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The intriguing capability of branched glycoprotein filaments to change their hierarchical organization,

mediated by external biophysical stimuli, continues to expand understanding of self-assembling strategies

that can dynamically rearrange networks at long range. Previous research has explored the corresponding

biological, physiological and genetic mechanisms, focusing on protein assemblies within a limited range

of nanometric units. Using direct microscopy bio-imaging, we have determined the morpho-structural

changes of self-assembled filament networks of the zona pellucida, revealing controlled levels of struc-

tured organizations to join distinct evolved stages of the oocyte (Immature, Mature, and Fertilized). This

natural soft network reorganizes its corresponding hierarchical network to generate symmetric, asym-

metric, and ultimately a state with the lowest asymmetry of the outer surface roughness, and internal

pores reversibly changed from elliptical to circular configurations at the corresponding stages. These

elusive morpho-structural changes are regulated by the nanostructured polymorphisms of the branched

filaments by self-extension/-contraction/-bending processes, modulated by determinate theoretical

angles among repetitive filament units. Controlling the nanoscale self-assembling properties by delivering

a minimum number of activation bio-signals may be triggered by these specific nanostructured poly-

morphic organizations. Finally, this research aims to guide this soft biomaterial into a desired state to

protect oocytes, eggs, and embryos during development, to favour/prevent the fertilization/polyspermy

processes and eventually to impact interactions with bacteria/virus at multiscale levels.

1. Introduction

The zona pellucida is a dense extracellular network of glyco-
protein nanostructured filaments, which supports chemical–
mechanical communications between oocyte and granulosa
cells through biophysical connections at the nanoscale. This

soft extracellular membrane, surrounding all mammalian
oocytes, attracts considerable interest due to its ability to
control the overall complex system through appropriate self-
assembling bio-mechanisms to synchronise the evolved stages
of the oocyte.1,2 Distinctive assumptions about the origin, evol-
ution, and coexisting living phases of the zona pellucida (ZP),
based on needful experimental/theoretical biological, physio-
logical, and genetic studies, have been correlated with protein
assemblies limited to nanometric units. Indeed, they have
shown that ZP glycoproteins originate from the late stage of
the oogenesis phase through hydrophobic regions rich in pro-
teins anchored to the membrane beginning to grow by con-
tinuously secreting glycoproteins.3 This protein accumulation
evolved in natural self-assembly nucleation of non-covalently
linked domains, favoring only short-range-order structures of
oligomeric subdomains of nanometric units (dimers, trimers,
etc.).4–6 The presence of the N-terminal in the subdomain
increases protein–protein interactions to polymerize the
oligomers into high-order filaments. Also, the C-terminal
subdomain was associated with protein function, as a unit
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interaction mediator (i.e., sperm binding). The interactions
among protein nanometric units promote the structural tran-
sition from a metastable state of the early ZP glycoprotein
network to the immature oocyte (I-ZP).7,8 Afterwards, the
N-terminal signal peptide (intramolecular disulphide bonds)
and the missing C-terminal propeptide should favor the
polymerization to reach maturation (M-ZP).9 At the fertilized
stage (F-ZP), the oolemma and zona pellucida cooperate by
biochemical processes, resulting in cleavage of the N-terminal
subdomains, inducing ZP hardening, which is essential to
prevent polyspermy.10 Both ZP-N and -C subdomain structures,
incorporated into the identified ZP1, ZP2, and ZP3 monomeric
units, are regulated by glycoprotein synthesis and secretion
processes, modelling the complex cross-linked network (mice
case).1,11 Directed electron imaging showed for the first time
the existence of individual glycoprotein filaments, not
branched, in the ZP, which constituted of globular nano-
particles linked to each other through rods, as observed by
Greve and Wassarman.12 Biochemical investigation identified
an additional ZP1-like unit, called ZP4, in different mamma-
lian species, including bovine; predicting that it is specialized
to create cross-linked networks by assembling long filaments
of repetitive –ZP2–ZP3– units clipped by short filaments of
–ZP4– units.1,13,14

To date, many efforts have been devoted to the emerging
and fascinating research of predicting the structure of a
protein molecule from its linear amino-acid sequence, right
down to the position of each atom at the nanometric scale.
Theoretical structural studies coupled with X-ray crystallo-
graphic characterization have reported interesting achieve-
ments in a complete determination of the glycoprotein nano-
metric domains, using the crystallization trials method.15,16

Jovine et al. reported relevant prediction information on the
multiple functional and folding protein structures on ZP2 and
ZP3 filament units and their ZP1/ZP4 inter-unit filament inter-
actions at the atomic scale.17,18 Interesting electron
microscopy imaging, confined to the outer/inner surface of the
nanometric region, allowed the gathering of information
about structural length on polymeric protein filaments
without considering the network constraints.19,20 These fila-
ments chemically cross-linked in polymeric protein networks,
generating complex bio-structures, have revealed interesting
bio-physical surface properties, essential for a variety of cellu-
lar processes.21–24 However, these needful outcomes have a
crucial lack in matching the persistence length of protein
assemblies changed by actual bending/stretching/contraction
in the filaments. Thus, understanding how self-assembling
processes generate highly organized structures in hierarchical
networks for controlling bio-physical properties is essential
knowledge.

By increasing the observation scale, morphology studies
revealed the smoother outer surface of the I-ZP; while micro-
metric fenestrations of fibrils of nanostructured filaments with
spongy network features in M-ZP were observed.19 Zona pellu-
cida were qualitatively observed in assembled fibrils, forming
fibrillar networks at different stages: (i) fibrils organized in a

very tight meshed network (I–M–F-ZP); (ii) less condensed
mesh networks (I–M–F-ZP); (iii) fibrils assembled in loose or
large meshed networks (M–F-ZP); and (iv) fibrils fused
together to form a homogeneous structure without a reticu-
lar appearance (F-ZP). Nottola et al. observed an outer
surface characterized by expanded and flattened fenestration
of F-ZP in human cases.25 Instead, bovine I-ZP was found to
have a very irregular surface, with an uneven distribution of
numerous pores, crevices, and projections.26,27 Interestingly,
surface observations of ZP mouse evidenced filaments
arranged in aligned beads to form strings connected by glob-
ular structures into a long-range network.28 These interesting
morphology investigations unfortunately lack of roughness
control over a complex surface profile of smaller fibrils
affected by a high irregularity of deviations hidden by a
dense filamentous network at long range. Thereby, a precise
understanding of these morpho-structural changes of fila-
mentous networks at long range that can rearrange dynami-
cally as interactions among the nanostructured filaments
changes remains elusive.

To further extend these findings, hierarchical structure ana-
lyses of changed glycoprotein networks in the surface/bulk
structural properties, governing the oocyte evolution at imma-
ture, mature, and fertilized stages, have been reported. To
obtain insight into these intriguing and complex soft bio-
material, a combination of microscopy imaging techniques of
TEM supported by quantitative imaging analysis (QIA), using
statistical quantitative novel approaches, have been exploited
to explore the following objectives: (i) morphometric rough-
ness study of both real vertical and spatial features of the outer
extracellular surface profile shaped by smaller fibrils of fila-
mentous networks (Fig. 1); (ii) evolution of the internal pores
of cross-sectional ZPs (Fig. 2); (iii) polymorphic structural
length of self-assembled gly-filaments cross-linked into a
network at long range (Fig. 3). Integrating the above scientific
objectives in a synergistic manner has been essential for the
mechanistic understanding of how hierarchical filaments
organizations size/shape the body contours of the zona pellu-
cida, evolving from immature to fertilized stages (Fig. 4).

2. Results and discussion

The morpho-structural evolution of the Zona Pellucida has
been investigated at immature (I), mature (M), and fertilized
(F) stages of bovine oocytes (Fig. S1†). The obtained radial
cross-section images represent evidence of the glycoprotein
building blocks that guided the hierarchical structures of a
specialized networks to assemble into the core–shell shape
around the oocyte, which, in turn, opens up the opportunities
to perform accurate characterization of the evolving change of
the glycoprotein networks at long range. In this regard, the
natural dynamic assembly of the complex glycoprotein struc-
tures, involved in adapting to changing environmental con-
ditions, has been evaluated quantitatively from the micro-
scopic to nanoscopic scale. The evolution growth of this
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amazing bio-structured complexity will be clearly visible by
observing and quantitatively evaluating the biophysical pro-
perties in terms of the outer surface roughness profile and
internal porosity biophysical properties, strictly modelled by
the self-assembling processes of the glycoprotein filamentous
network.

2.1. Outer surface proteins driven by a self-assembling
filament network

The analyses of the outer surface profiles extracted from cross-
sectional specimens are displayed in Fig. 1. Roughness surface
properties were then analyzed as topographic contour lines,
using similar assessment criteria adopted by surface
microscopy techniques (i.e.: SEM, AFM, STM, etc.). Beyond the
data resolution enhancement, the TEM cross-sectional profiles
allow analysis of the real aspects of the highest complex
surface roughness containing forward or backward bending,
voids, or other irregular texture profiles, which would not be
possible through surface microscopy techniques. Indeed, this
new approach used here avoids any shading effect capable of
hiding depressions onto the surface generated by irregular
bending protrusions shaped by smaller fibrils of filamentous
networks along the projection direction (see red-dot-line
circles in Fig. S1†). Three different surface roughness profiles
(SRP), belonging to each ZP stage, were extrapolated from the
cross-sectional TEM image and displayed in Fig. 1-SRP. The
high abundance of multidimensional peaks/valleys (protru-
sions/concavities), shaped by smaller fibrils of filamentous
networks, was investigated quantitatively by considering the
amplitude distribution function (ADF) extrapolated from the
surface profile roughness (SRP). The material ratio (MR) curve,
a cumulative density distribution of the ADF, was used to
understand the changing surface between the two mediums
(Fig. 1-ADF and -MR).29 The I-ZP outer surface profile,
extracted from Fig. 1a, clearly shows an irregular micrometric
surface with a large maximum vertical distance Rt of 3.17 µm
(Fig. 1a-SRP, Table S1†). High fluctuation roughness around
the mean line profile in terms of the neighbouring protrusion-
concavity pairs exhibited a mean height of Rc = 1.47 µm and a
mean width of Rsm = 1.15 µm, having high total peak numbers
(Rpc = 8082). The I-SRP has also been evaluated quantitatively
in terms of spread and amplitude distributions through shape
distribution features of the skewness and kurtosis parameters
(Rsk and Rku).

30 The estimated Rsk exhibited a value close to
zero of −0.18, indicating that the glycoprotein network
assembled to shape both protrusions and concavities sym-
metrical around the mean line (Fig. 1I-SPR). The Rku esti-
mation exhibited a value of 3.01, denoting that the protrusions
and concavities have irregular shapes

To gain a deeper understanding of the structural meaning
of the glycoprotein surface, the obtained broad I-ADF profile
was fitted by convolution of Gaussian functions to assess each
height peak position of the single deconvolved Gaussian curve,
arising from each protrusion and concavity (Fig. 1I-ADF,
Table S2†). The protrusions (positive values) and concavities

(negative values) exhibit similar symmetrical positions around
the mean line (±0.05 µm, ±0.13 µm, ±0.21 µm, etc.), and the
highest amplitudes favoured protrusions rather than concav-
ities. To gain insight into the minimal changing of the
network at the surface, the intricate roughness was character-
ized along the interfacial area ratio between the cumulus-
corona cells and the glycoprotein bio-material, the materials
ratio curve (Fig. 1I-MR). Among the three different bearing
areas, the central portion had a core roughness depth of Rk =
1.24 µm, excluding the asperities contributions of the peaks-
valleys. The upper local area exhibited cumulative surface aspe-
rities of protruding peaks under the micrometric dimension of
Rpk = 0.35 µm with a material portion Mr1 of 6.27% in contact
with cumulus-corona cells. Whereas the local minima fluctu-
ation of the jagged deep concavities had a high Rvk = 0.72 µm
(Mr2 of 84.40%), evidencing a high friction/adhesion strength
between apical extracellular corona cells and the ZP surface.

The mature ZP outer surface is displayed in Fig. 1b and the
corresponding extrapolated projected length in Fig. 1M-SPR.
The reorganized network shaped the outer surface by decreas-
ing the total height thickness by about 1 µm (Rt = 2.43 µm),
reducing the mean height (Rc = 1.17 µm) and increasing the
width (Rsm = 1.50 µm) compared to the I-ZP (Table S1†). In this
regard, the reorganized cross-linked filaments shaped the pro-
trusions/concavities, involving an asymmetrical distribution
over all the surface profile, as established by increasing Rsk
(−0.45). A relative increase in Rku (3.50 > 3) concretely supports
the enlarging shape for both protrusions/concavities; thereby
the bending protrusion humping the surface started to disap-
pear, leading to an increase in the surface porosity. This is evi-
denced by increasing the bio-active surface area to favour
structural interactions with external biological systems. The
best fitting of the M-ADF profile, showing a slight shift toward
the protrusion formation, exhibited the highest intensity of
the Gaussian curve centered at 0.24 and 0.13 µm, losing the
external Gaussian curves of the ADF profile (Fig. 1M-ADF).
Interestingly, the height distributions of the protrusion and
concavities still have similar positions (Table S2†); thereby the
reassembled filaments preserve the height positions of the
protrusions-concavities formed in the I-ZP, a probably natural
sequential order. By evaluating the materials’ ratio curve
(Fig. 1M-MR), the roughness core profile slightly decreased (Rk
= 0.94 µm), while the local nanometric asperity fluctuations
are still higher in the concavities than in the protruding peaks
(Rpk = 0.39 µm, Rvk = 0.59 µm). The increasing of the upper
material portion (Mr1mature = 7.13% > Mr1immature = 6.27%)
indicates that the outer surface has more glycoproteins
material to join in the contact or to be bound by sperm
through a better load-bearing ability.10

The surface roughness F-ZP profile, displayed in
Fig. 1F-SPR, evolved through a contraction in thickness, redu-
cing the mean height (Rc = 0.89 µm). A stretching effect of the
surface can be noticed in the increment of the Rsm (1.72 µm)
compared to the previous stages. Reducing its previous asym-
metry distribution of the M-ZP was achieved by decreasing the
concavities width and preserving the flattening shape of the

Paper Nanoscale

17974 | Nanoscale, 2023, 15, 17972–17986 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
11

:1
5:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02644b


Fig. 1 Outer surface investigation of the zona pellucida from immaturity to the fertilized stage. (a–c) Selected TEM cross-sectional images of imma-
ture, mature, and fertilized ZP and below the corresponding extracted surface roughness profiles in yellow (I-ZP), green (M-ZP), and pink (F-ZP).
Amplitude distribution function (ADF) and material curve ratio (MR) extrapolated from surface roughness profiles of each ZP stage.
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protrusions (Rsk = −0.21, Rku = 3.26). This stretching/flattening
effect overall the outer surface is also evident in the height dis-
tribution function plotted in Fig. 1F-ADF. Despite the for-
mation of a compact surface, the F-ZP gly-filaments reas-
sembled, preserving their height positions of the surface
profile from immature to fertilized stage (Table S2†). Using the
shape memory of the glycoprotein networks, the morphologi-
cal contraction in thickness was also evident in decreasing the
lower slope and the less rough surface (Fig. 1F-MR). Further,
the core roughness depth still decreased under micrometric
dimensions (Rk = 0.62 µm). The bio-action mechanism
shaping the protruding peaks/valleys evidenced a decrease in
the nanometric asperities, also reaching a roughness balance
(Rpk = 220 nm, Rvk = 270 nm). Instead, the peak upper portion
showed less glycoproteic material for joining extracellular
materials (Mr1fertilized = 5.7% < Mr1mature = 7.13%). Yet from
nanometric surface perspectives, the similar estimated Rpk and
Rvk, different for the other stage, indicated the presence of a
symmetrical nanometric reorganization. This implies that
upon contact, the filament units have a tendency to equally
share contact, probably to avoid a potential polyspermy, produ-
cing a compact and rigid outer surface of a hardened fertilized
ZP.23

2.2. Exploring the evolution of the internal pores

The internal pores of each ZP stage were quantitatively investi-
gated in terms of porosity, pore distribution, pore shape
factor, and aspect ratio (Fig. 2). The center of the mass posi-
tions of all pores was extrapolated in polar coordinates from
the digital images to evaluate their radial and angular distri-
butions (Fig. 2-PP, -RP, -AP, Fig. S2†).31 A total porosity of
5.74% was estimated in I-ZP (Fig. S2-a and Table S3†). An
increase in the pore numbers from the inner (40 µm) to the
outer (60 µm) surface ranging from 55 to 130 degrees was esti-
mated (Fig. 2I-RP, 2I-AP).

Extra-large micrometric pores can be attributed to the
strong adhesion of the apical cumulus-corona cells. On the
other hand, pores of hundreds of nanometers can be con-
sidered to be generated by transzonal or cytoplasmic projec-
tions of the cumulus-corona cells; travelling through the thick
ZP in search of the oocyte to regulate oocyte activity.32 By
fitting the radial profiles, the presence of domains enveloping
pore numbers of 20.31 separated by an average spatial fre-
quency of 0.57 µm was revealed (Tables S4 and S5†). The
angular pore distribution analysis identified domains of 13.85
pore number separated by an angular frequency of 1.90
degrees (Fig. 2I-AP). Therefore, the cumulus-corona cells com-
municate with the immature oocyte, generating pore domains
distributed every 2 degrees radially separated by half a micron.
The frequency distributions of the pore shape factor related to
the aspect ratio drawn by 2D contour frequency plots were esti-
mated (Fig. 2I–M–F-PA). The statistical shaping descriptors of
multi-shaping pores identified three different shape domains.
Synergism between cytoplasmic projections and nano-
structured filaments generated a domain pore of high fre-
quency with an elliptical shape and rough walls (0.5, 0.5;

labelled I); pores with a quasi-circle shape and low roughness
walls (0.8, 0.8; II); and a low-frequency area with a high rough-
ness pore wall and more elongated in shape (0.4, 0.3; III).

Mature ZP exhibited a slight decrease in total porosity of
4.23%, distributed radially from the inner (40 µm) to the outer
(54 µm) section and angular from 60° to 120°. The domains of
pore numbers are similar radially and decrease angularly
(20.43, 10.12), but their repetitive radial center decreases
(0.37 µm) and not angularly (1.91°). This changing porosity
distribution represents a starting retraction of the cytoplasmic
projections. The resulting change of the glycoproteins network
by chemical-mechanical action reduces the radial pore separ-
ation and the pore number in the angular directions. The low
frequency of the three pores shaping the area of the I-ZP (I and
II) are still present at the mature ZP, but with low-frequency
distribution. The third has a similar roughness pore wall of
the area III, but less elongated pores (0.6, 0.3; IV). The main
change is revealed by the presence of a high-frequency area,
characterizing the pores with circularity and a smooth wall
shape (0.6, 0.7; V), similar to the inset of the TEM image (right
bottom of Fig. 2). The appearance of a smoother and more cir-
cular pore can be considered an action of relaxing/expanding
nanostructured filaments to reorganize their long-range
network in reaching their maturation purpose. The fertilized
ZP exhibited an effective decrease of the total porosity of
2.34% (Table S3†). The radial-angular distribution profiles of
the pore size reduced the range from the inner (50 µm, 62°) to
the outer (62 µm, 117°). Also, the pore number domains are
also reduced in both radial and angular directions (16.64,
6.65); while spatial distribution evidenced a decreasing of pore
domains in number without substantially changing in both
radial-angular directions (0.36 µm, 1.88°). The resulting pore
shaping analysis showed a new formation of an interesting
area III (0.4, 0.3), having high-frequency counts, which was
already present in the I-ZP with the lowest frequency. There
was one more area of low frequency with increasing roughness
of the pore wall (0.4, 0.7, VI). Interestingly, the pore analysis
shows a preferential pore shape memory established by the
notable presence of the area III (0.4, 0.3) detected at the imma-
ture stage to finally reappear at the fertilized one as a preferen-
tial shape (inset right bottom of Fig. 2). A simple morpho-
metric statistical analysis of the pore dimensions has been
reported for pore widths and lengths (Fig. 2I–M–F-PW and
-PL). The squeezing effect of the pores shows a moderate
change of the width from 0.16 µm (I-ZP) to 0.12 µm (F-ZP);
while the estimated pore lengths better evidence an elongation
with an increment of 90 nanometers from 0.22 µm (I-ZP) to
0.31 µm (F-ZP).32

2.3. Self-assembling network of plurality glycoprotein
filaments

To investigate the evolutionary change of the cross-linked
network,15 the super-structural organizations of plurality inter-
connected gly-filaments have been characterized using high
magnification TEM imaging analyses (Fig. 3).33–35 Imaging seg-
mentation process generated total filament segments of 11 056
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Fig. 2 Internal porosity investigation of zona pellucida from immaturity to the fertilized stage. Pore size distribution displayed in polar coordinates
of the center of the mass of the pores (PP), pore size distribution in radial plot (RP), and pore size distribution in angular plot (AP) with the corres-
ponding data fitted by Voigt convolution functions (black line). p < 0.01 statistically significant difference between experimental and theoretical data
fitting. 2D contour maps of the pore frequency distribution as a function of pore shape factor and aspect ratio (PA). Frequency plots of the pore
width and length (PW and PL). (Insets) Representative images of different shaped pores are reported.
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(I-ZP), 11 408 (M-ZP), and 9654 (F-ZP) from the outer to inner
surface (as shown in Fig. 3S).36 The estimated branched
lengths, plotted in Fig. 3S-abc, exhibited similar lengths and
intensities from 9 to 90 nm (the short-range-length region) for
the immature and mature ZP networks.37 After that the fila-
ment lengths evolved differently (90 to 250 nm, long-range-
length regions) with increasing lengths and intensity in the
M-ZP network. This could denote a loss of connections among
filaments and/or stretching filaments. Instead, the evolved
F-ZP networks evidences a contraction effect of lengths,
increasing in the short-range region and long-range-region. By
quantifying each histogram, the maximum intensities lengths
were estimated to be centered around the mean values of
85.67 ± 1.80 nm (I-ZP), 95.37 ± 1.56 nm (M-ZP), and 81.53 ±
2.55 nm (F-ZP).

To elucidate the hidden ordering of the complexity self-
assembling mechanism, it is interesting to highlight the
morpho-structural meaning of the pronounced discrete bins;
thereby, they were fitted by a convolution of Gaussian func-
tions (Fig. 3I-a, 3M-b, and 3F-c).

A first and interesting point is that the estimated centres of
each peak exhibited a sequential order in length by pooling
information across multiple data sources (e.g. second column
of Table S6:† 27.11, 40.12, 53.46, 66.79, etc. have multiple
repeat sequences of about 13.33 nm). To evaluate the physical
meaning of the repeating unit lengths, past characterizations
of morpho-structural analyses of the ZP unbranched filament
were considered.11 Greve and Wassarman in 1985 showed gly-
coprotein units of repeating order given by the globular (ZP3)
and rod (ZP2) shape of estimated length (–ZP3–ZP2–ZP3–,
Fig. 3d|). Furthermore, cryogenic glycoprotein filaments with
zig-zag shaped backbones were also observed (Fig. 3d||).38–41

By considering the results of this experimental imaging, we
can assume that the gly-filament length of repeated known
units directly depends on the angular variability of the formed
glob-rod unit (–ZP3–ZP2–), as shown in the schematic illus-
tration of Fig. 3e. The glob-rod angles were extrapolated by
fitting the experimental derived lengths (Fig. 3d|||), using a
reiterated estimation control by the RHamilton equation.42,43

The estimated glob-rod unit lengths showed an experimental
value of 17.27 and 14.32 nm in accordance with
Greve and Wassarman.12 Moreover, the angular prediction
among the glob-rod units was constrained by considering
X-ray crystallographic protein structure studies (103–126
degree).16,44,45

A new indirect quantitative method of a theoretical predic-
tion, based on experimental data, has been proposed. The
resulting matching with the experimental derived lengths gen-
erated a polymorphism of distinct oligomeric gly-filaments
based on three main glob-rod angular isomorphism (Tables S7
and S8†).39,46 A first angular polymorphism of type-I, with a
weight fraction of 49 ± 3%, showed similar structural behav-
iour for both I- and F-ZP with angles of 104.53 ± 1.43° and
103.99 ± 1.05°, respectively (Fig. 3GA-I). Instead, the mature ZP
favours a gly-filament elongation by increasing both the angle
and the corresponding standard deviation of 115.10 ± 6.39°;

which the latter implies an effect of rising curvature along the
filament pathways. This simple parameter may indicate a
potential ordering of identical glycoproteic units in a straight
conformation by having the lowest standard deviation. Indeed,
the F-ZP glob-rod angle showed a low standard deviation,
denoting a vanishing curvature effect with a quasi-straight
order of the gly-filaments pathway of a contracted confor-
mation. The isomorphism of type-II did not show any relevant
change in the angles with a reduced weight of 34 ± 1%.
However, the I-ZP glob-rod angle of 111.83 ± 5.64° and the
M-ZP of 119.72 ± 4.33° exhibited an increased and slightly
reduced curvatures, respectively (Fig. 3GA-II). On the contrary,
the fertilized ZP evolved part of the network by decreasing the
amount of the filament units still organized in slightly
decreasing the curvatures (108.90 ± 3.94°). Further extension
lengths were well-estimated in the isomorphism of type-III
characterized by the presence of high-angle arrangements for
both immature and mature ZP (122.75 ± 2.36°, 121.96 ± 4.05°),
detonating a relaxing organization of the gly-filaments with
the lowest weight of 29 ± 2%. Similarly, the fertilized ZP also
exhibits an increased glob-rod angles distribution (120.59 ±
3.72°) with a slight filament contraction (Fig. 3GA-III). There is
one more important implication of the proposed quantitative
indirect method, regarding the estimated lengths of the entire
distributions (85.67 (I-ZP), 95.37 (M-ZP), and 81.53 (F-ZP) nm).
The interconnected filaments favour the structural repeat of
six (I- and F-ZP) and seven (M-ZP) filament units; a result close
to the previously estimated molar ratio of the ZP1 homodimer
to two fibrils of ZP2–ZP3 heterodimers of the mice case at the
fertilized stage.12

2.4. Controlling morpho-structural order over the
glycoprotein matrix by polymeric self-assembling of
interconnected filaments

The structural mechanisms have tuned the long-range organiz-
ations to generate high and irregular roughness onto the
immature ZP outer surface shaped by smaller fibrils of fila-
mentous networks, which are organized in a symmetric distri-
bution of the protrusions-concavities, which has not been
shown before (Rsk ≤ 0, Rku ≈ 3, Fig. 4I-a). The unexpected sym-
metric behavior of an irregular roughness arise from the
strong adhesion of the cumulus-corona cells surrounding the
outer surface, which are involved in a push–pull action
through the penetrating transzonal projections, producing a
symmetrical loading over the spherical shell of the zona pellu-
cida. To promote the biological activities of the oocyte develop-
ment, the transzonal projections penetrated toward the matrix
of the 15.6% through concavities with asperities height of
720 nm. The assembled network being not well-packed near
the outer surface generated higher heights than widths (Rc =
1.47 µm, Rsm = 1.15 µm). The strong load interactions with the
apical cumulus-corona cells generated high nanometric asperi-
ties on the concavities, a strain action to favor docking inter-
actions. These findings provide further morpho-structural
information not analysed previously by microscopy surface
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techniques because of the shading effect of the forward or
backward bending protrusions. Indeed, compact and smooth
external surfaces with few smallest pores of immature ZP
mouse oocytes have only been observed at the microscopic
scale (SEM).19,28,47 Yet from a roughness surface perspective,
the growing protrusions with very irregular and uneven distri-

bution of numerous surface pores were qualitatively observed
for ZP bovine, previously.26

Glycoprotein frameworks evolve by changing the mature
surface in an asymmetrical distribution of the protrusions-con-
cavities both with width and a nearly flattened shape, increas-
ing the surface porosity (Rsk < 0, Rku > 3, Fig. 4M-b). The tight

Fig. 3 TEM images of interconnected glycoprotein filaments from the immature to fertilized stages and analyses of cross-linked network-matrices.
(a–c) Portions of cross-sectioned ZP images of Fig. S3,† showing an overlay of simulated colored segments and extracted glycoprotein cross-linked
network. (d|) A high magnification TEM image of globular pairing with rod-like structures along glycoprotein filament obtained by a pH-solubilisation
procedure and dried referred to Greve et al.12 (d||) Cryo-electron tomography (cryo-ET) image of glycoprotein uromodulin (UMOD) filaments vitrified
by a cryogenic method, revealing both a zig-zag backbone and fish-bone shapes refeered to Weiss et al.35 (d|||) A. medium magnification TEM image
of interconnected glycoprotein filaments of a ZP matrix fixed and embedded in an epoxydic resin, presented here. (S-abc) Overlapping histograms
of I–M–F-ZP showing the length distribution of the branched gly-filaments. (I-a, M-b, F-c) Experimental plots showing the normalized frequency
distribution of the gly-filaments lengths extrapolated from panels a–c. Data fitted by Gaussian convolution functions (black line). p < 0.01 statistically
significant difference between experimental and theoretical data fitting. (e) A schematic illustration of the estimated glob-rod angles through
branched filament segmentation processes. (GA-I-II-III) Theoretical predictions of the glob-rod angles profiles related to the gly-filaments lengths
with their corresponding standard deviation (error bars).
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bending protrusion humping the surface started to disappear
with decreasing of the jagged concavities and of their
local nanometric asperity fluctuation. This is caused by a
stretching effect of the border nanostructured filaments with
an expansion of the network due to the lower strength of inter-
actions with the cumulus-corona-cells favouring sperm
penetration.19,48 After fertilization, the gly-network evolved in
shaping the ZP architecture by reducing the protrusion-concav-
ity height through a tangential contraction effect in a flatten-
ing shape onto the outer surface. Therefore, the surface profile
changed from an asymmetrical distribution (M-ZP) to finally
reach an almost symmetric shape (Rsk ≤ 0, Rku > 3, Fig. 4F-c).
Interestingly, the gly-network re-shaped the protrusion-concav-
ity by preserving their position heights near to the mean line
formed at the immature stages (shaping memory effect, Fig. 1-
ADF). A further reduction of the protrusion-concavity nano-
metric asperities, reaching a balance in the roughness, was
cast by densely packed filament contractions. Instead, the
absence of symmetric nanometric asperities for I- and M-MR
profiles implies unbalanced contact between external contact
forces and outer surface compliance. This extraordinary
coordination of the glycoproteins network of changing the

surface morphology at the micro-nanometric scales represents
concrete evidence of their self-assembling ability by following
a natural sequential order of the previous stages. Indeed, the
reducing nanometric asperities by filament contractions con-
firms quantitatively the hypothesis of the favored protrusion-
concavity to generate disorientation for sperm binding sites
after fertilization.49 Moreover, the novel methodology, pro-
posed here, could be applied to other cross-sectional images to
understand the surface bio-physical properties of complex
multi-layered bio-structures at long range, i.e. cell surface ten-
sions of the actin cortex filaments network.50 The ensemble
evolution of the interconnected filaments obviously also
involved a changing of internal pores at different ZP stages
(Fig. 4I-IP). The internal pores, distributed in pore domains,
were spatially assembled with a repeating order every 2 degrees
and radially separated by half a micron. This quantitative evi-
dence suggests the independent physiological action of each
cumulus-corona cell. Coexisting reorganization of the M-ZP
network mainly reduced the spatial separation among pore
domains of less than half a micron and the pore number in
the angular direction, a resulting action for the starting retrac-
tion of the cytoplasmic projections.

Fig. 4 A schematic illustration of the glycoprotein filaments evolution to sizing/shaping zona pellucida from the immature to fertilized stages. (I-a,
M-b, F-c) The evolved outer surface profiles assembling the finding roughness parameters (I-IP, M-IP, and F-IP). The evolved internal pores assem-
bling the finding porosity, pores distribution, pore shape factor, and aspect ratio results. (I-F, M-F, and F-F) The evolved glycol-filaments in terms of
the glob-rod-angles and filament length in average.

Paper Nanoscale

17980 | Nanoscale, 2023, 15, 17972–17986 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
11

:1
5:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02644b


The long-range network evolved by relaxing/swelling the
branched filaments inducing a spatial expansion able to
reduce/close the pores and change their shape from roughly
quasi-elliptical to smooth circular (Fig. 4M-IP). This further
morphological achievement represents a dual-task of dynamic
evolution by near ending of the biological transport mediated
by transzonal projections and by promoting the fertilization
process, favoring an enlarging framework.50 Effective decrease
of total inner porosity is in F-ZP (Fig. 4F-IP). Indeed, it is well
known that after maturation, most of these cumulus-corona
cells retracted or disintegrated their transzonal
projections.33,50 The reduced pore number along both radial-
angular directions preserved their center of mass distances
detected in M-ZP, prevailing a roughly elliptic shape previously
revealed in the I-ZP in minor amounts (region III, Fig. 2I-PA).
The applied radial bio-mechanical load for squeezing pores,
through a realignment of the contracted filaments,1,51,52 is
evident by observing the remaining pores in a roughly
elliptical shape quasi-aligned to the outer surface profile (see
the outer surface of Fig. S1c†).

The reported findings complements on high variability of
both I-ZP sub-micrometric protrusions-concavities and inner
pores attributed to the complex network may be attributed to
the high hierarchical variability of the estimated lengths and
glob-rod angles (Fig. 3 and 4I-GF). These structural differences
might be a response to the collective bio-mechanisms of the
growing ZP matrix. A structural transition of molecular coop-
erativity modified the M-ZP architecture through an evident
expansion of the network, generating more planar and long
filaments by increasing curvature, glob-rod angles, and
lengths (Fig. 3 and 4M-GF). This changing structural organiz-
ation has produced an asymmetrical surface profile of
reduced nanometric asperities, and the network expansion
reducing/changing the pore. Yet from structural biology per-
spectives, the expanded network by increasing filament pla-
narity favors the exposition to the finite number of receptor
binding sites for its sperm-interacting region.14 The evolved
F-ZP hierarchy structure re-assembled the filaments by pro-
moting low glob-rod angles with vanishing curvature to
reach a contraction/straight structural conformation, thereby
shaping outer surface and closing/squeezing inner pores by
decreasing nanometric roughness (104, 109, and 121
degrees; Fig. 3-GA and 4F-GF). Therefore, the mechanistic
understanding of the evolved F-ZP morpho-structural archi-
tecture confirms quantitatively that the reduced nanometric
ensemble is an essential prerequisite for hiding binding
sperm interactions to finally reach a hardened cytoskeleton
for preventing polyspermy.7 Moreover, the evident filament
contraction in the length of the F-ZP network suggests that
the bio-mechanical hardening of ZP is not only dependent
on modulating the amount of ZP1 or/and ZP4 glycoproteins
connecting –ZP3–ZP2–ZP3– oligomers, but also through a
structural contractions effect among –ZP3–ZP2^ZP3–
ZP2 heterodimers.21

The substantial existence of polymorphic forms capable of
organizing bio-filament units (type I, II, and III) confirms the

chemically strategic existence of assembling (polymerization)
and disassembling (depolymerisation) in response to external
stimuli needed for the oocyte bio-evolution, as well as to bio-
mechanical force.11,21–24 The lowest weight of the type-III,
quite similar for all ZP stages, exhibited a high angle glob-rod,
yielding high planarity of the structural conformation. These
structural organizations can be related to the steric repulsion
among the ZP3 globular species because of the sheer bulk of
the proximal peptide groups, generating mutual repulsion and
tension in the matrix.27,53 Therefore, this unchanged structural
organization could be considered a passive bio-action of the
filaments to reach a natural balance adaptation of each
evolved stage.

3. Conclusions

Our work shows that hierarchical organizations of intercon-
nected filaments determine the size and shape of the extra-
cellular membrane in response to external biological stimuli
driven by basic building blocks in their final self-assembled
polymeric network. As shown, we were able to determine for
the first time several quantitative morpho-structural features
of the ZP evolution from the immature to fertilized stage: (i)
the outer surface evidences a symmetrical distribution of the
protrusion-concavity with high nanometric asperities (I-ZP)
to evolve asymmetrically (M-ZP) and finally reaching a lowest
asymmetrical arrangement (F-ZP) with a collective reduction
of the symmetrically distributed nano-asperities (Fig. 1); (ii)
internal porosity analyses have identified recurring pore
domains with preferential radial/angular directions of repeat-
ing order distributed in a micrometric region. The pore size-
shape evolved from a roughly quasi-elliptic shape (I-ZP) to
change into a circular smooth wall (M-ZP) to finally re-
organize into a roughly elliptic shape quasi-parallel to the
outer surface (F-ZP) (Fig. 2); (iii) structural investigation on
the interconnected gly-filaments by using new method for
predicting the existence of structural polymorphism (type I,
II, and III). This showed push–pull structural actions to
generate elongation/bending (M-ZP) and contraction (F-ZP) of
the filament lengths by modulating the glob-rod angles
among repetitive nano-units (Fig. 3); (iv) the morpho-struc-
tural evolution analyses provide the starting point towards
network-shape analyses of filaments capable of revealing a
hidden organization into a long-range network, which
follows a precise morpho-structural memory of the starting
stage (Fig. 4).

Quantitative understanding of the morpho-structural beha-
viours is essential to control and exploit the bio-properties of
soft biomaterials, wherein the behaviour of the entire network
incorporates and responds to stimuli across different multi-
scales by following a multiple shaping memory effect. Indeed,
the biochemical and mechanical properties of these glyco-
protein networks are intimately involved in determining how
forces are generated and transmitted in the zona pellucida,
aiding human/veterinary reproductive medicine.54,55 The
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revealed dynamic/reversibility structures and performances of
the hierarchical network structures at a long range might also
be useful for designing and programming mesoscopic struc-
tural networks for new-generation biomaterial devices.56–59

Furthermore, the identification of the major hierarchical struc-
tures driven by physiological needs to induce specific complex
architectures, not of random organization, guarantees control
over the extracellular network of macroscopic structures,
especially for the relevant outer profile having the first impact
with the external biological identity.60 Furthermore, the novel
structural approaches adopted here not only give us the advan-
tage of characterizing self-assembling glycoprotein surface/net-
works but also the feasibility of applying these morpho-struc-
tural studies to any complex system, independently of the
dimension scale. Finally, these automated image processing
techniques will provide new insights into the extraordinary
self-assembling mechanisms of glycoproteins filaments, which
may have practical implications for the aggregates’ biochemi-
cal and biomechanical properties in controlling human/veter-
inary reproductive medicine. The revealed capability of assem-
bling glycoprotein with clever dynamic and reversible tuning
by changing the external stimuli not only helps us to under-
stand the extraordinary behaviour of life but also aids us in
developing new biomaterials with precise functionality in the
near future.

4. Experimental section
4.1. Experimental protocol

Bovine immature, in vitro matured and fertilized oocytes (n =
10 each) were collected and prepared by a well-established
analytical protocol.22 After that oocytes underwent a chemical
extraction, and the extracted samples were prepared for trans-
mission electron microscopy investigation according to an
original protocol developed by G. Familiari et al.19 To image a
large micrometric area of the ZP network structure, consecu-
tive images were acquired by transmission electron microscopy
(ZEISS EM10) operating @ 80 kV.61 TEM images were then
merged to obtain a complete view of the outer surface, the
internal cross-section, and of the filament network joining the
entire path from the outer to the inner ZP surface using
Photoshop imaging software (Fig. S1†). Bright Field TEM
images were acquired at low magnification (8k×) and were
merged to gain a useful area as large as possible to improve
the statistical observation/analysis of the morpho-structural
changes (Fig. S1†). The different cross-sectional ZP stages,
forming shell arcs technically limited by the mash of the TEM
holder grid, are shown in Fig. S1.† The reliable and direct
measurements of the heights and spatial surface morphology
were extrapolated using digital imaging processing of cross-
sectional specimens at a high spatial resolution generated by
TEM imaging. Moreover, dimensional sampling is another
important aspect for quantitatively defining a complex rough-
ness into a usable measure; thereby the roughness surface
analysis has been estimated on nine-line profiles each of more

than 51 µm in length with incremental steps of 0.01 µm,
achieving large datasets for accuracy statistical validation (9215
× 3307 pixels size calibrated for 0.01 µm at 1 pixel).

4.2. Surface topographic analysis

Each selected imaging region has been processed to digitalize
the outer boundary of the glycoprotein surface in a binary
image by extracting and converting pixels in Cartesian coordi-
nates to generate surface profiles (Fiji imaging software).63,64

By considering the curvature surface of the ZPs, being the arc
of a sphere, digital processing was used to fit the surface
profile with low-order polynomials (3rd order), which is well
suited to removing the curvature shape by subtracting the
roughness from the average surface (Gwyddion imaging soft-
ware, Fig. 1-SRP). The natural surface texture clearly exhibits a
complex behaviour driven by the finalized self-organization of
the glycoprotein filaments (gly-filaments); thereby statistical
functions more sensitive to deviations are required for describ-
ing and evaluating the irregular geometrical features related to
the evolved glycoprotein, protruding from the nanometric to
microscopic scale. Several metrology parameters were esti-
mated for characterizing the outer surface profile by using
SPIP™ (Version 6.7.8 Premium, Image Metrology, Denmark)
software. Each surface profile was processed to determine
surface roughness parameters reported in Table S1.† Statistical
analysis of the profile heights or height distribution has been
evaluated in terms of the fraction of surface heights lying
between two assigned heights versus. The roughness para-
meters were expressed in µm without applying any additional
filtering. The entire height profile was plotted to obtain the
amplitude distribution function (ADF). The ADF histogram
can also be represented as a cumulative distribution function
of a large number of random discrete local events derived by
plotting the difference in height distribution, following a slope
and curvature of a Gaussian distribution. The broadening
I-ADF profile was fitted by a convolution of Gaussian functions
to assess the single deconvolved Gaussian curves, arising from
each protrusion and concavity. The best fitting of the I-ADF
profile was deconvolved accurately with 25 Gaussian functions
to adequately fit all key features with a standard error of 3.4%
(Table S2†). The I-ADF peaks fitting confirmed the behaviour
of the estimated Skewness and Kurtosis parameters in terms
of symmetric and shape distributions (Fig. 1I-ADF). The best
fitting of the M-ADF profile shows a deconvolution constituted
by 21 Gaussian functions with a standard error of 5.5%
(Fig. 1M-ADF). The best fitting curve with a standard error of
4.4% has been estimated to be deconvolved with 20 fitted
Gaussian curves (Fig. 1F-ADF). The glycoprotein material ratio
curve describes the ratio between the relative amount of rough-
ness surface for a given height level of the profile divided
into three regions: protruding peaks, core roughness, and
deep concavities. These curves were useful for investigating
surface material with abundancy and dimension of the peaks
and valleys able to quantify their amount by giving the peak
(A1) and valley area (A2).
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4.3. Internal pores imaging analysis

By converting the grey image into the binary image, the
Cartesian coordinates were generated using Fiji imaging soft-
ware and displayed in 2D filled pore maps (Fig. S2†).64 This
software provided basic image processing tools and the pro-
perties of the projected images such as area, center of mass,
perimeter, circularity, and Feret’s diameter. The resulting
imaging analysis provided the pore distribution-size-shaping
analyses reported in Table S3.† After that, the centers of mass
of each pore were displayed in polar plots to show a perspective
view of the local distribution. The best fitting of the cross-sec-
tional I-ZP was generated by 29 Voigt deconvoluted peaks and
each fitted Voigt function was convolved to envelop a domain
of determinate pore number (Fig. 2I-RP, Tables S4 and S5†).
The radial-angular profile fitting was applied to the step-
counted intensities by Voigt functions to quantify the main
peak positions and full width, showing high probability fre-
quency distributions of pore domains formation. Similarly, the
angular distribution analysis of the I-ZP was fitted by 33 Voigt
deconvoluted peaks (Fig. 2I-AP). The best fitting of the M-ZP
radial-angular profiles was deconvoluted with 22 and 27 Voigt
peaks, respectively (Fig. 2M-RP and 2M-AP, Table S4†). The
radial pores distribution was estimated with 22 Voigt peaks for
F-ZP and the best-fitting curve of the angular pore size distri-
bution was convolved by using 26 Voigt peaks (Fig. 2F-RP and
F-AP, Table S4†). Pore shape factor varies with pore wall rough-
ness and the aspect ratio evaluates the pore circularity, both
shaping parameters with a value of exactly 1 representing an
ideal smooth circle.

4.4. Image segmentation analysis of interconnected
glycoprotein filaments

Data analysis of individual filament segments was estimated
in terms of lengths between two interconnections, and dis-
played in a histogram of normalized intensity for each ZP
stage, exhibiting a broad distribution of branched lengths
(Fig. 3S-abc). High magnification TEM imaging analyses
merged together to cover a large area of statistical analysis
(13.56 × 0.94 µm, Fig. 3, and Fig. S3†).62 Adobe Photoshop
CS6-Extended (Adobe, San Jose, CA, USA) was used for the
image analysis. The morphometric analyses of the filament
meshwork in each ZPs were determined by counting the
length from the head to tail of the oligomeric filaments and
the amount of knots on the entire image of the merged
images. Images at a magnification of 90k× were calibrated
according to the original structural finding on the single glyco-
proteic filaments achieved by J. M. Greve and
P. M. Wassarman.12 Segmentation measurements on each
TEM image were determined using the public domain Fiji/
ImageJ image processing software.64–66 Yet from imaging ana-
lysis perspectives, it should be added that the tracing filament
segmentation is independent from the edge roughness of the
imaged filament (Fig. 3d) since the trace is symmetrically cen-
tered and drawn between adjacent edges.32 The best fitting of
all the bin sizes provided useful indications on the measures

of the main lengths of individual filament segments intercon-
nected to the entire network, as reported in Table S6.†
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