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Abstract

Although in vitro culture of human embryos is a crucial step in assisted reproduction, the lack of focused research hampers
worldwide standardisation and consistent outcomes. Only 1.2% of research papers published in five leading journals in human
reproduction in 2019 focused on in vitro culture conditions, creating the impression that the optimisation process has approached
its limits. On the other hand, in vitro culture of mammalian embryos is based on old principles, while there is no consensus on
basic issues as density, time, medium change, gas atmosphere and small technical details including the way of drop preparation.
This opinion paper aims to highlight and analyse the slow advancement in this field and stimulate research for simple and
affordable solutions to meet the current requirements. A possible way for advancement is discussed in detail. Selection of
embryos with the highest developmental competence requires individual culture and modification of the widely used “drop
under oil” approach. Current use of three-dimensional surfaces instead of large flat bottoms is restricted to time-lapse systems, but
these wells are designed for optical clarity, not for the needs of embryos. The size and shape of the original microwells (Well of
the Well; WOW) offer a practical and straightforward solution to combine the benefits of communal and individual incubation
and improve the overall quality of cultured embryos.
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Introduction physical environment of embryos. In contrast, quality assess-
ment and embryo selection was the subject of 19 papers
(Vajta, unpublished). Although this informal pilot survey

may not allow profound conclusions, it seems to be indicative.

In 2019, the last calendar year undisturbed by the pandemic,
five leading journals in reproductive biology (Human

Reproduction, Fertility and Sterility, Reproductive
BioMedicine Online, Biology of Reproduction, Molecular
Reproduction and Development) published a total of 983 re-
search papers. The effect of culture conditions was investigat-
ed by 12 studies (1.2%), only 4 of them dealing with the
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It supports the general impression that despite its crucial role
in assisted reproduction, technical details of embryo culture
are not in the focus of research in human IVF anymore.

The obvious question is: why? Did we do—almost— ev-
erything possible for optimisation? Were all factors
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scrupulously tested, all parameters fine-tuned and all interac-
tions investigated?

To exploit all the potentials of human ART, we need to
establish a culture system that provides an optimal envi-
ronment for embryo development and, as a secondary
goal, also meets the various practical requirements of lab-
oratory work. In contrast to many previous opinions, in-
cluding that of a recent consensus paper of prominent
scientists [1], it is questionable whether the establishment
of an in vivo-like situation should be the ultimate goal.
Firstly, we do not know how efficient is the healthy fe-
male reproductive tract in supporting early embryo devel-
opment. It may not be very impressive—rate estimates
vary between 20 and 90% implanted/fertilised embryos
[2], and it is impossible to calculate losses that happen
during the first few days of development. Secondly, plen-
ty of examples show that the natural way is not necessar-
ily the best. Most therapeutic interventions of human
medicine try to correct the failures of nature—and assisted
reproduction is not an exception either. As emphasised
earlier, mammalian embryo culture should not be
regarded as an imperfect copy of the in vivo process,
but an artificial procedure with its own frames, limitations
and possibilities [3]. Our goal is to provide the best com-
bination of various factors resulting in healthy embryos
with excellent viability in utero and also during the sub-
sequent one-hundred-plus years.

While contributing to the creation of human life, our re-
sponsibility is enormous. Patients, as well as laypeople, expect
us to use highly optimised and standardised systems.
Unfortunately, despite the impressive development achieved
in the past 40 years, our embryo culture methods show wide
variations, and the scientific basis is full of questions and
uncertainties. There is hardly a single factor that is entirely
identical in all human embryo culture systems, and there is
not a single chemical or biological component that is used in
all commercially available media at exactly the same concen-
tration [3, 4]. Recent studies clearly demonstrate that there is
no consensus in the most fundamental issues such as optimal
pH of media, the temperature of incubation, single uninter-
rupted versus two-phase media systems and protein supple-
mentation [1] [5-10]. Review articles dealing with other as-
pects of embryo culture also show wide variations of contro-
versial outcomes, and systematic reviews attempting to an-
swer a given question usually end up with the conclusion:
more work is needed.

The task is rather demanding. Known quantifiable de-
terminants influencing the outcome of in vitro culture in-
clude physical, chemical and biological ones, with tens or
hundreds of different factors in each group [1]. These
factors, even the most distant ones, may interrelate to each
other [4]. A good example is that a simple modification of
the physical position of embryos in vitro may or may not
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modify the outcome depending on the age of the oocyte
donor [11].

Let us consider just 50 determinants (although as men-
tioned above there are much more) and only two variants
for each, e.g. two different concentrations of any basic
components in the culture medium or two different pH
values (an obvious oversimplification of the real possibil-
ities). The analysis of all possible interactions would re-
quire 2°° groups, around 10'* experiments, preferably
registered prospective randomised trials replicated several
times by different research groups and results without any
contradictions. Unfortunately, even the last requirement
seems to be a utopistic goal, as proven by a recent study
demonstrating that treatment practices and clinic sites may
mask the effect of culture conditions [12].

This seemingly impossible task should not paralyse our
research. The stakes are far too high to accept the limits of
our actual systems. However, a special approach needs to be
followed. In parallel with the mechanical analysis of all factors
involved, creativity and intuition must also play a substantial
role. Open-minded mentality, trial-and-error-type work or
sometimes pure haphazard luck may lead to surprising solu-
tions that are justified first by the outcome, and explained by
basic research only retrospectively. These approaches were
highly successful in the first decades of assisted reproduction,
resulting in many breakthroughs in IVF, cryopreservation and
stimulation protocols. Due to unfavourable changes in the
financial, structural and legal environment of present-day em-
bryo research, simple, inexpensive and easily applicable solu-
tions exploiting new or largely (and unjustly) disregarded
areas need to be explored—to find the weakest link in the
chain.

The topic of this review is one of these latter arcas—
application of three-dimensional structures for embryo cul-
ture, more specifically the theoretical background, proper ap-
plication and benefits of a static microwell system. Although
microwells are now increasingly used for the fashionable
time-lapse machines, their size, design and application have
been mostly devised for the benefit of visual evaluation and
not according to the real needs of the embryo. Summarising
and evaluating data accumulated slowly during the past two
decades may help to promote the broader application of
microwells and to develop enhanced versions to improve
our embryo culture systems and the overall efficiency of hu-
man [VF.

Communal culture

Cultured embryos are social beings and prefer to be together.
An increasing number of studies have proved the beneficial
effects of communal culture on blastocyst rates and subse-
quent in vivo development in various species, including
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humans [13-30]. The failure to show the benefits of group
culture in some earlier reports [31] [32] may mostly be ex-
plained with the short (2 or 3 days) culture period [11] [7]
[33]. The main mechanisms that supposedly support better
development in group culture include accommodation, com-
munication and protection.

Accommodation

Both meanings (“adaptation” and “shelter””) of this word are
applicable to the situation. Sparse but convincing pieces of
evidence prove that the solution layer immediately surround-
ing the developing embryo differs from the rest of the medium
in certain physical and chemical parameters including pH,
oxygen concentration and nutrients [39] [40]. This microen-
vironment may be analogous to the situation in vivo, where
embryos are surrounded by a minimal, almost virtual space,
especially that of the oviduct [17, 41, 42]. This may be hard to
build up and easy to disturb in traditional in vitro embryo
culture systems where large amounts of solutions are used,
the media may be changed or the culture dishes are moved
for microscopic assessments during development. The com-
munal effort of multiple embryos may be more successful
building and stabilising this environment, or reconstructing
it if necessary.

Communication

Another aspect of this microenvironment is the production of
bioactive ligands that may have a specific effect on the
neighbouring embryos or the producer itself through paracrine
or autocrine actions, respectively [14] [26, 43, 44]. These fac-
tors may be excessively diluted in vitro. Growth factors added
individually or as a random mixture in serum can markedly
improve embryo development [14] [38] [43]. Even replacing
fetal calf serum with adult bovine serum containing approxi-
mately twice as much proteins and growth factors improves
the in vitro development of cloned bovine embryos [45]. It
should also be considered that embryos developing in vitro are
not exposed to the multiple effects of autocrine, paracrine and
endocrine factors present in the oviduct, and also produce less
autocrine and paracrine ligands themselves. This difference
can be partially compensated by group culture or adding hor-
mones and growth factors to the medium [46].

Both physico-chemical and biological factors present in the
microenvironment may contribute to the improved develop-
ment of individually cultured embryos in embryo-conditioned
media [18, 21] [29] [47]. Another indirect evidence for the
benefit of this established and maintained microenvironment
is the repeated (and unexpected) lack of convincing benefits of
perfusion/dynamic embryo culture systems seemingly provid-
ing an optimised fresh environment for the embryos [25, 48]
[49]. In static cultures, the group effect is stronger when the

embryo density (embryo number/medium volume ratio) is
higher, and the distance between the embryos is smaller [14]
[22] [40] [50].

Protection

Despite our best efforts, in vitro embryo cultures may include
many harmful factors that delay or stop embryo development,
or have some long-term compromising effect on developmen-
tal competence in vivo [10]. These factors include contami-
nated chemicals; toxic components descending from the oil
overlay, dissolved from the plastic dishes or introduced by the
atmosphere of the incubator, laboratories or—predominant-
ly—supplied gas mixtures; they may be the product of embryo
metabolism [34, 35], or naturally occurring inhibitors [36]. In
communal culture, embryos may help each other to neutralise
or minimise these factors. This rescue mechanism may cer-
tainly have its limits, as we are talking about one of the most
sensitive systems in biology, where minuscule, almost unde-
tectable changes may have a detrimental effect. On the other
hand, a slight improvement caused by joint efforts of the em-
bryos may result in a considerable difference. Analogue
mechanisms were supposed to explain the supportive role of
co-cultures with somatic cells in the earlier embryo production
systems. However, optimisation of culture parameters elimi-
nated the need for the complicated and unpredictable co-
cultures [3] [16, 37] [38]. Admittedly, the net benefit of the
collaboration between embryos to protect each other is not
entirely clarified.

Individual culture as a new requirement

For decades, apart from the biological benefits, practical rea-
sons also forced embryologist to culture embryos in groups. It
was easier to prepare dishes and handle embryos, and it was
less expensive, too.

However, during the past decade, more and more human
IVF laboratories chose individual embryo culture. In 2010,
Van Voorhis et al. found that in the USA, 9 out of the ten
top-ranked I'VF clinics still used group culture [51]. Four years
later, according to a worldwide analysis by Christianson et al.,
a slight majority (55%) of labs preferred to keep embryos
individually [52]. This tendency most probably continued in
the past 5 years and will do so in the foreseeable future, again
for practical reasons.

Most candidate methods used for the selection of embryos
with the highest developmental competence require individual
follow-up screenings [53] [54] [55]. Optimisation of embryo
culture procedures may require sibling studies with decreased
numbers of zygotes per group and the elimination of incon-
sistencies caused by the presence of multiple embryos. The
increasing average age of patients and the decreasing intensity
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of stimulation in mild protocols reduce the number of zygotes
to a level where group effects may not be present, creating a
need for quasi- or definite individual culture systems. Finally,
although relevant data are insufficient, the presence of
degenerated or dead embryos may negatively affect the devel-
opment of healthy ones [18, 47].

Unfortunately, the growing application of individual cultures
did not stimulate a widespread effort to introduce new culture
methods for the production of single embryos whose quality is
similar to—or even higher than—those grown in communal cul-
tures. Attempts to create such systems are sporadic, the applied
models are diverse and hard to compare, and most reports about
efficiency lack further independent confirmations. Accordingly,
the overwhelming majority of laboratories still use the most tra-
ditional ways for single embryos, too.

Limitations of the current approach

But why would we need a better culture system?

Because the “drop on a flat surface covered by oil” ap-
proach has serious limitations. Before we could fully exploit
the benefit of low embryo density in individual cultures, we
must tackle the inconsistencies and technical problems.

According to Gardner and Lane, in humans, the minimum
amount of medium should be 6.25 to 12.5 ul per embryo to
avoid the depletion of nutrients and the buildup of negative
factors [26]. That is consistent with the suggestion of Ebner
et al., with one embryo in 6 to 10 ul medium [24]. However,
these suggestions were made for communal cultures of 2 to 4
embryos, so the recommended volume of the drop is between
12 and 50 pl. An individual culture may require proportion-
ally smaller drops.

Unfortunately, the benefits of this approach are controver-
sial. When single human embryos were cultured in drops, in
one experiment blastocyst formation was compromised if the
drop volume was decreased from 25 to 7 ul [56]. Results of
another publication from the same year contradicted this ob-
servation; the 7 pl drop culture was more supportive for indi-
vidual human embryos than the 35 ul one [57].

This contradiction is hard to explain with the nutrient-toxic
component-ligand effect circle. Both research teams used
commercially available 35 mm Petri dishes, oil, two-phase
media and protein supplements from different but acknowl-
edged vendors. Variations in media composition and the re-
lated culture conditions (pH, oxygen concentration) cannot
explain the contradicting outcome in 7 pl drops as early as 3
days of culture between the two studies.

We have to realise: while we deal much with minuscule
differences in media composition and the possible toxic effect
of practically anything in the lab including the aftershaves
used by the embryologists, we seem to forget some details
that may make our culture systems intrinsically handicapped
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even before we start to use them. Thanks to the extensive work
of Swain et al. (summarised in [58]) we have now more, in
some way shocking details about the osmolality issues related
to the present-day culture systems. In short, Swain states that
(1) despite common belief, oil does not prevent evaporation of
media; (2) the level of evaporation depends on the thickness of
the oil overlay, and is also determined by the shape and size of
the drop (also supported by Yumoto et al.; [59]); (3) evapora-
tion increases the osmolality and pH of the media along with
the concentration of potentially harmful components; and (4)
evaporation in (now widely used) dry incubators can reach
dangerous levels, especially during uninterrupted culture.

The level of evaporation may be influenced by additional,
partially unpredictable factors as well. Profound differences
exist between seemingly identical dishes from different
sources, and producers may change the surface coat without
warning (De Munck, pers. comm.), resulting in different
shapes of identically produced drops before overlaying it with
oil. Almost all laboratories have their established way to make
the drops: just put on the surface and cover with oil; or use half
of the required amount, cover with oil then add the rest; or
make the drop using the required amount, cover with oil then
remove the medium and replace it with a fresh one, etc.
Obviously, all these manipulations result in drops of different
shape, height and possible osmotic characteristics even before
the oil is added, and create a protective oil layer of different
thickness over the drop. In addition, time is a crucial factor,
and the preparation of 6, 8 or 12 drops per dish cannot happen
quickly enough. The ambient temperature of the laboratory,
the bench, the shape of the base of the dish, i.e. whether or not
in direct contact with the heated bench, the use of air-flow
boxes, even the rate of the ventilation of the laboratory, all
these factors may considerably influence evaporation.

In communal cultures, with two or even four 25 to 50 ul
droplets in one dish, the preparation is quicker, and the
surface/volume ratio is lower. Consequently, the osmolality
change is modest and may be tolerable for the embryos.
However, the smaller the volume is, and the more droplets
we have to prepare, evaporation becomes more drastic—and
continues to increase during the whole culture period. The
elevated surface/volume ratio may also result in high diffusion
of lipid-soluble materials—including those required for em-
bryo development—into the oil layer [60]. Unknown delete-
rious materials may also diffuse from the oil into the medium
[61]. Is it possible that the “minimum required amount” was
not defined by the lack of nutrients and accumulated toxic
metabolic products, but (at least partially) by the inappropriate
dish preparation and/or dry incubation systems accompanied
by the possible negative effect of the oil overlay?

Another contradiction between two observations also sug-
gests re-thinking of our embryo culture systems. In bovine
individual embryo culture, Carolan et al. found no blastocyst
development in 1 pl drops covered with oil. Compromised
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rates were observed in 2 or 5 ul; and 10 pl medium was
required to achieve the full developmental potential in vitro
[62]. In contrast, according to our experience, in a static Glass
Oviduct (GO) microcapillary system (see discussed later), less
than 1 pul volume was enough to support appropriate develop-
ment of a single bovine embryo to the blastocyst stage, during
7 days of uninterrupted culture [63] [64]. Culture media and
blastocyst rates achieved with control group cultures were
similar in the two laboratories. We have to mention that mouse
embryos’ requirements may be markedly different, a 2 pl drop
medium may provide appropriate conditions for individual
cultures and less than 1 pl is enough for two mouse zygotes
to develop to blastocysts [29] [63].

Obviously, the elimination of dry incubators may help to
alleviate the problem with osmolality to a certain level, but—
considering the legendary conservativism of human
embryology—it may take another 10 years or more. A similar
change based now on rock-hard evidence that is still far from
completion is the use of appropriate low oxygen gas mixtures.
On the other hand, other factors partially listed above will be
even more difficult to standardise. Moreover, even if we es-
tablish a highly standardised and optimised individual culture
system based on the “drop under oil” principle, the suggested
minimum amount of medium (7 to 10 pl) is orders of magni-
tude higher than the solution surrounding the embryos in vivo
and may be inappropriate for the efficient manifestation of the
supportive role of the microenvironment.

In summary, the applicability of our traditional approach is
highly debatable for a standardised individual embryo culture
due to inconsistencies that may be difficult to eliminate or
compensate. We may need another solution.

Dreams and realities

In the era of virtual reality, artificial intelligence and robotic
surgery, the obvious answer should be automation based on
microchip analogues. Unfortunately, in embryology, we fre-
quently need to accept medieval-level solutions, including the
absurdly primitive but most efficient vitrification techniques
[65]. Our only excuse is that the controversy is not restricted to
our discipline. In essence, we now experience a similar situa-
tion when the most traditional but solely efficient quarantine is
applied in the fight against a contagious viral infection.

Channels and tubes

Two decades ago, microfluidics-microchannels were the great
promise for the future of embryology [66]. With the passing
years, the area remained extremely promising [67] [68, 69]
and may remain so forever, without any practical conse-
quences to the everyday work in a routine human IVF labora-
tory. To pass such an innovative approach through the

financial, technical and administrative difficulties requires at
least a dozen different steps, one more complicated than the
other. Our impression is that the application of microchannels
has not completed half of these steps yet, and the advancement
seems to have slowed down due to numerous external and
internal factors [70].

On the other hand, a preliminary analogue of
microchannels, the GO system provided clear evidence that
small narrow tubes may offer an appropriate environment to
support embryo development [63]. In narrow glass
microtubes, the capillary effect was used to load one-cell em-
bryos. With manual immersion into the embryo-containing
medium covered with oil, the tube picked up first an oil col-
umn, then <1 pl medium with the one-cell embryo and finally,
when retracted, again some oil. The two oil plugs at the end
effectively separated the medium from the gas atmosphere of
incubators, and the development of embryos continued undis-
turbed for up to 7 days. In the case of cattle embryos, the
blastocyst rate was equal to those achieved in group cultures.
Expelling embryos was also easy, and without any losses [64].
Unfortunately, this “proof of concept” model for individual
embryo cultures has been left unexploited due to the lack of
some supporting devices, funding and—in general—interest.

Microwells: invention and achievements

Curiously, the idea to create a small impression in the bottom
of the dish for individual embryo cultures has slipped the
notice of embryologists for long. A similar system was de-
scribed in 1993 for merging embryos with embryonic stem
cells to produce aggregation chimaeras in mouse [71]. With
the introduction of zona-free nuclear transfer techniques, this
approach was tested with the sole purpose of keeping blasto-
meres of pre-compacted bovine embryos together [64] [72].
Microwells were initially prepared in four-well dishes (hence
the name: Well of the Well or WOW) with pre-heated or cold
metal rods and mechanical pressure. Despite efforts to avoid
extensive distortion of the walls, the optical clarity was com-
promised, and embryo evaluation inside the microwells was
difficult. However, such assessment was not needed as
WOWs were used for uninterrupted culture to the blastocyst
stage. On the other hand, breaking the special surface layers of
some plastic wells or Petri dishes had no adverse effect on
embryo development. Although preparation of the microwells
with rods pre-heated over a flame required less mechanical
force and resulted in smoother surfaces, the practice was later
abandoned. With ambient temperature rods, the microwells
were prepared when the dishes were either empty or filled
with medium, then covered with oil and pre-incubated over-
night. This method was very helpful to decrease the formation
of gas bubbles inside the microwells.

Despite this rather primitive and drastic preparation proce-
dure, the WOW system was found uniquely successful for the
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culture of single embryos of various mammalian species, of
different origin and for different purposes. Regarding the orig-
inal goal, zona-free embryos generated by handmade cloning
in cattle, sheep, pig, horse, goat, buffalo—the total number
being more than one million—were produced in the WOWs
(Table 1; see also summarised in [87]). Blastocyst rates were
identical to those achieved through group cultures of zona-
intact, parthenogenetically activated or IVF embryos of the
same species, and no significant losses or developmental ab-
normalities occurred after transfer. Accordingly, WOWs have
successfully compensated for the lack of both the zona pellu-
cida and the group effect by preventing the disassembly of
pre-compacted embryos and maintaining high in vitro and
in vivo developmental competence, respectively.

The surprisingly high developmental rates after somatic
cell nuclear transfer gave the inspiration to use the system also
for the individual culture of in vitro—produced bovine embry-
os [89]. It has been revealed that the supportive effect was
independent of the number of microwells in one well, filled
with 400 pul medium and 400 pl oil, and the presence of the
zona pellucida did not modify the outcome. A similar support-
ive effect was observed in porcine, murine and human embryo
cultures as well [90]. The lack of communication between
embryos in two adjacent microwells was confirmed by others
[91] [92]. The WOW system improved both qualitative and
quantitative parameters of bovine embryos cultured in small
numbers compared to those cultured in the traditional system
[93][94]. Ieda et al. found an increased number and improved
quality of bovine blastocysts after individual culture in
microwell vs microdrop cultures. Metabolite concentrations
were also higher in WOWs than in drops [95]. Gene expres-
sion patterns of bovine embryos cultured in WOWs showed a
closer resemblance to those of in vivo—derived embryos than
those that were cultured on flat surfaces [96] [97]. Culture of
individual bovine embryos in microwells resulted in a similar
outcome as that of groups on a flat surface [98] [99].
According to Sugimura, WOW culture did not improve bo-
vine blastocyst development rates and cell numbers compared
to the traditional drop culture, but decreased apoptosis, en-
hanced oxygen consumption and increased pregnancy rates
[100]. Tagawa et al. improved the outcome of bovine embryo
bisection and monozygotic twin production by using the
WOW system for culturing halves [101].

The WOW was superior to the drop for culturing in vitro—
produced porcine embryos in semi-defined medium [102] and
for rat embryos up to the morula stage [103]. In mouse, Dai
et al. could not improve individual embryo development by
using microwells [104], probably due to the inappropriate
preparation and small volume (5 pl) of the covering drops.
In another experiment, microwells were found to support in-
dividual mouse embryo development with an outcome similar
to that of communal culture [105].

In a comparative experiment with sibling human embryos, 55
vs 37% blastocyst rates were achieved in WOWs vs traditional
drop cultures [90]. A similar culture system resulted in an im-
provement in both in vitro and in vivo outcomes in humans [106]
[107]. In a microwell system, it has been revealed that the pres-
ence of degenerated embryos in adjacent wells did not influence
the development of human embryos [108]. This observation was
also confirmed with bovine embryos [109]. Finally, the WOW
system was also successfully used for other purposes including
maturation of minke whale oocytes [110], production of embry-
oid bodies from mouse embryonic stem cells [111] [112] [113],
human embryonic stem cell differentiation to cardiomyocytes by
using embryoid bodies [114] and lipofection to produce trans-
genic animals [115].

Alternative technical solutions

As seen in high-speed vitrification methods, the invention of the
WOW system stimulated embryologists to find alternative tech-
nical realisations for the microwell idea. The lack of industrial
support for more than 10 years led to homemade ideas including
wells in agar gels [73] or polydimethylsiloxane (PDMS) plates
[98, 105], or produced under low pressure to reduce porosity and
maintain the osmolality of the medium [99].

Microwell inserts with various shapes and arrangements
were also prepared, to be placed into any culture dishes
[116]. These inserts may also connect microwells through
narrow microchannels permitting the exchange of soluble ma-
terials between wells, although there is no convincing evi-
dence regarding the benefit of this approach. Another version
of the microwell structure is the application of polyester mesh
inserts on the bottom of culture dishes [117, 118]. Although
this approach may allow more versatility to study

Table 1 Selected publications

describing the successful use of Species and origin

Days of culture References

the WOW system for cloned ]
zona-free embryos in domestic Bovine zona-free HMC embryos
species Ovine zona-free HMC embryos

Porcine zona-free HMC embryos
Equine zona-free, cloned embryos
Buftalo zona-free HMC embryos
Goat zona-free HMC embryos

Day 0 to day 7 45,72,73,76,77, 79, 86, 87
Day 0 to day 7 73, 74,76

Day 0 to day 5 75,76, 81, 83, 84, 85

Day 0 to day 7 76, 82

Day 0 to day 7 78

Day 0 to day 7 80, 88
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communication between embryos, it may not offer extra ben-
efits for routine cultures of individual embryos [119].

Eventually, for large-scale commercial application, the
manual preparation with metal rods had to be replaced with
the moulding of polystyrene dishes. The task was more de-
manding than initially expected, as it required precision instru-
ments and considerable commercial investment.
Consequently, it became possible only when a sophisticated
and expensive technology needed it.

Time-lapse application

The introduction of the new generation of time-lapse ma-
chines suitable for routine use in a human IVF laboratory
has suddenly increased the demand for monitoring the devel-
opment of individual embryos. Analogues of the WOW sys-
tem have been developed and commercially produced includ-
ing the basically identical dishes of Primo Vision (Cryo-
Innovation Ltd, Hungary; later: Vitrolife, Sweden) and the
markedly modified Embryoscope culture plates (Unisense,
Denmark; later: Vitrolife, Sweden). Subsequently, similar
products were also developed for various time-lapse machines
all over the world.

The common feature of these microwells is that they were
produced to optimise the optical visibility and practical han-
dling, i.e. the needs of the embryologists (Fig. 1). In some
way, all of them compromised the utilisation of the original
goal, i.e. to provide an optimal environment for embryo de-
velopment. Accordingly, although developmental rates in
these dishes may be identical to or even better than that ob-
tained in drop cultures, the data should be interpreted with
caution as they do not necessarily reflect the real possibilities

O |

Primo Vision, Vitrolife, Sweden

JESEN

LinKIDTM, DNP, Japan

Fig. 1 Comparison of sizes and shapes of three commercially available
microwells (Primo Vision and Embryoscope dish, Vitrolife, Sweden; and
LinKIDTM culture dish, DNP, Japan) used principally for time-lapse
purposes; and the original Well of the Well (WOW) dish (VitaVitro,
China). Bar represents 150 um. Globes represent average size human

and limits of a WOW system. On the other hand, the commer-
cial production of these versatile dishes and plates also opened
the way to large-scale manufacturing of ready-to-use (real)
WOW dishes, fully optimised for the needs of human preim-
plantation embryo development in vitro.

Other non-invasive methods for embryo quality
assessment

The potential future application of non-invasive preimplantation
genetic testing could force us to revise the “soul” of WOW, due
to the necessity of keeping embryos isolated during culture in
order to collect cell-free DNA from the culture medium [120].
Undoubtedly, the robustness of this genetic diagnostic tool needs
to be demonstrated in the future, and the potential benefits of
genetic testing versus the best care for the embryo during culture
must be carefully weighed. Additionally, due to the small vol-
ume, the WOW culture system may also be useful for determin-
ing metabolic characteristics of individual embryos, including
oxygen consumption [39].

Size and shape are important

From the embryo’s point of view, smaller seems to be better.
A well diameter slightly larger than that of the zona pellucida
appears to be sufficient for a single embryo. The shape of the
bottom should probably be rounded to minimise the amount
of solution surrounding the embryo. Accordingly, a semi-
globe with connected straight walls—a kind of inverted sugar
loaf shape—may be optimal. The actual parameters should be
adjusted to the size of the embryo of the given species, which

@)

Embryoscope, Vitrolife, Sweden

o

WOW, VitaVitro, China

zona-intact one-cell embryos (150 pwm diameter). Shapes and dimensions
in some dishes are approximates with +10-20% differences due to defor-
mations and inconsistencies after moulding. Measured by ASME Y 145-
2018 Dimensioning and Tolerancing Test, 3D Optical Profiler, KLA
Tencor Micro XAM 1200, USA
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means they are almost identical for human, bovine, ovine and
swine embryos, and considerably smaller in the mouse.

In the initial WOWs, the opening was much wider than the
bottom, to make insertion of zygotes and especially the re-
moval of embryos easier. However, according to the study
of Feltrin etal. [119, 121], a narrower opening increases cleav-
age and blastocyst rates of handmade cloned bovine embryos.
Similar improvement was also found in pigs (Vajta et al., un-
published), and accordingly, this narrow opening has become
preferable for large-scale embryo culture in most laboratories
working with handmade cloning. The minimal difference (20
to 30%) between the diameters at the bottom and the opening
of the wells also helped to keep the embryos inside the wells
while moving the dish. It may also prevent the embryos from
floating out of the wells during an accidental hit, caused by
(among others) the slamming of the door of the incubator.

The reason for improved embryo development in narrow
WOWs is not entirely clear. According to the impressing cal-
culations of Matsuura, there is an approximately two to three-
fold difference in the concentration of small molecules and
macromolecules inside the WOW, allowing the dilution of
waste materials and the concentration of autocrine factors
around the embryo [122]. This calculated difference is higher
in narrow wells and may explain the observed increase in
developmental rates. For practical reasons, however, there is
a limit to the narrowing of the diameter of the WOWs.

Main characteristics of the traditional drop under oil vs the
WOW culture system are summarised in Table 2.

Laboratory work with WOWs

Despite some concern, ready-to-use WOW dishes do not re-
quire more time or effort at everyday work than drop cultures.
On the contrary, with practice and after following some ad-
vice, it may be even easier and more productive.

Loading of single embryos into microwells should not pose
a problem even for a beginning embryologist. With appropri-
ate wells and medium/oil cover, moving the dish to and from
the incubator does not need more attention than that with drop
cultures, either. Removal of the embryos from WOWs should
be done carefully, although the zona pellucida provides excel-
lent protection from any potential damage. It is recommended
that the embryos should not be directly aspirated from the
wells, but instead flushed out with a gentle flow of the medi-
um after directing the pipette tip towards the side of the well.
Expanded blastocysts may fill the entire space, and the em-
bryos may get stuck in the WOWs if the walls are completely
vertical (cylindrical shape). However, with smooth and slight-
ly widening V-shaped walls connected to a round bottom, the
expansion just lifts the embryos out of the well automatically.
Although this kind of “hatching” may be practical and useful
for the selection of the most advanced embryos, it may hamper
the identification of embryos at the very last moment. A slight-
ly increased diameter of the wells may prevent such escapes
and keep expanded blastocyst inside.

When preparing ready-to-use WOW dishes for culture, em-
bryologists may encounter their eternal enemy that hamper
pipetting, scramble dishes, ruin microchannels and embitter
everyday work: air bubbles. In fact, this is the only advantage
of homemade preparation of WOWSs with a metal rod, as using
dishes pre-filled with medium and oil prevent bubble forma-
tion. Producers of ready-to-use dishes and plates suggest var-
ious solutions for the problem including pre-heating both the
media and the dish before preparation, vacuum treatment of
the media, mechanical removal of the bubbles by tapping the
dish, pushing out bubbles with a glass rod and aspiration with
a narrow polished capillary. None of these solutions is abso-
lutely safe and efficient; moreover, seemingly bubble-free
wells may also develop bubbles during the subsequent over-
night incubation. In our experience, a unique, non-toxic coat
applied on the surface and the proper way of filling the pre-

Table2 Comparison of the traditional drop under oil culture system with the WOW system. Characteristics and parameters of WOWs described in this
table refer to those optimised and industrially produced for human embryo culture

Drop under oil

Well of the Well (WOW)*

Dish bottom Flat
7 to 50 pl
Usually between 7 and 50 pl

Total amount of medium

Amount of medium surrounding
the oocyte or embryo

Stability of osmolality, constituents The larger the drop, the higher

Chance to build up a microenvironment The smaller the drop, the higher
Group vs individual culture Individual culture compromised

Individual monitoring Only at individual culture

Culture system May require medium change

Manual work

Inverted sugar loaf-shaped microwells

50 pl

6 nl in the well minus the volume of the oocyte or embryo
itself; i.e. >3.6 nl, depending on the stage of development

High due to the large amount (>50 pl) of medium covering
and connecting 1 to 25 wells/embryos

Very high
Both group and individual culture highly efficient

Appropriate with the optimal shape for embryo culture,
visual evaluation slightly compromised

No medium change required single uninterrupted culture suggested

Easy, practice varies between laboratories Easy, can be standardised
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warmed dishes with pre-warmed media is the most efficient
and reliable way to get rid of this annoying problem.

During our extensive work with manually prepared
WOWs, we did not experience any positive or negative effect
of using more or fewer wells (from 1 to 50) covered with
various amounts of medium (8 to 400 pl for one WOW/em-
bryo, single uninterrupted culture to the blastocyst stage). The
distance between the wells was determined empirically, to
make preparation, loading, evaluation and removal trouble-
free. Using various distances did not influence developmental
rates [89] (Vajta, unpublished) (Chen, unpublished). This ob-
servation was also confirmed by others [27, 91].

Conclusion

Although embryo culture is a crucial part of human-assisted
reproduction, establishment and widespread application of
techniques meeting new demands have been slowed down
after the millennium. A simple modification of the culture dish
offers a solution to compensate for the disadvantages of indi-
vidual embryo culture and eliminate the inconsistencies relat-
ed to osmotic changes during dish preparation and incubation.
By culturing embryos in microwells of appropriate size and
shape, the established microenvironment ensures quantitative
and qualitative improvement in developmentally competent
blastocyst development and helps to standardise embryo cul-
ture conditions between different laboratories.
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