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ABSTRACT: Owing to the rise of ART and mounting reports of epigenetic modification associated with them, an understanding of

optimal embryo culture conditions and reliable indicators of embryo quality are highly sought after. There is a growing body of evidence

that mechanical biomarkers can rival embryo morphology as an early indicator of developmental potential and that biomimetic mechanical

cues can promote healthy development in preimplantation embryos. This review will summarize studies that investigate the role

of mechanics as both indicators and promoters of mammalian preimplantation embryo development and evaluate their potential for

improving future embryo culture systems.
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Introduction

ART is responsible for roughly |.7% of infants born every year in
the USA and since 1978 over 8 million babies have been born
through IVF worldwide (Kamel, 2013; Harper et al., 2018). Despite
being a remarkable accomplishment, the metric of live births for a
determination of embryo culture efficacy is parochial as babies
born through ART have higher rates of epigenetic disorders and
other abnormalities including Beckwith—-Wiedemann syndrome
(BWS) (DeBaun et al., 2003; Maher et al., 2003; Sutcliffe et al.,
2006; Doornbos et al., 2007), Angelman syndrome (De Rycke
et al., 2002; Ludwig et al., 2005; Doornbos et al., 2007) and Silver—
Russell syndrome (Kagami et al., 2007; Chiba et al., 2013; Cocchi
et al., 2013). For example, the prevalence of BWS in ART is
reported to be around 4.6%, while the background rate in the USA
is around 0.8% (DeBaun et al., 2003). Such epigenetic alterations,
commonly linked with suboptimal embryo culture conditions, are
unsurprising in ART as preimplantation embryos undergo sensitive
but critical epigenetic reprogramming, especially in imprint genes
(Ventura-Junca et al., 2015). This creates a window of opportunity
for environmental conditions to alter the reprogramming process
and impact development.

Over the past few decades, embryo culture media, incubation/ob-
servation systems and oxygen level controls have been drastically im-
proved. However, the persistence of the abovementioned issues leads
researchers to study other potential contributing factors. It has been
found that mechanical cues influence gene expression during late em-
bryogenesis (Farge, 2003; Desprat et al., 2008; Desmond et al., 2014).
Eroshkin and Zaraisky (2017) have recently published a thorough re-
view on this topic. Moreover, there is now a growing body of evidence
that mechanics is also relevant in preimplantation embryo and oocyte
development and may have the potential to augment clinical embryo
culture (Matsuura et al., 2010; Kolahi et al., 2012). These findings have
led to the development of novel embryo culture platforms taking
those biomechanical cues into consideration. On the other hand, the
biomechanical properties of embryos, such as stiffness, viscosity and
cavity pressure, have been utilized as ‘mechanical biomarkers’ for eval-
uating their quality. These works clearly demonstrate the importance
of understanding the role of these biophysical properties in early em-
bryo development.

It is well known that mammalian cells can perceive mechanical cues
and output biochemical responses, a process termed mechanotrans-
duction (Sun et al, 2012a). It has heavily contributed to an under-
standing of many processes by which cells interact with their
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surroundings including stem cell differentiation, cancer metastasis,
bone remodeling and cell migration (Duncan and Turner, 1995;
McGralil et al., 2014; Mao et al., 2016; Hadden et al., 2017). We and
others have also extensively characterized the mechanosensitivity of
embryonic stem cells (Chowdhury et al., 2010; Keung et al., 2012; Sun
et al., 2012b, 2014). However, the means by which embryos respond
to various mechanical stimuli, including substrate mechanics and shear
stresses, might be very different from adherent mammalian cells. This
is because a preimplantation embryo is contained within a thin and rel-
atively stiff, glycoprotein shell called the zona pellucida (ZP) and thus
cannot adhere to the tissue with which it comes in contact (Croxatto,
2002). In contrast to the mechanosensing of most adherent mamma-
lian cells, integrin-based matrix stiffness or shear stress sensing may
not play a dominant role in preimplantation embryos. Also, the em-
bryo’s migration through the oviduct is completely dependent on ex-
ternal forces as it remains still during in vitro culture conditions
(Croxatto, 2002). These unique features have been largely overlooked
in current mechanobiology research and, therefore, more fundamental
studies are needed to elucidate the mechanisms for the mechanosensi-
tivity of preimplantation embryos. A thorough understanding of the
connection between the mechanical properties of the embryos and
their microenvironment and the development of preimplantation em-
bryos will not only lead to novel ways to assess the quality of embryos
cultured in vitro, but also guide the design of the next generation em-
bryo culture platform to improve the overall success rate of IVF and
reduce the occurrence of related epigenetic disorders.

In this review, we first discussed the current characterizations of the
physical environment of the fallopian tubes, and then discussed the
two potential applications of biomechanical cues, i.e., assessing and im-
proving the embryo quality. We further discussed current available
technologies in promoting embryo culture quality and pinpointed the
future directions for both fundamental studies and technology develop-
ment. In our view, the essential next step is to elucidate the unique
mechanosensation mechanisms for embryos and develop integrated
devices for simultaneous control and monitoring the biophysical and
biochemical microenvironment.

Physical environment of the
fallopian tubes

Studies of the fallopian tube mechanical environment will provide a ba-
sis for the optimization of in vitro culture. Though the dynamics of tubal
transport have received attention in recent studies (Croxatto et dl.,
1978; Pandey and Chaube, 2010; Narla et al., 2019), the resulting me-
chanics that describe the deformation and provide mechanobiological
insights have not been thoroughly evaluated. In this section, we review
studies that investigate the dynamics and mechanics of tubal transport
and further assess how this information can be used to guide the de-
sign of embryo culture systems.

In humans, tubal transport is reported to take roughly 80h
(Croxatto et al., 1978). During this time, there are a variety of factors
that influence the ovulated oocyte and developing embryo after fertili-
zation. In many aspects, the conditions within the fallopian tubes are
spatially distinct. As a preimplantation embryo passes through the fallo-
pian tube, it encounters changes in nutrients, cytokines, hormones,

growth factors and pH (Feuer and Rinaudo, 2012). Though the uterine
wall is known to act as a peristaltic pump that pushes the embryo
through the fallopian tube, mechanical conditions fluctuate within the
fallopian tubes as well (Pauerstein, 1979).

The ampulla is the largest section of the fallopian tube in humans
and ranges from 5 to 8cm in length (Fig. 1) (Pauerstein, 1979).
Despite spanning only 70% of the length of the fallopian tube, the
ampulla houses the embryo for over 90% of the duration of tubal
1975; Croxatto et al, 1978).
Interestingly, fertilization is reported to take place in the ampullary—

transport (Croxatto and Ortiz,

isthmic junction; yet for some reason, the developing embryo spends
the next 72h in the ampulla (Croxatto et al., 1978). One theory that
could explain this is the partial obstruction of the isthmus by isthmic
toning and dense mucus; both of which are later assuaged by the
effects of progesterone and the downregulation of a-adrenergic recep-
tors (Jansen, 1978). While an embryo is trapped within the ampulla, it
experiences flow from episodic contractions of oviductal smooth
muscles and the beating of motile cilia (Halbert et al., 1976; Talo and
Pulkkinen, 1982). The episodic contractions act as peristaltic waves
that propagate in both axial directions, therefore it is likely that the
embryo is being mixed back and forth rather than continuously pushed
against any obstruction. Although a developing embryo spends far less
time in the isthmus than the ampulla, there is value in studying the me-
chanical conditions in both sections. The ampullary—isthmic junction
and the uterotubal junction are the two sites within the fallopian tubes
where sustained tonic contractions are localized (Ezzati et al., 2014).
Therefore, the isthmus likely serves as the venue for the transient ar-
rest of gametes or an embryo, during which the episodic contractions
can mix the tubal passengers.

Notably, the lumen diameter of the isthmus is relatively small with
some sections being roughly equal to the diameter of a human embryo
(Fig. 1). This may cause additional shear stress and pressure
(Pauerstein, 1979). In addition, the substrate stiffness that a preimplan-
tation embryo would encounter in vivo is between 10' and 10°Pa
(Halbert et al., 1976; Talo and Pulkkinen, 1982), in sharp contrast to
in vitro embryo culture conditions (~10°Pa). It should be acknowl-
edged that fallopian tubes also vary by person. Certain factors, such as
smoking, age, hormonal imbalances and sexually transmitted diseases,
all of which are known to increase the risk of infertility and ectopic
pregnancy, influence the mechanical conditions of the fallopian tubes
as well (Feuer and Rinaudo, 2012). Though much is known about how
factors like cotinine and progesterone can attenuate the contractile
strength of the fallopian tubes, it is unclear how this ultimately affects
tubal transport as the relative strength of each method of actuation is
not well-defined. It has been suggested that motile cilia alone are
responsible for propelling an embryo through the fallopian tube, how-
ever, there have been reported cases of individuals with primary ciliary
dyskinesia successfully achieving pregnancies (Halbert et al, 1976;
Afzelius et al., 1978; Pedersen, 1983; Lurie et al., 1989). Therefore,
more research is required on what the individual contributions are
from each type of actuator before reliable conclusions can be made
on the effect of any individual risk factor on tubal motility.

Complementing experimental investigations, mathematical models
have been developed to aid in the understanding of oviductal fluid me-
chanics (Eytan et al, 2001; Pandey and Chaube, 2010). As there are
innumerable technological and ethical boundaries that impede in vivo
tubal transport experimentation in humans and many relevant
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Figure I. lllustration of the major contributors of the mechanical conditions during tubal transport. (A) Depiction of intrauterine
fluid flow profile around an embryo resulting in shear stress. (B) The embryo is shown to be lightly squeezed by the soft but tight-fitting isthmus.
(C) Fallopian tubes undergoing peristaltic contractions resulting in the flow of intrauterine fluid.

parameters, such as oviduct dimensions and flow rate, are different
within animal models, modeling and simulation are very useful tools in
understanding flow conditions in the fallopian tubes. Recently, Narla
et al. (2019) developed a mathematical model to investigate the effects
that electro-osmosis can have on a viscoelastic (Jeffrey) fluid in a
tapered channel designed to mimic the uterotubal junction. The find-
ings of the authors suggest that electro-osmosis within the uterus may
be strong enough to generate retrograde flows (Narla et al., 2019).
Models such as this have great potential to demystify how data from
animal fertility models can be extrapolated to the fallopian tubes.
Despite ethical considerations in testing computer modeling and simu-
lation results against human tubal transport via experimentation, valida-
tion with biomimetic and artificial oviduct systems is quite feasible.
This emphasizes the need for engineering systems that can mimic
in vivo conditions using biomaterials.

Mechanical biomarkers in
oocyte and embryo
development

Emerging evidence shows that some mechanical properties of the
oocyte and embryo, including stiffness and thickness of oocyte ZP, vis-
cosity of oocyte cytoplasm, and cavity pressure in the embryo, can be
utilized as ‘mechanical biomarkers’ for evaluating their quality. While
conventionally the change in these mechanical properties might be
viewed as consequences of undesirable biochemical events, it is also
possible that the changes in mechanical properties directly impact the
development of oocytes and embryos. This section reviews current
knowledge in this aspect and calls for more in-depth studies to

establish the independent roles of mechanical and biochemical cues in
embryo development.

Fluctuations in the mechanical properties
of the oocyte ZP

Because the ZP is a thin shell that protects an embryo, the mechanical
stiffness of ZP provides vital information on how well it can protect
against stresses. It is well established that, upon fertilization, the ZP
experiences a ‘hardening’, which is caused by cortical granule exocyto-
sis (Boccaccio et al., 2012). Despite being called a ‘hardening’, the phe-
nomenon was initially not at all regarded as a mechanical change, but
an increase resistance to biochemical dissolution (Braden et al., 1954).
However, it has been demonstrated with atomic force microscopy
that this ‘hardening’ also results in an increase in elastic modulus values
across many species of embryos (Fig. 2A). For example, measure-
ments in mouse and bovine embryos show a significant increase in
elastic modulus after fertilization (Papi et al, 2012). This stiffness in-
crease is currently attributed to an increased amount of inter-filament
cross-links within the ZP (Green, 1997; Boccaccio et al., 2012). It has
been reported that inadequate mechanical hardening, caused by insuffi-
cient cortical granule release in the oocyte, is an indicator of low de-
velopmental potential in the zygote (Yanez et dl., 2016).

It is important to note that the biochemical and mechanical ‘harden-
ing’ are not necessarily tethered. In fact, during IVF, bovine oocytes
have a high incidence of polyspermy that is thought to be due to the
lack of both exposures to oviduct-specific glycoprotein-heparin com-
plexes and any increases in proteolysis resistance. Despite missing the
hallmarks of biochemical ‘hardening’, mechanical stiffness increases sig-
nificantly in bovine oocytes after fertilization (Papi et al., 2010, 2012).
Therefore, further research is required to understand what assess-
ments can be made from the mechanical stiffness of the ZP.
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Figure 2. Various methods of sampling potential mechanical biomarkers in preimplantation embryos. (A) Depiction of atomic
force microscopy to determine the changing stiffness values of the zona pellucida (ZP) during preimplantation development. (B) Simple schematic of
an automated micropipette aspirator to gauge viscoelastic properties of embryos. (C) Schematic portraying the persistence of the microinjection
funnel left by a micropipette. This technique was used to make measurements of oocyte cytoplasmic viscosity. (D) Deformable hydrogel assay used

for measuring the internal pressure within preimplantation embryos.

Variation in ZP stiffness neither begins nor ends at fertilization.
There is a significant softening of the ZP in mature oocytes that is be-
lieved to be conducive to fertilization (Murayama et al., 2013). After
fertilization and the associated ZP ‘hardening’, the stiffness of the ZP is
found to decrease as the embryo develops (Murayama et al., 2006).
A collection of the measured elastic modulus values can be found in
Table I. Interestingly, embryos are known to become less sensitive to
shear-induced apoptosis as they develop, but it is unclear if the de-
crease in mechanosensitivity is at all coupled with the softening of the
ZP (Xie et al., 2006).

Mechanical characterization of the ZP is beginning to show potential
as a marker of oocyte/embryo quality. In fact, Yanez et al. (2016)
were recently able to establish a link between the viscoelastic proper-
ties of the ZP and the developmental potential of two pronuclear
(2PN) stage human zygotes. Upon verification of their predictive me-
chanical markers, the authors identified differences in the transcrip-
tomes of viable and nonviable zygotes predicted by a modified Zener
model (Fig. 2B). This is a remarkable finding that demonstrates the po-
tential of mechanical biomarkers to give an early indication of oocyte
and embryo quality just hours after fertilization. The thickness of the
ZP has also been linked to embryo quality (Balakier et al., 2012; Zhou
et al., 2014). Experiments performed by Balakier et al. (2012) demon-
strate a strong correlation between the grade of human embryos,

Table | Stiffness of the mouse ZP measured at various
stages of embryo development.

Stage of development Elastic modulus Sample size (n)

of ZP (kPa)
Germinal vesicle 228+ 104 30
Metaphase-II 826+522 74
Pronuclear 223 %105 66
2-cell 13.8+3.54 41
4-cell 2.6 =3.34 19
8-cell 5.97 =497 6
Morulae 1.88 £ 1.34 8
Early blastocyst 339+ 1.86 4

ZP, zona pellucida.
Values were recorded from a microtactile sensor experiment performed by
Murayama et al (2006).

according to a modified Veeck classification system, and the thickness
of their ZP on day 3 of development. The authors noted that the
grade | embryos had a thinner ZP than the grade 2-5 embryos, the
grade 2 embryos had a thinner ZP than the grade 3-5 embryos and
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the ZP thickness values of the grade 3 embryos were indistinguishable
from those assigned grade 4-5. This is strong evidence that there is a
connection between ZP thickness and embryo quality, though the
authors state categorically their findings suggest ZP thickness has no
impact on implantation or pregnancy outcomes. Instead, the authors
suggest that the ZP thickness is regulated by lytic factors within the
embryo that cause ZP thinning. This is corroborated by prior studies
that demonstrate trophectodermal projections induce ZP thinning/lysis
in bovine, equine, hamster and human embryos by acting as carriers of
key molecules into the ZP (Gonzales et al., 1996; Seshagiri et dal.,
2009).

Despite the controversy on the impact of ZP thickness in implanta-
tion and pregnancy, there is strong evidence that ZP thickness affects
oocyte maturation in mouse oocytes (Zhou et al., 2014). Zhou et al.
(2014) demonstrated that, among oocytes at the germinal vesicle (GV)
stage, ZP thickness values 5um < ZP < 8pum correlated with the
highest maturation potential. Furthermore, when the authors used
acidic Tyrode solution to manually digest GV stage oocyte ZPs >
8 um and generate oocytes 5 um < ZP < 8 um, they found increased
maturation rates compared to untreated groups of oocytes with ZP
thickness values < 8 um. Also, Zhou et al. (2014) found the matura-
tion rates of the treated group matched well with their observations in
the untreated group with the same ZP thickness range. This finding
suggests that there may be an optimal ZP thickness range for oocyte
maturation, rather than the ZP thickness simply being a trivial byprod-
uct of intrinsic oocyte activity. However, Zhou et al. (2014)
do corroborate Balakier et al. (2012) with the finding that manually
digesting the ZP does not impact embryo development.

Mechanical properties of the cytoplasm

The mechanical properties of the preimplantation embryo are not only
dependent on the ZP but also the body within. The mechanical prop-
erties of the oolemma and oocyte have also been demonstrated to
give an early indication of the quality of embryos. Research has shown
that mechanical characteristics of the cytoplasm and oolemma of an
oocyte are reliable markers of maturity and aging (Ebner et al., 2003;
Krause et al., 2016; Yanez et al., 2016). Although the cytoplasm is
more challenging to access than the ZP in oocytes, assaying certain
mechanical properties can be done in parallel to procedures such as
ICSI. Such is the case in a study performed by Krause et al. (2016),
where they observed the formation and persistence of the injection
funnel formed with a pipet 2—4min after injection (Fig. 2C). They
found that the cytoplasm of mature metaphase-Il oocytes is much
more viscous, and distinct viscosity also exists among these mature
oocytes, indicating cell cycle is not the sole variant during the dynamics
of cytoplasmic viscosity.

Measuring for mechanical biomarkers offers the advantage of testing
an oocyte or embryo with a very low impact on quality. This is much
unlike testing for polyspermy or resistance to dissolution by biochemi-
cal reagents. Remarkably, one can perform the ICS| procedure and in-
advertently gauge the cytoplasmic viscosity by leaving an injection
funnel. However, more research must be done on what can be in-
ferred from these cytoplasmic biomarkers and how reliable they are in
predicting quality. For example, it is critical to elucidate the transcrip-
tional differences in oocytes with different viscosities.

Cavity pressure in embryos

ZP hatching is an event that it is vital to the implantation process. The
timing is critical as late hatching can cause the window of uterine re-
ceptivity to be missed and early hatching can lead to apoptosis or ec-
topic pregnancy. ZP hatching has long been analyzed from the
perspective of enzymatic activity, however Leonavicius et al. (2018)
developed a hydrogel deformation assay to assess the role of mechan-
ics in the hatching process of mouse blastocysts (Fig. 2D). The authors
demonstrated a link between the hatching probability and the cavity
pressure within embryonic day (E)3.5 embryos (Leonavicius et al.,
2018). From this link, they developed a mechanical model of hatching
probability. Furthermore, they compared the individual contribution of
ZP enzymatic degradation and cavity pressure in the hatching process
by culturing embryos in medium containing either 0.5 mg/ml collage-
nase | to erode the ZP or 150mM sucrose to reduce the internal
pressure. Their results showed the sucrose-treated group being 3
times less likely to hatch while the collagenase group being 3.8 times
more likely to hatch, demonstrating that cavity pressure is a key player
in ZP hatching. Interestingly, they also showed that cryopreservation
decreases cavity pressure within mouse embryos and found that the
consequence is around a |0-h delay in ZP hatching. The authors sug-
gest that cavity pressure may serve as a reliable biomarker for embryo
development, especially following the thawing of cryopreserved
embryos.

Cavity pressure also seems to be a sensitive biomarker of embryo
quality that is worthy of further research. This method of testing cavity
pressure appears to be a promising method of assaying embryo quality
as it is a completely external measurement that is minimally invasive.

Mechanotransduction in early
development

As previously mentioned, the fallopian tubes provide a dynamic envi-
ronment that applies a variety of forces on a developing embryo.
Mechanical cues are present during in vitro embryo culture; however,
they are much different both in magnitude and duration than expected
in vivo and the consequences of this are not well defined. Also, it
remains unclear if and how mechanical stimuli can impact key events
within the embryo such as the maternal-to-zygotic transition, compac-
tion, and polarization. This section reviews studies on mechanotrans-
duction in early embryos and how the mechanical conditions of in vitro
embryo culture may affect development.

Shear stress

Although embryos cultured in vitro are typically left still, handling an
embryo with a thin pipet will inevitably cause excessive shear stress to
the embryo. This is especially of concern when an embryo that has
hatched from its ZP is being transferred for implantation. Such con-
cerns have led researchers to investigate the effects of prolonged han-
dling on embryo development. This section will summarize the studies
that investigate embryonic responses to shear stress.

As previously mentioned in this review, large and prolonged shear
stress on preimplantation embryos housed within the ZP can induce
apoptosis in mouse embryos (Xie et al., 2006). Xie et al. (2006) found
that this apoptosis was the consequence of increased phosphorylation
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of the mitogen-activated protein kinase (MAPK) 8/9 (formerly known
as SAPK/JNKI/2), which reached a 350% increase after 12 h of expo-
sure to |.2dyn/cm? of shear stress in E3.5 blastocysts. The authors
also suggest that the trophectoderm is responsible for sensing this
shear stress as they witnessed a sudden increase in expression of the
proto-oncogene FOS localized in the area when shear stress (1.2 dyn/
cm?) was applied (Xie et al., 2006).

Although the trophectoderm was the site of increased phosphoryla-
tion of MAPK 8/9, the method of shear stress reaching those cells is
unclear in experiments where the ZP was intact. The authors specu-
lated that the shear contacts the trophectoderm through the ZP in
one or more of the following ways: physical transduction, percolation
of fluid or cytoplasmic projections of the trophectoderm that extend
through the ZP (Xie et dl., 2006).

Despite this being an interesting finding that demonstrates embryo
mechanosensitivity within the ZP, the shear stress used by the authors
is too large to be physiologically relevant. The authors did a separate
experiment where they demonstrated upregulation of phosphorylated
MAPK 8/9 and induction of FOS in a dose-dependent manner in re-
sponse to pipetting (Xie et al., 2007). Although the shear stress was
not measured, they used mouth pipetting for 30s in each cycle and
ensured that the same person performed all pipetting to establish a
baseline. It was found that E4.5 embryos show significant upregulation
after nine titrations whereas the E3.5 embryos show significant upregu-
lation at about |5 titrations. The authors suggest this difference in sen-
sitivity is related to the embryo being hatched from the ZP at E4.5,
but not at E3.5. This study has obvious implications for the potential
side effects of transferring blastocysts after ZP hatching and highlights
the potential benefit of earlier embryo transfer.

It is important to note that gentle and continuous flows over em-
bryos are generally considered beneficial (Talo and Pulkkinen, 1982;
Pedersen, 1983; Lurie et al., 1989; Matsuura et al., 2010). For instance,
Matsuura et al. tested the effects of a tilting embryo culture system
(TECS) that applied shear stress of 0.007 dyn/cm? to both mouse em-
bryos at the 2-cell stage and human embryos in the 3- to | |-cell stage,
resulting in an increased cell division rate in both species (Matsuura
et al., 2010). Future studies will be needed to decouple the effects of
augmenting the retention of the autocrine/paracrine growth factors
and applying shear stress, and investigate changes in gene expression
that result from these gentle flows and assess their potential to im-
prove the health of offspring.

Substrate stiffness

The elastic modulus of a substrate has been reported to influence sig-
nificant cellular behavior such as cancer cell migration and stem cell dif-
ferentiation (McGrail et al., 2014; Wen et al., 2014). Recent evidence
also shows that the pluripotency maintenance of embryonic stem cells
(Chowdhury et dl., 2010; Sun et al., 2012b) and trophoblast cell func-
tions (Ma et al., 2020) can be regulated by substrate stiffness in vitro.
Embryo culture is typically carried out in a stiff polystyrene petri dish
(~3 GPa). This polystyrene is 10 times stiffer than the uterine epithe-
lium that the embryo would contact in vivo (Thie et al., 1998; Mathews
and Hamilton, 2016). Kolahi et al. (2012) found that the blastocyst and
hatching frequency in mouse embryos both increase when mouse
zygotes are cultured on soft (~ | kPa) collagen substrates. The authors
state that projections of the trophectoderm may be responsible for

the sensitivity to substrate stiffness in the mouse embryos (Gonzales
et al., 1996). This conclusion is supported by the observation that the
main differences are seen around the time these projections should be
able to protrude through the ZP. Alternatively, the authors also sug-
gest that the soft collagen’s shape conformation to the stiffer ZP may
also yield developmental benefits (Fig. 3A). In parallel with embryo de-
velopment, the ZP is becoming softer and it is important to note that
even in static conditions the deformation profile of an embryo is likely
changing because of the softening of its protective ZP.

Despite the many studies that remove the ZP to investigate its
role, few studies question how the surrounding mechanical environ-
ment comes into play after the embryo hatches from the ZP and is
directly exposed to the surrounding matrix. Real-time RT-PCR
experiments by Kolahi et al. (2012) show a 5-fold increase in cdx2
expression when zona-free embryos were cultured on collagen | gel
rather than standard polystyrene dishes. This contrasts with the rel-
ative cdx2 expression levels in embryos with their zonas still intact,
where no statistically significant difference was seen between em-
bryos cultured on the two substrates. Although in this experiment
the embryos’ ZPs were removed with acid Tyrode’s solution, the
results still seem to warrant some skepticism about the effects of
substrate stiffness on hatched embryos. This was, in part, addressed
by Zhao et al. (2015) in a more recent study on architecture main-
tenance in hatched bovine embryos. They used a 3D alginate culture
system to study the effects of architecture maintenance in hatched
bovine embryos as compared to a 2D alginate substrate and control
(Fig. 3B). Their findings suggest that 3D alginate culture systems sup-
port cell proliferation, cell survival, embryo elongation, and differen-
tiation of hatched bovine blastocysts more so than 2D or standard
polystyrene petri dishes. The authors state these findings imply the
necessity of soft 3D matrix support to maintain the appropriate em-
bryo architecture during elongation.

Another interesting study on the topic of architecture maintenance
in early development was the investigation of the effect of a soft (low
shear modulus), 3D alginate matrix on mouse follicle development
(West et al., 2007). The authors aimed to test the hypothesis that
stiffer environments prevent the follicle from expanding and thus re-
strict oocyte maturation. They found that their alginate hydrogel does
promote the release of higher quality oocytes, by their assessment of
meiotic resumption after 12days of culture. They also found that
changing the surrounding stiffness of the follicle altered the profile of
hormonal secretions to favor estrogen instead of progesterone and an-
drogen. Although this study does not pertain to oocyte/embryo
mechanosensitivity, it gives relevant insight into the design of in vitro
follicle culture systems, which can promote healthy oocyte develop-
ment and preserve the reproductive potential for women receiving
cancer therapy (West et al., 2007).

The role of the ZP in dampening stress

The ZP serves as the interface between the embryo and its sur-
rounding environment during travel through the fallopian tubes.
Thus, a thorough understanding of mechanotransduction in embryos
and oocytes would require a detailed analysis of the ZP. This sec-
tion will summarize what is known about the role of the ZP in trans-
ducing/dampening stresses and how this function can be utilized to
benefit ART.
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Figure 3. Culturing embryos on substrates with different mechanical properties. (A) Schematic of the possible force distribution and
resulting deformation of the ZP when in contact with a stiff polystyrene (3 GPa) (left) and a soft Collagen | (I kPa) substrate (right). Fzx is defined as
the net force operating on the ZP because of the extra-embryonic environment; Fgz indicates the net force acting on the blastomeres and caused by
the ZP. Adapted from Kolahi et al. (2012). (B) A schematic illustrating the 3D hydrogel culture systems for bovine embryos post-hatching, including
the alginate encapsulation culture system (AECS), the alginate overlay culture system (AOCS) and the polystyrene control. CRlaa, Charles
Rosenkrans medium + amino acids; FBS, fetal bovine serum. Reprinted with permissions from Zhao et al. (2015).

The ZP is an acellular, glycoprotein shell that is about |5 pm thick
in humans (Murayama et al., 2013). The embryo is completely en-
capsulated in the ZP until it eventually hatches during the late blas-
tocyst stage. A study by Bronson and Mclaren (1970) found that
transferring 8-cell stage mouse embryos in the oviduct of pseudo-
pregnant female mice without their ZP resulted in the death of
nearly all the embryos transferred. However, the live fetus rate was
over 70% when embryos were transferred with intact ZPs and
when cultured in vitro, while embryos that were cultured in vitro
with no ZP and were transferred at the blastocyst stage had a live
fetus rate of about 50%. Furthermore, there was nearly no differ-
ence in the blastocyst survival rate between embryos with and with-
out their ZPs. From this finding, they concluded that the ZP was
instrumental in the survival of the embryo in vivo, but not in vitro
(Bronson and Mclaren, 1970).

The findings of Bronson and Mclaren provided strong evidence of
the ZP acting as a protective layer for developing embryos but
highlighted the mystery of from what the ZP is protecting the embryo.
The ZP is thought to protect the embryo in many ways including

filtering out bacteria, viruses, and certain luminal molecules
(Modlinski, 1970; Rankin and Dean, 1996). It has also been suggested
that the ZP protects the developing embryo from shear stress (Xie
et al., 2006). By applying high shear stress (I.2dyn/cm?) to mouse
embryos with a programmed rotating wall vessel, Xie et al. (2006)
demonstrated shear-induced apoptosis in both E3.5 and E2.5 embryos
with and without their ZPs (Fig. 4A). Their findings corroborated
Bronson and Mclaren on two points: first, E2.5 embryos were far
more sensitive than E3.5 embryos when their ZPs were removed; and
second, that removing the ZP is lethal if the embryo is placed in dy-
namic conditions. It should be noted that the magnitude of shear
stress used by Xie et al. (2006) was much higher than what is esti-
mated for in vivo conditions. However, similar apoptotic markers in
E4.5 mouse embryos were found when excessive pipetting is used
(Xie et al., 2007), validating that ZP damping of stress is at least rele-
vant in vitro. Thus, an understanding of why and how the ZP regulates
mechanical stresses affecting an embryo has a high potential to benefit
ART as it provides a new metric in assessing ZP quality. Modifying sub-
strate stiffness of in vitro culture systems can have many developmental
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Figure 4. Dynamic embryo culture systems designed to generate flow on a preimplantation embryo. (A) The braille pin actuated
microfluidic embryo culture device. Adapted from Heo et al. (2010). (B) The tilting embryo culture system. Adapted from Hara et al. (2013).
(€) Schematic of the microvibration stage used to create dynamic embryo culture conditions in experiments performed by Hur et al. (2013).
Adapted from Hur et al. (2013). (D) Schematic of the digitalized microfluidic device powered by electrowetting on the dielectric. Adapted from
Huang et al. (2015). (E) Rotating vessel used to generate shear stresses in an embryo culture droplet. ITO, indium tin oxide. Adapted from Xie et al.

(2006).

benefits. Once again, the mechanisms are not clear, but the two stud-
ies discussed in this section show impressive results and leave a strong
foundation for future studies.

In addition to the aforementioned mechanical forces in the microen-
vironment, embryos also experience hydraulic pressure and can gener-
ate tensile forces by myosin-mediated contractility. While cadherin-
mediated differential adhesion was believed to regulate the cell sorting
process, recent works using high-resolution in toto imaging revealed
the role of these forces in the early morphogenetic events. The forma-
tion of the first inner cells was found to be driven by myosin II-
mediated tensile forces, which led to apical constrictions and position-
ing of inner cells (Samarage et al., 2015). Niwayama et dl. further dem-
onstrated that the oriented cell division process was governed by the
interplay between the apical domain orientation and cell shape
(Niwayama et al., 2019). In another study, the same group discovered
that during mouse blastocyst development the increasing lumenal pres-
sure leads to a concomitant increase in cell cortical tension and tissue
stiffness of the trophectoderm (Chan et al., 2019). Importantly, the
authors demonstrated that such hydraulic pressure in the blastocoel
regulated the blastocyst size and the first cell-fate decisions. Together,
these exciting works highlight the importance of biomechanical forces
in early morphogenetic events and cell fate patterning, and it is of great
interest to understand how external stimuli can regulate these intrinsic
biomechanical events.

Engineering systems to
modulate the biophysical
microenvironment for IVF

As there are multiple reports which demonstrate the benefits of gentle
surrounding fluid-flow, it is desirable to incorporate it into embryo cul-
ture systems (Bavister, 1995; Wheeler et al., 2002). The drawbacks,
as previously mentioned, are that large shear stresses applied for long
durations of time are lethal to preimplantation embryos via apoptosis
and large volumes will dilute autocrine/paracrine factors in the me-
dium. It is not clear what other effects this shear stress may have on
preimplantation embryos, aside from apoptosis, so typically lower
shear stresses (< |.2dyn/cm?) are selected as the safe option. The
magnitude of shear stress acting on a human embryo during tubal
transport is challenging to define, despite reports of average velocities
~0.1 pm/s and maximum velocities around 8.6 um/s (Greenwald,
1961; Anand and Guha, 1978; Halbert et al, 1989), because it is
unclear how much can be extrapolated from animal models or even
oviductal tissue samples of nonpregnant women. It is imperative that
researchers develop controllable, reliable and precise engineering sys-
tems to establish a safe range of shear stress and time durations. This
section reviews some of these systems and assesses their potential for
clinical usage.
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The first dynamic microfluidic embryo culture system was designed to
solve a serious dilemma in embryo culture at the time, which was
whether medium should be changed during culture (Suh et al., 2003;
Smith and Takayama, 2017). It was known that in vivo conditions would
provide varying pH and nutrients for the embryo as it develops, but to
accomplish this in vitro requires excessive handling of the embryos and
stresses imposed by sudden changes in pH, temperature, and osmolarity.
Wheeler et al. (2002) designed a microfluidic device that allowed for a
gradual change in medium that would produce gentle flow and shear
stress. This system showed a very consistent increase in the development
rate of mouse embryos compared to a static control in a standard micro-
droplet. This study does produce impressive results; however, it alters
shear stress and nutrient availability simultaneously, making it difficult to
isolate the effect of either component individually. Though it is not clear
to what the improvements should be attributed, this early study highlights
the potential benefits of dynamics and biomimicry in embryo culture.

Considering the innumerable animal models with dynamic embryo
conditions and scientific publications that suggest developmental benefits
of gentle and continuous flows on an embryo during culture (Halbert
et al, 1989; Bavister, 1995; Wheeler et al., 2002), the intuitive next step
is to decouple the different effects of fluid-flow on developing embryos.
Impressively, Heo et al. (2010) developed a microfunnel culture system
capable of applying shear stress to preimplantation embryos while still
retaining autocrine factors. This system holds embryos inside a funnel-
shaped well with a microfluidic channel connected to a small hole in the
bottom (Fig. 4B). When a flow is applied, the passing fluid creates a vor-
tex inside the well. Interestingly, the flow is generated using computer-
controlled, piezoelectric pin actuators from a braille display to deform
the polydimethylsiloxane microfluidic channels and create a pulsatile
flow. To demonstrate the benefits of their system, Heo et al. cultured
mouse zygotes for 96 h and found that the trophectoderm cell number,
implantation rate, and pregnancy rates were all significantly greater in
the treatment group than the control. This design greatly assuages the
usual burdens associated with microfluidics by not requiring any pumps
or tubing and has potential for application in clinical settings owing to its
simple collection system and pump-free operation.

Naruse et al. studied the effects of gentle shear stress on embryos
on a system with embryo velocities approximated by microsphere
experiments (Matsuura et al., 2010; Hara et al., 2013). They developed
a TECS that applies roughly 0.7 dynes/mm? to an embryo during cul-
ture (Fig. 4C). This system is very attractive for clinical embryo culture
owing to its simplicity and compatibility with standard embryo culture
procedures. The results of their experiment show that, compared to
control, for different numbers of embryos per 50 pl droplet the most
improvement is seen at the lowest embryo densities while almost no
benefit is seen at the higher densities. This suggests that it is the in-
creased accessibility of the autocrine/paracrine signals that is driving
the improvement. Similarly, there have been several reports of im-
proved embryo development using a microvibration stage to culture
porcine, mouse and human embryos (Mizobe et al., 2010; Isachenko
et al., 201 1; Hur et al., 2013). For instance, Hur et al. (2013) cultured
human and mouse single-cell zygotes using a microvibration stage and
observed that there is no significant difference between the control
group and experimental group when observed on day 3 of culture, de-
spite there being a significant difference in development on day 5, as
also seen in the TECS experiment (Fig. 4D). Notably, Mizobe et al.
(2010) found that porcine embryos exposed to mechanical vibration

showed an improved rate of blastocyst formation contingent upon
treatment during oocyte maturation. Despite this trend, mechanical vi-
bration neither improved oocyte maturation rates in any case nor did
it show significant improvement when started after oocyte maturation.
These results highlight that the mechanosensitivity of embryos may de-
pend on the development stages.

More recently, a digital microfluidic system for embryo culture was
developed (Huang et al., 2015). This system utilizes the electrowetting
phenomenon to move a microculture droplet through a microfluidic
channel, producing a flow with seemingly safe shear stress (Fig. 4E).
The advantages of this system are that it is programmable, repeatable,
precise, and can operate with relatively low energy. However, the ef-
fect of the electric field on the preimplantation embryo is still unclear.
The system used by the authors has an electric potential of 60 Vgpms. It
has been demonstrated that sufficient levels of electrical stimulation
(1.36kV/cm for 40-60 ps) can facilitate fertilization in human oocytes
(Zhang et al., 1999), but there is also evidence that exposure to elec-
tric pulses (>1kV/cm for 30 ps) increase levels of reactive oxygen
species in porcine embryos (Koo et al., 2008). Therefore, caution
should be taken in using culture systems that involve electric fields,
which would be present in the microdroplets.

Together, current technology development focuses on creating a
controllable fluid microenvironment for embryos cultured in vitro using
either microvibration systems or microfluidic systems. As pointed out
above, in addition to shear stresses, the mechanical/biophysical prop-
erties of substrates also strongly influence the quality of embryos cul-
tured in vitro. Thus, various biomaterial systems should also be
evaluated for improving the embryo culture in vitro.

Conclusions and further
questions

The average age of first-time mothers in the USA is increasing steadily,
however female fertility decreases with age (Mathews and Hamilton,
2016). Thus, there is a potentially growing need for ART and a com-
mensurate increase in the percentage of the population born through
these methods. Here we reviewed two main aspects from which bio-
mechanical factors contribute to the ART field. First, mechanical phe-
notyping can improve embryo/oocyte screening both before and after
freezing, allowing clinicians to avoid wasting time and resources on
non-viable embryos/oocytes. Unlike ZP dissolution and preimplanta-
tion genetic screening, mechanical phenotyping can be inexpensive,
minimally invasive, and fast. Second, an in depth understanding of the
role of biomechanical cues in early stage embryo development will
guide the design of novel in vitro embryo culture platforms that pre-
cisely control the biomechanical environment (e.g., shear stresses and
compression forces), and ultimately improve the quality of embryos. In
addition to those direct contributions, mechanics also adds value to
the study of embryo development and has provided different perspec-
tives on phenomena such as hatching, compaction, and ZP hardening.
As attractive as the inclusion of mechanical phenotyping and mecha-
notransduction in embryo culture may seem, further research should
be performed prior to making any definite conclusions on what they
can offer. The data available on mechanical biomarkers and mechano-
transduction is mostly empirical and should be corroborated by
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mechanistic studies to understand the transcriptional changes and epi-
genetic modifications associated with biomechanical cues. In addition,
most current studies focused on blastocyst formation and live birth
rates. Although those are important milestones, long-term studies
should be carried out to assess the health of the offspring, as ART is
associated with the development of epigenetic disorders (Feuer and
Rinaudo, 2012; Ventura-Junca et al., 2015). Another factor that limits
the current studies is the lack of biomechanical characterization of hu-
man fallopian tubes with a high spatiotemporal resolution. Without
those data, it will be difficult to design engineering systems that properly
mimic the in vivo microenvironment, and particularly in a dynamic
manner.

From our perspective, the future research in the field of biomechan-
ics of embryo development should prioritize three directions. The first
direction is to tease out the unique molecular mechanisms for the
mechanotransduction in embryos and depict the functional connec-
tions between the forces and morphogenesis of early development.
The benefits of understanding how external forces affect embryos and
oocytes also apply to tubal transport. Conditions such as polycystic
ovary syndrome and pelvic inflammatory disease are known to affect
the mechanical conditions that an oocyte or embryo would experience
in the fallopian tubes, so characterizations of how these mechanical
alterations affect fertility can allow physicians to make more informed
decisions. The second direction is to expand the biomaterials available
for embryo culture. While there are numerous studies using various
functional biomaterials and scaffolds for the culture of embryonic stem
cells or embryonic tissues (He, 2017), it is surprising that the ART field
has not fully benefited from those recent advances. The impact from
extracellular matrices should not be underestimated even if embryos
are non-adherent. The third direction is to leverage the current micro-
fabrication technologies, including lithography, 3D printing, and laser
cutting, to fabricate integrated microdevices with biosensing compo-
nents to monitor levels of O,, pH and growth factors in real-time, as
well as relevant biophysical cues (see recent review by (Gu et dl.,
2020)). Altogether, the next-generation embryo culture systems need
to be designed based on mechanobiology principles and allow full con-
trol of the biophysical and biochemical microenvironment of embryos.
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