Maximal 
utilization occurs at the blastocyst stage. 
 
The need for glucose for capacitation of 
spermatozoa is very well documented.  
Capacitation is decreased in the absence of 
glucose which in turn could affect the 
oocyte/spermatozoa interaction leading to poor 
fertilization. Indeed, Mahadevan et al (1997) 
reported poor fertilization and spermatozoa 
movement characteristics in the absence of 
glucose (24% fertilization at 0mM compared to 
76% at 0.5mM).  It has also been reported that 
the expression of GLUT 1 and glucose uptake 
in preimplantation embryos is related to 
spermatozoa penetration and pronucleus 
formation.   Glucose uptake is triggered 
following fertilization (Dan-Goor et al., 1997). 
Coates et al. (1999) reported no differences in 
characteristics of embryos/pregnancies 
generated in medium with and without glucose 
but in the presence of glucose during 
fertilization.   
 
In general, the consensus seems to be that a 
lower glucose level (0.5mM) appears to have a 
beneficial effect on zygote development, 
embryo viability, may accelerate development 
and improve embryo viability. Glucose is 
required during fertilization because glucose is 
involved in spermatozoa capacitation. 
 
Thus two types of media, one with a lower 
glucose level for early development and 
another with a higher glucose level for 8-cell to 
blastocyst stages appear to be required to 
achieve optimal embryo development.  Studies 
on the addition of amino acids, vitamins, 
growth factors, etc.  further contributed to the 
general opinion that a more complex media 
may be required for later development stages.  
These findings led to the development of the 
sequential media for embryo culture. 
 
Amino acids 
Until the early 1990s, amino acids were not 
deemed necessary for embryo culture.  
However, an analysis of the oviduct fluid 
revealed that amino acids are found in large 
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quantity in these secretions (Miller and 
Schultz, 1987; Gardner and Leese, 1990, 
Moses et al., 1997). Studies have also shown 
that embryos maintain a pool of amino acids in 
their cytoplasm through specific carriers in the 
plasma membrane (Schultz et al., 1981, van 
Winkle, 1988, etc.). It is not surprising that 
certain amino acids found in large 
concentrations in the female reproductive 
system are the ones that appeared to be most 
beneficial to cleavage stage embryos (Gardner 
and Lane, 1993). 
 
These include glutamate, glutamine, alanine, 
proline, serine and glycine.  However, 
observations of the author (JA) on the effect of 
some amino acids on mouse zygote 
development revealed some amino acids to be 
of benefit while others are of no benefit as they 
tend to retard development.  The retardation in 
development was found to be minimal and 
insignificant (Ali, unpublished observation, 
2001). 
 
Gardner reported that those amino acids 
classified as essential amino acids (Eagle, 
1959) are not found in large amounts in the 
oviduct and these did not provide any 
beneficial effect to the cleavage stage embryo 
(Gardner and Lane, 1993, Lane and Gardner, 
1997). Indeed, exposure of essential amino 
acids to mouse 8-cell embryos in culture 
resulted in loss of viability (Gardner and Lane, 
1993). However, just as was observed with 
glucose,  when the embryonic genome takes 
control over the metabolism of the embryo at 
the 8-cell stage  , , the requirement for 
essential amino acid also commences. The 
requirement for nonessential amino acids 
occurs mainly during the cleavage stage while 
the utilization of essential amino acids occurs 
after the 8-cell stage when more viable 
embryos are being formed. Essential amino 
acids are reported to help promote blastocyst 
development.  The requirement for essential 
amino acid appears to be derived from the 
inner cell mass. Fetuses were observed to be 
larger when cultured in essential amino acids.  
In addition to its role in cellular growth 
promotion, essential amino acids may also 
perform important signaling functions (Lane 
and Gardner, 1997).  
 
As it was with carbohydrates, the amino acid 
requirements of the developing embryo differ 
at different stages of development.  
Nonessential amino acids during early 
cleavages and essential amino acids during 
later stages of development provide optimal 
culture characteristics for the generation of 

viable embryos, in particular, for the 
generation of blastocysts.  
 
Phosphates in culture media 
The concentration of phosphates in the oviduct 
is very high and in the order of about 8 to 
9mM.  However, the amount present in most 
culture media is only about 1.1 to 1.2mM.  
Phosphates are required for numerous 
metabolic processes and it is physiological to 
include phosphates in the medium. 
 
In spite of such low concentration of 
phosphates in the medium compared to the 
oviduct, phosphate???it is considered 
embryotoxic by many workers. Phosphates 
appear to act on glucose to drive the glycolytic 
pathway and excessively deplete intracellular 
stores of  Pi  resulting in an impaired oxidative 
metabolism in most species, eg: mouse 
(Chatot et al., 1989), rat (Kishi et al., 1991, 
Miyoshi et al., 1994), pig, (Petters and Wells, 
1993), cow (Ellington et al, 1990, Kim et al., 
1990), human, (Quinn et al., 1995), hamsters 
(Schini and Bavister, 1988, Seshagiri and 
Bavister, 1989a,b, Lara et al 1999). Even 
minute amounts of phosphates (500nm) are 
sufficient to arrest development of hamster 
embryos (Meyer and Seshagiri, 1992). When 
Phosphates was omitted in culture, the early 
embryo was able to utilize intracellular stores 
of Pi to meet its energy needs. Normal viable 
embryos and pregnancies can be obtained in 
culture media devoid of phosphates and 
glucose (Quinn, 1995, Carrillo et al, 1998). 
 
 
Culture media must resemble the in vivo milieu 
as much as possible. A call for reduced or  
complete removal of phosphates does not 
appear justified. However,  in the face of 
compelling evidence from above studies, 
workers are forced to consider removal of 
phosphates from  embryo culture medium. In 
the human, however, excellent pregnancy 
rates have been observed with a commercial 
medium based on Earle’s salts (Holst et al., 
1990). Ali (2004) achieved pregnancy rates of 
as high as 50% per retrieval using a similar 
medium. Such observations on media 
containing phosphates are under-reported. 
Therefore, these authors are not entirely 
convinced that inorganic phosphates at the 
level found in culture medium are harmful to 
the embryo. Like glucose, phosphates may or 
may not express toxicity depending on the 
differential composition of the medium. There 
may also be a species bias. It may be 
misleading to extrapolate phosphate 
requirement and or toxicity between species.  
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Growth factors and preimplantation 
development  
The embryo is an unbound, suspended 
organism during its preimplantation 
development from the fertilized oocyte to the 
hatched blastocyst stages during a course of 
about 5 to 7 days. Its nutrition is dependent on 
its own cytoplasmic stores of maternal origin, 
that is, from the cytoplasm of the oocyte and 
the secretions of the oviduct and later the 
uterus. The composition of these secretions 
differs as the fertilized oocyte progresses 
through the Fallopian tube and ultimately 
moves into the uterus. During this journey, the 
reproductive tract secretions influence the 
various events;  the fertilization of the oocyte, 
formation of the zygote, cleavage, compaction, 
decompaction and re-compactions (second 
compaction), differentiation with cell allocation 
following the second compaction, cavitation, 
the expansion of the cavity to form a expanded 
blastocyst and finally the herniation of the 
blastocyst and attachment of the hatched 
blastocyst to inner wall of the uterus. These 
events are well documented. 
 
In addition to nutrients present in the 
environment and growth factors produced by 
the cells of the reproductive tract influence cell 
division, gene expression and metabolism 
including apoptosis (reviewed in Kaye, 1997, 
Kane et al.1997; Watson et al., 1999; Hardy 
and Spanos, 2002; O’Neill, 2005). These 
growth factors are not essential for 
preimplantation development as is evident 
from the ability to culture embryos in simple 
culture media supplemented with serum 
proteins (Bagger et al., 1988; Holst et al., 
1990). However, the serum protein 
supplements in the culture medium may 
contain growth factors that support the 
development of embryos in culture. The work 
performed in the author’s laboratory using a 
completely chemically defined protein-free 
embryo culture medium (Ali, 1997;2001; 2004; 
Ali, Al Natsha and Shahata, 2000) have 
demonstrated conclusively that viable human 
embryos can be generated in the absence of 
added growth factors in protein-free medium 
using ultra micro drop cultures of 1.5ul of 
medium (Ali, 2004) with excellent clinical 
pregnancy rates of about 50% and a  live-birth 
delivery rate of 35% in all maternal age groups 
combined. This finding suggests that human 
preimplantation embryos are probably capable 
of generating the required growth factors for 
self-use (autocrine effect) and to help other 
embryos develop through paracrine action, 
especially in growth factor–deficient embryos, 
when cultured communally.  The embryo is 

known to produce growth factors (reviewed in 
Kaye, 1997 and Kane et al., 1997). 
 
The knowledge that growth factors play a role 
in preimplantation development led some 
workers to question whether supplementation 
of embryo culture media with exogenous 
growth factors will have a positive effect on 
embryo development. In human ART 
procedures the ability to improve the quality of 
embryos in culture could ultimately be 
translated to increased efficiency of the 
therapeutic procedure. Most growth factors 
tested appeared to have a beneficial effect on 
the culture system (see review by Hardy and 
Spanos, 2002). The effect of LIF appears to be 
dose dependent because lower levels 
probably had no effect in culture. TNF-α had 
the undesired effect of increasing apoptosis. 
The only disadvantage of supplementing 
culture medium with growth factors is the 
potential for transmission of disease by 
pathogens and prions bound to these growth 
factors as they are biological in origin. 
Therefore, it is pertinent to use growth factors 
produced from recombinant technology to 
avoid disease transmission. 
  
Vitamins, mineral and trace metal 
nutritional requirement of the embryo 
The importance of these requirements was 
early recognized by Bertheussen and Nielsen 
working on a synthetic serum replacement 
(SSR) which included patented chelating 
systems that rendered iron and trace metals 
available to the cells (Nielsen, 1988; 
Bertheussen et al., 1989; Nielsen and 
Bertheussen, 1990 a,b). However, much work   
remains to be performed with data and 
information in this area of embryo culture, 
nutrition and metabolism remaining limited.  
 
Protein-free embryo culture 
Mammalian preimplantation stage embryos 
have always been cultured in medium 
containing proteins ever since embryo culture 
was first initiated decades earlier by Whitten 
(1956, 1957). Proteins for mammalian embryo 
culture were obtained from various sources 
namely donor human serum albumin (HSA), 
bovine serum albumin (BSA), foetal calf serum 
(FCS), maternal serum, cord serum, etc. In the 
last decade or so, most practitioners of human 
embryo culture are using only donor HSA in 
their culture system as other sources have 
proven to be unsuitable for human application. 
 
Proteins serve as a source of fixed nitrogen, 
have numerous physiological roles and are an 
important component of the embryo culture 
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medium. The physiological functions of 
albumin and plasma proteins in general are 
well documented. The role of serum proteins in 
preventing membrane peroxidation indicates a 
direct role in membrane stability. It is involved 
in capillary membrane permeability and in 
osmoregulation. Serum proteins and, in 
particular, albumin provides 80% of the total 
colloid osmotic pressure in plasma. Albumin is 
involved in the transport of carbon dioxide and 
acts as a pH buffer. Albumin accounts for the 
greatest (95%) portion of the non-bicarbonate 
buffer value of plasma.  Proteins serve as a 
source of energy. Deaminated alanine is 
pyruvate, which can be either converted to 
acetyl-CoA or glucose and glycogen. Albumin 
may help solubilize lipids and transports 
hormones, vitamins and metals. It serves as a 
reservoir for the release and use of these 
components. Proteins in culture medium serve 
other purposes as well. They enable the 
embryos to be handled with ease and prevent 
them from sticking to the base and sides of 
culture vessels. They also act as buffers 
against cytotoxic molecules. In biological 
systems used to test the quality of culture 
medium proteins should   be avoided in order 
not to hide negative results (Nielsen and 
Bertheussen, 1988; 1990). Protein 
supplementation in culture media improves the 
hatching rate and reduces reactive oxygen 
species levels and the incidence of apoptosis 
in mouse preimplantation embryos (Esfandiari 
et al.,2005).   
 
Commercially available embryo culture media 
prepared for human assisted reproduction 
procedures contain human serum albumin 
(HSA) (Staessen et al., 1998) or bovine serum 
albumin (BSA) (Loutradis et al., 1992; Quinn, 
1994). HSA and BSA were reported to be 
equally effective in culture medium as a 
nutrient source (Staessen et al., 1998). 
However, BSA is no longer employed in 
human embryo culture media. 
 
An epidemic of hepatitis was reported in about 
200 IVF patients who received embryos 
cultured in medium containing pooled sera 
contaminated with hepatitis B virus (van Os et 
al., 1991). This and other incidents have made 
it imperative to use serum-free, if not serum 
protein-free media for IVF. The first ready-to-
use, serum-free medium for human IVF 
became available in 1989 (Nielsen, 
unpublished; Bertheussen et al., 1989; Holst et 
al., 1990). 
 
Donor serum proteins used in embryo culture 
media have the potential to transmit 

pathogenic diseases to patients undergoing 
ART. Stringent purification and sterilization 
measures employed for preparation of 
components of animal origin cannot exclude 
with absolute certainty the possibility of 
transmission of unknown pathogens (Truyen et 
al., 1995). In fact, it is well recognized that 
prions of BSE /vCJD cannot be destroyed 
even by extreme heat.  It is well documented 
that haemophiliacs have been infected with 
AIDS through blood-derived products. CJD 
has likewise been transmitted through tissue-
derived products. In spite of all efforts, 
present-day embryo culture media do contain 
donor serum proteins that have the potential to 
transmit harmful protein-bound agents (vCJD, 
HBV, HCV, HIV, etc), to patients, their babies 
and healthcare workers.  
 
A greater potential calamity descended upon 
providers of ART service when a person who 
donated blood for the production of serum 
albumin that was used for commercial 
preparation of human embryo culture medium 
later died of CJD. The embryo culture media 
prepared with the affected donor serum 
proteins were distributed widely. The 
medical/scientific community was confronted 
with the dilemma of having to inform their 
patients that they may have been exposed to 
CJD (Kemmann, 1998). CJD takes many 
years to manifest, often as long as twenty 
years, so it remains to be seen in the years to 
come whether the recipients of the affected 
product will contract CJD.  
 
The above episode with CJD-tainted ART 
culture media products created considerable 
anxiety among embryologists and infertility 
specialists worldwide. It dawned upon the 
scientific community, at that time, that the 
there is a need to seek alternative(s) to donor 
serum proteins for embryo culture and 
handling procedures. With the passage of 
time,  the concern over possible transmission 
of pathogenic diseases to infertile patients 
through embryos cultured in medium 
containing protein-bound pathogens and 
infectious agents appears to have waned. The 
ART community has persisted  using embryo 
culture media containing the potentially 
hazardous donor serum proteins. This is in 
part due to a suitable alternative to serum 
proteins not being readily available.  The 
European Union Cell and Tissue Directive 
No.2004/23/EU came into force in April 2007 
and sets out an obligation for member states 
to use products, where they exist, that do not 
contain components of biological origin. 
Recently, it came to light that existing stocks of 
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human stem cell lines derived and cultured 
with the use of feeder layers of animal origin in 
donor serum supplemented culture medium 
may now be useless for therapeutic purposes. 
It is likely that these stem cell lines may be 
contaminated with immunogenic molecules of 
animal origin that could elicit an immunological 
rejection in the recipient (Editorial, Nature, 
2005; Martin et al., 2005). These stem cell 
lines may also be contaminated with 
pathogenic agents. 
 
In an attempt to overcome the potential risks of 
using donor serum proteins, recombinant 
human serum albumin (rHSA) has been 
available the last decade, although pricing 
remains a problem. Recombinant HSA has 
been shown to be as effective as blood-
derived HSA in supporting fertilization and 
embryo development (Gardner and Lane, 
2000; Bungum, 2002; Bavister et al., 2003). 
Interestingly, embryos cultured in rHSA 
containing media exhibit an increased 
tolerance to cryopreservation (Gardner et al., 
2001; Lane et al., 2003). 
 
Attempts have been made to culture mouse 
embryos in protein-free or chemically defined 
medium as early as 1970 by Cholewa and 
Whitten. More recently protein-free media for 
mouse, rabbit and non-human primates have 
been reported (Spindle, 1995; Li et al., 1996; 
Schramm and Bavister, 1996) to obviate the 
need for protein use in embryo culture media. 
Some workers (Caro and Trounson, 1986; 
Serta et al., 1997; Parinaud et al.1999) 
attempted to use protein-free versions of 
existing culture medium or formulated protein-
free media for human application. Their culture 
systems were not completely protein-free 
because they were unable to overcome the 
need for proteins required for the induction of 
spermatozoa capacitation in spermatozoa 
preparation medium. Capacitation is thought to 
be essential for the spermatozoa to acquire 
the capacity to penetrate and fertilize the 
oocyte.   
 
With the objective of developing protein-free 
culture media specific for embryos and with 
the ability to support spermatozoa capacitation 
and embryo development, one of the authors 
began performing experiments to determine 
the tolerance levels and optimal 
concentrations of 50 chemical components 
(Ali, 1987, unpubl.). The findings of these 
studies were utilized to formulate different 
embryo culture media (ECM). The best ECMs 
were then evaluated and modified to protein-
free medium during the course of subsequent 

experiments. These were tested for suitability 
and safety, specifically for human embryos. 
The protein-free medium (Ali, 1997, 1999b,  
2000, 2001, 2002, 2003, 2004, 2006b; Ali et 
al., 1998b, 2000) contained, among other 
components, an inert macromolecule that 
acted as a surfactant and lubricant and 
increased the viscosity of the medium thus 
preventing embryos and gametes from sticking 
to the sides of dishes and catheters.  
.  
A completely protein-free embryo culture 
system beginning from oocyte retrieval, 
spermatozoa preparation, insemination, 
fertilization, culture of resultant embryos and 
finally embryo transfer that could be applied to 
both human in vitro fertilization (IVF) and 
intracytoplasmic sperm injection (ICSI) was 
communicated by one of the authors for the 
first time in the late 1997 at the Annual 
Scientific Meeting of the Fertility Society of 
Australia (Ali, 1997). Subsequent to this 
preliminary report, further modifications were 
made to optimize the protein-free medium (Ali, 
1999b,  2000, 2001, 2004, 2006b; Ali et al., 
1998, 2000).  
 
These protein-free medium products resulted 
in very satisfactory culture characteristics. All 
the 2- and 4-cell mouse embryos (100%) 
developed in protein-free medium to blastocyst 
stage (95.5% and 100% respectively in control 
medium containing proteins; p>0.05). The 
fertilization rate in human sibling oocytes in 
protein-free medium was found to be similar to 
or better than that obtained in commercial 
ECM containing proteins (HSA)  for both 
conventional IVF (85.3%, 116/136 vs 79.2%, 
118/149 respectively; p=0.2352) and ICSI 
(77.8%, 196/252 vs 69.4%, 175/252; 
respectively, p=0.0432). It was thus obvious 
that spermatozoa penetration, gamete 
interaction and fertilization was not 
compromised or impaired due to the absence 
of proteins in protein-free medium. The 
protein-free medium formulated by Ali (1997, 
2004; Ali et al., 2000) appears to have 
overcome the need for proteins in medium for 
the spermatozoa to acquire capacitation.  In 
general, the quality of early cleavage stage 
embryos generated in the protein-free medium 
was superior to those generated in commercial 
ECM containing proteins. The average 
blastomere number on day 2 sibling oocytes 
was significantly higher in embryos generated 
in protein-free medium compared to control 
medium containing proteins (3.7 vs 3.4 
respectively; p=0.0011) indicating that the 
growth of the embryo in the protein-free 
medium is faster than in medium containing 
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proteins. Also the embryo grade was 
significantly higher in embryos generated in 
protein-free medium compared to control 
medium containing proteins (3.0 vs 2.8 
respectively; p=0.0007). The embryos were 
graded according to a scale of 1 to 4, where 
the numerical 1 denoted poor quality, and 4, 
excellent quality. The resultant human day 2 
early cleavage stage embryos (generated in 
protein-free medium) were viable and capable 
of eliciting clinical pregnancies (48%, n=114, 
all age groups; and 55%, n=95 in women 
<39yrs). The pregnancies proceeded to term 
culminating in the birth of 53 apparently normal 
babies. The oldest of them is about 12 years of 
age. These results were comparable to or 
better than pregnancies obtained with 
commercial ECM containing serum proteins 
(33%, n=1515, p<0.0002; all age groups 
combined).This investigation resulted in the 
formulation of, for the first time, an efficacious 
protein-free medium specific for human 
embryos (Ali, 1997, 2004; Ali et al., 2000).  
 
A chemically defined embryo culture medium 
is also useful for research into the nutrient 
requirement and metabolism of embryos. For 
many years, embryologists have been trying to 
overcome the need for proteins in the culture 
medium because its presence made it difficult 
to study the metabolism and the nutritional 
requirement of embryos. This is because of 
the fact that there were considerable variations 
in the chemical composition and batch to batch 
differences in protein sources.  
 
An interesting and relatively recent protein 
replacement is hyaluronan, a high molecular-
mass polysaccharide found in the female 
reproductive tract that is also available as 
recombinant hyaluronan. Studies have shown 
that media containing hyaluronan support 
bovine and murine embryo development 
similar to rHSA containing media. In addition 
the media yield a better rate of embryo 
implantation (Gardner et al., 1999; Schoolcraft 
et al., 2002). Furthermore, it is reported to 
increase cryosurvivability of blastocysts 
(Stojkovic et al., 2002; Lane et al., 2003). 
There appears to be a synergistic effect of a 
combination of hyaluronan and rHSA in media 
(Gardner et al., 1999; Lane et al., 2003). 
  
 
The use of protein-free medium eliminates 
disease transmission, complies with 
regulations and is safe. This has created 
interest in other areas of endeavor because 
protein-free medium has ramifications in meat 
and dairy industries, stem cell technology, cell 

and tissue transplantation technology, 
cryopreservation, etc, which could benefit from 
the use of protein-free culture technology.  
 
Media for in vitro maturation of oocytes  
Oocytes used for in vitro fertilization will need 
some degree of maturation prior to 
insemination. Upon oocyte pick-up, the 
metaphase II (MII) oocyte is often referred to 
as “mature” but in reality only the nuclear 
maturation has been completed. Less obvious 
is the degree of maturation of the cytoplasm, 
oolemma and the oocyte-cumulus-complex. 
 
In vitro maturation of GV oocytes in 
unstimulated cycles (IVM 
Immediately following pick-up of GV oocytes in 
unstimulated cycles, the meiosis is resumed 
and normally completed within 24-30 hours in 
a proper medium. IVM media are still, in most 
cases, made up of modifications of TCM199 
with addition of serum or follicular fluid. These 
additions have drawbacks and follicular fluid  
must be donated by IVF patients, which makes 
it unacceptable.  The serum is usually derived 
from blood drawn from the patient herself prior 
to oocyte pick-up (Nielsen and Mikkelsen, 
2006; Dal Canto et al., 2006). 
 
Attempts have been made to design serum-
free media that could synchronize nuclear and 
cytoplasmic maturation.  Nielsen and Morimoto 
(2003, unpubl.) designed a medium consisting 
of TCM199 with additions of FSH, LH, 
estradiol, progesterone, corticosterone, EGF, 
FGF, IGF-1, SSR synthetic serum replacement 
and HSA. A pilot study in Japan yielded a 
clinical pregnancy rate of 20%. Due to 
proprietary issues this work had to cease.  
 
Recent studies examined the addition of 
nuclear maturation enhancers to culture media 
(Nielsen, 2008a), like:  
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Adding nuclear maturation enhancers may, 
however, present problems in   establishing 
synchronization between nuclear and 
cytoplasmic maturation where a balance 
between nuclear maturation inhibitors or 
maturation synchronizers may be necessary 
(Nielsen, 2008b). Nogueira et al. (2003) and 
Vanhoutte et al. (2007a,b; 2008) have reported 
on the use of Cilostamide PDE3-I 
(phosphodiesterase 3-inhibitor) as a 
synchronizer and its possible use in three-
dimensional culture. 
 
Oocyte incubation prior to insemination in 
conventional IVF 
Normally oocytes collected in stimulated IVF 
cycles are in metaphase II, but since they are 
preovulatory, they are considered not fully 
matured. In order for them to complete their 
overall maturation, it is commonplace to 
incubate them for 4 hours after OPU in the 
medium subsequently used for insemination.  
 
To achieve fertilization, most workers co-
incubate spermatozoa with oocytes overnight.  
It was felt that such long exposure to 
spermatozoa is not only unnecessary but may 
be harmful to the oocytes and zygotes.  This 
hypothesis was tested by Gianoroli et al 
(1996).  They observed better culture 
characteristics with 1hr exposure to 
spermatozoa compared to overnight 
incubation. The difference between 1hr and 
overnight co-incubation was that the 
fertilization rate was 74% vs 68% respectively 
(P<0.0250). Similarly, the cleavage rate was 
53% vs 41% (P<0.005), the pregnancy rate 
27% vs 12% (P<0.05) the implantation rate 
11% vs 6% respectively (P<0.05; Gianoroli et 
al.,1996).  Clearly, shorter duration of 
spermatozoa/oocyte co-incubation appears 
beneficial. Similar findings have also been 
reported by Quinn et al., (1998). However, 
Bergh et al. (1996) did not find any difference 
between short and long exposure to 
spermatozoa. Ali et al. (1998a) noted no 
difference in fertilization rate between 4 hrs 
and 24hrs of   co-incubation. However, the 
embryo quality was significantly better when 
spermatozoa and oocytes were co-incubated 
for the shorter 4 hour period.  
 
In general, it appears unnecessary to co-
incubate spermatozoa and oocytes beyond 4 
hrs following insemination in conventional IVF 
procedures.   
 
Incubation time before ICSI 
As is the case in conventional IVF, oocytes 
from stimulated cycles that are to undergo 

intracytoplasmic sperm injection ICSI, are 
considered preovulatory and  not fully mature. 
Most ART centers, therefore, incubate the 
oocytes for 4 to 9 hours to allow them to 
mature prior to insemination by ICSI. 
 
When applied to ICSI, prolonged incubation 
may well be harmful and unnecessary (Fisch 
et al., 1989; Jacobs et al., 2001; Ali et al., 
1999, unpublished observation). Glew and 
Nielsen (1999, unpublished results) observed 
that incubation time of more than 4 hours 
yielded inferior pregnancy rates. The clue to 
the question of whether the oocyte has to be 
matured, in vitro, after retrieval became clear 
during FICSIT (Fallopian ICSI Transfer) 
treatment cycles. In FICSIT, oocytes were 
injected with sperm immediately after retrieval 
and transferred laparoscopically into the 
Fallopian tube a short time after collection. 
FICSIT is a modification of GIFT. Instead of 
mixing the oocyte with spermatozoa as in the 
GIFT cycle, the oocytes were injected with 
spermatozoa before transfer. In the author’s 
laboratory, 4 pregnancies were obtained of 7 
FICSIT cycles (Ali unpublished observations, 
1999) which provided compelling evidence 
against the conventional wisdom of incubating 
preovulatory oocytes in IVF and ICSI cycles 
prior to insemination. This finding was also 
suggested by Marleen et al. ( 2001). It is very 
clear that oocytes need not be incubated prior 
to insemination provided the first polar body 
has been extruded. Incubation of oocytes after 
retrieval may allow oocyte aging to ensue. 
Even though most aged oocytes have the 
capability to give rise to excellent quality 
embryos, pregnancies from embryos derived 
from aged oocytes appears severely limited as 
in rescue ICSI (Kuczyński et al., 2002). 
 
Not infrequently, some immature oocytes are 
found after the removal of the corona-cumulus 
cells in ICSI cycles.  If GV oocytes are left in 
culture they may well develop into MI or even 
MII oocytes, that may even fertilize upon 
insemination. However, to the best knowledge 
of the authors, no offspring has been 
produced. The result with MI oocytes found 
among mature MII following removal of 
corona-cumulus cells may well be different. If 
such MI oocytes are injected by ICSI along 
with their MII “siblings”, good embryos may 
well develop although the development of 
markers  of fertilization (2 PNs) are typically 
delayed (Nielsen, unpubl.). Vanhoutte et al. 
(2005) showed that insemination of MI oocytes 
following 2-26 hours of post-OPU maturation 
could produce embryos and even offspring 
although implantation rate and clinical 
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pregnancy rate were significantly lower than 
with MII oocytes. 
 
Culture techniques 
Tube culture (Whitten, 1956) 
Culture of embryos in glass tubes was 
originally developed by Whitten (1956, 1971). 
Sterile, non-embryotoxic, disposable, plastic 
tubes have been available commercially for 
well over two decades which can be used 
instead of glass tubes for embryo culture. 
Whitten modified an inverted microscope so 
that he could directly visualize the embryos in 
the tube without taking them out for 
observation (Whitten, personal 
communication, 1989). The author had the 
opportunity to use the inverted microscope 
used by Whitten for his work on embryo 
culture. Later embryologists probably did not 
have the type of inverted microscope that 
Whitten had. Therefore, each time they wanted 
to observe the embryos they have to take the 
embryos out of the tube and place them in a 
dish and then observe under microscope. This 
makes tube culture tedious and inconvenient. 
The pH will change when the medium and 
embryos are pipetted onto another dish due to 
loss of CO2. Besides, evaporation during this 
procedure will cause osmotic shock to the 
embryos.  The chance for contamination by 
microorganisms is also high due to excessive 
handling and exposure. Embryos could get 
stuck in the pipette during repeated pipetting 
and be lost.  In the tube culture system, daily 
observation is almost impossible without taking 
embryos out onto another dish.  
 
In in vitro fertilization procedures, the use of 
tubes does not appear to provide good control 
over spermatozoa number used for 
insemination. Spermatozoa stick to the bottom 
and form a mass with the oocyte.  On rare 
occasions the dead spermatozoa may result in 
acidity, forming a pH gradient within the tube.  
The large volume of medium used in tube 
culture, typically about 1ml, may dilute 
metabolites and, paracrine and autocrine 
factors. With the passage of time tube culture 
was phased out as more and more workers 
opted for more convenient methods of culture. 
 
Open culture (Edwards et al., 1981). 
The open culture technique was the main 
culture technique utilized by numerous 
workers in the 1980s and 1990s. It was 
described by Edwards et al. (1981). Petri 
dishes or 4-well dishes can be used but they 
use large amounts of medium.  Evaporation is 
greater in open culture causing osmotic 
changes in the medium which is detrimental to 

the culture. Usually 4-well dishes are 
employed instead of small petri dishes. This 
technique is in use in numerous laboratories 
the world-over. The wells in the 4-well dish 
usually contain about 0.8 to 1.0ml embryo 
culture or handling medium. Chance for 
contamination by microorganisms is high. The 
large volume of medium used may dilute 
metabolites and paracrine and autocrine 
factors.  Daily observation is easy but pH will 
change during observation due to loss of CO2. 
 
 
Droplet cultures under oil (Gwatkin, 1963; 
Brinster, 1963) 
Another method of embryo culture, the 
microdroplet culture technique based on the 
work of Gwatkin et al., (1963)   offered better 
control over the culture conditions. It was 
adapted from Lwoff et al., (1955) who used the 
technique to study the release of poliomyelitis 
virus from cells (cited in Biggers, 1987). The 
technique involves the culture of embryos in 
small droplets of medium, often in the range of 
10 to 50ul in volume, overlaid with sterile 
mineral/paraffin oil. This technique was applied 
for routine culture of mouse embryos by 
Brinster (1963). The microdroplet technique 
became popular with embryologists including 
those working with human embryos. Using this 
technique, daily observations were made easy 
with minimal perturbations to the culture 
system. The oil overlay prevented the rapid 
effusion of carbon dioxide gas from the 
medium and, thus, afforded better control over 
pH of the medium. pH is normally not altered 
significantly if the observation does not require 
lengthy periods of time. It should be 
remembered, though, that dishes made of 
polystyrene are to some degree permeable for 
CO2. By far the greatest advantage of this 
method is that it minimized or almost 
eliminated the loss of embryos during 
handling. The oil overlay and the small size of 
the medium droplet further minimized the 
chance of microbial contamination. The small 
culture droplet of medium prevented the 
dilution metabolites and paracrine and 
autocrine factors. These paracrine and 
autocrine factors are essential for embryo 
development under stressful culture 
conditions. (Paria and Dey, 1990; Paria et al., 
1991; Canesco et al. 1992; Lane and Gardner, 
1992). Oil overlays absorb oil soluble toxins in 
culture medium (Miller, Goldberg and Collins, 
1994) thereby positively conditioning the 
medium. It is now well known that oil overlays 
may become embryotoxic if the oil is old and 
or rancid (Otsuki et al 2007; Van Soom et al., 
2001) or contains impurities such as zinc 



Embryo culture: A tribute to WK Whitten  

 

16

 

especially if the medium contains no chelating 
agents (Erbach et al., 1995).  
 
Ultra microdrop culture and the continous 
ultra microdrop culture (Ali, 1997, 2004, 
2006; Ali et al.1998, 1999, 2000; 2002) 
In an earlier study on protein-free embryo 
culture (ART-7b protein-free medium) in the 
human, the author   utilized extremely low 
volumes (1.5 to 2.0µl) of embryo culture 
medium (Ali, 1997; Ali et al., 2000). This 
technique of embryo culture was called the 
ultra micro-drop (UMD) culture (Ali et al., 
2000). The UMD culture procedure enables 
the concentration of autocrine and paracrine 
factors (AFPs) released into the culture milieu 
by the embryos in culture and the small 
amount of corona-cumulus cells adhering to 
the embryos. In culture systems that employ 
larger volumes of medium the AFPs are 
probably diluted making it unavailable to the 
embryos. The finding of very high clinical 
pregnancy and implantation rates from day 2 
embryos generated in the UMD culture system 
suggested the possible involvement of positive 
autocrine and paracrine modulation on embryo 
development in culture.  
 
Initially, in the UMD procedure, culture medium 
was renewed or changed on a daily basis but, 
in a subsequent modification, the culture 
medium was not renewed up to 48 or up to 
72hrs. This procedure was called the 
continuous UMD (cUMD) procedure. In 
conventional human embryo culture systems 
that employ larger volumes of culture medium, 
there is indirect evidence that some factors 
and or conditions essential for embryo viability 
are lacking as the pregnancy rate has 
remained constant at around 20 to 30% over 
the last few years. Studies on the volume of 
culture medium (Paria and Dey, 1990; Lane 
and Gardner, 1992; Canesco et al., 1992), 
communal culture of embryos, (Moessner and 
Dodson, 1995; Paria, Tsukamura, Dey, 1991; 
Almagor et al., 1996; Spindler and Wildt, 2002) 
effects of APFs or growth promoting 
factors(Paria and Dey, 1990; Moessner and 
Dodson, 1993; O’Neill, 1998; Kane et al., 
1997) amino acid supplementation (Gardner 
and Lane, 1997), co-culture techniques, in 
particular the use of the less or non-hazardous 
autologous cumulus cell co-culture, (Mansour 
et al., 1994; Quinn, 1994; Saito et al., 1994) 
the sequential culture system for blastocyst 
production ((Gardner and Lane, 1997), protein-
free and ultra micro-drop culture, (Ali 1997; Ali 
et al., 2000; Ali 2004)  and a variety of other 
studies have provided valuable clues on the 

physical and physiological requirement of 
embryos in culture. 
  
The procedure of continuous UMD culture 
(cUMD) resulted is excellent pregnancy rates 
(Ali, 2004, 2006a; Ali et al, 2002). The cUMD 
culture was found to be equally effective in 
terms of high clinical pregnancy rates of 
around 62% (41 of 66 patients) in women 
≤36yrs for day 2 cleavage stage embryos (Ali, 
2004, 2006a; Ali et al, 2002) including 
significantly higher embryo freezing rates, 
35.3% as compared to  18.8% for mircro- 
droplet culture, (p=0.0001; Sultan et al., 2002). 
 
Like the microdrop culture technique, the UMD 
and cUMD techniques make daily observation 
easy. Since the droplet  volume is very low 
and the droplet is completely covered with a 
larger surface area of oil, the pH of the 
medium is not readily altered during 
observation. The chance of losing embryos 
and microbial contamination during handling is 
minimized. Above all, the resulting clinical 
pregnancy rate was very high. The generation 
of a higher proportion of good quality embryos 
in the cUMD method of embryo culture is 
probably due to the ready availability of 
metabolites and paracrine and autocrine 
factors. These factors may be readily available 
to all embryos due to very low volume of 
culture medium. Autocrine and paracrine 
factors are essential for embryo development 
under stressful culture conditions. (Paria and 
Dey, 1990; Paria et al., 1991; Canesco et al. 
1992; Lane and Gardner, 1992). 
 
Co-Culture techniques 
The co-culture technique was originally 
described by Biggers and co-workers in early 
1960s (Biggers et al., 1962). They used 
ampullary organ co-culture to overcome the 2-
cell developmental block in the mouse.  Co-
culture techniques using feeder layers was 
probably initiated by Eyestone and First in 
1980 (Eyestone and First, 1980).  Some of the 
embryo co-culture techniques using various 
feeder layers are shown below: 
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Co-culture techniques supposedly improve 
embryo quality and viability in the following 
ways: 
 
Positive conditioning 
1. Provides beneficial paracrine growth 

factors.  
2. Supposedly physiological if using 

homologous ampullary cells that 
simulates the natural environment for 
the embryo. 

3. Production of embryotrophic factors 
(Gandolfi et al. 1989). 
Eg: 46 and 92 kDa molecular weight 
oviductal glycoproteins found in sheep 
oviduct by Gandolfi's group; and 17 
and 25 kDa human oviductal 
glycoproteins found by Maguiness et 
al., 1992. IGFBP-1 and IGF (cited by 
Bongso et al.1993)  

4. Production of lactate (0.84mM).   
Feeder cells consume glucose to 
produce lactate.  This may help 
overcome developmental blocks. 
(Bongso et al., 1993). 

 
Additional positive effects of conditioning 
(or negative conditioning) 
1. Removal of toxic substances in the 

medium. Eg:  removal of hypoxanthine 
(Loutradis et al. 1987). 

2. Decrease embryotoxicity of media 
components (Ellington et al., 1990) 

3. Antioxidant activity (Ouhibi et al. 1990; 
Fukui et al., 1991) 

4. Suggested to stabilize the physico-
chemical condition of the medium 
(Bongso et al. 1993) 

 
Disadvantages of co-culture 
1. Culture conditions not chemically 

defined. 
2. Introduces numerous confounding 

variables that make investigation into 
the nutrient requirement and 
metabolism difficult. 

3. Risk of contamination by 
microorganisms is high. 

4. Demanding on staff time and tedious. 
5. Potentially hazardous as it could 

transmit diseases to IVF patients. 
 
Fertilization and culture of embryos in 
medium incubated in an atmosphere of air. 
It would be of practical and of economic 
importance, and convenient, if embryos could 
be cultured in medium held in an atmosphere 
of air instead of 5% CO2. The outcome of 
previous attempts to culture embryos in culture 

medium held in an atmosphere of air were 
varied. Mahadevan et al. (1986) reported the 
generation of viable mouse embryos when 
cultured from the 2-cell stage in a Hepes 
buffered T6 medium but Behr et al. (1990) 
could get embryos to grow under similar 
conditions.  
 
Subsequently, Ali et al. (1993) obtained 
blastocysts from mouse zygotes in CZB 
medium containing glucose, bicarbonate, 
glutamine and HEPES using air as incubation 
atmosphere instead of the usual 5% CO2. 
Later Ali (2001, unpublished observations) 
cultured a small number of human embryos 
(3PN and those generated from GV-stage 
oocytes after IVM) in a protein-free embryo 
culture medium in an atmosphere of air without 
5% CO2 from the zygote stage to day 3. Very 
occasionally these embryos developed to 4 
and 5 morula stages (i.e. 8-cell to compacted 
morula) but none of them progressed beyond 
the 2nd compaction stage.  The quality of the 
embryos obtained appeared reasonably good 
but it is not certain whether such embryos are 
genetically normal or are viable.  Considerable 
work remains to be done to be able to 
successfully grow   embryos   in culture media 
in an atmosphere of air. 
 
Embryo selection 
Several suggestions have been proposed over 
the years to determine the quality of embryos 
with respect to their capability for implanting 
and ultimately producing offspring. Selection 
may happen at different stages along the 
pathway from oocyte to pre-zygote (2 PN cell-
stage; Nielsen et al., 2001) and on through 
cleavage to  the hatched blastocyst. When the 
final selection takes place, it normally depends 
largely on experience, tradition and legal and 
religious regulations. 
 
Selection of metaphase II oocytes 
In some countries selection of embryos and 
even prezygotes (PN cells) is unlawful (Dal 
Canto et al., 2006). The only possibility is to 
select what is believed to be the best oocytes 
for insemination. Therefore, the obvious first 
step in normal, stimulated IVF or ICSI cycles is 
to a choose mature, MII oocytes with a well 
dispersed, fluffy cumulus and. if possible. a 
visible first polar body.  
 
In case of ICSI, the removal of the cumulus-
corona cell make the inspection and evaluation 
of oocyte quality easier. Several 
characteristics of the oocyte can be listed and 
characterized as ‘normal’ or ‘abnormal’ such 
as: size, shape, size of perivitelline space, 
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presence and amount of detritus in the 
perivitelline space, fragmentation of the first 
polar body, appearance of the oolemma, 
appearance of zona pellucida, color, 
granularity, inclusions, vacuoles, aggregations 
of smooth endoplasmic reticulum or 
mitochondria. The influence of these 
characteristics on oocyte quality with regard to 
fertilizability and subsequent development 
remains largely unknown. 
 
Selection of pre-zygotes (PN-stage cells) 
In some countries selection and 
cryopreservation of pre-zygotes, but not 
cleaved embryos, is permissible. In these 
countries, the evaluation of the quality of pre-
zygotes is of great importance. 
 
Due to the obvious similarity between oocytes 
and pre-zygotes, the determination of the 
characteristics mentioned for oocytes also 
have relevance for the assessment of the 
quality of pre-zygotes. 
 
A number of studies postulate embryo quality 
can be predicted at the pro-nuclear stage 
(Tesarik and Greco, 1999; Scott et al., 2000). 
These studies concentrated on the number 
and distribution of the nucleolar precursor 
bodies (NPB) in the pronuclei. Pre-zygotes 
with the potential of developing into embryos 
with a high implantation rate should fulfill two 
criteria. The number of NPBs in the two 
pronuclei should not differ by more than three 
and the polarization of NBPs in the two 
pronuclei should be similar i.e. either both 
polarized or both nonpolarized. 
 
Garello et al. (1999) studied a possible link 
between polarity of pre-embryos (pronuclear 
orientation, polar body placement) and the 
further development of the embryo. They 
concluded that polarized characteristics of 
human 2PN embryos relate to cleaving 
embryo quality. They also noted that the 
orientation of the polar bodies relative to the 
pronuclear axis, but not the distance between 
polar bodies, had a bearing on embryo 
morphology. Scott and Smith (1998) devised a 
scoring system of pre-zygotes based on the 
alignment of pronuclei and nucleoli, 
appearance of cytoplasm, nuclear membrane 
break-down and the first division (reviewed by 
Scott, 2003). 
 
Selection of cleavage-stage embryos 
Criteria for selecting the best embryos with the 
highest potential for implantation and 
subsequent pregnancy have been discussed 
in numerous studies, e.g. Cummins et al. 

(1986). Most scoring systems involve the 
number and size variation of blastomeres, 
fragmentation and cleavage rate. 
 
According to the studies by Gerris et al. (1999) 
and Van Royan et al. (1999, 2003) top-quality 
human embryos should have 4-5 blastomeres 
on day 2 and at least 7 on day 3, no 
multinucleated blastomeres and less that 20% 
fragmentation. The problem about using these 
criteria is the fact that using conventional 
microscopic analysis only gives ‘snap-shot’ 
information. A 3-blastomere embryo early on 
day 2 could develop into a 6-blastomere 
embryo later the same day. Furthermore,  
fragmentation has been shown to appear and 
disappear. The advent of time-lapse 
examinations of embryos in undisturbed 
culture will undoubtedly improve quality 
determinations. 
 
Shoukir et al (1997), Sakkas et al, (1998, 
2001), and Salumets et al. (2003) have 
pointed out the importance of an early first 
cleavage as an indicator of embryo quality. 
Neuber et al. (2003) found that early cleavage 
led to subsequent good quality blastocyst 
formation. Usually early cleavage is defined as 
the appearance of a 2-cell embryo 25 hours 
after insemination. There are indications that 
synchrony between the 2nd and 3rd division are 
equally important. In reality these assessments 
are probably only possible using time-lapse 
examinations. 
 
Holte et al. (2007) set up an evidence-based 
morphological scoring model. They studied 
five variables: blastomere number, 
fragmentation, blastomere size variation 
(‘equality’), symmetry of cleavage and 
mononuclearity of blastomeres. They found all 
five variables to be highly correlated with 
implantation potential, but only blastomere 
number, mononuclearity and equality 
remained independently significant after 
regression analysis. This was the basis for 
their suggestion of a 10-point integrated 
morphology cleavage (IMC) embryo score for 
selection of embryos for day 2 transfers. 
 
Selection of blastocysts 
A scoring system for blastocysts was devised 
by Gardner and Schoolcraft (1999). According 
to this system, the expansion state of the 
blastocyst is graded from 1 (early blastocyst, 
small blastocoel) to 4 (fully expanded 
blastocyst). The inner cell mass is graded from 
A (many, tightly packed cells) to C (very few 
cells). The trophectoderm is graded from A 
(many cells forming a cohesive epithelium) to 
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C (very few and large cells). Using this scoring 
system, Gardner et al. (2000a) reported 
excellent implantation and pregnancy rates 
with selected embryos. 
 
Studies by Shoukir et al. (1998) indicate that 
the time of blastocyst formation is crucial and 
the blastocysts that have developed on day 5 
are the best. Reports by Menezo et al. (1999) 
and Milki et al. (2003) seem to indicate that 
blastocyst transfers give rise to more male 
offspring than day 2/3 transfers.  This has, 
however, not been observed in other studies 
(Gardner et al. 2002). 
 
How to select the best embryo? 
It seems obvious that a multiple step system of 
scoring throughout embryo development would 
give us the best chance of selecting the 
embryo with the highest potential of reaching 
implantation and subsequent pregnancy (Van 
Royen et al., 1999; Fisch et al., 2001; Neuber 
et al., 2003). Sakkas and Gardner (2004) have 
suggested the following strategy which has 
also been successfully been used by Nielsen 
et al.  (2010; unpublished observations): 

 18-19 hours post insemination (IVF or 
ICSI): Evaluation of pronuclei and 
polar bodies. 

 25-26 hours post insemination (or 7 
hours post observation of PN): 
Observation of early cleavage or 
pronuclear membrane break-down. 

 42-44(46) hours post insemination: 
Observation of cleavage (day 2). 

 66-68 hours post insemination: 
Observation of cleavage (day 3). 

 106-108 hours post insemination: 
Observation of blastocyst quality (day 
5). 

It is important to note that the development of 
embryos does not follow a straight line 
graphical relationship. The best embryo on day 
2 may not be the best on day 3 or 5. Nor does 
a perfect blastocyst on day 5 necessarily have 
to have been the best embryo on day 3. The 
single most important criterion seems to be the 
quality on day 5. If faced with the situation 
where two day 5 embryos register an equal 
score then it would be advisable to transfer the 
one which has obtained highest scores 
through earlier development. 
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