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Abstract

After fertilization, the oocyte-specific metalloproteinase ovastacin is released and cleaves the zona pellucida protein 2 (ZP2), making 
the zona pellucida impermeable to sperm. Before fertilization, the zona remains permeable because previously released ovastacin is 
inhibited by fetuin-B. Consequently, in the absence of fetuin-B, ZP2 cleavage occurs prematurely and leads to infertility of female 
fetuin-B deficient mice. In contrast, fetuin-B/ovastacin double-deficient oocytes show a permanently permeable zona with intact ZP2. 
In this study, we asked if the elastic modulus of the zona pellucida informs about ZP2 cleavage and thus could serve as a new 
reference of oocyte fertility. Therefore, we determined the elastic modulus of mouse oocytes by nanoindentation as a direct measure 
of mechanical zona hardening. The elastic modulus reflects ZP2 cleavage, but with more than double sensitivity compared to 
immunoblot analysis. The elastic modulus measurement allowed to define the range of zona hardening, confined by the extreme 
states of the zona pellucida in fetuin-B and ovastacin-deficient oocytes with cleaved and uncleaved ZP2, respectively. We present 
here nanoindentation as a method to quantify the effect of potential contributing factors on the zona hardening of individual oocytes. 
To demonstrate this, we showed that mechanical hardening of the zona pellucida is forced by recombinant ovastacin, inhibited by 
additional administration of fetuin-B, and unaffected by zinc. Since the change in elastic modulus is induced by ZP2 cleavage, an 
automated elastic modulus measurement of oocytes may serve as a novel sensitive, non-destructive, marker-free, and observer-
unbiased method for assessing individual oocyte quality.
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Introduction

The number of children conceived by assisted 
reproductive technique (ART) is continuously rising. 
From 2008 to 2010, 1 million children were conceived 
by ART, exceeding 5 million children in the year 2012 
and reaching 8 million to date (Ferraretti et  al. 2012, 
Dyer et al. 2016, Adamsson et al. 2019). As the demand 
for ART grows, the quest to optimize ART intensifies. 
However, comprehensive and reliable gamete and 
embryo quality control are still lacking. One important 
factor of oocyte and embryo quality is the zona pellucida 
(ZP). The ZP is an extracellular matrix comprising three 
and four ZP proteins in mice and humans, respectively 
(Bleil & Wassarman 1980, Bauskin et al. 1999, Lefièvre 
et al. 2004). Several studies have shown the importance of 
a stepwise increase in ZP robustness during fertilization 
and early embryonic development. This increase in ZP 
robustness is caused by ovastacin, a metalloproteinase 

stored in cortical vesicles beneath the oocyte cell 
membrane (Burkart et al. 2012). Pre-ovulation oocytes 
release small quantities of ovastacin into the perivitelline 
space to pre-harden the zona pellucida by limited 
proteolysis of the N-terminal segment of ZP2 called ZP2 
cleavage (Ducibella et  al. 1994, Gahlay et  al. 2010). 
Thereby, the ZP gains sufficient robustness to resist 
mechanical stress during ovulation (Körschgen et  al. 
2017). Nevertheless, the ZP stays permeable for sperm, 
because the potent ovastacin inhibitor fetuin-B, a liver-
derived plasma protein also abundant in follicular fluid, 
prevents definitive ZP hardening (Dietzel et  al. 2013). 
The second step in ZP hardening is induced by sperm 
entering the oocyte. Sperm entry triggers bulk exocytosis 
of ovastacin, overwhelming fetuin-B inhibition capacity 
and thus, triggering definitive ZP hardening (Braden 
et al. 1954, Bleil et al. 1981, Burkart et al. 2012), which 
blocks further sperm binding and penetration (Gahlay 
et  al. 2010, Avella et  al. 2014). After fertilization, the 
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ZP protects the embryo on its passage down the oviduct 
and during preimplantation development. Embryos 
without intact ZP are readily absorbed by the oviduct 
epithelium (Modliński 1970, Rankin et al. 1999, Rankin 
& Dean 2000, Floehr et al. 2017). In summary, correct 
ZP processing is crucial for proper fertilization and early 
embryo development. Accordingly, ZP dysmorphology 
is associated with diminished pregnancy rate, 
implantation rate, and live birth rates in animals and 
humans (Shi et al. 2014, Sauerbrun-Cutler et al. 2015, 
Chen et al. 2017, Liu et al. 2017, Dai et al. 2019). For 
this reason, a quantitative assessment of zona pellucida 
hardening would help to assess oocyte state, fertility, 
and thus quality. The aforementioned ZP2 cleavage is 
associated with increased ZP resistance to heat and 
proteolysis (Gulyas & Yuan 1985, Lindsay & Hedrick 
2004, Dietzel et  al. 2013, Körschgen et  al. 2017). 
However, both measures destroy the oocytes. In human 
fertility clinics, the oocyte quality is, therefore, judged 
microscopically by an experienced embryologist. Other 
methods like time-lapse and polarization microscopy 
inform about ZP quality and implantation potential, but 
they fail to provide quantitative or molecular information 
(Montag et  al. 2008). Yanez and colleagues showed 
that the human oocyte developmental potential could 
be predicted by their mechanical properties (Yanez 
et  al. 2016). Mechanical ZP properties vary widely in 
immature and mature oocytes, after fertilization, during 
embryo development, and in oocytes of young mice 
compared to old mice (Murayama et al. 2006, Liu et al. 
2010, Kim & Kim 2013, Andolfi et al. 2016). However, 
a direct link between mechanical hardening and 
molecular ZP2 cleavage and thus fertility is still lacking.

To address this issue, we studied mechanical 
properties of MII oocytes with a pre-defined zona 
status by nanoindentation to correlate the ZP elastic 
modulus (E-modulus) as a measure of zona hardening 
with established parameters of proteolytic resistance 
and ZP2 cleavage. Apart from WT oocytes with normal 
ZP phenotype, two extreme zona phenotypes were 
included: fetuin-B deficient (Fetub−/−) oocytes with 
premature cleaved ZP2 protein and thus fully hardened 
ZP (Dietzel et al. 2013), and fetuin-B/ovastacin double 
deficient (Fetub−/−, Astl−/−) oocytes with complete 
uncleaved ZP2 protein and thus a soft ZP (Floehr et al. 
2017). The two extreme zona states of Fetub−/− and 
Fetub−/−, Astl−/− oocytes thus offer ideal landmarks to 
quantitatively analyze ZP2 cleavage as a driving force 
for mechanical ZP hardening.

Materials and methods

Ethical approval

All animal experiments were in accordance with the German 
Animal Welfare law and approved by the State Governments 
in North-Rhine Westphalia. Maintenance, handling, and 
treatment of the mice were performed according to the 

Federation for Laboratory Animal Science Associations 
(FELASA) recommendations.

Mouse oocytes and in vitro fertilization

C57BL/6 fetuin-B WT (Fetub+/+, n = 25) and fetuin-B 
deficient (Fetub−/−, n = 14) female mice with identical 
genetic background were used as well as fetuin-B/ovastacin 
double deficient (Fetub−/−, Astl−/−, n = 54) females (FVB and 
C57BL/6 mixed genetic background). Oocytes were isolated 
as described (Dietzel et  al. 2013). To examine MII oocytes 
individually, cumulus cells surrounding the oocytes were 
digested with 0.16 mg/mL hyaluronidase for 3 min (H4272, 
Sigma). Afterward, oocytes were washed several times in 150 
µL EmbryoMax® advanced KSOM embryo medium (MR 101-
D, Merck).

In the case of IVF, hyaluronic digestion of cumulus cells 
was omitted. Sperm of C57BL/6 fetuin-B WT (Fetub+/+, n = 5, 
12–17 weeks old) mice was collected as already described 
in Dietzel et  al. (2013) and directly mixed with cumulus-
oocyte complexes. Twenty-four hours after insemination, the 
number of two-cell embryos was evaluated and separated for 
E-modulus measurement and ZP2 analysis. Two-cell embryos 
for blastocyst development evaluation were kept in KSOM 
medium until 5 days post-fertilization.

Forced zona pellucida hardening

Zona pellucida hardening following ovastacin and zinc 
treatment was assessed using Fetub−/−, Astl−/− oocytes. Oocytes 
from cumulus-oocyte complexes of two to three females were 
pooled for each experiment, treated with hyaluronic acid, and 
transferred to HTF-medium. Recombinant pro-ovastacin was 
proteolytically activated by human plasmin (HCPM-0140, 
Haematologic Technologies, Essex Junction, USA) at a molar 
ratio of 10:1 (Karmilin et al. 2019) and added to the oocytes. 
For inhibition experiments, recombinant fetuin-B proteins were 
mixed immediately after the addition of activated ovastacin at 
a molar ratio of 2:1. Oocytes were incubated for 1 h at 37°C 
and 5% CO2. Afterward, oocytes were washed four times in 
KSOM medium, and E-modulus measurement was performed. 
To evaluate the effect of zinc on ZP hardening Fetub−/−, Astl−/− 
oocytes were collected in 300 µL HTF after cumulus digestion 
and then randomly divided into KSOM medium without or 
with the addition of 50 and 500 µM ZnSO4, respectively. The 
oocytes were washed four times in respective medium and 
then incubated for 1 h at 37°C and 5% CO2.

Elastic modulus measurements

Oocytes or two-cell embryos of different genetic 
backgrounds (Fetub+/+; Fetub−/−; Fetub−/−, Astl−/−) were 
positioned on 60 µm polyethylene terephthalate meshes 
(pluriStrainer, pluriSelect, Leipzig, Germany) in KSOM 
medium for elastic modulus (E-modulus) evaluation. The 
E-modulus was determined by using a nanoindentation 
technology (Piuma, Optics11 Life, Amsterdam, Netherlands) 
with a spherical probe (25 µm tip radius, 0.05 N/m spring 
constant of cantilever) under microscopic visual control 
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(Dmi1, Leica Microsystems). Oocyte integrity was ensured 
by keeping them in KSOM medium at 37°C. Integrity criteria 
were fulfilled when oocytes had a uniform ooplasm without 
fragment and vacuoles and were surrounded by a uniform 
zona pellucida structure. Finding surface procedure was 
followed by indentation-depth controlled measurement 
consisting of loading at 1 µm/s to 4000 nm indentation 
depth, holding for 1 s and unloading for 2 s. All oocytes 
were measured at least three times. Data analysis was 
done by DataViewer software (Optics11 Life) by fitting the 
load-indentation curve up to 4000 nm to a Hertz model to 
calculate the Youngs’s modulus of elasticity (Pa). Data were 
excluded when indentation started in contact with the oocyte 
or in case of unstable immobilization showed by dents in the 
indentation curve indicating an oocyte movement during the 
measurement. Immobilization was achieved only by friction 
between oocyte mesh and without any chemical fixation.

Zona pellucida digestion

Oocytes of Fetub+/+, Fetub−/− and Fetub−/−, Astl−/− mice were 
isolated as previously described in mouse oocytes and in vitro 
fertilization. Denuded oocytes were incubated in 2.0 mg/mL 
chymotrypsin (#SLBG281V, Sigma) at a constant temperature 
of 37°C. To determine the time point at which 50% of the 
oocytes were zona-free (t50), a micrograph was recorded 
every 30 s and data points were plotted against the time as 
described (Dietzel et al. 2013).

Zona pellucida protein 2 immunoblot

Oocytes of Fetub+/+, Fetub−/− and Fetub−/−, Astl−/− mice were 
isolated following hormonal treatment or after E-modulus 
measurements, diluted in SDS-PAGE loading buffer, and 13–32 
oocytes were loaded on a 12.5% w/v polyacrylamide gel 
under reducing conditions. To ensure that a defined number of 
oocytes/embryos were loaded onto the gel, the oocytes/embryos 
were counted using a microscope and immediately transferred 
to loading buffer and boiled. The complete sample was further 
used for SDS-PAGE. Full-length and cleaved ZP2 were detected 
with IE-3 MAB as described (Körschgen et al. 2017).

Production of recombinant proteins

Recombinant mouse pro-ovastacin was produced in 
baculovirus-transduced high five insect cells (Cuppari et  al. 
2019, Karmilin et al. 2019). Recombinant mouse (UniProtKB 
ID: Q9QXC1), chicken (F1NHT5) as well as mouse fetuin-B 
point mutant (fetuin-BD156A), and truncated fetuin-B (fetuin-
BCY1CY2) were expressed in ExpiCHO-S cells (Thermo Fisher 
Scientific) according to manufacturer's specifications as 
described previously (Karmilin et  al. 2019). Point mutated 
fetuin-B (fetuin-BD156A) was generated as previously described 
(Cuppari et al. 2019). The truncated fetuin-BCY1CY2, consisting 
only out of the first (CY1) and the second cystatin-like domain 
(CY2), was produced as shown detailed in Supplementary Fig. 
1 (see section on supplementary materials given at the end of 
this article).

Results

Nanoindentation measures oocyte mechanical zona 
pellucida hardening

Using a nanoindenter instrument with a lever and 
a cantilever probe for electronic measurement of 
mechanical force we measured the E-modulus of WT 
oocytes within 15 min of harvest. Figure 1A shows 
the setup with the lever above a petri dish containing 
the oocytes and a magnification of the cantilever in 
Fig. 1B. Denuded MII oocytes were immobilized on 
a mesh (60 µm grid size) without additional chemical 
fixation and kept under visual integrity control in KSOM 
medium at 37°C throughout the measurements for up 
to 60 min (Fig. 1C). Figure 1D shows typical recordings 
of a load curve from 0 nm deflection to the maximum 
indentation of 4000 nm into the surface of the ZP. The 
linear increase of the load curve during the indentation 
of the ZP confirmed 4000 nm as a depth sufficient for 
unambiguous E-modulus determination. The recordings 
were used to calculate the ZP E-modulus based on the 
Hertz model, which is implemented in the instrument 
software.

We measured untreated WT mouse oocytes and two-
cell embryos, which represent physiological starting- 
and endpoints of ZP hardening. Figure 1E demonstrates 
that fertilization of WT oocytes increased the E-modulus 
from 155 ± 69 Pa to 454 ± 181 Pa (n = 28 vs n = 24, P  < 
0.0001) reflecting the physiological ZP hardening after 
fertilization. Of note, the indentation of 4000 nm into 
the ZP did not harm the oocytes and did not negatively 
influence further embryo development. Remarkably, 
96% of the two-cell embryos probed by nanoindentation 
(Fig. 1F, n = 23) successfully developed into blastocysts 
within 5 days post-fertilization (Fig. 1G). In comparison, 
66% (n = 63) non-indented embryos developed into 
blastocysts (Supplementary Fig. 2).

Range of zona pellucida hardening, determined by the 
extreme ZP states in fetuin-B and ovastacin-deficient 
mouse models

Fetuin-B single and fetuin-B/ovastacin double deficient 
oocytes are representative for infertile and highly fertile 
oocytes as shown in previous studies with 0% and 
95 ± 1% IVF rate, respectively (Dietzel et  al. 2013, 
Floehr et al. 2017). These two genetic models were used 
as extreme states of the zona pellucida with cleaved ZP2 
and intact ZP2 protein, resulting in a hard and a soft 
ZP, respectively. Figure 2A shows that the E-modulus of 
oocytes from these genotypes fully reflects the expected 
phenotypes. Compared to WT oocytes (155 ± 69 Pa), 
fetuin-B deficient oocytes (Fetub−/−, n = 24) showed 
significantly higher E-modulus at 1104 ± 304 Pa (P  
< 0.0001) reflecting the premature ZP hardening of 
Fetub−/− oocytes reported previously (Dietzel et  al. 
2013). These measurements justify the denomination 
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of 'zona pellucida hardening' as they clearly show 
increased mechanical stiffness of hardened ZP, which was 
previously merely inferred from surrogate measurements 
like sensitivity to chymotryptic zona degradation or 
ZP2 cleavage by immunoblotting. Conversely, fetuin-B/
ovastacin double deficient (Fetub−/−, Astl−/−, n = 35) 
oocytes were readily distinguishable from WT by their 
'softness' and low E-modulus of 85 ± 33 Pa oocytes (P  
< 0.0001). The indentation measurements underscored 
that a soft ZP was associated with the absence of the 
proteinase ovastacin.

Next, we analyzed if increased E-modulus 
was associated with increased ZP2 cleavage, the 
definitive molecular event of ZP hardening. To this 
end, we analyzed the cleavage status of ZP2 in MII 
oocytes (Fetub+/+, Fetub−/− and Fetub−/−, Astl−/−) by 
immunoblot. Figure 2B illustrates that ZP2 cleavage 
was tightly associated with the hardening status of the 
ZP shown in Fig. 2A. Antibody IE-3 directed against 
the N-terminal portion of ZP2 detected full-length 
intact ZP2 at 120 kDa in all oocytes. Oocytes lacking 
ovastacin (Fetub−/−, Astl−/−) only had 120 kDa full-
length ZP2 protein indicating no ZP2 cleavage at all 
(Fig. 2B). In both Fetub−/−, Astl+/+ and Fetub+/+, Astl+/+ 
oocytes, the signal of ZP2 cleavage fragments (at 26 – 
34 kDa) were clearly visible. In Fetub−/−, Astl+/+ oocytes, 
the ratio of cleaved ZP2 to the intact form was higher 
than in Fetub+/+, Astl+/+oocytes. This supports previous 
publications showing that mature WT (Fetub+/+, Astl+/+) 
oocytes contain already cleaved ZP2 protein (Dietzel 
et al. 2013, Körschgen et al. 2017) and Fetub−/− oocytes 
have undergone considerably more ZP2 cleavage 
leading to premature hardening of the ZP and thus 
complete infertility in these mice.

Historically, the ZP state was assessed by enzymatic 
ZP digestion. The time point at which half of a 
population of oocytes had their ZP completely digested, 
by for example chymotrypsin, was defined as t50, and 
taken as a measure of ZP hardness. The longest t50 time 
was measured for Fetub−/− oocytes (54 ± 1 min), while 
WT (15 ± 2 min) and in particular, Fetub−/−, Astl−/− 
double deficient oocytes (<2 min) had significantly 
shorter t50 values (Fig. 2C). A comparison of all three 
methods shows that E-modulus measurements have 
increased sensitivity compared to ZP2 immunoblotting 
or ZP digestion analysis. ZP hardening of Fetub−/− 
oocytes determined by both ZP2 immunoblot and ZP 
digestion analysis resulted in a tripling of the reading 
signal compared to WT oocytes (15 ± 2 vs 54 ± 1 min). 
However, using the E-modulus a seven-fold increase 
was observed (155 ± 68 Pa vs 1100 ± 304 Pa).

Nanoindentation as quantification tool for ZP 
hardening in individual oocytes

Ovastacin release from secretory granula of oocytes is 
required for subsequent ZP2 cleavage and ZP hardening. 
Accordingly, Fig. 3 shows only soft zona and intact ZP2 
in untreated Fetub−/−, Astl−/− oocytes and fertilized two-
cell embryos (Fig. 3A and B, lane 1 and 9, respectively). 
To verify nanoindentation as quantification tool for ZP 
hardening soft Fetub−/−, Astl−/− oocytes were treated with 
recombinant mouse ovastacin to induce ZP hardening 
artificially. Indeed, recombinant ovastacin significantly 
increased the E-modulus of Fetub−/−, Astl−/− oocytes from 
81 ± 33 to 753 ± 215 Pa, n = 35 vs n = 27, P  < 0.0001 (Fig. 
3A, lane 1, 2). Moreover, the result indicated that forced 
hardening by exogenous ovastacin mimicked uninhibited 

Figure 1 E-modulus measurement of oocytes by 
nanoindentation. (A) Oocytes were immobilized 
on 60 µm meshes in a petri dish and kept in 
medium at constant 37°C. The nanoindenter 
instrument with a cantilever probe for elastic 
force measurement was placed above the petri 
dish. (B) The enlarged image section shows the 
cantilever with a spherical probe (grey arrow) 
with the laser shaft (black arrow) of the 
indentation device placed above. (C) Oocyte 
integrity was visually evaluated for each oocyte 
before and during indentation using an inverted 
microscope. (D) Typical recording of a loading 
curve divided into load (orange), hold (blue), 
and unload (red). Fitted curve (grey dashed) was 
used to calculate the zona pellucida E-modulus 
by the Hertz model. (E) Determination of the 
E-modulus of MII oocytes and two-cell embryos 
of WT mice. Each dot represents the mean of 
triplicate measurement of an individual oocyte/
embryo (F) two-cell embryo on 60 µm mesh and 
probed by nanoindentation successfully 
developed into (G) blastocysts, partially hatched, 
4 days after indentation. Mann–Whitney test, 
****P  < 0.0001. Bars depict the mean ± s.d.
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endogenous ovastacin in fetuin-B deficient oocytes (Fig. 
2A). Notably, exogenous ovastacin completely abrogated 
the intact ZP2 signal indicating complete proteolysis 
(Fig. 3B, lane 2). In comparison in Fetub−/− oocytes with 
premature ZP hardening, ZP2 cleavage was incomplete 
(Fig. 2B) indicating that partial ZP2 cleavage is sufficient 
for efficient ZP hardening. This hypothesis is supported 
by the observation that exogenous ovastacin does not 
increase the E-modulus of premature hardened Fetub−/− 
oocytes (Supplementary Fig. 3).

Next, we analyzed if forced ZP hardening triggered 
by exogenous ovastacin can be inhibited by fetuin-B. 
Figure 3, lane 3 shows that recombinant mouse fetuin-B 
completely abrogated ZP hardening and ZP2 cleavage 
by exogenous ovastacin, underscoring that fetuin-B and 
ovastacin are a highly conserved proteinase-inhibitor 
couple. Remarkably, chicken fetuin-B inhibited mouse 
ovastacin activity comparable to the mouse ortholog 

Figure 2 Range of zona pellucida hardening, determined by the 
extreme states in fetuin-B and ovastacin deficient mouse models with 
cleaved and uncleaved ZP2, respectively. (A) Determination of the 
E-modulus of MII oocytes from WT (Fetub+/+, Astl+/+), fetuin-B 
deficient (Fetub−/−, Astl+/+) and fetuin-B/ovastacin double deficient 
(Fetub−/−, Astl−/−) mice. Each dot represents the mean of triplicate 
measurement of one oocyte. (B) Zona pellucida protein 2 (ZP2) 
immunoblot of nanoindented oocytes from (A). Note that the number 
of oocytes analyzed ranged from 13 to 32 and, therefore, the relative 
amount of ZP2 cleavage products is highest in Fetub−/−, Astl+/+ 
oocytes. (C) ZP digestion times (t50) of Fetub+/+, Astl+/+; Fetub−/−, 
Astl+/+ and Fetub−/−, Astl−/− oocytes. The t50 value equals the time 
required for 50% of the oocytes to become zona-free following 
chymotrypsin treatment. Every dot represents one experiment 
performed with at least ten oocytes. (A) Kruskal–Wallis test, (C) 
One-way ANOVA, ****P  < 0.0001. Bars depict the mean ± s.d.

Figure 3 Zona pellucida hardening was induced in Fetub−/−, 
Astl−/− oocytes by exogenous ovastacin and inhibited by mammalian 
and avian fetuin-B. (A) Determination of the E-modulus of MII 
oocytes or two-cell embryos from fetuin-B/ovastacin double deficient 
(Fetub−/−, Astl−/−) mice after treatment with recombinant mouse 
ovastacin and recombinant fetuin-B (mouse, WT mouse fetuin-B; 
chicken, WT chicken fetuin-B; D156A, mutant mouse fetuin-BD156A; 
CY1CY2, truncated fetuin-BCY1CY2) or zinc. Each dot represents the 
mean of triplicate measurement of one oocyte. Mann–Withney test, 
****P  < 0.0001; ns, not significant . Bars depict the mean ± s.d. (B) 
Zona pellucida protein 2 (ZP2) immunoblot of nanoindented oocytes 
and embryos from (A).
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(174 ± 40 and 128 ± 69 Pa, P  = 0.0775) indicating 
evolutionary conservation of astacin-like proteinase 
inhibition by fetuin-B in non-mammalian vertebrates 
(Fig. 3, lane 4). Accordingly, the ovastacin inhibition 
motif of fetuin-B, 154CPDCP158 (nomenclature for mouse 
fetuin-B (Cuppari et al. 2019, Guevara et al. 2019)), is 
highly conserved in chicken fetuin-B (Supplementary 
Fig. 4). We used nanoindentation to test the importance 
of this region for the inhibition of ovastacin by adding 
mutant mouse fetuin-BD156A protein containing a single-
point mutation. Notably, mouse fetuin-BD156A protein 
failed to inhibit ZP hardening and ZP2 fragmentation 
triggered by exogenous recombinant ovastacin. Instead, 
the E-modulus was high (794 ± 266 Pa, Fig. 3A, lane 
5) and ZP2 cleavage was complete (Fig. 3B, lane 5). 
The equivalent point mutations in human (D153A) and 
bovine fetuin-B (D154A) also caused a loss of inhibitory 
power toward ovastacin, further emphasizing the 
importance of this motif (Supplementary Fig. 5). Our 
structure–function study predicted that the C-terminal 
region of fetuin-B should play a negligible role in 
direct fetuin-B-ovastacin inhibition but could play an 
important scaffolding role (Cuppari et al. 2019, Guevara 
et  al. 2019). We tested this prediction and produced 
mouse fetuin-B comprising two amino-terminal 
cystatin-like domains CY1 and CY2, but lacking the 
C-terminal region CTR (fetuin-BCY1CY2, Supplementary 
Fig. 1). Figure 3A, lane 6 shows that the truncated 
fetuin-BCY1CY2 partially inhibited exogenous ovastacin 
in that the E-modulus was intermediary (315 ± 98 Pa) 
between full-length mouse fetuin-B (128 ± 69 Pa) and 
inactive full-length mouse fetuin-BD156A (794 ± 266 Pa). 
The lack of the full inhibitory potential demonstrates the 
crucial scaffolding role of the CTR, as it is not involved 
in the direct protein–protein interaction. Whether or not 
the inhibitory potential of fetuin-BCY1CY2 is sufficient to 
maintain the fertility of oocytes requires further studies.

A recent publication stated that endogenous zinc 
sparks as well as exogenous zinc contribute to ZP 
hardening (Que et al. 2017). We measured E-modulus 
and ZP2 cleavage after adding 50 and 500 µM zinc 
to Fetub−/−, Astl−/− oocytes in the absence of the 
metalloproteinase ovastacin and incubated for 1 h  
(Fig. 3, lane 7, 8). The addition of zinc neither affected 
the E-modulus and thus ZP hardening nor did it trigger 
ZP2 cleavage of ovastacin-free oocytes suggesting that 
zinc did not induce ZP hardening in our experimental 
setup. In summary, the results show that nanoindentation 
of single oocytes is suitable for the quantification of the 
dynamic process of ZP hardening.

Discussion

In this study, we showed that single-cell nanoindentation 
of oocytes allows the quantitative analysis of mechanical 
ZP hardening. ZP2 cleavage by ovastacin was 

confirmed as the definitive molecular event triggering 
mechanical ZP hardening. Consequently, an increase 
in the E-modulus of MII oocytes is associated with ZP2 
cleavage, sperm penetration blockade, and thus reflects 
oocyte fertility. Therefore, we propose the E-modulus 
of individual oocytes as a potential novel measure for 
oocyte quality.

Excessive premature ZP hardening results in 
fertilization failure (Dietzel et  al. 2013), and lack of 
hardening leads to implantation failure (Gahlay et  al. 
2010, Burkart et al. 2012, Floehr et al. 2017). By using 
two extreme ZP states of inherently hard Fetub−/− 
oocytes and inherently soft Fetub−/−, Astl−/− oocytes, 
we demonstrated for the first time the strong association 
of ZP2 cleavage and sensitivity toward chymotryptic 
digestion, to the non-destructive measurement of the 
E-modulus.

ZP state is one of many factors influencing oocyte 
and embryo development. Ideally, different analytical 
methods should be combined to make informed decisions 
about oocyte and embryo quality. The established non-
invasive human oocyte quality assessment method 
polarization microscopy proved unsuitable for other 
species including cattle (Koester et  al. 2011) and 
mouse (Supplementary Fig. 6). Alternatively, embryo 
development to blastocysts was judged by time-lapse 
imaging, yet with ambiguous results regarding the 
scoring of embryos and predictive value for further 
development (Lemmen et al. 2008, Hlinka et al. 2012, 
Conaghan et  al. 2013). Established scoring methods 
are often descriptive and lack quantitative measures, 
unlike nanoindentation which is sensitive, marker-free, 
non-destructive, and free of observer bias. E-modulus 
measurement by nanoindentation could, therefore, be 
an adjuvant tool in the future to assess fertility and thus 
the quality of oocytes. This hypothesis is supported by 
other studies showing that the mechanical properties 
of oocytes are readily measurable and closely related 
to vitality (Palermo et  al. 1996, Ebner et  al. 2001, 
Stracuzzi et  al. 2021). However, further studies have 
to be conducted to analyze the E-modulus of oocytes 
as a prognostic marker for fertilization and pregnancy 
rate. Our data indicate that nanoindentation of up 
to 4000 nm did not negatively impact later oocyte 
and embryo development, yet allowed individual 
assessment of oocyte quality with a dynamic range and 
diagnostic precision surpassing simple visual inspection 
of oocytes. Further reduction of indentation depth and 
thus mechanical perturbation is possible, but may not 
be required because the mechanical stimulation did  
not affect blastocysts development. This point merits 
further study.

Beside ZP2 cleavage, additional factors may 
influence ZP hardening. A recent hypothesis suggested 
that post-fertilization defucosylation of the homodimer 
ZP1 regulates ZP hardening (Nishimura et  al. 2019). 
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Several proteases and other factors like p75 were 
suggested to contribute to ZP hardening, but their role 
during fertilization is still not fully understood (Schmell 
& Gulyas 1980, Pierce et al. 1990, Zhang et al. 1992, 
Huarte et  al. 1993). Zinc sparks were proposed to 
contribute to ZP hardening and prevent sperm binding 
and penetration (Que et  al. 2017, Tokuhiro & Dean 
2018). In our experimental setup, zinc treatment of 
ovastacin-deficient oocytes did not cause increased 
ZP stiffness arguing against a role of 'free' zinc in ZP 
hardening. This observation supports the conclusion 
that zinc has no ovastacin-independent effects on 
ZP hardening. However, it has to be noted that BSA-
containing media was used in our setup which could 
have a chelating effect on zinc, or that the E-modulus 
measurement is too insensitive to measure zinc-induced 
changes. This point merits further study.

In summary, this study confirms the reliable, continuous, 
and sensitive quantification of ZP hardening status of 
individual oocytes by nanoindentation. The E-modulus as 
the net outcome of the ZP hardening may, therefore, help 
to refine assisted reproductive technologies in humans, 
stock, and laboratory animals alike.
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