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response of human oocytes.
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The successful characterization of the mechanical properties of human oocytes and young em-
bryos is of crucial relevance to reduce the risk of pregnancy arrest in in-vitro fertilization processes.
Unfortunately, current study has been hindered by the lack of accuracy in describing the mechanical
contributions of each structure (zona pellucida, cytoplasm) due to its high heterogeneity. In this
work, we present a novel approach to model the oocyte response taking into account the effect of
both zona and cytoplasm, as well as different loading conditions. The model is then applied to
develop an experimental protocol capable of accurately separating the viscoelastic contribution of
zona and cytoplasm by simply varying the loading condition. This new protocol has the potential
to open the door to improving our understanding the mechanical properties of oocytes at different
stages, and provide a quantitative predictive ability to the evaluation of oocyte quality.
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I. INTRODUCTION

The success of assisted reproductive technologies is of-
ten linked to the quality of the chosen oocytes [Il 2].
Significant research effort has therefore been dedicated
to predicting the quality of an oocyte before [3] and after
fertilization [4] with the prospect of reducing the risk of
pregnancy arrest and increasing the implantation success.
Generally, the quality of an oocyte has been linked to its
appearance, wherein a rounded cell with clear, moder-
ately granular cytoplasm, a small perivitelline space, and
a clear to colorless zona pellucida is usually preferred (see
Fig. [2)) [BL 6]. Oocyte selection based on morphology has
perdured until now where figures of merit such as the
thickness of the zona pellucida [7], the granularity of the
cytoplasm [§] and the general shape of an oocyte [9] were
brought up as major indications of fertility. The use of
such subjective criteria is, however, becoming controver-
sial as morphological traits, often interpreted as indica-
tions of developmental malfunctions [I0], may only be
artifacts of natural variability [II]. A number of recent
studies have therefore attempted to identify alternative,
and perhaps more objective measures to not only select
the best oocytes but also their appropriate maturation
stage to yield the highest chance of fertilization. In the
general context of cell biology, mechanical properties are
known to be excellent indicators of a cell’s physical state
regarding disease [I12H14], differentiation [15], or cancer
detection [I6], [I7]. In the case of oocytes, Palermo et
al. [T7] were the first to show that the rupture of the
oolemma during intracytoplasmic injection is an accurate
indication of a cell’s fate. Since then, a number of exper-
imental and theoretical approaches have been developed
to measure and classify the oocytes based on mechani-
cal properties. Experimental methods were actually de-
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veloped as early as 1969, when Hiramoto and Nemoto
[18, [T9] used parallel plate compression and micropipette
aspiration to measure the surface stiffness of a variety
of oocytes. It was, however, not until recent years that
researchers used micro-indentation and micropipette as-
piration to characterize temporal changes in oocyte prop-
erties during maturation [20H26]. Among these studies,
Liu et al. [26] reported that aged oocytes, with presum-
ably low fertilization potential, were significantly softer
and more viscous compared to younger ones. This study
was the first to report a clear relationship between me-
chanical properties and oocyte quality. The key role of
mechanics was further confirmed by the work of Yanez
et al. [23] 27] who unequivocally correlated the devel-
opmental potential of zygotes to their stiffness. While
cell malfunction is attributed to either incomplete zona
hardening [28], or insufficient softening during matura-
tion, its precise origin from a molecular perspective, is
still obscure.

Mechanics, thus, appears to be a promising indicator,
but it usually encompasses a variety of behavior includ-
ing its elastic response, that may and may not be linear;
a time-dependent, or viscoelastic response; or even fail-
ure properties, defined by the rupture of its components.
As these mechanisms usually occur simultaneously, the
interpretation of mechanical tests typically requires the
assistance of mathematical models. One of the most com-
mon approaches consists of using a so-called Zener model,
which approximates the oocyte as a integrated system of
elastic and viscous elements. By fitting the properties
of these elements to the measured response, it is, there-
fore, possible to obtain a set of measurable quantities
(such as stiffness and viscosity) that can be correlated
to the oocyte’s chances of fertilization. Despite its ease
of use, this approach suffers from a lack of connection
between loading conditions, the multi-layered structure
of the cell, and its mechanical response. In other words,
it is incapable of distinguishing the cause from the effect


mailto:Franck.Vernerey@colorado.edu

(a) ; — (b)

\ B /. R
w——; Zona Pellucida
2 ~
' Polar globe
Oolemma
Cytoplasm
80 um
e

©)
kPa 1e6 Pa.s
20 3 .
- L £
%) g
3 10 % le2
=} =]
N l 2
@]
0 - le-3

FIG. 1. (a) The profile of an oocyte at its undeformed state. (b) An experimental snapshot about the oocyte being indented. (c)
The reported literature values for the oocyte properties including the viscosity of the cytoplasm ne [19, [29444)] and the elastic
modulus of the zona E. [24), [{5H48] in mamalian cells. The values include measurements from murine, porcine, and human

cells.

that is important for identifying the origin of an oocyte’s
malfunction. To overcome these limitations, more accu-
rate mechanical models, accounting for the oocyte ge-
ometry and deformation, have been recently proposed.
For instance, Sun et al. [45] derived an elastic membrane
model that can be used to determine the properties of the
zona pellucida, while Liu et al. [26] introduced a three-
dimensional finite element approach to treat the cell as
a homogeneous hyperelastic body. These models have
shown promise in better understanding the origin of the
oocyte’s response, but still remain too simplistic to cap-
ture its time-dependent response and the distinct roles
of the cytoplasm and zona pellucida, both of which have
been identified as key indicators of an oocyte’s develop-
mental fate [9]. Based on these observations, Yanez et
al. [27] identified two clear needs in terms of theoretical
developments. On the one hand, future models must es-
tablish a correlation between the oocyte’s viscoelastic re-
sponse and its molecular structures. On the other hand,
such models need to clearly distinguish the effects of the
zona pellucida, the cytoplasm, and their interactions, as
they are likely to play distinct roles in the fertilization
potential of the cell.

In this paper, we tackle this challenge by proposing
an alternative solution to the standard Zener model in
order to accurately capture the viscoelastic response of
an oocyte. Specifically, the distinct contributions of the
zona and cytoplasm and the role of boundary conditions
under indentation are clearly identified. For this, we view
an oocyte as a heterogeneous structure, made up by the
cytoplasm and the zona pellucida, each represented by
their own viscoelastic properties. Using transient net-
work theory [49, [50], these properties are directly re-
lated to the molecular mechanics of the underlying bio-
polymer, and the oocyte deformation under arbitrary
loads can be simulated using finite-element analysis. The
model is calibrated with a set of experimental data on
human oocytes representing their elastic and stress re-
laxation responses under compression [20]. This numeri-
cal approach is then used to construct a simplified semi-

analytical model based on modified Hertz contact theory
for viscoelasticity [51]. To illustrate the potential of this
new method, we then propose an experimental protocol
that, in conjunction with the modified Hertz model, is
capable of separating the roles of zona and cytoplasm on
the overall viscoelasticity of an oocyte.

II. PHYSICAL MODEL OF A HUMAN OOCYTE

When observed under a microscope, an oocyte re-
veals four distinct regions (Fig. ): the cytoplasm, the
oolemma, the zona pellucida, and the polar globe. The
cytoplasm makes the interior compartment of the cell
and consists of a biorheological fluid encapsulated within
a thin lipid bilayer known as the oolemma. This region
is further surrounded by a 10 ~ 15 pm thick zona pellu-
cida whose mechanical properties significantly differ from
those of the cytoplasm. The function of this layer has
been linked to oocyte protection, fertilization, hatching,
and transport [24] to name a few. As discussed above,
the quality of an oocyte is likely related to the mechanical
properties (or their change) of each of these components.

Although the oocyte mechanics can be characterized
in a multitude of ways, depending on the property of in-
terest, the testing of oocytes for in-vitro fertilization is
typically constrained to simple, fast, and non-invasive
methods. Among those, micro-pipette aspiration [23]
and indentation tests [25] 26] have been the most popu-
lar in the literature. However, these tests give access to
macroscopic force (or pressure)- displacement relation-
ships that need to be translated into physical measure-
ments (such as an equivalent elastic modulus and vis-
cosity). This task is not trivial since measurements are
characteristic of the entire oocyte and do not help in
distinguishing between the roles of its different compo-
nents. A solution to this problem can be found by intro-
ducing models that are physically more accurate while
containing a small number of physically-relevant param-
eters. This section starts by reporting the mechanical
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(a) The schematic of the flotation platform used as a nanosensor [20]. (b) Stress relazation tests performed on three

different oocytes, where each of them was indented at a speed v = Tum until a total displacement of 6 = 60um/s was achieved,
and then they were allowed to relaz at a constant deformation. (c) Loading-unloading results on the same three oocytes with
a loading/unloading speed of v = 2.5um/s and intermediate pause of 4s. Different symbols (gree triangle, red circle and blue
square) were used to represent experimental data obtained from three different oocytes

response of human oocytes under indentation (Fig. )
These results are then used to construct a high-fidelity
computational model of the oocyte accounting for the
distinct mechanical properties of zona and cytoplasm.

A. Experimental characterization of oocytes

One of the challenges in studying the oocyte mechan-
ical response lies in the fact that reported properties
among research groups show a great disparity (Fig. ),
which cannot be explained by the normal variations in
biological systems. These may particularly arise from
two different sources, including (a) the challenge of mea-
suring accurate forces in such small and soft systems (at
the scale of nano-Newtons) and (b) the lack of a stan-
darized testing protocol that can uniformly measure the
same compartment properties. To address the first issue,
we have recently introduced a measuring platform with
the capability of determining a force applied to oocyte at
the scale of nano-Newtons [20]. More precisely, the test-
ing device consists of a petri dish (in which the oocyte
is placed) connected to a magnetic spring with known
stiffness K, (Fig[2p). Oocyte indentation can then be
performed by controlling the displacement x;, of a mi-
cropipette that plays the role of the indenter. The in-
dentation depth § of the oocyte is measured as the dif-
ference in displacement between the petri dish x4 and
the pipette as 0 = xpip — Tpiae. The resulting force may
then be back-calculated using the knowledge of the petri
dish displacement x4 via Hooke’s law F,, = K - Tpiat-

Using this magnetic flotation platform, the charac-
teristic response of oocytes of average diameter d =
150 + 8 pm in the MII stage is assessed by compressing
them by a large indenter with a semi-circular tip of radius
45 pum. To fully capture the time-dependent response of
the oocytes, wo chose to perform two standard types of
experimental loadings to extract viscoelastic properties:
a standard stress-relaxation test and a loading-unloading

cycle. During the stress relaxation tests, oocytes are
compressed at a faster rate of &, = 7 um/s, so that
the time-dependent response is significant, until a total
pipette displacement of x,;;, = 60 pum, or equivalently in
strain 6/d = 0.4, is completed. The oocyte is then al-
lowed to relax by holding the pipette displacement for a
total of 100 seconds. During the loading-unloading cycle,
the indenter is first moved downwards with a constant
speed v, = 2.5 pum/s until a maximum displacement
Tpip = 90 pm (or strain 6/d = 0.6) is achieved. The
indenter is then held fixed for 4 s to eliminate any in-
ertial effects before entering the unloading stage, where
the indenter is moved upwards at the same speed (—v,)
until it returned to its original position (z,:, = 0).

Fig. [Pb&ec, shows examples of force-displacement re-
sponses of three different oocytes for the stress relaxation
and loading-unloading experiment, as shown by the three
color coded symbols, respectively. These two tests in-
dicate the dual character of oocytes: on the one hand,
they are able to elastically deform and store mechani-
cal energy, as indicated by the presence of a remnant
elastic force at the end of the relaxation test. On the
other hand, they show a clear viscous response for which
internal stresses decreases over time and dissipate me-
chanical energy, as indicated by the relaxation of stress
and the hysteresis loops during the loading-unloading cy-
cle. Furthermore, note that despite being all MII stage
oocytes, there is a clear difference in the mechanical re-
sponse which we attribute to the normal variability in
biological systems.

B. Computational modeling of oocytes

Computational models are powerful assets to explore
the detailed roles of material behavior on the deformation
sustained by complex structures such as the oocyte. Ide-
ally, a compelling model of the oocyte mechanics would
account for the mechanics of the zona, the cytoplasm
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FIG. 3. (a) Physical model of an oocyte body. (b) Conceptual understanding of a dynamic and static networks, and their
response in stress relazation test, respectively. Model fitting (black dashed lines) on the (c) stress relaxation, and (d) loading-
unloading tests on the same three oocytes previously reported, represented by different symbols (gree triangle, red circle and blue
square). (e) Summary on the range distribution of each fitted parameter.

and the polar globe. However, to the best of our knowl-
edge, the mechanical properties of the polar globe, and
its directional effect on oocyte indentation are still un-
known. Due to this missing information, as a secondary
alternative, we here approximate the oocyte as a lay-
ered spherical body (Fig. [3h) composed only the cy-
toplasm and the zona, both of which are characterized
by their own properties and distinct mechanical behav-
ior. We then use the finite element method [52] to pre-
dict the oocyte deformation under various indentation
loads and material parameters. These simulation results
may then be identified with the corresponding experi-
mental data to determine the properties of cytoplasm and
zona pellucida of each oocyte tested experimentally. Bi-
ologically relevant events usually occur at the molecular
scale, in which small modifications may modify the na-
ture of the different biopolymer networks conforming the
oocyte. Therefore, the way by which these networks me-
diate their elastic, time-dependent properties holds the
key to understanding the relationship between biology
and mechanics.

The zona and the cytoplasm are formed by a com-
plex network of glycoproteins and cytoplasmic filaments,
respectively [42] 53] which, from a modeling viewpoint,

can be classified as either static or dynamic depending
on the nature in the cross-links and their mechanical re-
sponse. Static networks are connected by permanent or
very strong physical cross-links that can sustain the me-
chanical load, yielding a primary elastic response. Dy-
namic networks, on the other hand, are formed by weak
physical cross-links that can constantly break and re-
form under the action of thermal fluctuations [49]. Re-
cent theoretical models based on statistical mechanics
[49, 54] have established a link between the visco-elastic
response of the network and the cross-link density p, the
entropic elasticity of single chains as well as their rate of
detachment /reattachment (referred to as k, and kg, re-
spectively). Macroscopically, dynamic networks exhibit
a behavior that is close to a Maxwell-type elastic fluid
with viscosity n = E/kq4 and instantaneous Young’s mod-
ulus E = 3pkpT [49] while static networks only possess
an elastic component (Fig). As a result, a structure
containing these two networks is able to simultaneously
store elastic energy (as elastic solids) and dissipate energy
(as viscous fluids) by stress relaxation from reconfiguring
their topology.

In this context, the zona pellucida has been shown to
be made of a network of at least three main glycopro-
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teins organized in bundles [63, B5HE7]. Although it is
widely accepted [58] that these filaments are cross-linked
by non-covalent bonds, its mechanical behavior has been
classically modeled as an incompressible elastic structure
characterized by an elastic modulus E, [59, [60]. The
value of this modulus has has been estimated to range
from 3kPa [48] to 17.9kPa [45] in mammalian oocytes
(Fig. [lb) depending on the maturation stage [6IHG3].
However, this understanding of the zona has been chal-
lenged by the recent work of Papi et al. [64H66], who
reported a substantial viscous response, the extent of
which still has to be put into perspective. This cur-
rent knowledge, together with our experimental results
suggest that the zona contains both elastic and viscous
components in its mechanical response and therefore may
be described by the combination of an incompressible
static network (with Young’s modulus E.;) and dynamic
network (with Young’s modulus E.; and viscosity 7,).
This is akin to synthetic polymers such as hydrogels
with metal-ligand cross-links synthesized and engineered
to contain these two types of networks to obtain similar
mechanical properties.[67] Our understanding of the cy-
toplasm remains even more elusive. Our current knowl-
edge mainly relies on studies performed on other types of
cells, that can be of human origin [31], 34] or not [68]. In
general, the cytoplasm is highly heterogeneous and made
of clusters of densely packed and/or strongly cross-linked
filaments separated by very soft or sol-like regions [42].
As a result, while there is a consensus that it primar-
ily behaves as a viscous, non-Newtonian fluid, there are
controversies regarding its viscosity, with reported values
spanning several orders of magnitudes (Fig. E}:) This
disparity may originate from the measurement method,
where global experiments (over the entire cell) report vis-
cosities around five to six orders of magnitude above wa-
ter and microscopic rheology tests indicating viscosities
closer to that of water [35]. Furthermore, a detailed mod-
eling of the cytoplasm is hindered by the high heterogene-
ity arising from the presence of nucleus, organelles, and

others. Due to this generalized uncertainty and based
on its global mechanical behavior, we approximated the
cytoplasm as a homogeneous medium modeled as a dy-
namic network (or elastic fluid) with instantaneous mod-
ulus E, and viscosity 7.. To combine zona and cytoplasm
into a single unit, we introduced a no-slip condition at
the interface due to the viscous nature of both compart-
ments. Finally, the contact between the indenter and the
zona is approximated to be frictionless and mimicked by
an artificial repulsive force (see supplemental information
S1 for details) preventing the penetration of the two bod-
ies. The coupled zona-cytoplasm model is implemented
into a custom axisymmetric finite element framework to
reproduce experimental conditions in silico. For more
details on simulations, the reader is referred to previous
work in [52] [69, [70].

We have thus identified a set of five parameters that
can represent the complex visco-elastic response of the
oocyte under various conditions: E,,, E.q, E., 1, and
Ne. In other words, if an oocyte’s malfunction is linked
to its mechanical behavior, one may expect a correlation
between these parameters and its chance of fertilization.
However, as we will see below, the determination of these
parameters from experiments is not trivial. Further dis-
cussion will therefore concentrate on this key challenge
and its solution by the proposal of a standard protocol
for oocyte characterization.

C. Oocyte characterization

To illustrate the potential challenges in characteriz-
ing and oocyte, let us consider the experimental data
presented in Fig. [[k and attempt to determine the five
material parameters using curve fitting. For this, we em-
ploy an inverse finite-element method (iFEM) that cou-
ples the standard finite-element model introduced above
with an optimization algorithm, similar to the approach
taken in [7I]. Using this method, we are able to iden-



tify the parameters of oocyte properties that best fit the
experimental data (details are shown in supplementary
information). Previous studies [71] [72] have shown that
one strategy to uniquely determine the oocyte mechan-
ical properties consists in matching two main aspects:
the force-displacement relation, and the deformed profile
of the oocyte. In this study, however, this strategy was
hindered by the transparency of the zona (Fig a&b).
Alternatively, to ensure the fitting accuracy, we obtained
the material properties by simultaneously fitting stress-
relaxation and loading-unloading tests for each different
oocyte (Fig. —d). In Fig, we summarize the dis-
tribution of oocyte parameters that lead to a satisfac-
tory match between the model and the experiments. We
note that, while the moduli F.s, F.4, and E. are both
at the scale of ~ kPa, which corresponds to the range
reported in the literature (Figflk), the viscosity . and
7. span two orders of magnitude. This variability stems
from the existence of a non-unique solution in fitting the
experimental results, and which we attribute to the in-
ability on separating the time-dependent properties of
the cytoplasm and the zona solely from the overall re-
sponse of the oocyte. To illustrate this point, let us
consider two oocytes with different viscoelastic proper-
ties, but that exhibit a similar macroscopic response.
The first oocyte is endowed with quickly relaxing zona
(. = n./(E.s + E.q) ~ 5s) and a slowly relaxing cy-
toplasm (7. = n./E. ~ 20 s) while the second exhibits
opposite properties, with 7, ~ 20 s and 7. ~ 5 s, re-
spectively. The respective macroscopic responses of these
hypothetical cells presented in Fig. [h-b illustrate that
two choices of parameters can result in very similar stress
relaxation and hysteresis responses. A closer investiga-
tion of the stored elastic energy in the oocyte (Fig)
confirms that the macroscopic response is due to differ-
ent internal mechanisms; in the first oocyte, the elastic
energy in the zona decreases to a constant value in less
than 10 s (snapshot 1 to 2) while there is no obvious
change in the cytoplasm due to its slow relaxation rate.
At t = 100 s, the cytoplasm has finally relaxed, and the
remaining force carrying capacity is due to the perma-
nent network in the zona (snapshot 3). These effects are
reversed in the second case, where the cytoplasm relaxes
before the zona. Both of these two parameter sets sat-
isfy the fitting criterion of the optimization scheme be-
tween the experimental and modeling results and their
correctness can neither be judged according the exist-
ing literature, due to the great disparity in the reported
values shown in Figllk, nor by their deformation pro-
file, shown in the subfigures in Fig[h, which also match
the experimental measured profile, as shown by the ex-
ample in Fig. [ for the first oocyte. In this regard,
previous studies have physically removed the zona from
the oocyte body and separately measured its mechan-
ical properties [28] [47]. However, these tests inevitably
damage the oocytes and may induce changes in the prop-
erties of the zona. A new paradigm is, therefore, needed
to measure the response of distinct oocyte compartments

accurately.

III. DISTINCT ROLES OF ZONA AND
CYTOPLASM: REDUCED MODEL AND
IMPLICATIONS

Such heterogeneous mechanical response is indeed
ubiquitous in biological materials such as bones [73], soft
tissue [74] [75] and cells [76], where the roles of each con-
stituent in the overall mechanical response vary with each
type of loading. Thus, based on the insight given by the
stored elastic energy in the previous section, we specu-
late that the involvement of the zona and the cytoplasm
in the overall response can be controlled by varying the
loading conditions (i.e., the width of the indenter and the
indentation depth). For this, we present a solution based
in two steps. We first derive a reduced model based on
the force (F)-displacement () relationship for indenta-
tions that cause small deformations in the oocyte. The
parameters of this model are the five mechanical proper-
ties of the oocyte identified in Section II.B, which makes
it more comprehensive and easier to analyze. Second,
we discuss the limitations of this reduced model in cor-
rectly assessing the properties of the oocyte. Although
this reduced model does not directly solve the problem of
separating the roles of the zona and the cytoplasm, it led
to an oocyte testing protocol that allows differentiating
the contribution of each oocyte compartment.

A. A reduced model of oocyte indentation at small
deformation

The reduced model is developed on the basis of Hertz’s
contact theory between two homogeneous elastic spheres,
which is generalized based on Ting’s solution [51] to ac-
count for the viscoelastic nature of the oocyte. Let us
start by considering an oocyte of radius Ry compressed
by a rigid indenter whose bottom surface is approxi-
mated by a half-sphere of radius w. When the loading is
displacement controlled (given 6(¢)), the force response
of the oocyte is time dependent due to its viscoelastic-
ity. In the regime of small deformation, the force (F')-
displacement (¢) relationship can be described by a vis-
coelastic Boltzmann integral equation [77] and a time-
dependent relaxation modulus E,.(t) as follows:

F(t) = %Jﬁ /O dEj;)E,.(t—t’)dt’ (1)

where ¢’ is the integration variable for time, and R is the
effective contact radius defined by 1/R = 1/w + 1/Ry.
We note that the determination of the relaxation function
E,(t) is based on two considerations. First, the oocyte is
a heterogeneous body with two main compartments: the
zona and the cytoplasm. Second, two dynamic networks
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(a) Schematic illustration of oocyte structure and the generalized Wiechert model used to describe its viscoelastic

behavior. (b) Finite element simulation showing the indentation by a sharp and wide indenter. The table shows the computation
of effective modulus E and the relazation modulus E-(t). (c) Calibration of 8 as a function of indenter width, measured by

w/h, and zona thickness, measured by h/Ry.

coexist in the oocyte, each of which contains an indepen-
dent viscoelastic kinetic constant. To account for these
two points, we introduce a weighted generalized Wiechert
model [78], as shown in Fig. , to describe the viscoelas-
ticity of the oocyte. This model contains a parallel ar-
rangement of two Maxwell elements, corresponding to the
dynamic networks in the cytoplasm and the zona, respec-
tively, and an elastic spring for the permanent network
in the zona. To further specify the roles of each com-
partment in the overall response, we introduce a weight
parameter 5 € [0, 1] that measures the fractional contri-
bution of the cytoplasm and, hence, 1 — 3 describes the
contribution of the zona. For this combination of paral-
lel Maxwell elements, the relaxation modulus E,(t) takes
the form:

Er(t) = (1= ) (Bes + Ba e7/™ ) + fBe™/™ (2)

where E,,, and Eq are the Young’s moduli of the perma-
nent and dynamic networks of the zona, E. is the Young’s
modulus of the cytoplasm, while 7, and 7. correspond to
their respective relaxation times.

Experimental observations suggest that the above ma-
terial parameters do not only depend on the thickness
of the zona, measured by h/Rg, but are also sensitive to
the relative size of the indenter w.r.t the zona, given by
the ratio w/h [24, [7T1] [79]. In order to determine the de-
pendence of § on these two parameters, let us consider

some extreme scenarios. First, when the zona is very
thin, it acts like a membrane with negligible contribu-
tion to the overall response. On the other extreme, when
the zona is very thick (h/Ry — 1), the oocyte becomes a
monolayered sphere whose mechanical response is solely
contributed by the zona. Regarding the effect of the in-
denter, when its width is small comparing to the zona
thickness (small w/h), the deformation may be localized
around the indenter and restricted to the zona. This
results in the fractional contribution of the cytoplasm,
B, to approach 0. (see Fig. ) As the indenter be-
comes wider, the deformation becomes more global and
the cytoplasm is also involved in the mechanical response.
Based on the above considerations, we approximated the
effect of the zona thickness and the indenter width in a
small deformation regime by the following form:

(-8 e[ ()] W

where m and n describe the sensitivity of 8 on h/Ry
and w/h, respectively. To quantify the value of these
two parameters, we performed simulations of small rapid
deformations (§ = 0.5 h) followed by stress relax-
ation for oocytes with different zona thickness (h/Ry €
[0.1, 0.2, 0.3] according to literature) and indenter
widths (w/h € [0.25, 1, 8]) (Fig. k). During the loading
stage, the deformation was applied instantaneously such



that the loading time ¢y was much smaller than the relax-
ation time of the dynamic networks (tg << 7, and ¢ty <<
7.). In this case, eq. |1|degenerates to a force-indentation
relation given by F = (16/9)VRé3 E,(ty — 0) in the
loading stage, and F(t) = (16/9)vR63 E,(t — to) in the
relaxing state [80]. Using the above F' — § relationship,
the relaxation modulus E,.(¢) was obtained for each set of
zona and indenter sizes from finite element simulations.
Using eq. [2] the value of the cytoplasm contribution pa-
rameter  was then fitted to simulation results (see Fig.
) and determined m = 3 and n = —0.9. The accuracy
of the fit can be evaluated by the coefficient of determi-
nation, or the so-called r-squared number, that measures
the fraction of variations between the finite element re-
sults that is described by the fitting function. In this case,
the r-squared is 0.962, indicating an accurate fit between
eq.(3) and the finite element results. Thus, as the zona
becomes thicker (large h/Ry) its role becomes more pro-
nounced and [ decreases. Similarly, 8 decreases as the
indenter becomes sharper (low w/h) where the deforma-
tion is mostly restricted to the zona as illustrated in Fig.
The force F(t), in general, depends on both the re-
laxation modulus E,.(t) and the loading history é(t). For
these more complex situations, the F'—§ relationship of a
mechanical experiment can be obtained by solving eq[T}
by numerical approaches, such as the finite difference
method [81]. This reduced model provides a critical tool
to identify adequate experimental protocols for separat-
ing the distinct roles of zona and the cytoplasm.

B. Validity and limitations of the modified Hertz
model.

As the reduced model is derived from a modified Hertz
model, by definition it is invalid for large deformations
due to the nonlinear change in contact area and the
force-displacement relationship. Therefore, it is useful
to determine the range accuracy of the proposed model
to know its ability to accurately describe experimental
measurements. Experimentally, the loading condition
for oocyte indentation is controlled by three main pa-
rameters: the indenter width, the maximum indentation
depth, and the loading rate. Since the effect of the in-
denter width has been analyzed in the previous section
and characterized by eq. [3| we focus here on the effects of
the indentation depth (normalized to the zona thickness,
0* = 6/h) and the loading rate (relative to the zona re-
laxation time, ¢ = 47, /h). For this, we perform finite ele-
ment simulations of oocyte indentation at constant rates
to obtain its force-deformation behavior which is also sep-
arately calculated from the reduced model. The oocyte is
endowed with material properties taken from the average
values used to fit experiments shown in Fig. [3g while the
indenter is given a width, w = h. Fig[fh compares the
high fidelity finite element and the reduced model pre-
dictions of the F' — § relationship during the indentation
at three different rates. As expected, the responses are

in good agreement at small indentation depths (6* < 1),
but the reduced model over-predicts the responsive force
as the indentation increases (6* > 2). This is because the
deformation of the zona includes significant bending at
large values of 0*, which increasingly violates the com-
pression assumption of the Hertz model and leads to an
over-prediction of the response. The plot also indicates
that the relative error in predictions from the reduced
model rises quickly with deformation §* at slow loading
compared to fast loading. To further quantify how the
loading rate affects the validity of the model, the in-silico
indentation test was performed for a wider range of load-
ing rates (¢ € [0.05, 10]) and plotted in Fig. [6b as a
relative error map for various loading rates and inden-
tation depths. We see here that the error propagation
in the model is significantly larger at smaller indentation
depths for slow loading compared to fast loading. This

@ — Finite element — - — modified Hertz model
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FIG. 6. (a) Comparisons of the Finite Element analysis and
the reduced model for the force-displacement curves at differ-
ent loading rates ( = 6*7,, where 7. is the relaxation time
of the zona, 0 is the displacement or indentation depth nor-
malized to the zona thickness h. (b) Phase diagrams about
the range of loading conditions at which the reduced model
provides accurate predictions (e < 10%) about the oocyte re-
sponse. The dash lines depict the relative error of e = 5% and
e = 20% made by the reduced model.
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FIG. 7. A protocol that can measure the properties of zona and cytoplasm with two consecutive tests. This protocol provides
the instruction for (a)-(c) extracting the properties of zona via indentation relazation test using a sharp indenter and (d)-(f)

obtaining cytoplasm properties with a wide indenter.

may be explained by the following reasoning; for slow
loading, there is enough time for the cytoplasm to re-
lax its stress causing the zona to take most of the load.
This induces bending in the zona at small indentations
( 0* ~ 0.8 for 10% error) making the reduced model
inaccurate. For faster loading, both the zona and the
cytoplasm are mechanically active in resisting the defor-
mation without significant bending, and therefore allow
for a larger indentation depth ( §* ~ 2 for 10% error) be-
fore the reduced model becomes significantly inaccurate.

C. A non-invasive and well-posed testing protocol.

To make the reduced model usable, knowing the range
of its validity, we seek to identify an experimental proto-
col that yields a well-posed inverse problem. According
to eq. the role of the zona and the cytoplasm can
be separated by controlling the weight parameter 8 via
the indenter’s size. In particular, one observes from eq.
that if the indenter size is relatively small (w << h),
B converges to 0 and the measured moduli are those of
the zona. In other words, a stress relaxation test with a
sharp indenter is enough to determine the three parame-
ters E.g, E.q and 7, as shown in Fig. [Th-c. To determine
the properties of the cytoplasm in a similar fashion, one
may imagine experimental conditions for which 5 con-

verges to 1. However, Eq. implies that this is not
possible unless the zona is removed (h = 0). Instead,
if one considers a large indenter size (w >> h), eq.
shows that 3 converges to the value (1 —h/Rp)3. In this
case, we see from eq. [2| that both zona and cytoplasm
are involved in the mechanical response of the oocyte.
We show in Fig. [7Jd-f that the use of another simple
stress-relaxation test with a large indenter is enough to
determine the two remaining parameters E. and ..
Since two consecutive indentation tests are needed to
fully determine the properties of the oocyte, it is critical
that its viability is retained. For this, previous exper-
iments on indentation [22] and micropipette aspiration
[23] have shown that a deformation within 20% of the
diameter can be considered to be non-invasive and would
not lead to developmental malfunctions of the cell. Based
on these considerations, we therefore propose a simple,
non-invasive testing protocol that can be used to uniquely
determine the distinct properties of the zona pellicuda
and the cytoplasm in the oocyte. This protocol is de-
picted in Fig. [7]and can be summarized as follows:

1. The oocyte is subjected to a stress relaxation test
conducted by a sharp indenter so that only the zona
is deformed. As shown in the subfigure of Figlrh,
the compression is applied at a fast rate (1 < 0.5s)
with a small indentation depth (6 ~ h/2 or equiv-



alently 0 ~ d/20) so that the oocyte maintains its
viability and the reduced model is accurate.

2. From the measured force-time relationship
(Fig), one can extract the properties of the zona
E.s,E.q; and 7, using the analytical expressions

given in Fig[7k.

3. The oocyte is subjected to the second experiment
shown in Fig[7d, where the same indentation test
is applied using a wider indenter so that the cy-
toplasm is also deformed. In this case, one should
observe two different relaxation characteristic times
in the measured force-time relationship (Fig[Te).

4. Based on the knowledge of zona properties, the
properties of the cytoplasm can be readily calcu-
lated using the equations given in Fig[7f.

To verify whether this protocol provides an accurate
extraction of oocyte properties, we performed in silico ex-
periments using the finite element simulations, and evalu-
ated the relative error made by the protocol in measuring
the properties. The result is shown in the supplemental
information (Fig. S3), where we see the protocol is able
to extract the properties of 20 different oocytes of accu-
racy within 10% relative error. We note that, while the
protocol shown in Fig[7] imposes a indentation depth of
d = h/2, this value could be subject to variations depend-
ing on the experimental conditions with a resulting accu-
racy as depicted on Fig[6] We note, however, that both
the error in the results, and the probability in damaging
the oocyte are increased with the indentation depth.

IV. CONCLUSION

In summary, this paper presented a viscoelastic ex-
tension of the Hertz model to describe the mechanical
behavior of oocytes under indentation. Particularly, the
model incorporates the heterogeneity in the oocyte struc-
ture by assuming that the mechanical response is mostly
dependent on two components: a thick outer layer made
of biopolymers called zona pellucida and the cytoplasm.
The model was validated with high-fidelity finite element
simulations and calibrated with experiments on human
oocytes. Despite its simplicity, this novel approach was
able to accurately predict the viscoelastic response of
oocytes as a function of (i) geometrical parameters such
as cell radius and zona thickness, and (ii) loading condi-
tions such as indentation rate, depth, and indenter size.
Interestingly, we found that the mechanical deformation
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of the zona pellucida and the cytoplasm can be decoupled
by simply altering the size of the indenter. Thus, in addi-
tion to improving accuracy, the model has the potential
to help develop new experimental protocols and improve
the mechanical characterization of oocytes. Capitalizing
on this, we finally proposed a non-invasive experimental
protocol to uniquely characterize the viscoelastic proper-
ties of both major components of the oocyte. We note
that although the introduction of the reduced model does
not directly solve the issue of multiple solution in the lit-
erature. It simplifies the problem and provides a clear
indication on how the roles of the cytoplasm and the
zona can be controlled by varying the loading condition.
This key finding finally leads to the development of the
experimental protocol that can accurately measure the
properties of each oocyte compartment. Besides, instead
of having to implement the complicated inverse finite el-
ement method, researchers can readily apply the simple
formula provided by the reduced model to extract the
oocyte properties, which makes the protocol accessible
to very broader communities.

The findings in this paper stress the relevance of com-
putational models in the study of biological systems and
bioengineering [82H84], where they not only help decrypt
the underlying physics but also help in improving exper-
imental strategies. As a start, this study assumed that
both the zona and the cytoplasm are homogeneous bod-
ies and their time-dependent response are only caused
by the rearrangements of biopolymer networks. The ef-
fects of poroelasticity, solvent transport [85], [86], and ad-
hesion [87] in the mechanical response are still poorly
understood and are candidates to modify future models.
Hence, we expect these results to motivate further ex-
periments that would help to better understand the me-
chanics and dynamics of the oocyte and eventually tackle
important questions such as the mechanical differentia-
tion during zona maturation and fertilization[28] [66]. We
also expect further development in experimental charac-
terization technique that provides a clear profile of each
compartment of the oocyte, which would increase the
accuracy of modeling the oocyte mechanics through the
inverse finite element method. Lastly, the reduced model
and the protocol is only valid for small deformation and
may loose their accuracy in the case of large deformation.
Further studies will also generalize the reduced model so
that it is useful for a wider range of loadings that involve
large deformations and different indenter geometries.
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