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ABSTRACT

Infertility in mammals is one of the most intricate medical issues requiring non-traditional interventions. In Vitro
Fertilization (IVF) is one of the modern medical technologies currently used to treat infertility. However, current
IVF procedures are inaccessible and unaffordable to the majority due to the high cost, the complexity of the
procedure, and the reliance on highly qualified operators. For successful IVF, oocyte denudation, the process of
removing cumulus cells from oocytes, is often performed. Here, microfluidics offers the potential to enhance
denudation procedures and to minimize operator variability. In this paper, we propose the configuration of a
microfluidic chip for oocyte denudation whose structure hybridizes inner jagged surfaces and expansion units.
The jagged surface units have the role of removing the cumulus cells surrounding the oocyte by using the wall
shear stress principle, and the (rounded) expansion units have the role of rotating the cumulus cells for further
deployment in subsequent jagged surfaces. The proposed device can be manufactured at a low cost (<1 USD)) by
the engraving of CO; laser machine on PMMA material, and is able to circumvent the use of enzymatic com-
ponents such as hyaluronidase. Experiments using computational simulations and manufactured microfluidic
chips evaluated distinct geometry configurations of the jagged surfaces and identified the suitable flow rates for
maximal shear stress and denudation performance. Manufactured samples of the proposed microfluidic devices
have shown the denudation performance of 96.7 % and yield rate of 90 % at a constant flow rate of 1 ml/min.

1. Introduction

Infertility is a disease denoting the inability to conceive a child after
12 months (or more) of consistent, unprotected sexual activity.l
Worldwide, the incidence of infertility among couples in reproductive
age ranges from 12.6 % to 17.5 % in the Americas, Western Pacific,
Africa, and Europe?; and, according to the World Health Organization
(WHO), 1 in 6 people show traits of infertility.® Assisted reproductive
technology (ART), such as in vitro fertilization (IVF) and intra-
cytoplasmic sperm injection (ICSI),* are well-known technologies tar-
geting infertility treatment. And in vitro oocyte maturation is an
appealing approach for human ART, offering advantages such as
reduced cost and risks (e.g. ovarian hyperstimulation syndrome).’

Peer review under the responsibility of Editorial Board of Biotechnology Notes.

However, despite the advances in ART-based treatment of infertility, the
current procedures induce in high cost and social stigma and have a
limited accessibility.® Furthermore, since the current ART procedures
lack standardization frameworks and depend on highly skilled in-
dividuals, operator-to-operator performance differences are often
observed in the literature.”

Having relevant applications in the field of biomedical research® and
ART,’ microfluidics is a trending technology aiming at manipulating
fluids and particles in microchannels.'’ For instance, microfluidic
fertilization exposed pig and mouse oocytes in narrow channels to me-
dium flow and semen.''”'® In the context of IVF, sperm sorting and
oocyte denudation are key to realize successful IVF. In the ovary, the
oocyte is surrounded by cumulus cells (specialized granulosa cells),
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Table 1
Comparison of the proposed approach with the relevant works for oocyte denudation.
Feature Zeringue et al.'” Weng et al.'® (2018) Zhai et al.’® (2022) Mokhtare et al.”® (2022) This Work
(2001)
Type Microfluidic Microfluidic Robot System Ultrasonic Device Microfluidic
Material PDMS PDMS Pipette LiNbOj3 substrate and Interdigitated PMMA
transducers
Fabrication Micromolding Soft Lithography NA Surface acoustic waves with PDMS Direct Engraving CO, Laser
Method microchannel Machine
Cost Very High Very High (200-1000 USD) High High Low (<1 USD)
(200-1000 USD)
Hyaluronidase Not mentioned Yes No No No
Usage

Multi-Channel (100
constriction-expansion units)
93.7 %

System Structure Multi-Process

Denudation NA

Efficiency

Robotic system with a
manipulator
95.0 + 0.8 %

Four interdigitated transducers
(IDT) and fabrication of PDMS
NA

Simple Structure (3 jagged units
and two expansion units)
96.7 %

forming an overall structure known as the cumulus-oocyte-complex
(COC), which develop cytoplasmic projections that cross the zona pel-
lucida and form gap junctions with the Oolemma.'* In vivo, the cumulus
cell mass is removed from the oocyte upon fertilization through natural
process.'® In IVF clinics, cumulus cells are often removed from the oo-
cytes to facilitate fertilization using the enzymatic action of hyaluroni-
dase and (mechanical) pipetting. Often, denudation facilitates the
fertilization process because of enhancing the injection of the sperm into
the oocyte.'®

Zeringue et al.'”"?! created a microfluidic device to mechanically
remove the cumulus cells from single bovine zygotes. The cumulus cell
mass was partially removed and reoriented. After that, the
cumulus-zygote complex traveled through a marginally smaller and
narrow channel, and then two suction ports, being narrower than the
complex, were used to remove the remaining corona cells from the
oocyte. The device allowed one zygote at a time, whereas the
cumulus-zygote complex was positioned and moved by manual method
that involved switching multiple fluid flows.

Recently, Weng et al.'® developed a microfluidic device to remove
the cumulus cells from mouse oocytes. Hyaluronidase-treated COCs, at
either the germinal-vesicle or metaphase II stage, passed through a series
of jagged-surface microchannels. The cumulus cells were stripped off by
the inner wall of the constriction channel when processing COCs
through at least 100 repeats of expansion (500 pm long and 500 pm
wide) and constriction (640 pm long and 90 pm wide) units at a flow rate
of 1 ml/min.

Hyaluronidase is often used in reproductive techniques to detach
cumulus cells from the oocytes.’>?> Hyaluronidase is an enzyme that
hydrolyzes hyaluronan (hyaluronic acid or hyaluronate): a poly-
saccharide consisting of repeating disaccharide units of N-acetyl-D--
glucosamine and D-glucuronic acid.’* In the extracellular space of
cumulus-oocyte complexes, hyaluronan is a highly hydrated and visco-
elastic matrix.”> Treatment with hyaluronidase causes the decomposi-
tion of the hyaluronan-based matrix surrounding COCs and disperses the
cumulus cells from oocytes.”®*” Treatment of human oocytes with hy-
aluronidases decreased oocyte survival, fertilization rates, and nega-
tively impacts the developmental rates following ICSL.%® *° In addition,
the fertilization rate of the mouse oocyte decreased with hyaluronidase
treatments. Also, oocytes treated with hyaluronidase for 5 min or longer
had a reduced capacity to develop to the morula and blastocyst stage.>’

Utilizing the relationship between oocyte quality and sedimentation
rate, Iwasaki et al.>? created a microfluidic device to separate
high-quality bovine oocytes, thereby increasing the success rate of in
vitro fertilization. The mechanical stress rises when the oocytes travel in
the microchannels because of the physical contact between the cells and
the inner wall of the channel. Luo et al.>® studied the deformation of the
mouse oocyte under shear flow as the oocytes traveled through con-
stricted microfluidic channels at different sizes with various flow rates.
Although shear stress is useful for oocyte denudation and helps to
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remove the cumulus cells, the shear stress is often controlled by flow rate
manipulation and channel geometry adaptation.

Polymethyl Methacrylate (PMMA) material has been used to fabri-
cate microfluidic chips in different bio-applications, such as Deoxy-
ribonucleic acid (DNA), Polymerase Chain Reaction (PCR), and cell
separation.®* >® PMMA-based microfluidic chips for sperm sorting have
been created using the rheotaxis technique.’”-*® Also, the direct
engraving technique was used to fabricate different microfluidic chip
materials using a laser beam in many bio-applications.>* *! Micro bio-
sensors have been developed using PMMA material.*? In addition, the
micromachining of PMMA using a COy laser has been studied
before.*> 7

To realize a low-cost, hyaluronidase-free and efficient oocyte denu-
dation approach, this paper capitalizes on microfluidics principles and
PMMA material to propose a low-cost yet efficient oocyte denudation
approach. In particular, our contributions are as follows:

- The configuration of a microfluidic chip for oocyte denudation
whose structure hybridizes inner jagged surface and expansion units.
Whereas the jagged surface units aims at removing the cumulus cells
surrounding the oocyte by using the shear stress, the (rounded)
expansion units facilitate the rotational motions for further deploy-
ment to subsequent jagged surfaces. Compared to the related ap-
proaches, the proposed microfluidic device can be manufactured at a
low cost by the engraving of CO; laser machine on PMMA material,
and is able to circumvent the use of enzymatic components such as
hyaluronidase. Table 1 compares the proposed approach with the
relevant works in oocyte denudation.

- The set of experiments using computational simulations and manu-
factured microfluidic chips evaluating (1) distinct configurations of
the inclination angle of the jagged surfaces and flow rate actuation,
and (2) the suitable flow rates for maximal shear stress. Manufac-
tured samples of the proposed microfluidic devices has shown the
denudation performance of 96.7 % and yield rate of 90 % at a con-
stant flow rate of 1 ml/min.

The remaining of this paper is organized as follows: section 2 de-
scribes the materials and methods behind the proposed microfluidic
chip, section 3 describes and discusses our simulation and experimental
results, and section 4 concludes our paper.

2. Materials and methods
2.1. Oocyte preparation

The ovaries from a female slaughtered buffalo were extracted in
Dachlout Abattoir, Dayrout, Assiut Governorate (Egypt). After washing

and cleaning procedures at the Veterinary Medicine Department of
Assiut University, oocytes were extracted into a Tissue Culture Medium
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Fig. 1. Basic concept of the microfluidic chip for oocyte denudation.

199 (TCM 199) (BIO-CHEM, Belgium) for storage. For maturation pro-
cess, the oocytes with Tissue Culture Medium 199 (TCM 199) were
placed in tubes inside a CO, Incubator (N-BIOTEK Co, Korea) at 38 °C
with 5 % CO, for 22-24 h.

2.2. Microfluidic structure

The structure of the proposed microfluidics chip consists of micro-
channels implementing inner jagged surface units and expansion units.
The goal of using a microfluidic chip is to denudate the oocyte, i.e.
separate the oocytes from the cumulus cells, as shown by Fig. 1. The
jagged surface units enable to capitalize from enhanced fluid dynamics
and wall shear stress that act on the COCs to remove the cumulus cells,
whereas the (rounded) expansion units facilitate the rotational motions
for further deployment to jagged surfaces. Overall, the chip has two
expansion units and three jagged surface units. The oocytes with
cumulus cells are injected from the inlet and allowed to go through the
jagged surfaces and expansion units. Sharp turns are avoided to prevent
oocyte trapping and to enhance yield rate. Relevant parameters include
lengths (i € [1, 7]), inclination angle ¢ and number of jagged teeth,
input flow rate, and number of expansion units.

2.3. Fabrication methodology

To fabricate the microfluidic chip, we used a CO5 laser machine
(VLS3.5, Universal Laser Systems, Kanagawa, Japan) with a 30-W laser
tube and a laser lens (HPDFO, Universal Laser Systems, Japan) of 30 pm
focal spot. The machine was first calibrated to determine the equivalent
depth in PMMA material. The calibration was realized one time, per
each used lens. PMMA sheets (Spiroplastic, Cairo, Egypt) of 2 mm
thickness were used to fabricate the microfluidic chip. For patterning on
PMMA sheets, the laser beam with 1000 pulses per inch (PPI) were
adjusted to ensure the high-quality of patterning. Also, the laser power
was adjusted to 60 % with a speed of 80 % to get optimal dimensions.
The chip consisted of 2 PMMA layers: the inlet and outlet were drilled in
the top layer, whereas the channels were engraved in the bottom layer.
The two layers were adjusted and bonded thermally in a natural venti-
lation lab oven (STF-N 80, FALC Instruments, Treviglio, Italy) for 13 min
at 150 °C while applying a force of 2 N. Afterwards, 1.8 mm outer
diameter connection tubes (ULTRAMED, Assiut, Egypt) were attached at
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(a) Schematic of the top layer (left) and bottom layer (right)

Oocyte Denudation Chip
Titing Angle 140, Width 0.1 mm

[ ]

e Power 60% & Speed 80% Bottom Layer

(b) Example of a manufactured microfluidic chip for oocyte denudation

Fig. 2. (a) Schematic of the layout of top and bottom layers of the microfluidic
chip, and (b) an example of the manufactured chip.

the inlet and outlet holes. The outer diameter of the tube is 1.8 mm, and
the inlet and outlet holes are 2 mm, so a small PMMA cylinder with an
outer diameter of 2 mm and an inlet diameter of 1.8 mm was added to
connect the tubes with the holes avoiding leakage situations. Fig. 2 il-
lustrates the fabricated chip for oocyte denudation.

After fabricating the bottom and top layers, a fluorescent trinocular
compound microscope (AmScope FMSYG580TA Supplies 40x-1600x
Infinity Plan EPI) was used to measure the channel dimensions such as
width and depth of the machined surface. We repeated the measurement
technique after chip bonding to ensure the dimensions’ low variability.
Afterwards, deionized (DI) water was pumped into the chip from the
inlet for leakage testing, before moving the oocytes to TCM 199 media to
avoid sample loss.

To study the thermal effect of bonding temperature and force, the
chip was subjected to 150 °C, in which the set temperature was lower
than the melting temperature of PMMA for 13 min, with a bonding force
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higher than 2 N. Air bubbles and leakage near the holes were observed
between the two PMMA layers when applying a force lower than 2 N.

To evaluate the potential of leakages at major junctures, we evalu-
ated the leakage of the chip by increasing the flow rate of the syringe
pump to 8 ml/min, and the inlet tube was released from the syringe
output port. One of the main benefits of using PMMA for microfluidic
systems rather than PDMS is the application of high working flow rates
without leakage.

The choice of PMMA over other materials like PDMS is because
PMMA is significantly cheaper than PDMS, making it a more cost-
effective option for large-scale production. PMMA is more straightfor-
ward to fabricate than PDMS, which requires labor-intensive soft
lithography; PMMA can be processed using cost-effective methods like
CNC milling and laser cutting, reducing manufacturing costs for com-
mercial applications. PMMA is a stiff thermoplastic with more me-
chanical strength and stability than PDMS, which is flexible and elastic.
This rigidity guarantees that microchannel diameters remain constant,
decreasing fluid dynamics variability. PMMA chips can be sealed
through thermal or solvent bonding methods without requiring plasma
treatment.

2.4. The effect of wall shear stress

One of the most important aspects in the performance of the pro-
posed microfluidic chip is the wall shear stress that cumulus oocyte cells
experience when subjected to jagged units. As such, the wall shear stress
is responsible for stripping cumulus corona cell mass. The shear stress is
correlated with the flow rate; thus the flow rate must be large enough to
strip the cumulus corona cell mass without damaging of oocytes.
Calculating the shear stress in cell structures with flow can be realized in
multiple ways. Shear stress can be evaluated theoretically or numeri-
cally using fluid dynamics. The fluid model of the proposed device is
based on the steady-state Naiver—Stokes equation for Newtonian fluid*®:

Ju

o (€8]

1
+ (u-Vu —%Vzu = —EVp +g

where u is the normalized flow velocity vector, p is the pressure, t is the
time, p is the fluid’s density, V is the divergence, y is the dynamic vis-
cosity, and g is the gravitational constant. In microfluidic systems, sur-
face forces dominate over volume forces such as gravity.”’ Thus,
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gravitational force can be neglected. Furthermore, the fluid is assumed
to be incompressible, eliminating velocity gradients within the fluid

volume.”® With these assumptions, equation (1) can be simplified to
ou p_, 1

=_£ E— 2
o pV u pVP @)

To calculate the velocity flow, the Navier-Stokes equation must be
solved either numerically or analytically to find the velocity profile for
the considered geometry. An analytical solution for velocity profiles in
rectangular-based microfluidic channels (width > height) was found by
expanding the Navier-Stokes equation using the Fourier series.”!

However, in simple geometry, such as a wide rectangular channel or
a tubular channel, computational fluid dynamics was utilized to deter-
mine the wall shear stress as a function of the channel width, height, and
flow rate. Since the channel length was significantly larger than the
channel height, the system can be modeled as a 2D simulation. The wall

shear stress can be calculated using the following equation®:

_6nQ

= ¥
h2w

3)
where h is the channel height, w is the channel width, Q is the flow rate,
and 7 is the medium viscosity. The viscosity of the TCM 199 medium is
0.00089 Pa- s (Pascal second). To modify the shear stress, either the flow
rate or dimension of the channel are changed.

The flow rate is as follows,

Q=Av 4

where A is the area, and v is the velocity. Although we inject the fluid
constantly, the velocity will change inside the microfluidic channel.
Therefore, the shear stress is expected to change at each point in the
channel.

2.5. Simulations based on computational fluid dynamics

The most crucial factor in oocyte denudation and cumulus cell
removal by microfluidic chips is the wall shear stress induced in oocytes
going through microfluidic channels. To study the wall shear stress at
each point in the microfluidic channels, it is essential to use CFD
simulation with a small element size. Also, it is essential to evaluate the
shear stress profiles for both distinct inclination angles of the teeth § and
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Fig. 4. Wall shear stress as a function of flow rate Q and teeth inclination angle 6.

flow rate Q. Since the most effective point of the microfluidic channel is
located at the beginning of each pair of teeth, higher wall shear stress is
expected to be induced on the oocyte at such point, implying the higher
likelihood of removing the cumulus corona cells sequentially. Thus, to
enable the systematic evaluations considering the above-mentioned
points, a three-dimensional (3D) model of the microfluidic chip was
conducted on Ansys Fluent 2020 R2 (ANSYS, Inc., Canonsburg, PA) to
evaluate and calculate the wall shear stress across the microfluidic
channels. The geometry of the microfluidic chip was constructed in
Ansys Fluent. Then, the design was extruded with 0.1 mm depth. The
overall structure of the design consists of three jagged surface units
(each containing 50 teeth) and two expansion units to observe the
changes of shear stress in each section.

The inclination angles 6 = {90°, 120°, 140°, 150°} were evaluated
using both Computational Fluid Dynamics (CFD) simulations and
PMMA-based manufactured microfluidic chips. For each of the above-
mentioned inclination angle 6, distinct configurations of constant flow
rate were applied considering the inlet area of 0.1 mm in width and 0.1
mm in depth.

In the mesh analysis, a named selection was created to specify the
inlet, outlet, fluid domain, and wall. Then, the relevant geometry and
material were selected. In body sizing, the element size was set at 10 pm,
decided after iterative decrements until no variability of output was
observed in simulation. As such, the overall geometry resulted in a mesh
of over 2.9 million elements and 3.2 million nodes. The setup and so-
lution section used a laminar flow with specified fluid parameters in
which the viscosity of the TCM medium was 0.00089 Pa- s. To evaluate
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the wall shear stress profiles in a plethora of locations along the
microchannel, we used 500 contours drawn in the respective walls.

2.6. Experimental denudation process

Fig. 3 shows the overall setup involving the oocyte denudation
process. After oocyte preparation, 0.75 ml of TCM 199 medium,
involving about 9-15 oocytes, was inserted into reaction tubes (Greiner
Bio-One Gmbh, Frickenhausen, Germany). A micropipette that fluctu-
ates the 0.75 ml medium is crucial to prevent oocytes from sticking on
the tube’s wall or bottom. To avoid situations in which the fluid sticks in
the tube and does not proceed into the microfluidic chip, we connected
the output tube to the 10 ml sterile syringe (Jiangxi Hongda Medical
Equipment Group, Nanchang, China), the last of which was fixed on the
Syringe Pump (NE-4000, New Era Systems, Grant, FL, USA) and inserted
the input tube into the 0.75 ml Micro Centrifuge Tubes. Afterwards,
adjust the flow rate and select the proper syringe from the pump’s sy-
ringe list. Finally, the withdrawal operation is started to pull up the fluid
from the reaction tube, pass the designed channel, and store the fluid in
the syringe. The above-mentioned procedure has two benefits. First, the
fluid can be injected through the channel while avoiding removal of the
input tube to infuse air. Second, the injected fluid can be stored in the
syringe containing the TCM 199 medium with the denudated oocytes.

Observations of denudated oocytes is realized through camera ob-
servations (MT5000 IFR 5.0 MP CCD Sony ICX282AQ sensor), mounted
on the Fluorescent Trinocular Compound Microscope (AmScope
FMSYG580TA Supplies 40x-1600x Infinity Plan EPI). The microscope
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Fig. 5. CFD simulation of wall shear stress at 1 ml/min flow rates.

and the camera are connected to a laptop computer for further data
analysis. The microfluidic chip is placed on the microscope and con-
nected to the syringe pump, which is to be used at a constant flow rate.

3. Results
3.1. Computational fluid dynamics (CFD) simulation

In order to show the wall shear stress profiles for distinct configu-
rations of flow rate Q and teeth inclination angle 6. Fig. 4 shows the

shear stress profiles for flow rates Q = {0.25, 0.5, 0.75, 1, 1.25} ml/min
and inclination angles & = {90°, 120°, 140°, 150°}. By observing the

l T

X

5 | ! : ‘
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Denudation Efficiency (x 100%)
o
(o)}

(a) Denudation Efficiency

results at Fig. 4, we note that higher wall shear stress is achieved at 0 =
140°, followed by 150°, 90°, and finally 120°. Due to achieving a high
shear stress on the COCs, the most desirable flow rate is observed at 1
ml/min.

In order to render a glimpse of the shear stress across the microfluidic
channel, Fig. 5 describes the wall shear stress in detail at a constant flow
rate of 1 ml/min on the first pair of teeth. At 1 ml/min flow rate, the
maximum wall shear stress at 90° teeth angle is 280.2 Pa, at 120° teeth
angle is 265.49 Pa, at 140° teeth angle is 312.66 Pa, and at 150° teeth
angle is 293.83 Pa. By observing the results at Fig. 5 and considering the
above-mentioned observations of shear stress as a function of flow rate,
the inclination angle 140° renders the most desirable profile for
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Fig. 6. (a) The denudation efficiency and (b) the yield rate as a function of inclination angle 6.
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Fig. 7. Statistical comparisons of (a) the denudation efficiency and (b) the yield rate as a function of inclination angle 6.

denudation.

3.2. Experimental results

In order to show the denudation performance of the microfluidic
chip, we consider the denudation efficiency and yield rate as key per-
formance metrics. Denudation efficiency is the fraction of fully denu-
dated oocytes obtained in the outlet of the chip with respect to the
number of output oocytes in the outlet. Yield rate is the percentage of
fully or partially denudated oocytes obtained in the output reservoir
with respect to the number of oocytes in the inlet.

In order to evaluate the performance under distinct geometry con-
figurations, we manufactured microfluidic chips under distinct config-
urations of inclination angle 6, specifically 90°, 120°, 140°, and 150°.
Also, for simplicity and without loss of generality, we used three jagged
surface units (50 teeth at each of them) and two expansion units. Di-
mensions of the microfluidic chip involve l; = 0.28 mm, I, = 0.10 mm, I3
= 0.17 mm, Iy = 0.15 mm, Is = 0.10 mm, lg = 0.98 mm, and I; = 0.50
mm. Furthermore, the microfluidic chip has one inlet and one outlet
with a constant depth and width of 0.1 mm. The diameter of the inlet
and outlet is 2 mm, and the overall length of the channel of the micro-
fluidic chip is 62.76 mm. For denudation experiments, following the
above-mentioned notions on the desirability of the flow rate, we used
the constant flow rate of 1 ml/min.

In order to show the oocyte denudation performance of the manu-
factured microfluid chips, Fig. 6 shows (a) the denudation efficiency and
(b) the yield rate for distinct configurations of inclination angles 6. By

observing the results of Fig. 6, the reader may note that the maximum
denudation efficiency is 96.7 % at 0 = 140°, followed by 79.25 % at § =
150°, 61.62 % at § = 90°, whereas the minimum efficiency is 42.13 % at
6 = 120°. In addition, the maximum yield rate was 90 % at 6 = 140°,
followed by 80 % at & = 150°, 70 % at & = 120°. Furthermore, the
observed minimum yield rate is 52 % at 6 = 90°.

The sample size is 10 oocytes for each group. In order to show the
statistical tests, Fig. 7 shows the Wilcoxon tests at 5 % significance level
of (a) the denudation efficiency and (b) the yield rate for distinct con-
figurations of inclination angles 6. The efficiencies and yield rates are
compared for statistical significance. Cells with +,-, = indicate when an
angle in the row of the cell significantly outperforms, underperforms,
and equally performs an angle in the column of the cell. Numbers inside
the cell indicate the p-values (smaller values are the better). By looking
at the statistical results, one can find that 140° significantly outperforms
other inclination angles in terms of denudation efficiency, whereas 140°
either outperforms or equally performs compared to other inclination
angles. By observing at Fig. 7-(a), one can observe that the configuration
angle at 120° outperforms other configurations in terms of denudation
efficiency, and the configuration angle at 140° or 150° outperforms
other configurations in terms of yield rate.

In order to show a glimpse of the oocyte denudation characteristics
rendered by the manufactured microfluid chips, Fig. 8 shows an example
of a set of oocytes with cumulus cells subjected to the inlet of the
microfluidic chip (state before denudation), and an example of oocytes
extracted from the outlet of the microfluidic chip (state after
denudation).

(a) Example of oocytes before denudation

(b) Example of oocytes after denudation

Fig. 8. (a) Example of a sample of oocyte and cumulus cells, and (b) example of oocytes after denudation process by the proposed microfluidic chip.
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(@)

(b)

Fig. 9. Fertilization process. (a) and (b) the denuded oocyte with qualified sperms.

(a)

Fig. 10. Advanced Fertilization process. (a) morula stage and (b) early blastocyst.

By observing the results in Fig. 8, the reader may note the noticeable
differences between inlet and outlet conditions, showing the potential
for removal of cumulus cells being adjacent to the oocyte. As for size of
oocytes, the oocytes from healthy ovaries of a buffalo have a mean
diameter of 146.4 um,” and the oocyte size with the surrounding
cumulus cells ranges in the interval 350-450 pm.

It’s crucial to guarantee that on-chip denudation doesn’t harm the
oocytes’ fertility and development potential. As a result, we have stud-
ied the fertilization rate and embryo development to blastocyst on the
denuded oocytes rendered by our microfluidic chip. The fertilization
rate represents the percentage of surviving oocytes that progress to two-
cell embryos, whereas the blastocyst rate indicates the percentage of
two-cell embryos that develop into blastocysts. The average fertilization
rate and blastocyst rate of oocytes denuded by the microfluidic chip for
IVF were 75.34 % and 94.85 %, respectively. As a result, we observed no
adverse effects with respect to post-denudation viability in the long
term. Fig. 9 shows the denudated oocytes and qualified sperms were
placed in a Petri dish. Supplementary videos illustrating the fertilization
process have been included in the supplementary materials section for
further reference. Fig. 10 represents the results of the IVF fertilization
process, in which the morula and early blastocyst phases have appeared.

140

(b)

4. Discussion

The findings show a strong correlation between the inclination angle
of the structures of teeth and the efficiency of oocyte denudation. The
combination of computational and experimental studies reveals that an
inclination angle of 140° achieves the best compromise between exert-
ing enough shear stress for successful cumulus cell elimination and
minimizing potential mechanical damage to the oocyte. The CFD models
show that this inclination angle produces immense shear stress, which is
consistent with experimental data showing the highest denudation ef-
ficiency and yield rate. The efficiency variations across inclination an-
gles indicate that optimizing fluid dynamics within the microfluidic chip
is crucial for enhancing the denudation process. Furthermore, the re-
ported denudation efficiency of 96.7 % and yield rate of 90 % at 140°
demonstrate the system’s usefulness in reproductive technologies. This
study emphasizes the need for precise microfluidic design in improving
ART applications, laying the framework for future modifications and
clinical validations.

5. Conclusion
In this paper, we proposed a microfluidic chip for oocyte denudation

whose structure consists of microchannels hybridizing inner jagged
surface and expansion units. The role of the jagged surface units enables
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to capitalize from the wall shear stress that act on the cumulus-oocyte-
complex to remove the cumulus cells surrounding the oocyte, whereas
the (rounded) expansion units facilitate the rotational motions for
further deployment to jagged surfaces. The overall structure of the
microfluidic chip was manufactured at a low cost profile, benefiting
from the features of the engraving technique of a CO, laser machine on
PMMA material. Also, the hybrid between jagged surfaces and expan-
sion units in the channel structure of the chip offers a simple micro-
fluidic device configuration being advantageous to realize the oocyte
denudation that circumvents the use of enzymatic components such as
hyaluronidase. Computational experiments (ANSYS Fluent 2020 R2)
using distinct configurations of the inclination angle of the jagged sur-
faces and flow rate actuation has allowed to characterize the suitable
flow rates for maximal shear stress. Furthermore, the manufactured
microfluidic devices has allowed to characterize the denudation per-
formance of 96.7 % and yield rate of 90 % at a constant flow rate of 1 ml/
min.

In future work, the effect of the number of expansion units and the
number of jagged surface units at the same and different lengths of the
channel will be investigated. In addition, we aim to evaluate the quality
of oocyte denudation by fertilization process based on IVF techniques.
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