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Mammalian embryos are surrounded by an acellular shell, the zona
pellucida. Hatching out of the zona is crucial for implantation and
continued development of the embryo. Clinically, problems in
hatching can contribute to failure in assisted reproductive interven-
tion. Although hatching is fundamentally a mechanical process, due
to limitations in methodology most studies focus on its biochemical
properties. To understand the role of mechanical forces in hatching,
we developed a hydrogel deformation-based method and analytical
approach for measuring pressure in cyst-like tissues. Using this
approach, we found that, in cultured blastocysts, pressure increased
linearly, with intermittent falls. Inhibition of Na/K-ATPase led to a
dosage-dependent reduction in blastocyst cavity pressure, consis-
tent with its requirement for cavity formation. Reducing blastocyst
pressure reduced the probability of hatching, highlighting the
importance of mechanical forces in hatching. These measurements
allowed us to infer details of microphysiology such as osmolarity,
ion and water transport kinetics across the trophectoderm, and
zona stiffness, allowing us to model the embryo as a thin-shell
pressure vessel. We applied this technique to test whether cryo-
preservation, a process commonly used in assisted reproductive
technology (ART), leads to alteration of the embryo and found that
thawed embryos generated significantly lower pressure than fresh
embryos, a previously unknown effect of cryopreservation. We
show that reduced pressure is linked to delayed hatching. Our ap-
proach can be used to optimize in vitro fertilization (IVF) using pre-
cise measurement of embryo microphysiology. It is also applicable
to other biological systems involving cavity formation, providing an
approach for measuring forces in diverse contexts.

mammalian embryo hatching | embryo cryopreservation | pressure
measurement | hydrogel deformation | mouse blastocyst

lastocyst formation underpins the foundation of early
mammalian development, occurring before embryo implan-
tation into the uterus. During this process, the embryo creates a
pressurized cavity within it and eventually breaks out of the pro-
tective acellular outer layer, the zona pellucida. Without hatching
from the zona pellucida, embryos are unable to implant into the
uterus, which therefore represents a stumbling block for in vitro
fertilization (IVF) technologies (1). In addition to driving molec-
ular changes to the trophoblast cells and the uterus (2), the timing
of embryo hatching is also important, with early hatching resulting
in ectopic pregnancies (3) and late hatching causing the window of
receptivity to be missed (4). To date, the process has been difficult
to study from the mechanobiology perspective due to the lack of
suitable tools for imposing and characterizing deformations in 3D
tissues. Moreover, embryo assessment is a crucial step during IVF
procedures, particularly for evaluating the quality of cryopreserved
embryos that have been thawed (5). However, existing methods
rely on qualitative scoring, and a well-characterized quantitative
methodology could provide more reliable predictive accuracy.
Previous studies have calculated tissue forces by directly observ-
ing the deformation of structures of known stiffness, for example by
incorporating deformable oil droplets into developing tissues to
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measure the anisotropic (shear) stress (6), or by culturing a layer of
cells atop a 2D array of bendable hydrogel pillars (7) to measure
traction. Atomic force microscopy has also been used to measure
local mechanical properties of individual blastocyst cells (8) and the
hydrogel shell (9-12). However, integrating the information into a
systematic model has proven difficult due to a lack of embryonic
force measurements. It is understood how embryonic tissue would
respond to forces, but it is unknown what the forces are.
Mammalian preimplantation embryos have been intensely stud-
ied from the molecular biology perspective. These studies revealed
much detail about the genetic regulation of cell fate decisions (13,
14) and the molecular mechanism of blastocyst cavity development.
It has been shown that cavity expansion is driven by active ion
transport (15), mediated by Na/K-ATPases in the outer epithelial
cell layer sealed by tight junctions (16, 17). Increasing internal os-
molarity then results in water transport along the osmotic gradient,
which is mediated by aquaporin water channels (18, 19). These
components act together to create the system responsible for in-
ternal pressurization of the cavity and eventual embryo hatching
from its outer shell. The zona pellucida is composed of several
glycoproteins, which form an elastic hydrogel layer around the
embryo. The width of this layer decreases during embryo expansion
as a precursor to hatching, partly in mechanical response to the
tangential stretching imposed by the embryo’s increasing volume,
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and partly due to the action of degrading enzymes (20-22). Al-
though both mechanical and enzymatic factors have been sug-
gested to be important, making a distinction between them has
proven difficult due to the lack of experimental techniques.

Here, we therefore extend the idea of measuring mechanical
forces using deformable media and develop an approach focused
on confining embryos in hydrogels. This allows us to measure not
only the pressure but also the dynamics of other important un-
derlying processes, such as ion and water transport, and quantify
the mechanical components of the hatching process. We use this
approach to characterize the microphysiology of embryos and
discover previously unknown blastocyst cavity pressure differ-
ences between freshly collected embryos and embryos thawed
after cryopreservation.

Results and Discussion

Relating Hydrogel Deformation and Tissue Pressure. Developing
E3.5 mouse embryos were embedded in microfabricated cylin-
drical cavities within hydrogels of known Young’s modulus (E).
Optical bright-field microscopy (Fig. 14 and Movies S1 and S2)
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Fig. 1. Summary of embryo development in hydrogel cavities. Pressures in
developing embryos were measured by using deformable hydrogels (Movies
S1 and S2) (A). The embryos were cultured from early cavity stage ~3.5 d
after fertilization in KSOMaa Evolve media of osmolarity of 0.252 Osm.
(Scale bar: 50 um.) The elastic hydrogel made it possible to calculate the
pressure (B), which was generated during volumetric expansion (C). The time
lapse was taken over a period of 2 h with a resolution of 6 min.
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was then used to measure channel dilation by the embryo from a
(undeformed) to a + & (maximum dilated radius; SI Appendix, Fig.
S1A). A simple elastic model of the channel then allowed us to
calculate the pressure exerted and hence the pressure P within the
embryo as follows (Eq. 1: Calculating pressure exerted upon the

hydrogel):
E - 1\ - a+h
P_6<1+21n<R)—R2>,R_ . []

Our elastic model is exact for a channel dilated evenly from a to
a + h and remains a good approximation if / varies slowly along
the channel. To confirm the validity of Eq. 1 in the experimental
regime, we replaced embryos with oil droplets of known surface
tension and hence known internal pressure, and confirmed that
the model correctly reproduces droplet pressure (SI Appendix,
Fig. S1B). Details of the elasticity calculation and droplet verifi-
cation are in Materials and Methods.

To test whether culturing embryos within the hydrogel impairs
viability, we analyzed the number of inner cell mass and tro-
phectoderm (TE) cells, as well as the number of fragmented
nuclei. Across various sets of experimental conditions, we found
no significant differences between embryos cultured within hydro-
gels and control unconfined embryos, suggesting that our method
was not harmful (SI Appendix, Fig. S1 C-E).

The Effects of Embryo Compression. Embryo compression itself is
likely to generate some additional internal pressure based on
elongating an embryo from the spherical shape. This requires the
zona pellucida to stretch, which is an additional source of pressure.
Therefore, internal embryo pressure is the sum of measured
pressure acting on the hydrogel and the added pressure due to
deformation from spherical to elongated shape. To estimate the
pressure originating solely from the deformation, we consider that,
on average, embryos increase pressure with increasing surface area
at the rate of 0.03 Pa/um?” This can be estimated by tracking em-
bryo area and pressure increases with time. It can also be esti-
mated that compression results in surface area increase of less than
3,000 pm?, which indicates that internal pressure may be higher
than measured by as much as 90 Pa. Since this is below the mea-
surement error of 150 Pa, we can assume that pressure exerted on
the hydrogel represents the internal embryo pressure. Also, the
measurement error of 150 Pa made it impossible to measure zona
pellucida free and hatched embryos, which could no longer sig-
nificantly deform the hydrogel (SI Appendix, Fig. S2). Intact outer
shell was required for generating a significant, measurable pressure.

Microphysiology of Blastocyst Cavity Development. To build a
mathematical model for embryo hatching, it is crucial to look at
the details of how all of the different components of the system
create a pressurized cavity. By measuring blastocyst pressure and
volume dynamics (Fig. 1 B and C), we could see that pressure
and volume rises were linear over the course of development, but
interrupted by sudden drops, which likely corresponded to TE
cell divisions or epithelial cell junction cycling (SI Appendix, Fig.
S3). Overall, developing mouse blastocyst-stage embryos gener-
ated pressures of around 1.4 kPa and had an average volume of
0.66 x 10° ym® (Fig. 2 A and B). These pressure and volume
measurements allowed us to derive other important physiologi-
cal parameters, such as blastocyst osmolarity using the van’t Hoff
(ideal gas) law (Eq. 2), where R is the ideal gas constant, V' is
cavity volume, and ¢pegia is 0.252 Osm:

P=AcRT = (Ccavily - Cmedia)RT. [2]

This leads to the conclusion that typical pressurized embryo cavities
have Ac ~ 0.8 mOsm of additional electrolytes. Furthermore, by
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taking the time derivative of the above equation, and recalling that
the total number of ions in the embryo is related to the ion concen-
tration by Nions = Ceavity’Na, We can calculate the rate of ion trans-
port into the embryo as shown in Eq. 3:

dN; ions __ 1

dt _kBT

dP av av
(E* V(I)+E*P(t)> +NA*E*Cmedia- [3]

Using estimates of P, V, and their rates of change gathered from
Fig. 1, we conclude that, on average, every transported ion pro-
duced a 2.02 x 107% ym® volume increase and there were 10.1
million ions transported every second during cavity inflation.
This would correspond to transport of a solution containing
0.80 mOsm of additional electrolytes, or 0.40 mM if the solution
was NaCl. The low osmolarity value is consistent with previously
published values obtained using different techniques (23).

The rate of pressure and osmolarity change also makes it possible
to estimate the ion flux and the number of involved Na/K-ATPases.
From previous studies (15), it is known that the ion gradient is
primarily generated by the activity of Na/K-ATPase enzymes, which
use energy to transport ions across an ion gradient. To verify that
pressure generation was also actively driven, we used ouabain to
inhibit ion transport (Fig. 2C), which indeed resulted in reduced
cavity pressure in a dose-dependent manner. Additionally, ion
transport was also found to be dependent on media osmolarity,
which indicates that the process is actively regulated (Fig. 2D).

To estimate the number of Na/K-ATPases present on the
trophoblast cells, we used published data reporting ATPase
turnover rates. They have been calculated from radioactivity
measurements and reported for every Na/K-ATPase to be
around 3,600/min (Na*) (24), 3,000/min (K*, Rb*) (25), and
2,000/min (ATP) (26). Since every ATP molecule results in
transfer of two K* ions into the cells and three Na* outside, the
average rate for Na* transport could be estimated to be around
4,700/min. Since the dominant counterion in the media is ClI~,
sodium efflux can be estimated to be responsible for one-half of
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Fig. 2. Blastocyst pressure and volume measure-
ments. (A) Pressure distribution in developing mouse
embryos (n = 41). The small difference between the
mean and maxima reflects the fact that embryos
spend most of the time close to their maximal pres-
sure. (B) Volume distribution in mouse embryos (n =
41). The average values were generated by measuring
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58 2 & these values over the normally developing embryos

used for the experiments. (C) The generated pressure
could be disrupted by using a Na/K-ATPase inhibitor
ouabain. Embryos responded in a dose-dependent
manner, which highlighted the importance of ion
transport for blastocyst cavity expansion. The 100
and 200 uM inhibitor concentrations were achieved
by diluting a 100 mg/mL DMSO stock; controls con-
tained an equivalent amount of DMSO. At least
seven embryos in each condition; P values are rep-
) resented by the following: n.s., not significant;
BN **,<0.01. (D) Increasing media osmolarity reduces

| blastocyst cavity pressure because of the reduced ion
= influx into the cavity. The figure demonstrates that
the rate of ion transport across the TE layer was
dependent on the osmolarity balance between the
outside and inside of the blastocyst cavity. At least
five embryos were used per condition.
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the osmolyte flux, or 3.3 x 10%/min. Using confocal imaging, we
have estimated experimental embryos to contain 60 cells on av-
erage, 42 of which belong to the TE layer (SI Appendix, Fig. S1
C-E), which would result in ion flux per cell of 7.8 x 10°/min,
estimating 1.7 x 10° active ion transporters per cell. In addition
to estimating the average number of active Na/K-ATPases op-
erating in TE cells, we also looked at how embryos responded to
rapid changes in osmolarity, which revealed water transfer ki-
netics reaching rates of 400 pm3/s, as 252 mOsm of sucrose was
added to embryos developing in channels (SI Appendix, Fig. S4 A
and B). Water flux during transient response is over 20 times the
normal water transport rates seen during normal development
(Table 1), suggesting that cavity expansion is limited and regu-
lated by the rate of ion rather than water transport.

Mechanical Model of Zona Pellucida. Although liquid inflow and
sealed epithelial layer are the prerequisites for cavity formation,
pressure ultimately arises due to the constricting nature of the ex-
ternal polysaccharide shell zona pellucida. Since shell thickness can
be measured by bright-field microscopy to be less than 1/10 of the
embryo diameter, the blastocyst can be modeled as a thin-walled

Table 1. Summary of embryonic microphysiology

Parameter Mean SD
Mean pressure 1,400 Pa 300 Pa
Maximum pressure 1,500 Pa 300 Pa

Mean volume 6.6 x 10° pm? 1.8 x 10° pm?
Rate of volume increase 22 ym? 12 pm3
Osmolyte flux 10.1 x 10° 57" 6.72 x 10° 57"
Na-K ATPase density 1.7 x 10%cell 1.2 x 10%/cell
Water permeability 1.50 pm3*Pa~"s7'  1.01 ym3Pa~'s7!
Zona pellucida stiffness 31.0 kPa 15.9 kPa
Zona pellucida thickness 4.3 pm 1.4 um

Zona pellucida breaking stress 5.4 kPa 4.5 kPa
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pressure vessel (Egs. 4-9). The model also leads to the conclusion
that there exists a critical pressure and radial expansion beyond
which further expansion and shell thickness decrease occurs without
increase in pressure. This is broadly analogous to a balloon bursting
after it is inflated beyond the critical pressure. As such, the model
demonstrates that zona pellucida rupture and embryo hatching is
driven by volumetric expansion, not pressure generation, as em-
bryos do not spontaneously hatch after reaching the peak pressure
but require zona thickness to decrease further until breaking. All
embryos analyzed here were similar to the initial stages of balloon
inflation and did not increase their radius significantly beyond the
point of maximum pressure.

The elastic balloon model can be used to calculate the shell
material stiffness: if the shell increases in radius from Ry to R
when pressurized to P, the shell stiffness is E =3PR" /2t(R® — RS).
It can also be used more generally, to model pressure in a radially
expanding balloon (Fig. 34), assuming initial shell thickness of
4.3 pm and 31.0-kPa Young’s modulus. The stiffness value was
selected by measuring a population of embryos used in the ex-
periment (Fig. 3B). During these experiments, initial shell thick-
ness was measured at the start of cavity formation at 3.25 days
post coitum (dpc). Even though the elastic model relies on major
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assumptions about the idealized material properties, the average
value of 31.0 kPa agrees well with previously published reports
using localized stiffness measurements by micropipette aspiration,
37 kPa (10); microtactile sensor, 22.3 kPa (27); and injection
needles, 42.2 kPa (11).

The model also makes it possible to estimate that, given the
mean rate of volume increase of 22 pm?/s, it would take 16.4 h
for an embryo of 40-um radius to increase its radius to 72 pm at
which point shell thickness would decrease to one-third of the
original size, at which point the embryos would be expected to
hatch. The timing coincides with developmental timescale. The
decrease of zona pellucida thickness can be explained and
modeled by embryo microphysiology (Table 1) and the elastic
model. However, in practice we found the hatching process to be
more complex, defined by two distinct modes of zona failure and
being dependent also on matrix degrading enzymes, which we
therefore investigated.

Embryo Hatching Probability. After the pressure buildup and vol-
ume increase, the ultimate result is embryo hatching. We identi-
fied two distinct types, which we termed “pinhole” (Fig. 3C and
Movie S3) and “rupture” (Fig. 3D and Movie S4). The first type of

1.0 Fig. 3. Characterization of blastocyst hatching. (A)
Pressure required to expand the embryo according
to the thin-walled pressure vessel mathematical
model. After an embryo reaches the maximum
pressure at ~50% radial expansion, its further ex-
pansion does not require additional pressure. The
model was calculated with stiffness of £ = 31.0 kPa,
mean shell thickness of t = 4.3 pm, and initial radius
of Ry = 40 pm, which are corresponding to median
measured embryo values. (B) Measured zona pellu-
cida stiffness during early development (n = 38). The
stiffness was calculated from measured internal
pressure, estimated equivalent sphere radius based
0.0 on volume, and the mean starting radius and mean
S L shell thickness. Eventual decrease in zona pellucida

8 thickness leads to the hatching of an embryo, which
may happen through a pinhole or rupture mecha-
nism as depicted in C and D, respectively (Movies S3
and S4). (Scale bars: 100 pm.) (E) Measured proba-
bility of embryo hatching, as a function of embryo
pressure and zona pellucida thickness. The proba-
bility map was constructed from shell thickness and
pressure measurements, just before the hatching
events. Hatching probability approached certainty as
zona pellucida thickness decreased below 2.5 um, as
shown in a probability map. We found there to be a
smaller dependence on blastocyst cavity pressure as
soon as it increased over 500 Pa. However, the
pressure and volumetric expansion did play a role in
the hatching process as shown in the Cox survival
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model (F). Dashed lines indicate 95% confidence
intervals; P value (from Cox regression model) for
150 mM sucrose treatment was 0.0209 and for
0.5 mg/mL collagenase treatment was 0.0014.
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hatching could occur at relatively high zona pellucida thickness of
over 3 um and represented 45% of the total hatching events (n =
19 of 42). The remaining embryos (55%) hatched by rupturing the
shell after its thickness decreased below 2.5 pm (Fig. 3E and S/
Appendix, Fig. S4C), often after partially hatching through the
pinhole mechanism. This process complicated data interpretation,
as hatching events classified as pinhole would be converted into
rupture depending on the developmental timeline. The overall
hatching probability can be summarized as a function of embryo
pressure and zona thickness measurements, which were taken and
interpolated during hatching events (Fig. 3E). Despite embryo
hatching probability approaching unity as zona thickness de-
creased, the embryos still required at least 0.5 kPa to hatch.

It has previously been shown that matrix degrading enzymes
are important for shell breakage (20-22). To compare the rel-
ative contribution of mechanical forces and enzymatic digestion
to hatching, we used media containing 0.5 mg/mL collagenase I
to erode the zona pellucida and determined its effect on
hatching probability. To test the role of pressure, we used
150 mM sucrose to lower the internal pressure. The experiment
was fitted by the Cox survival model (Fig. 3F), and Kaplan—
Meier statistic was then used to estimate the significance be-
tween treatment and control groups. Among the control group
and sucrose-treated embryos, the likelihood coefficient was
—1.075, which meant that for any given point in time, sucrose-
treated embryos were nearly three times less likely to hatch than
controls (value of P of 0.021). Conversely, collagenase-treated
embryos were 3.8 times more likely to hatch than controls (P
value of 0.014).

Quantifying Microphysiology of Cryopreserved Embryos. The cryo-
preservation and thawing of preimplantation embryos is common
during IVF, but little is known about what effect, if any, cryo-
preservation has upon blastocyst microphysiology and the pressure
the blastocyst is able to generate. We therefore used our quanti-
tative approach to look at how the cryopreservation/thawing
process influences the embryo. We used three groups of mouse
embryos, all from a C57BL/6J background: freshly flushed em-
bryos at 2.5 dpc as controls and two groups of thawed embryos
that had been cryopreserved at the 2.5 or 3.5 dpc stage. Cry-
opreserved embryos had been held in liquid nitrogen for at least
4 y. All embryos were cultured and measured at the stage equiv-
alent to 3.5 dpc. We found no statistically significant differences
between embryos thawed at stages 2.5 and 3.5 dpc. However, both
thawed groups generated significantly lower pressure compared
with freshly flushed embryos (Fig. 44) (¢ test, P values < 0.05).
This indicates that cryopreservation alters embryos in such a way
that either their zona is less stiff, that is, “softer” (Fig. 4 B and C),
or that they are unable to develop the normal levels of volume
growth required to generate pressure. To determine the conse-
quences of reduced blastocyst pressure in cryopreserved embryos,
we assessed hatching efficiency and found that hatching was
delayed by ~10 h in comparison with noncryopreserved control
embryos (S Appendix, Fig. S4D). Taken together, our quantitative
measurements of pressure reveal that cryopreservation alters
mouse embryos in a previously unanticipated manner that has
implications for hatching efficiency.

Conclusion

Mammalian embryo hatching is a biological process that is diffi-
cult to study quantitatively and model using existing approaches.
We have developed a noninvasive technique to quantify embryo
microphysiological parameters, which is useful not only for
studying fundamental biological processes but also for evaluating
embryo quality in assisted reproductive approaches. We applied
this technique to developing mouse embryos, detailing micro-
physiological parameters as well as zona pellucida stiffness.
Measuring these aspects of blastocyst development revealed the
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Fig. 4. Measuring the influence of cryopreservation on blastocyst pressure.
Embryos cryopreserved at 2.5 dpc (n = 15) and 3.5 dpc (n = 12) were thawed
and compared with embryos freshly flushed at 2.5 dpc (n = 33). All mea-
surements were made at the equivalent of E3.5. (A) Cryopreserved embryos
generate significantly lower pressure compared with freshly collected em-
bryos. (B) Blastocyst volume growth is similar in the three groups. (C) Zona
pellucida stiffness shows a trend toward being reduced in cryopreserved
embryos. Calculations of volume growth and stiffness require time deriva-
tives, which introduce more noise and dispersion, making statistical signifi-
cance harder to establish despite large differences among the means.
Outliers have been excluded for clarity in the plots in B and C. *P < 0.5 and
**P < 0.01, pairwise t test.

magnitude of hydraulic pressures inside blastocysts and allowed us
to develop a mathematical model based on inflating a thin-shell
pressure vessel. Using this framework, we showed that hatching
is limited by the rate of ion transport, which ultimately draws
in water, increases embryo volume, and thereby reduces zona
thickness. By experimentally altering blastocyst pressure, we were
able to investigate how hatching dynamics are defined by both
physiology and mechanical properties of the zona.

We used our approach to study the effect of cryopreservation
on blastocysts and found that thawed embryos generated a sig-
nificantly lower pressure compared with fresh embryos, accom-
panied by a considerable delay in hatching. Hatching is a
prerequisite to implantation and continued development of the
conceptus. Assisted reproductive approaches increasingly utilize
cryopreservation, highlighting the importance of evaluating in
quantitative detail its effect not only on hatching, but other as-
pects of embryo microphysiology. We focused on the mouse
model due to its long-standing importance in in vitro studies.
Other mammalian species may have different embryo micro-
physiology and zona pellucida properties, and it will be in-
teresting to uncover what differences, if any, exist. Finally, our
method is broadly applicable for characterizing pressurized
cavities in other contexts, such as stem cell-derived organoids
or cysts.

Materials and Methods

Preparing Cylindrical Hydrogels. Hydrogels with cylindrical cavities were
prepared by casting polyacrylamide gels around small-diameter wire (40 um).
Acrylamide/bisacrylamide (37.5:1) mixture was used (5.0% by mass), which
corresponded to 4.2-kPa stiffness. Ammonium persulfate (0.1%) and tetra-
methylethylenediamine (1%) were added to polymerize polyacrylamide.
The wire was removed, forming cylindrical cavities, and the hydrogels
equilibrated in embryo culture medium by changing the solution three times
in 1 h. Embryos were then inserted into the channels using a glass capillary
having a diameter slightly larger than the embryo, which was used to stretch
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open the hydrogel channel before injecting the embryos and letting the
channels relax and deform the embryos.

Imaging Setup and Image Analysis. Imaging was performed on a Zeiss Axiovert
spinning-disk confocal microscope equipped with a Hamamatsu emCCD
camera and a 37 °C and 5% CO, incubator. Embryos were cultured for periods
of 2 h between 3.0 and 4.0 dpc stages, recording images every 6 min. Embryos
were analyzed using a combination of manual and automatic image analysis
approaches. Manual analysis was used to ensure no algorithmic bias, while
the high-throughput analysis relied on computational methods. The main
measured parameters were channel diameter and embryo width and
length, which made it possible to calculate microphysiological embryo
properties. Zona thickness was measured only manually, at either of the
unconfined embryo ends. Blastocyst cavity volume was determined from
the total embryo volume by subtracting a constant volume of the inner cell
mass cells assumed to be 2.1 x 10> um>. Average volumes and pressures
were calculated by taking mean values of an embryo’s time lapse, sum-
marizing them, and taking means of the means (data seen in histograms
in Fig. 2).

Thin-Walled Vessel Pressure Derivation. As is familiar to anyone who has
inflated a party balloon, the inflation is difficult at first, but once the
balloon is modestly inflated, it becomes much easier. This occurs because
the pressure in the balloon first increases with inflation, and then, past a
critical volume, the pressure in the balloon falls. This “balloon instability”
ultimately has a geometric origin: As the balloon inflates, its walls become
thinner and flatter and thus able to contain less pressure. We can un-
derstand this phenomenon (28) by considering a spherical rubber balloon,
with natural radius R and thickness t. If the balloon is inflated such that
its radius dilates to R = AR, then circumferences of the balloon dilate by 4,
while to conserve volume of the rubber, the thickness of the balloon must
fall to t2%. Therefore, the deformation gradient in the rubber will be as
follows:

20 0
F=(0 2 0 |, [4]
0 0 1/2

and assuming the rubber is well described by a neo-Hookean energy, the total
elastic energy will be as follows:
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Since in this inflation the volume of the balloon changes from its undeformed
volume V, to V = 43V, we can express this elastic energy as follows:

2 4
E V3 V73
Weot = 6 (2 (W) + (Vo) - 3) 4ﬂRgf, [6]

and we can calculate the pressure in the balloon as follows:

p Wi _E(4(V 3 4 /v\H azR2t -
v T6\3\\, 3\, Vo

This pressure can be recast in terms of R and Ry as follows:

-1 -7
pz‘)Wmt =E RY _(R . [8]
Vv 3Ro Ro Ro
This form for the pressure does indeed rise from zero for modest inflations (R
a little above Ry), but then reaches a maximum pressure when

oP 2Ft R\? R\®

R, (—(R:) +7<RT;) >_o, []
which occurs when R = 78R, ~ 1.38 Ry, and the pressure falls with sub-
sequent additional inflation. The form of pressure—inflation curve is shown
in Fig. 3A, the essential point being that if the embryo can exert enough
pressure to inflate the zona (balloon) radius by 38%, then it does not require
additional pressure to expand the shell further until it breaks. The exact
value of 38% is particular to the neo-Hookean rubber model, but calcula-
tions for other material models, and experiments with real balloons, indicate
that the critical dilation reliably lies between 7"¢ and 1.5 (29). Also, for thin-
walled cylindrical pressure vessels, the longitudinal stress can be expressed as
a combination of pressure, wall thickness, and the radius of the spherical
part: p=Pr/2t, which makes it possible to estimate the mean breaking stress
of the zona pellucida.
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