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ABSTRACT 

The precise determination of zona pellucida (ZP) 
hardness is largely unknown due to the lack of ap- 
propriate measuring and modelling methods. In this 
study, we have used experimental and theoretical 
models to describe the mechanical behavior of a sin- 
gle oocyte cell to improve the assisted reproductive 
technology (ART) outcomes by assessing oocyte/em- 
bryo quality. This paper presents the development of: 
i) a microinjection model to estimate the force of ZP 
penetration, ii) a micropipette aspiration model to 
determine the corresponding hardness, and iii) an 
experimental procedure to generate the required data 
for these two models. Our results show that the esti- 
mated penetration force provides a performance tar- 
get for the penetration process during intracytoplas- 
mic sperm injection (ICSI), while the estimated cor- 
responding hardness serves as an indicator of the ex- 
tent of deformation sustained by the oocyte prior to 
penetration. Evaluation of these results shows that a 
routine assessment of ZP hardness under microinjec- 
tion would allow for the identification of certain oo- 
cyte pools for which further manipulation is recom- 
mended in order to improve injection, hatching and 
finally ART outcomes.  
 
Keywords: Human Oocyte; Human Embryo;  
Intracytoplasmic Sperm Injection; Zona Pellucida  
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1. INTRODUCTION 

Single cell manipulation is a widespread process in the field 
of cellular biology. This process has played key roles in 
assisted reproductive technology (ART) and other bio- 
medical areas. Over the past decade in vitro fertilization 
(IVF) was the first assisted reproductive technique of- 
fered to patients suffering from reproductive difficulties. 
In this technique, the oocyte’s extracellular layer of gly- 
coprotein, or zona pellucida (ZP), served as a major bar- 
rier to sperm-oocyte interaction. Therefore, an alternative 
to the IVF technique has been developed. 

Lanzendorf et al. (1988) first introduced the technique 
of intracytoplasmic sperm injection (ICSI) and observed 
normal fertilization following the injection of a single 
spermatozoon into a human oocyte’s cytoplasm [1]. Fol- 
lowing this attempt, four years later, Palermo et al. (1992) 
first reported human pregnancies after ICSI [2]. Since 
then, ICSI has progressively replaced the previous tech-
niques of gamete micromanipulation as the treatment of 
choice in cases of male factor infertility and those of 
failed conventional IVF cycles [3]. Given the widespread 
use of ICSI, any modifications that can improve its clinical 
outcomes could possibly benefit a large segment of the 
patient population. 

Although the efficiency of ICSI has been clearly de- 
monstrated [2,4,5], this procedure is typically associated 
with the degeneration of a significant percentage of treat- 
ed oocytes [2,3,6,7]. The main cause of this degeneration 
remains unclear. Some researchers, such as Dumoulin et 
al. (2001) and Ebner et al. (2003) have speculated that 
severe mechanical stress during the unusual injection  *Corresponding author. 
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procedure may be responsible for oocyte degeneration 
[8,9]. However, on certain occasions, some oocytes show 
deviations from the presumed optimal ICSI due to a pos- 
sible impairment in the elasticity of the ZP, which would 
normally allow the formation of a distinct funnel prior to 
puncture [3,6]. This is characterized by either sudden 
breakage or delayed penetration of the zona and is likely 
to result in increased gamete damage [3,6,8,9].  

On the other hand, with IVF/ICSI treatment, a high 
proportion of morphologically normal blastocysts have 
hatching difficulties [10] due to failure of the embryonic 
ZP puncture following blastocyst expansion [11]. Several 
investigators believe that failure to hatch is due mainly to 
abnormal changes in ZP quality, such as thickening or 
hardening [12-14].  

In order to avoid these inadvertent consequences, sev-
eral assisted ICSI/hatching techniques such as Piezo- 
assisted ICSI (penetration of the ZP alone with a piezo- 
pulse to perform ICSI) [15,16] and laser-assisted ICSI 
(drilling a microhole through the ZP or thinning the ZP 
with a laser beam immediately prior to ICSI) [17-20] 
have been suggested. 

Although routine or universal performance of assisted 
techniques on all oocytes/embryos in IVF/ICSI patients 
is neither scientific nor appropriate, there is convincing 
evidence in the literature that assisted techniques increase 
the survival/implantation capability of some oocytes/ 
embryos. 

Recently, considerable biomedical attention has con- 
centrated on determining the mechanical properties of 
oocytes as single cells. Numerous studies concerning the 
mechanical properties of oocytes have been reported [21- 
27]. These studies have shown that the variations within 
the oocytes’ hardness are strongly influenced by mecha- 
nical characteristics of the biomembranes (i.e. ZP layer) 
which isolate them from their immediate surroundings. 
Therefore, the estimation of zona hardness can be of be- 
nefit to quantitative quality assessment because a signifi- 
cant relationship between zona elasticity changes and 
oocyte/embryo quality has been demonstrated. In this 
study, we extended the basic model of Wan et al. (2002) 
to measure the forces required to penetrate the ZP layer 
in order to study oocytes’ structural condition at different 
breakage modes of the ZP [28]. Also, to model the cor- 
responding Young’s modulus, we have proposed a new 
approach to estimate the hardness of the ZP layer which 
has utilized the membrane theory. 

The present work is in line with our previous re- 
searches concerning engineering analysis to study the 
mechanical properties of an oocyte ZP [26,27] and has 
been setup to define a novel criterion for predicting the 
hardness of oocytes and embryos ZP under microinjec- 
tion. 

2. MATERIAL AND METHOD 

The human oocytes/embryos were donated by infertile 
couples who did not wish to cryopreserve surplus oo- 
cytes/embryos for future replacement. All experiments 
were done at Royan Institute labs with the permission of 
the Royan Ethics Committee in collaboration with Iran 
University of Science and Technology. 

2.1. Preparation of Human Oocytes/Embryos 

Female partners were first superovulated following down- 
regulation, as described elsewhere [26,27,29]. In brief, 
suppression of pituitary gonadotrophin secretion with the 
gonadotrophin-releasing hormone agonist (GnRHa) bu- 
serelin acetate (Superfact, Hoechst AG, Germany) was 
commenced during the mid-luteal phase of the preceding 
ovarian cycle (day 21). Once ovarian suppression was 
confirmed (serum estradiol ≤ 50 pg/ml, LH ≤ 5 IU/l), 
ovarian stimulation was initiated using a subcutaneous 
injection of 150 IU/day purified human menopausal go- 
nadotrophin (HMG; Pergonal 500, Serono, Italy). 

When at least three follicles reached 18mm in diame-
ter, GnRHa and HMG were discontinued, and 10,000 IU 
of human chorionic gonadotrophin (HCG; Organon, Ne- 
therlands) was administered. Oocyte retrieval was per- 
formed by ultrasound-guided follicle aspiration, 36 - 38 
hours after HCG administration. In order to remove the 
cumulus mass surrounding the oocyte; the obtained cu- 
mulus-oocyte complexes were first denuded by using 
Synvitro® Cumulase® (MediCult, Denmark) and gentle 
pipetting. The denuded oocytes underwent ICSI and 
were cultured in G-1TM ver 3 (Vitrolife, Kungsbacka, 
Sweden) supplemented with 10% recombinant human 
serum albumin (rHA; Vitrolife) for 24 hours. 

2.2. Experimental Procedures 

A micromanipulation system was used in order to gener- 
ate empirical data to determine Young’s modulus and the 
penetration force within the deformed membrane of the 
human oocyte. Both the experimental setup and equip- 
ment used for this experiment have been previously re- 
ported [26,27]. Since measurement of the ZP elastic mo- 
dulus was essential to determine the penetration force of 
each oocyte ZP, an aspiration test was initially done. The 
oocyte was held using a suction pipette and then turned 
with the aid of a pipette until the polar body came to rest 
either above (12 o’clock) or below (6 o’clock), Figure 1. 
Both the pipette and oocyte were sharply focused. The 
generation of a controlled suction pressure in the pipette 
enabled the surface of the ZP to be aspirated into the 
pipette, which allowed the formation of a hemispherical 
projection within the pipette. The resulting deformation 
was recorded using video microscopy and subsequent 
geometric parameters were measured. Information re- 
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garding both the suction pressure and geometric parame- 
ters of each oocyte was used to calculate its correspond- 
ing elastic modulus.  

Applied forces during a microinjection can be estimat- 
ed from a vision-based biomembrane force sensing. The 
motion of the injector tip was set towards the center of 
the cell under the microscope. The oocyte was secured 
on the holding pipette and the injection pipette was intro- 
duced through the zona at the 3 o’clock position (where 
the injection needle was projected to penetrate into the 
oocyte) until breakage. For each oocyte, the resulting 
deformation and type of ZP breakage during the injection 
process was video recorded. 

2.3. Mechanical Modelling of Oocyte ZP  
Deformation 

The importance of the mechanical behavior of membrane 
deformation has been recognized in many research areas 
such as colloidal science and its biomedical applications 
have been extensively studied [30-36]. On the experi- 
mental front, the elastic properties of a cell wall were 
quantified by: i) squashing a single cell [37,38]; ii) cen- 
tral point loading membrane clamped between two fix- 
tures [39]; and iii) indenting a capsule by an atomic force 
microscope (AFM) tip [40-42]. Theoretically, the classi- 
cal theory of large elastic deformation of a membrane has 
been determined for: i) gas-filled spherical membranes 
under plane stress [43]; ii) fluid-filled spherical shells 
under plane stress [37,42]; iii) fluid-filled spherical shells 
under pure bending [41]; and iv) homogeneous solid 
spheres [44]. 

Despite the above mentioned developments, scant at- 
tention has been paid to the mechanical modelling of bio- 
logical cells, with the exception of Sun’s biomembrane 
point-load model [21]. Wan et al. (2002) [28] developed 
a theoretical model for the mechanical response of a 
 

 

 

Figure 1. Under microscopic control, a suction pipette sup- 
ported the oocyte in the different position of the polar body. 

thin-walled bio-mimetic microcapsule upon indentation 
by an AFM tip, while Sun et al. (2003) [21] used this 
model to study the average stress and strain in a mouse 
ovum ZP. To date, little research has been done that utilized 
the membrane theory to model biological cells in both 
microinjection and micropipette aspiration. 

2.3.1. Microinjection Model 
In order to better understand the mechanical responses of 
oocytes during microinjection, the basic model of Wan et 
al. (2002) was utilized [28]. Cell wall deformation was 
considered to be governed by both the bending moment 
and stretching stress in the presence of a tensile pre- 
stress. In Wan’s study, it was expressed that creating an 
indentation dimple by a central load via the AFM tip, as 
governed by: 

 2k w h w p F r                 (1) 

with k = Eh3/12(1 – ν2) the flexural rigidity; E the elastic 
modulus; h the film thickness; ν the Poisson ratio; σ the 
apparent membrane stress within the dimple; F the total 
external force exerted by the needle; and δ(r) the Dirac 
delta function. The dimple with a radius of a, and a depth 
of w0 was created by a needle with a radius of c, Figure 
2. 

Wan et al. (2002) derived an analytical solution for 
Equation (1) [28]. Thereby, the applied force is given by: 
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Due to the similarities between the microinjection pro- 
cess and the AFM indenting manner, we have used Wan’s 
model to analyze the ICSI process. 

2.3.2. Micropipette Aspiration Model 
The micropipette aspiration (MA) technique can be used 
to quantify the elastic modulus of a cell membrane by 
pulling a portion of it into a micropipette: when a pres- 
sure difference is applied, the membrane is put under 
tension and sucked inside the pipette [45-47]. Here we 
 

 

Figure 2. Schematic of a deformed cell during 
the micro-injection process. 
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have applied the MA technique to quantify the elasticity 
of the ovum’s ZP layer under continual aspiration, in 
combination with the proper mechanical model. Theo- 
retically, the liquid-filled spherical shell theory is used 
for discussing ZP Young’s modulus, which assumes the 
wall as a thin shell that can be replaced by its median sur- 
face. Also throughout modeling, the following are assumed:  

1) The ZP encapsulates liquid (cytoplasm) that exerts 
a uniform hydrostatic pressure on the ZP. 

2) The oocyte volume remains constant during the time 
of the experiment and ZP permeability could be ignored 
on this time scale. 

3) The ZP has a negligible flexural rigidity so that de- 
formation is solely caused by ZP stretching. 

4) After aspiration, the oocyte recovers its initial shape 
and no residual deformation is measured. This suggests 
that the ZP has a purely elastic behavior and may be re- 
garded as an isotropic elastic shell. 

5) The oocyte is free of initial membrane stress or re- 
sidual stress. 

While the movement of ZP projected in the pipette is 
the result of both an increase in ZP surface area and a 
decrease in cell volume, experimentation demonstrates 
that the cell volume may be taken as a constant where 
small changes in the surface area ∆A are related to move- 
ment of the lead edge of the membrane projection L, Fig- 
ure 3. The area compressibility modulus k can be direct- 
ly obtained by the relationship: 

0

A
T k k

A


                    (3) 

where 0A A    denotes the fractional change in area. 
Therefore the ZP central plane area increment is 

  1H h    and k is the area compressibility modulus 
of the ZP central plane. The relationship between the 
pressure difference ∆P and the imposed membrane ten- 
sion T directly derives from Laplace’s law: 

Pressure difference ∆P is, therefore, given by: 
 

 

Figure 3. Continuous aspiration of the oocyte 
into a micropipette; ZP: Zona pellucida; PB: Polar 
body; H: ZP thickness, h: Thickness of the ZP 
inside the micropipette; D: Inner diameter of 
the micropipette; L: Aspiration length of the ZP; 
∆P: Applied negative pressure. 
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k and the elasticity coefficient E relations may infer as 
follows by the elastic solid physics equation: 
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In the equation ν = 0.5, z takes in the ZP radial direc- 
tion, x, y in tangential. According to the thin spherical 
shell theory, approximately in the tube it is assumed the 
ZP two side’s intensities of pressure are equal so the in- 
ternal stress and the strain are even. The boundary condi- 
tions are: 

0, , .z x y x y                  (7) 

Substitution solid-state physics equation: 
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ZP central plane tensile force: 

xF h k                  (11) 

Then, it obtains that: 
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The ZP Young’s modulus is found by substituting 
Equation (12) into Equation (5): 
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3. RESULT 

According to our model, the measured pressure and cap- 
tured geometries resulting from cellular deformation dur- 
ing the experiment are essential inputs for identifying 
both the hardness and penetration force of the ZP layer. 
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For the former, necessary data are D, H and h which can 
be directly obtained from the images. For the latter, the 
data needed would be geometric parameters a, R, and w0; 
which are directly obtained from the captured images in 
Figure 4.  

A method of edge detection was used to estimate these 
parameters based on the differences in pixel intensity 
between the curve of the deformed membrane and its 
background, Figure 5(a). A set of seven images which 
corresponded to the seven values of indentation depth, 
were used to generate the values of applied forces that 
ranged from initial contact to the point just prior to pene- 

tration of the ZP, Figure 5(b). With c = 7 μm and h = 
20.3 μm, Equation (3) yields the seven points plotted in 
Figure 5(c) which show the values of the needle’s ap- 
plied forces that correspond to the seven values of in- 
dentation depth. Figure 5(c) shows the typical force and 
deformation measurement process on a human oocyte ZP. 
As shown in this Figure, forces increase nonlinearly as 
deformation increases. When deformation reaches ap- 
proximately 100 μm, the ZP layer is punctured, which 
results in the maximum forces measured, i.e., the punc- 
turing forces. The puncturing force is approximately 90 
μN.  

 

 
Figure 4. The seven stages of a human oocyte ZP indentation caused by a needle. 

 

 

 

Figure 5. (a) Sketch of a deformed oocyte under the force of a needle, (b) Tracking the pattern of the 
deformed oocyte ZP, (c) Force-deformation curve of a human oocyte ZP. 
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Figure 6 compares the penetration forces of three dif- 

ferent oocyte ZPs obtained from the same patient. Details 
of the experiments have been reported in Table 1.   

The ZP was punctured by following the penetration of 

the injection pipette into the oocyte. Failure modes can 
be classified into four types: Type A, in which the ZP 
punctures with slight membranous stretching immedi- 
ately upon insertion of the pipette into the oocyte; Type 

 

 

Figure 6. ZP failure mode. A: Puncture of an oocyte ZP occurring just after insertion of the needle, 
B: Puncture of an oocyte ZP when the needle penetrates into a depth of 1/3 of the oocyte’s 
diameter, C: Puncture of an oocyte ZP when the needle penetrates to the center of the oocyte, D: 
Puncture of an oocyte ZP when the needle penetrates into 3/4 of the oocyte’s diameter. 

 
Table 1. Typical human oocyte characteristics. dcell: Oocyte diameter; HZP: ZP thickness; d: 
Needle displacement; E: ZP ela- sticity; F: Penetration force. 

Oocyte 3 Oocyte 2 Oocyte 1 Human Oocyte 

179 181 171 dcell (μm) 

20.3 17.5 15.1 HZP (μm) 

99 > dcell/2 90 ≈ dcell/2 77 < dcell/2 d (μm) 

3.19 4.02 4.22 E (kPa) 

87.6 58.6 69.23 F (μN) 

Difficult Normal Sudden Breakage mode 

 

 

 

 

 

Prior to 
needle insertion 

 

 

 

 

 

 

Prior to 
ZP Puncture 
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Figure 7. Force-deformation curves of a typical human oocyte ZP. Filled 
triangle, oocyte 1; filled square, oocyte 2; filled cir- cle, oocyte 3. 

 
B, where the ZP punctures suddenly when the pipette 
penetrates approximately one-third of its diameter into 
the oocyte; Type C, in which the ZP punctures normally 
when the pipette reaches the center; and Type D, it is 
difficult to puncture ZP when the pipette is inserted to three- 
fourths of its diameter, Figure 7. The failure modes were 
observed during ICSI by individuals who monitored the 
procedure. 

4. DISCUSSION 

The objective of present study was to use an appropriate 
method to measure the hardness of the ovum’s extracel- 
lular envelope (ZP) and to define a novel criterion for 
predicting the quality of oocytes and embryos under mic- 
roinjection. In this regard, we have used suitable mathe- 
matical models to calculate the elastic properties of the 
ZP. Our findings support the hypothesis that mechanical 
properties of certain types of cells may potentially be 
used to quantitatively reflect the state of their structural 
components and health [34,48].  

In ICSI procedure treated oocytes may, in part, be 
identified by their morphological alterations [9]. The 
main objective of ICSI is to pierce a needle holding the 
sperm through the ZP and oolemma, and release the 
sperm in the deep area of the ooplasm. 

In our study, some of the oocytes showed deviations 

from a presumed optimal ICSI. The elasticity of the outer 
structures, which would normally allow the formation of 
a distinct funnel prior to puncture, appeared somewhat 
impaired in those oocytes. This was characterized by 
either sudden breakage or delayed penetration of zona, 
Figure 6, and likely resulted in increased damage of the 
oocytes [3,6,8].  

In this study, we attempted to analytically evaluate and 
compare the human oocyte ZP hardness with the esti- 
mated corresponding puncture force, Table 1. It was 
concluded that high forces (about 1.2 to 1.5 times) were 
needed for both abnormal puncture patterns when com- 
pared to the normal mode, Figure 7. Therefore, both su- 
dden and difficult puncture patterns may serve as an im- 
paired ZP indication.  

Degeneration of oocytes occurs with a resistant ZP 
(when the oocyte has to be strongly compressed in order 
to be penetrated by the ICSI needle) during ICSI [6]. In 
such cases a higher pressure must be applied to pass 
through all anatomical structures, possibly causing me- 
chanical damage to the meiotic spindle and cytoskeleton 
[9]. In order to prevent this possible dilemma, specific 
methods of microinjection that avoid or minimize the 
chance of degeneration are needed. There is evidence 
that assisted hatching may be applied in embryos derived 
from oocytes with difficult penetration of the ZP; in or- 
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der to help the embryos escape from their hard ZP and 
attach to the womb [9,18]. 

Previous retrospective studies have reported that em- 
bryos resulting from cycles with fragile zona oocytes 
exhibit a higher percentage of fragmentation. This fra- 
mentation is associated with significantly poorer embryo 
quality [3,6,8] and a reduced rate of compaction as com- 
pared to cycles without fragile ZPs [49]. Consequently, 
such embryos may not have the ability to implant and are 
subsequently excluded from the treatment process [19]. 

According to the experimental examination of this 
study, four different cases of ZP puncture patterns during 
the ICSI procedure have been observed. “Type A” with 
no puncture, “Type B” with a sudden puncture, “Type C” 
with a normal puncture; and “Type D” with a difficult 
puncture. The selection of an oocyte cell is very impor- 
tant to obtain satisfactory ICSI results. Thus further ma- 
nipulation is recommended with oocytes/embryos in 
ICSI patients.  

These findings and the present investigation demon- 
strate that the success rates of ICSI technique and assist- 
ed ICSI/hatching methods are largely dependent on the 
mode by which the ZP is breached during ICSI as well as 
the size of the created funnel. Therefore, it is suggested 
that the ZP puncture mode during ICSI may be applied in 
human ART to assess oocyte/embryo quality to deter- 
mine selective assisted techniques. 

This distinction may have implications for whether a 
good quality embryo is able to undergo normal zona 
hatching during implantation or whether a different me- 
thod of zona assisted hatching is needed. 

5. CONCLUSION 

This study provides a new method for estimating the ZP 
hardness and quality evaluation of the oocyte/embryo 
during ICSI procedure and may be used for a better un- 
derstanding of the key role of oocyte ZP in ART. 
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