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Abstract: The success rate in vitro fertilization is significantly linked to the quality of the oocytes.
The oocyte’s membrane is encapsulated by a shell of gelatinous extracellular matrix, called zona
pellucida, which undergoes dynamic changes throughout the reproduction cycle. During the window
of highest fertility, the zona pellucida exhibits a softening phase, while it remains rigid during
oocyte maturation and again after fertilization. These variations in mechanical properties facilitate
or inhibit sperm penetration. Since successful fertilization considerably depends on the state of the
zona pellucida, monitoring of the hardening process of the zona pellucida is vital. In this study, we
scrutinized two distinct genetic mouse models, namely, fetuin-B wild-type and fetuin-B/ovastacin
double deficient with normal and super-soft zona pellucida, respectively. We evaluated the hardening
with the help of a microfluidic aspiration-assisted electrical impedance spectroscopy system. An
oocyte was trapped by a microhole connected to a microfluidic channel by applying suction pressure.
Transient electrical impedance spectra were taken by microelectrodes surrounding the microhole.
The time-depending recovery of zona pellucida deflections to equilibrium was used to calculate the
Young’s modulus and, for the first time, absolute viscosity values. The values were obtained by fitting
the curves with an equivalent mechanical circuit consisting of a network of dashpots and springs. The
observer-independent electrical readout in combination with a fitting algorithm for the calculation of
the viscoelastic properties demonstrates a step toward a more user-friendly and easy-to-use tool for
the characterizing and better understanding of the rheological properties of oocytes.

Keywords: zona pellucida; oocyte; Young’s modulus; viscosity; electrical impedance spectroscopy;
creep curve; Maxwell model; micropipette aspiration; equivalent electrical circuit; microfluidics

1. Introduction

Assisted reproductive technology (ART) is an established therapeutic technique that
is offered to couples suffering from reproduction difficulties or is used for preserving
and breeding animals. Two main approaches are utilized: in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI). In IVFE, sperms are added to the oocyte without
mechanical assistance. In contrast, for ICSI, a single sperm is injected by impalement of
the oocytes with a micropipette. The latest published world report included the country,
regional and global estimates of ART utilization, effectiveness, and safety in 2014. In-
formation on global ART practices, intrauterine insemination, pregnancy, and neonatal
outcomes are also included [1]. The success of artificial fertilization depends highly on the
oocyte quality [2,3]. Oocytes have a gelatinous layer of the extracellular matrix surrounding
the membrane, called the zona pellucida (ZP). The mouse ZP, which becomes soft in the
window of the highest fertility, is comprised of three proteins (ZP1-ZP3) [4,5]. Therefore,
assessing the mechanical properties of the ZP plays a crucial role in improving the IVF and
ICSI fertilization rates.
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Mice are often used for genetic ablation and mutation to investigate their functional
roles in several different biological processes and diseases. This knowledge can then be
transferred to humans. In the field of reproductive biology, over two hundred genetically
modified mice with impaired fertility have been described [6,7]. More than 90% of the
murine genome sequence can be assigned to corresponding regions of the human genome
and 80% of the genes are orthologous [8]. The translation to human reproductive biology
is an important aspect of humanized genetic mutations in mice. Basic research can be
undertaken in the mouse model without violating ethical principles.

Different tools have been published to determine the hardening of the oocyte’s ZP. All
techniques are based on measuring the ZP’s deflection during the application of a known
force. In microtactile and indentation setups, a needle or a sphere is locally dented into
the cell. With regard to mouse oocytes, Murayama et al. used a vibrating needle whose
frequency changed during ZP dentation [5,9]. Sun et al. developed a sophisticated surface
micromachined force sensor that deformed the ZP. The resulting dentation depth was
proportional to the applied force [10]. For both techniques, sophisticated electromechanical
transducers had to be developed. Atomic force microscopy (AFM) as well as nanoindenter
tools use stiff cantilever beams instead of needles [11-14]. The force that is induced by
the cantilever is proportional to the beam’s deflection. Cantilever-based techniques have
been well-established since 1986 [15]. However, the cantilever’s length and stiffness must
be adapted carefully to the material under test. The variable shape of an AFM probe will
determine the nature of the force-deformation curve.

In comparison, the ICSI-inspired micropipette aspiration technique is often utilized [16-18].
Here, the glass micropipette is not used to inject the sperm into the oocyte, but is used
to aspirate a cell surface into the pipette by applying suction pressure to the pipette. The
length of the penetration of ZP into the pipette, called aspiration length L, is measured
by light microscopy. The aspiration length depends on the applied pressure. [19-22]. The
micropipette aspiration technique suffers from the demanding observer-dependent image
processing of video recordings with high-resolution contour extraction to measure the
aspiration length of the almost transparent ZP.

With all of these approaches, the Young’s modulus of the ZP, which expresses the
elastic property and therefore the hardening, can be calculated from the raw data. However,
they are challenging in cell handling and the oocytes can only be characterized serially one
by one.

Therefore, we developed a microfluidic approach in which the optical method is
replaced with an observer-independent electrical detection method [23,24]. The schematic
drawing of the setup is shown in Figure 1a. The microfluidic chip, as the central component
of the setup, consists of at least nine microfluidic channels, although only one channel is
shown in the schematic. Here, a microhole in the cover lid served as an inlet, whereas
the outlet was connected to a tube. Using the manufactured chip depicted in Figure 1c,
nine tubes were connected via an interposer to nine conversion chambers of a customized
pressure regulation module. In addition, the interposer provides a chamber, filled with cell
culture medium before the experiments.

The pressure was defined in a buffer chamber by a programmable syringe pump.
This pressure was then applied to the selected conversion chamber via electromagnetic
valves. Pressure sensors (PS) were used for pressure control. Using the pressure regula-
tion unit, objects or cells were hydrodynamically trapped in the microholes by applying
suction pressure.

Two ring-shaped electrodes were vertically arranged around the microhole, as de-
picted schematically by the cross-section in Figure 1b. Trapped spheres or cells were
characterized by electrical impedance spectroscopy (EIS) [23,24]. EIS is a non-invasive
technique that applies a frequency-dependent voltage between the electrodes and measures
the corresponding current response to calculate the electrical impedance. To underline
the combination of EIS with the microfluidic aspiration technique, we called the setup a
“microfluidic aspiration-assisted electrical impedance spectroscopy (MAEIS) system” [24].
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Four-point EIS measurements were carried out. The spectra were fitted with the equivalent
electrical circuit (EEC) shown in Figure 1c using EIS Spectrum Analyzer software [25].
The model consists of five circuit elements: constant phase element CPE for describing
the electrode, medium resistance Rg, resistance R of the zona pellucida at the rim of the
micro hole, the capacitance of zona pellucida C and the microhole, and electrode crosstalk
capacitance Cg, which occurs in the high frequency range. Fitting was conducted at 30 kHz,
the frequency of the highest sensitivity [24]. Aside from the impedance magnitude Z,
the resistance R was evaluated. R is the only circuit element that depended on pressure.
Changes in pressure at the rim of the microhole squeezed the Z,P which led to an increase
in resistance.
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Figure 1. Microfluidic aspiration-assisted electrical impedance spectroscopy system for the character-
ization of single oocytes. (a) Schematic drawing of the setup. PS represents the pressure sensor. (b)
Schematic cross-section of the electrode arrangement at the microhole combined with the equivalent
electrical circuit model. CPE: constant phase element, Rg: medium resistance, R: resistance of zona
pellucida at the rim of the aperture, C: capacitance of zona pellucida and aperture, Cg: electrode
crosstalk capacitance. Drawings in (a) and (b) are not to scale. (c¢) Photograph of the microfluidic chip.
On the left side is the area with 36 contact pads for the wiring of 18 electrodes at nine microholes,
in the middle part is the PDMS interposer with the chamber, and on the right side, the area for the
tubing connection is shown.

With applied suction pressure, the ZP aspirated into the microhole. The similarity
to the micropipette aspiration technique is obvious. Therefore, a well-established model
developed by Alexopoulos et al. was used to calculate the Young’s modulus E of the
aspirated tissue from the linear dependency of the aspiration length with respect to the
suction pressure [26]. E can therefore be expressed as

E=2C(1-0%) LA/’;, )

where vzp is the Poisson ratio of the ZP (vzp = 0.04 [19]); Ap is the suction pressure; L the
corresponding length of the aspirated ZP; r; is the inner micropipette radius. C is a function
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of the dimensionless ZP shell thickness h* = h/r; [26] and can be found as Equation (51) in
the Supplementary Materials.

To correlate the aspiration length with the measured impedance, we recently presented
the corresponding analytical model [24]. In this approach, it is assumed that the suction
pressure dependent impedance increase is correlated to the resistance increase in the ZP
at the rim of the microhole. The ZP as an isotropic, homogeneous, elastic, spherical shell
with the outer radius 7. assumed to be fixed at the rim of the microhole and thinned due
to stretching into the microhole. The thinning at the rim, and therefore the resistance
increase, is represented by the circuit element R in the EEC. Depending on the radius r; of
the microhole, the aspiration length L can be correlated with the resistance change AR in
Equation (2) [24]:

2-AR/Ry

Ry (1 (L)ZJF;(&_ )
Ry \ rc rc ,C(,C_ /,Cz_riz> Ry

where AR is the change in R due to the suction pressure Ap; Ry is the resistance of the open
micro hole without oocyte; R;  is the resistance of the sealed microhole with trapped oocyte
at minimum fixation pressure; R is the resistance after recovery of the ZP to equilibrium;
r; and ¢ are the radii of the microhole and the oocyte, respectively. By substitution of
Equation (2) into Equation (1), the Young’s modulus of the ZP can be calculated [24].

In this work, we used the MAEIS setup and applied defined suction pressure steps to
the trapped mouse oocytes. In comparison to our previous work [24], transient electrical
impedance spectra were recorded and related to time-depending recoveries of ZP deflec-
tions to equilibrium after pressure steps. For the first time, these electrically obtained creep
curves were evaluated to calculate the mice oocyte ZP’s Young’s moduli and viscosities on
the basis of an appropriate equivalent mechanical circuit model consisting of a network of
dashpots and springs.

@)

2. Materials and Methods
2.1. Materials

AZ10-XT and AZ726 MIF were purchased from MicroChemicals GmbH (Ulm, Ger-
many); SUEX K25 dry film photoresist (DFR), SU-8 3050, and mr-Dev600 were from micro
resist technology GmbH (Berlin, Germany); Sylgard 184 poly(dimethylsiloxane) (PDMS)
and DOWSIL 96-083 silicone adhesive were from DOW Inc. (Midland, MI, USA); NB
SEMIPLATE AU 100 TL from NB Technologies GmbH (Bremen, Germany), EmbryoMax
Advanced KSOM MR-101-D Embryo medium, (3-aminopropyl) triethoxysilane (APTES),
hyaluronidase, acetone, isopropanol, hydrochloric acid, nitric acid, hydrogen peroxide, and
ammonium hydroxide solutions for device fabrication were from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany); oocyte transfer pipettes and mineral oil were from Gy-
nemed (Lensahn, Germany); polytetrafluoroethylene (PTFE) tubes were from Adtech
Polymer Engineering Ltd. (Stroud, UK); 6-cm Petri dish from VWR (Darmstadt, Germany);
AMS 5812-0050-D-B pressure sensors from Analog Microelectronics GmbH (Mainz, Ger-
many); L7805CV linear voltage regulator from STMicroelectronics N.V. (Plan-les-Ouates,
Switzerland); HE721A0500 relay from Littelfuse Inc. (Chicago, IL, USA); LVM105R-5A1U-Q
3-port valve from SMC Corporation (Tokyo, Japan); EZ-Grip and Denudation tips from
CooperSurgical Fertility Solutions (Maaloev, Denmark).

2.2. Microfluidic Chip Fabrication

The fabrication process of the microfluidic chip was recently published [23,24,27] and
is briefly summarized here. Three 25 pum thick SUEX® dry film resist layers were laminated,
patterned by standard UV lithography, and in the case of forming the 35-36 pm in diameter
microholes, structured by a dry etching process in an inductively coupled plasma reactive
ion etching tool (SI 500, SENTECH Instrument GmbH, Berlin, Germany) by applying
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60 sccm O, 3 scem SFg, 0.5 Pa, 100 W power, and —150 V DC-bias voltage. The sidewalls
of the exposed microholes showed an inclination angle of 86°. The intermediate electrodes,
wires, and connection pads were fabricated by the deposition of thin-film seed layers
(titanium and gold), standard UV lithography, and gold electroplating. Each electrode
was connected by two wires to enable four-point EIS measurements. On top of the chip,
a replica-molded poly(dimethylsiloxane) (PDMS) interposer was bonded to the chip by
applying oxygen plasma in combination with the deposition of APTES.

2.3. MAEIS Setup Assembly

As described in [24], the microfluidic chip was electrically connected to a custom
printed circuit board (PCB). The four electrodes for one EIS measurement were manually
addressed via mini dual in-line package (DIP) switches. The PCB board was placed under
an inverted microscope with a hotplate. The temperature of the medium inside the PDMS
frame was kept at 37 °C, and controlled by a PECON TempController 2000-1 (PeCon GmbH,
Erbach, Germany) in combination with a Pt100 thermocouple, which was inserted into
the medium.

Four-point EIS measurements were carried out between 1 kHz and 10 MHz in 80 loga-
rithmic steps with a 25 mV oscillation voltage using an Agilent 4294A precision impedance
analyzer (Agilent Technologies Inc., Santa Clara, CA, USA). A custom LabVIEW (National
Instruments Inc., Austin, TX, USA) program was used to control the EIS measurements.

2.4. Oocyte Preparation and Handling

Oocytes of two different genetic mouse models with normal and super-soft zona
pellucida were used. Fetuin-B wild type mice (WT with C56BL/6 background) showed
normal ZP, while fetuin-B/ovastacin double deficient (DKO with the FVB and C57BL/6
mixed genetic background [28,29]) always had a super-soft ZP. All animal experiments
were in accordance with the German Animal Welfare law and approved by the State
Governments in North Rhine Westphalia, Germany. Maintenance, handling, and treatment
of the mice were performed according to the Federation for Laboratory Animal Science
Associations recommendations. Mice were hormonally stimulated for the collection of the
oocytes in the MII stage. The oocytes were separated, as previously described [11,28]. After
isolation, the oocytes were transferred to the microfluidic chip for EIS measurements.

Just before the oocyte was trapped at the microhole, an EIS spectrum was taken as
the blank control. From this reference spectrum, the fitted resistance R at the frequency
of highest sensitivity, defined as the resistance R of the open microhole, was used for
the calculations. For the measurements, an oocyte with the diameter of around 100 um
was positioned near the microhole with a micropipette. After applying suction pressure
to the microchannel, the oocyte was trapped hydrodynamically at the microhole. The
trapped cell provided a tight seal of the microhole and stayed in the trapped position when
a minimum suction pressure of 1 hPa was applied. In the following, the minimum fixation
pressure is defined as 0 hPa as a reference with regard to the applied suction pressure. EIS
measurements were carried out while the suction pressure was subsequently increased
from 1 reference pressure to 7 hPa in 1 hPa incremental steps.

3. Results

Transient EIS measurements were carried out on four wild-type (WT) and four fetuin-B
ovastacin double deficient (DKO) MII oocytes. Each measurement included a set of seven
creep curves related to seven incremental pressure steps.

Figure 2 shows the magnitude of impedance over the time span of the seven incremen-
tal suction pressure steps of 1 hPa, displayed representatively for oocytes WT1 and DKO3.
The measurement started with an open microhole. The first jump in impedance magnitude
was correlated with the trapping of the oocyte in the microhole. The pressure overshoot at
the beginning of each step was caused by the pressure regulation. The overshoot was only
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within a few seconds. The short pulses did not influence the shape of the creep curves, as
also published by Yanez et al. [30].
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Figure 2. Impedance magnitude with regard to time of one measurement with seven suction pressure
steps of 1 hPa for oocyte WT1 (a) and DKO3 (b). Impedance measurements were carried out at a
frequency of 30 kHz. Z; shows the blank impedance magnitude value of the open microhole without
the trapped oocyte.

Compared to the gold standard approach in which the Young’s modulus is calculated
by the evaluation of the aspirated tissue after relaxation at equilibrium, the focus here
was on the analysis of the curve shapes derived directly after the pressure step. As
described above, the impedance magnitudes were fitted with the EEC model, from which
the suction pressure depending AR/Ry was determined in regard to time. In Figure 3,
the corresponding data points for the first, fourth, and seventh pressure steps are shown,
whereas in Figure S1 in the Supplementary Materials, the plots for the remaining four steps
are depicted. Data points were plotted for a time interval of 100 s after each pressure step.
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Figure 3. Calculated normalized resistance change ARRy = (R —Rg)/Rp at 30 kHz with regard to time
for the selected pressure steps for oocyte WT1 (a) and oocyte DKO3 (b). R represents the resistance of
the ZP at the rim of the microhole and Ry is the resistance of the open (not sealed with an oocyte)
microhole, respectively. Ry was determined to be 27.9 (2 and 26.1 ) for the WT1 and DKO oocytes,
respectively. The curves present the aspiration length L, which was calculated by fitting the proposed
GM model to the data points.
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All curve shapes of every investigated oocytes showed the typical behavior of a creep
curve. The curves exhibited the well-known shape of a creep curve of a viscoelastic material
with its fast elastic deformation (instant elongation) and the following viscous flow. Creep
curves can be fitted by equivalent mechanical circuit (EMC) models consisting of dashpots
and springs, which can be composed of generalized Maxwell (GM) or Kelvin—Voigt (GKV)
EMC models [31]. A dashpot represents viscosity and a spring element Young’s modulus,
respectively. Guevorkian et al. and Yanez et al. proposed a modified GM for creep
curves obtained with the micropipette aspiration technique, which is shown as an insert in
Figures 3 and S1 [30,32]. The parallel circuit represents the initial elastic deformation. The
spring constant k; is related to the elasticity of the ZP and therefore to the Young’s modulus
E, ko to the initial jump of the impedance signal and 7 to the local friction coefficient,
respectively. Typical high values of ky and low values of 7 (Table S1) represent the rapid
response of ZP’s aspiration to the applied suction pressure in our experiments. The dashpot
71 in series with the parallel circuit accounts for the viscous dissipation of the aspirating ZP.
The correlation of the circuit elements to the creep curve is illustrated in Figure S2 in the
Supplementary Materials. Based on this model, a creep curve can analytically be described
by Equation (3) [32]

1 kO —t/T t
L=F(—(1-
(k1 ( k() + k1 ¢ + 37'[21’1'771 (3)
ki = Emr; F = nr?Ap T= foks + ko)
k1ko

where r; is the inner radius of the microhole; F is the aspiration force; T is the retardation
time constant.

First, L values were calculated for each pressure step according to Equation (2) with the
aid of the AR/R values over the whole time period of the pressure step. Then, the L values
were fitted with the proposed GM model according to Equation (3). The calculations were
carried out using Wolfram Mathematica software. For the fittings, the pressure Ap, radius
of microhole r;, and aspiration length L were set as constants for all fittings. The Young's
modulus E, viscosity 71, initial jump of the impedance signal kg, and the local friction
coefficient 179 were free parameters obtained from the fitting. Table S1 in the Supplementary
Materials summarizes the fitting parameters for the creep curves of each pressure step of
oocytes WT1 and DKO3. After extracting parameters E and #; from the seven creep curves,
their mean values were set as constants. A crosscheck was carried out for all curves to find
the minimum deviation. Table 52 in the Supplementary Materials contains the mean values
of the fitting parameters for all characterized oocytes. Exemplary fitting curves are depicted
as colored lines in Figure 3 and Figure S1 in the Supplementary Materials for the WT1 and
DKO3 oocytes. In general, all fitted curves corresponded well to the measured data.

To calculate the Young’s modulus, Equation (3) was inserted into Equation (1). In
Table 1, the Young’s moduli of the ZPs of the two characterized oocyte genotypes are
summarized and compared to values obtained with the micropipette aspiration technique
as well as with the values calculated with our previously published procedure.

Furthermore, the viscosities were calculated from the fitting curves. In the proposed
GM model, the fitting parameter 1n; corresponds to viscosity. Following the model of
Guevorkian et al. [32], viscosities were determined to be 6 x 10° £ 0.8 x 10° Pa-s for the
WT and 3.5 x 10* + 0.45 x 10* Pa-s for DKO ZPs, respectively.
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Table 1. Calculated mean values of the Young’s moduli of ZP of mouse oocytes in the metaphase II
(MII) stage. The errors represent standard deviations.

Cell Type

Young’s Modulus

(Maturation Stage) Technique (kPa) Reference
Oocyte (wild type, WT) Micropipette aspiration 109+ 14 [20]
Oocyte (wild type, WT) Micropipette aspiration 11.8 [19]
Oocyte (wild type, WT) Micropipette aspiration 143+£21 [22]
Oocyte (wild type, WT) Micropipette aspiration 82+12 [21]
Oocyte (wild type, WT) MAEIS 3.58 + 0.63 [24]
Oocyte (wild type, WT) MAEIS (creep) 33+05 Current study
Oocyte (Fetuin-B/ovastacin dd, DKO) MAEIS 1.19 £ 0.30 [24]
Oocyte (Fetuin-B/ovastacin dd, DKO) MAEIS (creep) 1.1+0.2 Current study

dd: double deficient; WT: wild type; DKO: fetuin-B/ovastacin double deficient; MAEIS: microfluidic aspiration-
assisted electrical impedance spectroscopy.

4. Discussion

The objective of this study was to develop and apply an appropriate tool to characterize
the viscoelastic properties of the ZP of oocytes. The developed microfluidic chip with its
microhole in the cover lid of the microfluidic channel, as shown in Figure 1, represents a
significant benefit with regard to the commonly used micropipette aspiration technique.
There, the oocyte must be placed manually at the micropipette tip. In contrast to this
challenging procedure, the trapping of the oocyte to the microhole is easy to carry out in
our MAEIS approach by only placing the cell near the microhole and applying a sufficiently
high suction pressure to the microfluidic channel.

The current microfluidic chip design offers the opportunity for multiplexing. Actually,
nine micro channels are connected to the pressure regulation unit. This allows for a
simultaneous characterization of multiple oocytes. The number of channels can be easily
increased. In the current setup, the four wires for the EIS measurements at one microhole
were selected by the mini dual in-line package (DIP) switches. In an improved setup,
electrodes can be addressed through a chip-based multiplexer. Furthermore, the here
utilized bulky impedance spectrometer can also be replaced with a chip-based version.
Therefore, the setup could lead to a cheap and small-sized instrument for quantitative
oocyte characterization.

In response to a suction pressure step, the obtained curves can be interpreted as the
time dependent deformation of the ZP to equilibrium. All creep curve profiles showed
nearly the same progression. Similar creep curves were published by Yanez et al. for mouse
zygotes [30]. Therefore, we can conclude that ZP expresses a linear viscoelastic behavior.

As shown in Table 1, the Young’s moduli of ZPs, which were calculated on the basis of
creep curves, showed a high concordance in comparison to those values obtained with the
evaluation of the saturation values of the impedance after each suction pressure step, as
published by Cao et al. [24]. It can be concluded that with the same setup and measurement
routine, the Young’s modulus can be calculated with two different evaluation routines. The
Young’s modulus of the WT oocyte was significantly smaller than the value obtained with
the micropipette aspiration techniques: when looking to the ratio of the aspiration length to
the inner radius of the microhole L/t;, the groups working with the standard micropipette
aspiration technique published ratios 0.2 < L/7; < 1.6. In our measurements, the factor was
calculated to be much lower at 0.045 < L/7; < 0.14. It is most likely that we only aspirated a
very small amount at the surface of the hydrogel-like ZP, so we did not measure the bulk
properties. Thus, the Young’s modulus obtained with our MAEIS setup was estimated to
be lower than the value that would be obtained for a larger amount of ZP sucked into the
hole. We therefore developed a surface-sensitive system. Nevertheless, relative values of
the Young’s moduli bear more meaningful information than absolute values when the ZP’s
modification is measured over time to find the window of highest fertility.
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It is worth mentioning that the analysis of the creep curves via fitting the EMC to the
experimental data additionally allows for the calculation of the viscosity of the ZP, which
is not possible when only the saturation values of the electrical impedances during the
pressure steps are evaluated. To the best knowledge of the authors, this is the first time
that absolute values of viscosities have been published for the ZP of mouse oocytes. Kim
et al. published only relative values [33], whereas Yanez et al. presented only a value for
the dashpot #; for mouse zygotes and not for the viscosity [30].

It has to be noted that microfluidic devices have already been developed that enable
the simultaneous characterization of both the mechanical and electrical properties of single
cells [34-37]. In these devices, cells were trapped at constrictions in microfluidic channels.
The Young’s moduli were calculated by optically measuring the aspiration length changes
induced through a variation in suction pressure. The capacitance of the whole cell was
determined from the EIS measurements. However, in these approaches, the electrodes
for EIS were located in reservoirs on both sides of the microfluidic channel with electric
field lines penetrating the whole cell. In comparison, the microhole in our MAEIS setup
was localized between ring-shaped electrodes. Here, the electrical field lines were forced
through the microhole and concentrated at the rim of the microhole [24]. By aspirating only
the ZP into the microhole, the mechanical property of the ZP alone instead of the whole
cell was characterized.

5. Conclusions

Using the MAEIS setup, the transient electrical impedance spectra measured were
caused by the aspiration of the ZP of a mouse oocyte into a microhole connected to a
microfluidic suction channel. The curve progression was correlated to a typical viscoelastic
creep behavior and fitted by an appropriate equivalent mechanical model. In combination
with a mathematical model, which correlates the aspiration with the impedance change, the
Young’s moduli and, for the first time, the absolute viscosity values of the ZPs of two mouse
genotypes were successfully calculated. The work showed that with the same setup and
measurement routine, the obtained impedance spectra could be analyzed by two different
approaches: the one already published by Cao et al. [24], which evaluates the heights of the
impedance signals with regard to the pressure step, and the method described in this work
by evaluating the creep curves.

This study showed that our approach offers several advantages. The chip-based mi-
crofluidic aspiration technique in combination with the electrical impedance spectroscopy
opens the possibility of studying the process of ZP hardening with high spatial and tempo-
ral resolution. With the evaluation of the creep curves, the Young’s modulus as well as the
viscosity can be determined. The setup can be improved to study several cells simultane-
ously. The work demonstrates a step forward to a user-friendly portable point-of-use tool
to characterize the rheological properties of any kind of individual cell.

Supplementary Materials: The following supporting information can be downloaded at: https://
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step.; Table S1. Fitting parameters to Figure 3 and Figure S1 according to the Equation (3) in the
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double deficient (DKO) MII oocytes.

Author Contributions: Conceptualization, U.S. and J.F.; Methodology, D.A. and Y.C.; Software, D.A.
and Y.C.; Validation, D.A. and Y.C.; Formal analysis, D.A. and Y.C.; Investigation, D.A. and Y.C.; Re-
sources, ].F. and U.S.; Data curation, D.A. and Y.C.; Writing, D.A., Y.C,, J.F. and U.S.; Writing—review
and editing, J.F. and U.S.; Visualization, D.A. and Y.C.; Supervision, U.S.; Project administration, ].F.
and U.S,; Funding acquisition, ].F. and U.S. All authors have read and agreed to the published version
of the manuscript.


https://www.mdpi.com/article/10.3390/bios13040442/s1
https://www.mdpi.com/article/10.3390/bios13040442/s1

Biosensors 2023, 13, 442 10 of 11

Funding: The project was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—422444193.

Institutional Review Board Statement: All animal experiments were in accordance with the Ger-
man Animal Welfare law and approved by the state governments in North Rhine Westphalia (81-
02.04.2019.A037, 2 April 2019). Maintenance, handling, and treatment of the mice were performed
according to the recommendations for the Federation for Laboratory Animal Science Associations (FE-
LASA).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Microfabrication was carried out at the Central Laboratory for Micro- and
Nanotechnology (CMNT) at RWTH Aachen University. The technical support by the CMNT staff is
gratefully acknowledged. The authors express their sincere thanks to Dorothée Breuer, Ewa-Janina
Sekula, Jochen Heiss, and Erkan Yilmaz for their valuable assistance in processing the microfluidic
chips. U.S. would like to express his gratitude to Linda Wetzel, Anouschka Fritz, and Roman
Opgenorth for carefully proofreading the manuscript.

Conflicts of Interest: Y.C., ].F, and U.S. are inventors of a pending patent (patent applicant: RWTH
Aachen University; patent inventors: Uwe Schnakenberg, Wilhelm Jahnen-Dechent, Carlo Schmitz,
Julia Floehr, Akram El Hasni, Tom Kremers; application number DE 10 2020 214 862 84 B4).

References

1.

10.

11.

12.

13.

14.

15.
16.

Chambers, G.M.; Dyer, S.; Zegers-Hochschild, E.; de Mouzon, J.; Ishihara, O.; Banker, M.; Mansour, R.; Kupka, M.S.; Adamson,
G.D. International Committee for Monitoring Assisted Reproductive Technologies world report: Assisted reproductive technology,
2014. Hum. Reprod. 2021, 36, 2921-2934. [CrossRef]

Sauerbrun-Cutler, M.T.; Vega, M.; Breborowicz, A.; Gonzales, E.; Stein, D.; Lederman, M.; Keltz, M. Oocyte zona pellucida
dysmorphology is associated with diminished in-vitro fertilization success. J. Ovarian Res. 2015, 8, 5. [CrossRef] [PubMed]
Palmstierna, M.; Murkes, D.; Csemiczky, G.; Andersson, O.; Wramsby, H. Zona pellucida thickness variation and occurrence of
visible mononucleated blastomers in preembryos are associated with a high pregnancy rate in IVF treatment. J. Assist. Reprod.
Genet. 1998, 15, 70-75. [CrossRef]

Wassarman, PM. Zona pellucida glycoproteins. Annu. Rev. Biochem. 1988, 57, 415-442. [CrossRef]

Murayama, Y.; Mizuno, J.; Kamakura, H.; Fueta, Y.; Nakamura, H.; Akaishi, K.; Anzai, K.; Watanabe, A.; Inui, H.; Omata, S.
Mouse zona pellucida dynamically changes its elasticity during oocyte maturation, fertilization and early embryo development.
Hum. Cell. 2006, 19, 119-125. [CrossRef] [PubMed]

Matzuk, M.M.; Lamb, D.]. Genetic dissection of mammalian fertility pathways. Nat. Med. 2002, 8, S40. [CrossRef]

Roy, A.; Matzuk, M.M. Deconstructing mammalian reproduction: Using knockouts to define fertility pathways. Reproduction
2006, 131, 207-219. [CrossRef] [PubMed]

Mouse Genome Sequencing, C.; Waterston, R.H.; Lindblad-Toh, K.; Birney, E.; Rogers, J.; Abril, ].F.; Agarwal, P.; Agarwala, R,;
Ainscough, R.; Alexandersson, M.; et al. Initial sequencing and comparative analysis of the mouse genome. Nature 2002, 420,
520-562. [CrossRef] [PubMed]

Murayama, Y.; Yoshida, K.; Takahashi, H.; Mizuno, J.; Akaishi, K.; Inui, H. Softening of the mouse zona pellucida during oocyte
maturation. In Proceedings of the 2013 35th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Osaka, Japan, 3-7 July 2013; Volume 2013, pp. 6834-6837. [CrossRef]

Sun, Y.; Wan, K.T.; Roberts, K.P; Bischof, ].C.; Nelson, B.]. Mechanical property characterization of mouse zona pellucida. IEEE
Trans. Nanobiosci. 2003, 2, 279-286. [CrossRef]

Schmitz, C.; Sadr, S.Z.; Korschgen, H.; Kuske, M.; Schoen, J.; Stocker, W.; Jahnen-Dechent, W.; Floehr, J. The E-modulus of the
oocyte is a non-destructive measure of zona pellucida hardening. Reproduction 2021, 162, 259-266. [CrossRef] [PubMed]

Papi, M.; Brunelli, R.; Sylla, L.; Parasassi, T.; Monaci, M.; Maulucci, G.; Missori, M.; Arcovito, G.; Ursini, F.; De Spirito, M.
Mechanical properties of zona pellucida hardening. Eur. Biophys. ]. 2010, 39, 987-992. [CrossRef]

Andolfi, L.; Masiero, E.; Giolo, E.; Martinelli, M.; Luppi, S.; Dal Zilio, S.; Delfino, L; Bortul, R.; Zweyer, M.; Ricci, G.; et al.
Investigating the mechanical properties of zona pellucida of whole human oocytes by atomic force spectroscopy. Integr. Biol.
2016, 8, 886—893. [CrossRef]

Boccaccio, A.; Frassanito, M.C.; Lamberti, L.; Brunelli, R.; Maulucci, G.; Monaci, M.; Papi, M.; Pappalettere, C.; Parasassi, T.;
Sylla, L.; et al. Nanoscale characterization of the biomechanical hardening of bovine zona pellucida. J. R. Soc. Interface 2012, 9,
2871-2882. [CrossRef]

Binnig, G.; Quate, C.F.; Gerber, C. Atomic force microscope. Phys. Rev. Lett. 1986, 56, 930-933. [CrossRef] [PubMed]

Hochmuth, R.M. Micropipette aspiration of living cells. . Biomech. 2000, 33, 15-22. [CrossRef] [PubMed]


http://doi.org/10.1093/humrep/deab198
http://doi.org/10.1186/s13048-014-0111-5
http://www.ncbi.nlm.nih.gov/pubmed/25823613
http://doi.org/10.1007/BF02766828
http://doi.org/10.1146/annurev.bi.57.070188.002215
http://doi.org/10.1111/j.1749-0774.2006.00019.x
http://www.ncbi.nlm.nih.gov/pubmed/17257374
http://doi.org/10.1038/nm-fertilityS41
http://doi.org/10.1530/rep.1.00530
http://www.ncbi.nlm.nih.gov/pubmed/16452715
http://doi.org/10.1038/nature01262
http://www.ncbi.nlm.nih.gov/pubmed/12466850
http://doi.org/10.1109/EMBC.2013.6611127
http://doi.org/10.1109/TNB.2003.820273
http://doi.org/10.1530/REP-21-0122
http://www.ncbi.nlm.nih.gov/pubmed/34320465
http://doi.org/10.1007/s00249-009-0468-3
http://doi.org/10.1039/c6ib00044d
http://doi.org/10.1098/rsif.2012.0269
http://doi.org/10.1103/PhysRevLett.56.930
http://www.ncbi.nlm.nih.gov/pubmed/10033323
http://doi.org/10.1016/S0021-9290(99)00175-X
http://www.ncbi.nlm.nih.gov/pubmed/10609514

Biosensors 2023, 13, 442 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gonzalez-Bermudez, B.; Guinea, G.V.; Plaza, G.R. Advances in Micropipette Aspiration: Applications in Cell Biomechanics,
Models, and Extended Studies. Biophys. J. 2019, 116, 587-594. [CrossRef]

Wang, H.; Zhou, F; Guo, Y;; Ju, L.A. Micropipette-based biomechanical nanotools on living cells. Eur. Biophys. J. 2022, 51, 119-133.
[CrossRef]

Khalilian, M.; Navidbakhsh, M.; Valojerdi, M.R.; Chizari, M.; Yazdi, P.E. Estimating Young’s modulus of zona pellucida by
micropipette aspiration in combination with theoretical models of ovum. . R. Soc. Interface 2010, 7, 687-694. [CrossRef] [PubMed]
Jia, Z.; Feng, Z.; Wang, L.; Li, H.; Wang, H.; Xu, D.; Zhao, X.; Feng, D.; Feng, X. Resveratrol reverses the adverse effects of a
diet-induced obese murine model on oocyte quality and zona pellucida softening. Food Funct. 2018, 9, 2623-2633. [CrossRef]
Jia, Z.; Wang, H.; Feng, Z.; Zhang, S.; Wang, L.; Zhang, J.; Liu, Q.; Zhao, X; Feng, D.; Feng, X. Fluorene-9-bisphenol exposure
induces cytotoxicity in mouse oocytes and causes ovarian damage. Ecotoxicol. Environ. Saf. 2019, 180, 168-178. [CrossRef]

Shi, F.; Qiu, J.; Zhang, J.; Wang, S.; Zhao, X.; Feng, X. The toxic effects and possible mechanisms of decabromodiphenyl ethane on
mouse oocyte. Ecotoxicol. Environ. Saf. 2021, 207, 111290. [CrossRef]

Cao, Y.; Floehr, J.; Ingebrandt, S.; Schnakenberg, U. Dry Film Resist Laminated Microfluidic System for Electrical Impedance
Measurements. Micromachines 2021, 12, 632. [CrossRef]

Cao, Y.; Floehr, J.; Azarkh, D.; Schnakenberg, U. Microfluidic aspiration-assisted electrical impedance spectroscopy system is a
reliable tool for the characterization of oocyte hardening. Sens. Actuators B Chem. 2023, 380, 133316. [CrossRef]

Bondarenko, A.; Ragoisha, G. Variable Mott-Schottky plots acquisition by potentiodynamic electrochemical impedance spec-
troscopy. J. Solid State Electrochem. 2005, 9, 845-849. [CrossRef]

Alexopoulos, L.G.; Haider, M.A.; Vail, T.P; Guilak, F. Alterations in the mechanical properties of the human chondrocyte
pericellular matrix with osteoarthritis. J. Biomech. Eng. 2003, 125, 323-333. [CrossRef]

Cao, Y,; Floehr, J.; Yilmaz, E.; Kremers, T.; Schnakenberg, U. Microfluidic-Based Electrical Impedance Spectroscopy System Using
Multilevel Lamination of Dry Film Photoresist. In Proceedings of the 2021 International Workshop on Impedance Spectroscopy
(IWIS), Chemnitz, Germany, 29 September-1 October 2021; pp. 11-14.

Dietzel, E.; Wessling, J.; Floehr, J.; Schafer, C.; Ensslen, S.; Denecke, B.; Rosing, B.; Neulen, J.; Veitinger, T.; Spehr, M.; et al. Fetuin-B,
a liver-derived plasma protein is essential for fertilization. Dev. Cell. 2013, 25, 106-112. [CrossRef] [PubMed]

Floehr, J.; Dietzel, E.; Schmitz, C.; Chappell, A.; Jahnen-Dechent, W. Down-regulation of the liver-derived plasma protein fetuin-B
mediates reversible female infertility. Mol. Hum. Reprod. 2017, 23, 34—44. [CrossRef]

Yanez, L.Z.; Han, ].; Behr, B.B.; Pera, R.A.R.; Camarillo, D.B. Human oocyte developmental potential is predicted by mechanical
properties within hours after fertilization. Nat. Commun. 2016, 7, 10809. [CrossRef]

Serra-Aguila, A.; Puigoriol-Forcada, ].M.; Reyes, G.; Menacho, J. Viscoelastic models revisited: Characteristics and interconversion
formulas for generalized Kelvin—-Voigt and Maxwell models. Acta Mech. Sin. 2019, 35, 1191-1209. [CrossRef]

Guevorkian, K.; Colbert, M.]J.; Durth, M.; Dufour, S.; Brochard-Wyart, F. Aspiration of biological viscoelastic drops. Phys. Rev. Lett.
2010, 104, 218101. [CrossRef]

Kim, J.; Kim, J. Viscoelastic characterization of mouse zona pellucida. IEEE Trans. Biomed. Eng. 2013, 60, 569-575. [CrossRef]
[PubMed]

Chen, J.; Zheng, Y.; Tan, Q.; Zhang, Y.L.; Li, J.; Geddie, W.R.; Jewett, M.A.; Sun, Y. A microfluidic device for simultaneous electrical
and mechanical measurements on single cells. Biomicrofluidics 2011, 5, 14113. [CrossRef]

Chen, J.; Zheng, Y.; Tan, Q.Y.; Shojaei-Baghini, E.; Zhang, Y.L.; Li, J.; Prasad, P; You, L.D.; Wu, X.Y.; Sun, Y. Classification of
cell types using a microfluidic device for mechanical and electrical measurement on single cells. Lab Chip 2011, 11, 3174-3181.
[CrossRef]

Zhao, Y,; Chen, D.; Luo, Y.; Chen, F; Zhao, X; Jiang, M.; Yue, W.; Long, R.; Wang, J.; Chen, J. Simultaneous characterization of
instantaneous Young’s modulus and specific membrane capacitance of single cells using a microfluidic system. Sensors 2015, 15,
2763-2773. [CrossRef] [PubMed]

Pu, H.; Liu, N.; Yu, J.; Yang, Y.; Sun, Y.; Peng, Y.; Xie, S.; Luo, J.; Dong, L.; Chen, H.; et al. Micropipette Aspiration of Single Cells
for Both Mechanical and Electrical Characterization. IEEE Trans. Biomed. Eng. 2019, 66, 3185-3191. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.bpj.2019.01.004
http://doi.org/10.1007/s00249-021-01587-5
http://doi.org/10.1098/rsif.2009.0380
http://www.ncbi.nlm.nih.gov/pubmed/19828504
http://doi.org/10.1039/C8FO00149A
http://doi.org/10.1016/j.ecoenv.2019.05.019
http://doi.org/10.1016/j.ecoenv.2020.111290
http://doi.org/10.3390/mi12060632
http://doi.org/10.1016/j.snb.2023.133316
http://doi.org/10.1007/s10008-005-0025-7
http://doi.org/10.1115/1.1579047
http://doi.org/10.1016/j.devcel.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23562279
http://doi.org/10.1093/molehr/gaw068
http://doi.org/10.1038/ncomms10809
http://doi.org/10.1007/s10409-019-00895-6
http://doi.org/10.1103/PhysRevLett.104.218101
http://doi.org/10.1109/TBME.2012.2230444
http://www.ncbi.nlm.nih.gov/pubmed/23212311
http://doi.org/10.1063/1.3571530
http://doi.org/10.1039/c1lc20473d
http://doi.org/10.3390/s150202763
http://www.ncbi.nlm.nih.gov/pubmed/25633598
http://doi.org/10.1109/TBME.2019.2901763
http://www.ncbi.nlm.nih.gov/pubmed/30835206

	Introduction 
	Materials and Methods 
	Materials 
	Microfluidic Chip Fabrication 
	MAEIS Setup Assembly 
	Oocyte Preparation and Handling 

	Results 
	Discussion 
	Conclusions 
	References

