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Introduction
Assisted reproductive technology (ART) stands as a 
remarkable achievement in medical science, offering 
hope to infertile families by facilitating the conception 
of children.1 Significant advancements have been made 
in this domain over the past few decades. Presently, most 
ART procedures are conducted manually, with the success 
of these procedures heavily relying on the expertise of 
embryologists and laboratory specialists. Nevertheless, the 
existing equipment used in infertility laboratories poses 
challenges due to its incompatibility with the dimensions 
of oocytes and sperm. Moreover, the high costs associated 

with assisted reproductive techniques have limited access 
to this technology for low-income groups.

In recent times, microfluidic technology has emerged 
as a promising field with a growing array of applications. 
Researchers have explored the use of microfluidic chips to 
address the limitations of traditional methods in infertility 
treatment.2,3 Microfluidic systems offer several advantages, 
such as reduced media consumption and precise control 
and manipulation of cells due to their small size.4,5 These 
systems have been extensively investigated across various 
applications, including in vitro oocyte Maturation,6 cell 
rotation,7-9 cell trapping,10,11 sperm behavior analysis,12 
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Abstract
Introduction: The microfluidic device is 
highly optimized to remove oocytes from 
the cumulus-corona cell mass  surrounding 
them. Additionally, it effectively captures 
and immobilizes the oocytes, aiding in 
 assessing their quality and facilitating 
the injection of sperm into the oocyte. 
In this study, a novel  microfluidic chip 
was designed and manufactured using 
conventional soft lithography methods.  
Methods: This research proposes the 
utilization of a microfluidic chip as a substitute for the  conventional manual procedures involved 
in oocyte denudation, trapping, and immobilization. The  microfluidic chip was modeled and 
simulated using COMSOL Multiphysics® 5.2 software to  optimize and enhance its design 
and performance. The microfluidic chip was fabricated using  conventional injection molding 
techniques on a polydimethylsiloxane substrate by employing soft  lithography methods.  
Results: A hydrostatic force was applied to guide the oocyte through predetermined pathways to 
 eliminate the cumulus cells surrounding the oocyte. The oocyte was subsequently confined within 
 the designated trap region by utilizing hydraulic resistance along the paths and immobilized by 
 applying vacuum force. 
Conclusion: The application of this chip necessitates a lower level of operator expertise compared 
to  enzymatic and mechanical techniques. Moreover, it is feasible to continuously monitor the 
oocyte's  state throughout the procedure. There is a reduced need for cultural media compared to 
more  standard approaches.  
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in laboratories, their adoption faces significant challenges 
for embryologists. These challenges include complexities 
in use, uncertainties surrounding work safety, deviations 
from natural conditions, and uncertainties related to the 
potential harm of electric fields on oocytes and sperm 
if employing such fields. To address these concerns, a 
LOC specifically tailored for infertility applications has 
been designed and fabricated in this study. This LOC 
comprises four interconnected units, facilitating sample 
denudation, trapping, culturing, and holding for IVF 
and ICSI applications. The design was computationally 
optimized using finite element analysis through COMSOL 
Multiphysics software, with particular attention to oocyte 
dimensions and medium flow behavior in micro-channels 
to achieve optimal results. Subsequently, the chip was 
fabricated using soft lithography techniques.

In conclusion, integrating microfluidic technology in 
infertility treatment laboratories holds immense promise 
for advancing assisted reproductive techniques. Through 
the development of the proposed chip, it is intended to 
contribute to the enhancement of fertility procedures 
while addressing the challenges and concerns associated 
with microfluidic applications in this domain.

Materials and Methods
Physical concept
The oocyte, enveloped by cumulus cells (Fig. 1), requires 
their removal during the IVF and ICSI procedures. In 
embryology laboratories, this is accomplished either 
manually or enzymatically using a stripper. However, 
both of these methods subject the oocyte to high stress 
and lead to increased consumption of culture medium. 
This research has focused on two key aspects, namely, 
optimizing the design of micro-channels with appropriate 
shapes to minimize stress on the oocyte during its 
passage through these channels and establishing minimal 
requirements for culture medium to facilitate the 
crucial removal of cumulus cells around the oocyte as a 
preparatory step for IVF and ICSI processes.

The second part of the study involves the structural 
design of a trap mechanism to aid in the IVF and ICSI 
procedures. This model is based on hydrodynamic flow 
manipulation, enabling the immobilization of the oocyte 
using a vacuum channel for ICSI and research applications. 
Currently, expensive cell manipulator systems (Figs. 2A, 
2B), operated by highly skilled personnel, are employed 
for cell immobilization and processing, contributing to 
the high costs associated with IVF treatments.

Our proposed design is a functional LOC that 
aims to simplify the essential steps of embryology 
laboratories while minimizing human intervention. 
This device efficiently performs oocyte denudation and 
immobilization, thus reducing the overall cost of infertility 
treatment. Furthermore, it offers an automated approach 
that reduces dependence on the skills of individual 
embryologists (Fig. 3).

sperm motility evaluation and selection,13-16 cumulus 
removal,17,18 fertilization,19 embryo culture, and embryo 
selection.20

In this context, microfluidic systems' ultimate objective is 
to create a lab-on-a-chip (LOC) platform that can be easily 
employed in infertility treatment laboratories. Notably, 
previous research has yielded promising results in this 
direction. For instance, Ma et al developed a microfluidic 
device that integrated multiple steps of in vitro fertilization 
(IVF) on a single chip, encompassing oocyte positioning, 
sperm screening, fertilization, medium replacement, and 
embryo culture.21 Heo et al proposed an on-chip flow 
actuation system that facilitated the loading and culture 
of embryos in micro-wells, albeit without considering the 
fertilization process.22 Another study by Heydari et al. It 
included the construction of a microfluidic microchip 
for sperm sorter, which uses spermatozoa intrinsic 
behaviors to select superior sperm.23 Intracytoplasmic 
sperm injection (ICSI), a technique where a single sperm 
is directly injected into the oocyte for fertilization, has 
demonstrated the potential to cause unexpected damage 
due to the manipulation of both sperm and oocyte.24 In 
the embryology laboratories of ART centers, a crucial step 
in preparing oocytes for micromanipulation, such as ICSI, 
involves denudation to remove the surrounding cumulus 
cell mass. Traditionally, denudation is achieved through 
enzymatic or mechanical methods. The enzymatic 
technique employs the hyaluronidase enzyme to digest 
the hyaluronic acid between cumulus cells, while the 
mechanical approach involves pipetting. Both methods 
heavily rely on the operator’s skills and can be time-
consuming and labor-intensive, especially during mass 
ICSI operations.

Additionally, denudation procedures may pose a 
risk of damaging valued oocytes. Moreover, oocyte 
immobilization is essential for research purposes and 
microinjection procedures involving sperm into the 
oocyte cytoplasm and oocyte sampling. These tasks 
typically require micro-manipulator systems for holding 
needles, necessitating sophisticated facilities and skilled 
embryologists, ultimately increasing process costs. To 
simplify these processes and alleviate the dependence on 
manual interventions, our previous research introduced 
a chip designed to remove cumulus cells surrounding 
the oocyte, with laboratory tests demonstrating its 
efficiency.25 In continuation of our group's research 
to achieve the mentioned goals, we have proposed an 
integrated microfluidic chip to replace the manual 
operations of denudation, trapping, and immobilization 
of oocytes. Building upon this foundation, our current 
work aims to investigate replacing manual procedures 
in the embryology laboratory with microfluidic chips. 
Specifically, we present a novel chip that combines oocyte 
denudation and trapping functionalities, enabling the 
immobilization of oocytes for ICSI and research purposes.

Despite the promising potential of microfluidic chips 
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Theoretical concept
According to the dimensions of the micro-channels 
(length ~4-6.5 mm, width ~120-400 µm, and height 
=250 µm), the fluid specifications (Dynamic viscosity; 
µ=0.799e-3 Ns/m2 and fluid density; ρ=997 kg/m3), and 
the fluid flow rate (0.16 mL/min), the Reynolds number 
can be calculated as follows:

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝐷𝐷ℎ
µ    

 
 Where Dh and V are the hydraulic dimensions and 

fluid velocity, respectively, in this design, always Re <10, 
and movement of the liquid inside the micro-channels 
follows a laminar flow. The proposed devices are governed 
by a general fluidic model based on the steady-state 
Navier-Stokes equation, representing an incompressible 
Newtonian fluid26:
                                                                  
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻. (𝜕𝜕𝜌𝜌) = 0                                                                       (1)

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜌𝜌(𝜕𝜕 ∙ ∇)𝜕𝜕 +  𝛻𝛻𝛻𝛻 −  𝜇𝜇∇2 𝜕𝜕 − (𝜆𝜆 + 𝜇𝜇)∇( ∇ ∙ 𝜕𝜕) = 𝑓𝑓           (2)

Computational fluid dynamics is employed to analyze 
the wall shear stress as a function of the channel width 
and flow rate. Given that the channel length significantly 
exceeds the channel height (L ~4-6.5 mm, W ~120-400 
µm, and H = 250 µm), a two-dimensional (2D) simulation 

proves effective for modeling the system. Utilizing these 
conditions, the maximum shear stress applied to the cell 
(τs) can be determined using equation (3):27

𝜏𝜏𝑠𝑠 =
2 × 2.95𝜇𝜇𝜇𝜇

𝐻𝐻2                                                                        (3)

where H, μ, and Q represent the channel height, the 
medium dynamic viscosity, and the volumetric flow rate, 
respectively.

Computational model
The current study used COMSOL Multiphysics 5.2 
software to model and simulate the microfluidic chip, 
optimize its design, enhance performance, and estimate 
flow profiles and shear stresses within the denudation 
device. Finite element models were constructed, and 
2D simulations were conducted to investigate the flow 
behavior in the microfluidic chip. The optimal design 
layout is illustrated in Fig. 3.

Five corrugated channel profiles (Section 1-5) were 
devised in the denudation sections of the chip. These 
channels were designed with a gradual decrease in 
width from section 1 to section 5, aiming to facilitate the 
removal of cumulus cells around the oocyte and simplify 
the denudation process for IVF or ICSI procedures. This 
design ensures a smooth removal of cumulus cells with 

Fig. 1. Diagram of a mammalian oocyte with cumulus  cells.

Fig. 2. (A) Eppendorf cell manipulation system and (B)  oocyte holding pipette.
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minimal damage to the oocyte. In the post-parts, the 
velocity line graph (Fig. 4) depicts reduced speed, allowing 
for the suspension of the oocyte by controlling the liquid 
inlet pressure.

Within the trap section, a structure was designed based 
on the dimensions of the oocyte, effectively preserving 
the oocyte using the hydraulic resistance of the micro-
channel path (Figs. 5A, 5B, and 5C) .The dimensions of 
the microchannels are provided in Table 1.

The fluidic behavior of the medium inside the micro-
channels was analyzed and simulated. The applied flow 

rate at the inlet was 0.16 mL/min, well-suited to the range 
of biological medium, with no slip and no penetration 
as the boundary conditions on the walls. The simulation 
of the trap section in the absence of an oocyte revealed 
that, due to the low hydraulic resistance of the trap section 
compared to the main path, the medium mainly flows 
to the output from this part. However, in the presence 
of an oocyte, the simulation shows an increase in path 
resistance, causing the medium to flow from the main 
path, effectively trapping the oocyte in the proposed 
channel (Fig. 6).

To prevent oocyte damage during denudation and 
trapping, it is essential to ensure that the shear stress 
does not exceed the maximum allowed value (1.2 dyne/
cm2 or 0.12 Pa).28 Table 2 presents the maximum and 
minimum shear stress points calculated using COMSOL 
Multiphysics 5.2 software in the micro-channels. The 
oocyte’s movement along the channel and its shear 
stress were estimated using the particle tracing tool in 
COMSOL. Due to changes in the oocyte’s diameter during 
denudation, the precise study of oocyte shear stress in the 
channels is challenging. Hence, the investigation here 
focuses solely on shear stress within the channels.

Fabrication and sample preparation
The fabrication process began by thoroughly cleaning a 
glass substrate using deionized water and 70% ethanol. A 

Fig. 3. Schematic diagrams of oocyte denudation and holding  chip.

Fig. 4. Fluid velocity    (mm/min) in the post-part.

Fig. 5. (A) Denudation part of the chip, (B) Jagged- surface micro-channels, and (C) Trap part of the chip
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250-μm-thick scotch tape served as the spacer layer, while 
UV resin (Loxeal 3024) was applied to the glass and evenly 
spread using Doctor Blading. The structure was then 
exposed to UV sources (400 nm) for 35 seconds by utilizing 
a predesigned photomask (Fig. 7A), followed immediately 
by development in isopropyl alcohol (IPA). Subsequently, 
the mold underwent a debris-cleaning step with an IPA 
jet wash and post-exposure to the same UV source for an 
additional 7 minutes. To improve the molding process, a 
thin layer of 10% polyvinyl alcohol (PVA) was coated using 
a small brush and dried in a convection oven at 80 ºC for 
20 minutes.

Concurrently, a polydimethylsiloxane (PDMS) mixture 
in a 1:10 ratio, weighing 2 g, was prepared and degassed in 
a desiccator for 20 minutes to remove any air bubbles. This 
PDMS mixture was then manually poured into the mold 
and left in a convection oven at 70 ºC overnight for curing. 
The next day, the cured PDMS was gently peeled off in a 
70 ºC water bath, effectively removing the PVA and safely 

Fig. 6. Medium velocity magnitude (m/s): (A) Without the  oocyte in the trap 
channel and (B) Presence of the oocyte  in the trap channel.

Fig. 7. (A) Photolithography mask, (B) Microfluidic  chip, (C) Denudation 
channels, (D) Trap part, and (E)  Final microfluidic chip with injection tubes.

Table 1. Dimensions of the micro-channels

Denudation part width, length, height Trap part

Section 1 Section 2 Section 3 Section 4 Section 5 Chtrap 1 Chtrap 2

W1 
250 µm

W2 
200 µm

W3
170 µm

W4
150 µm

W5
140 µm

Wt1
200 µm

Wt2
250 µm

L=3 mm Lt1
1.75 mm

Lt2
6.5 mm

Height of all micro-channels: H = 250 µm

Table 2. Maximum and minimum shear stress on the walls of channels

X (µm) Y (µm) Shear stress (Pa)

4325.0 631.84 1.5098E-11 (Min)

2425.2 1598.9 0.0016289 (Max)

releasing the PDMS. Subsequently, surface activation 
was performed by exposing the PDMS to O2 plasma for 
approximately 15 minutes to enhance its bonding to the 
glass. Paper clamps were employed to ensure firm layer 
adhesion. Before injection, the chip is subjected to a 
sterilization process, which includes cleaning the chip 
with 70% alcohol, then for 30 minutes in a 37°C incubator 
to remove the alcohol from the chip altogether, and finally, 
UV sterilization for 1 hour. Immature oocyte samples were 
tested in the embryology lab of the ART center. Initially, 
hyaluronidase 80 was added to the oocyte and placed in 
Ham’s f10 medium to loosen the surrounding cells, and 
the microfluidic chip was prepared for testing. Fig. 7B 
depicts the final chip at various scales.

Results and Discussion
The present LOC was introduced to replace automatic 
methods instead of conventional manual methods in 
embryology laboratories, which was the goal of our research 
group. To test the chip in the embryology laboratory, 
Ham's f10 medium was first injected into the chip using 
a syringe pump. Then, the immature human oocyte was 
directed to the microchip channels with a constant flow 
rate of 0.16 mL/min and using hydrostatic force from the 
predicted paths were crossed. As a result, the jagged walls 
of the micro-channels removed the cumulus cells around 
the oocyte. At each stage, circular posts allow for checking 
the condition of the oocyte under an inverted microscope 
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by stopping the injection of the syringe pump at those 
places. After the oocyte passed through the denudation 
area, it finally reached the trap chip, and according to the 
simulations, the oocyte, by following the direction of liquid 
flow, was trapped in the trap part of the chip and placed 
in the lower part of the trap. It was then immobilized 
using vacuum force through a mouth-controlled pipette. 
Finally, by applying positive pressure at the inlet intended 
for suction, the oocyte was directed from inside the chip 
to the outlet and exited the chip. Laboratory experiments 
(Fig. 8) confirmed the efficiency of the introduced oocyte 
cumulus cell denudation and trapping steps.

Compared to conventional and manual methods used 
in embryology laboratories, enzymatic and mechanical 
methods are utilized for the denudation part, which can 
harm the oocyte if the oocyte remains in the enzyme 
longer.29,30 In mechanical denudation, a stripper is normally 
employed, which can cause problems for the oocyte if 
the stress is high during the mechanical operation.31,32 
Generally, conventional methods are inefficient and time-
consuming. Unlike conventional methods, our introduced 
LOC faces the oocyte in an environment of almost the 
same scale, thus minor stress is applied to the oocyte. 
The state of the oocyte can always be observed during 
denudation. The amount of culture medium is much less 
than conventional methods due to the structure’s small 
size, and it is more efficient. To immobilize the oocyte 
in conventional methods, expensive micro-manipulator 
devices are necessary. In addition to this expensive 
equipment, in conventional methods, user skill is highly 
important, and the results depend entirely on the user's 
skill. However, the introduced LOC immobilizes the 
oocyte at the lowest cost and does not require high user 
skills, such as the micromanipulation method. To the best 
of our knowledge, no single chip performing denudation 
and oocyte immobilization has been reported so far. 
However, works that only perform the denudation and 

immobilization of oocytes have been published separately. 
Recently, Mokhtare et al published an ultrasound oocyte 
denudation chip.33 Although the introduced chip had a 
high speed in denudation, the safety of the oocyte in the 
face of the direct radiation of ultrasound waves from a 
highly close distance is still unknown, and this concern 
is a serious obstacle to its use in laboratories. Other 
works attempted oocyte cumulus cell denudation by 
employing suction force to remove cumulus cells around 
the oocyte.18 Nonetheless, it required vacuum pumps to 
control the channels and lacked complete coverage of the 
oocyte environment. It is exposed to vacuum pressure 
for a long time, and damage is possible to the oocyte. 
One of the functions of our proposed chip is to trap and 
immobilize the oocyte without complicated equipment in 
a way that does not damage the oocyte. Other reported 
oocyte trapping works were designed for cell dimensions 
below 10 microns, and complete cell immobilization 
was not envisioned, often involving intricate structures 
compared to our proposed design.10,11 The primary oocyte 
before and after denudation using this microfluidic chip 
are shown in Figs. 8F and 8G. Eight out of ten oocyte 
cells were denuded, and the result denudation of two 
oocytes was done incompletely. Of course, it should be 
noted that immature oocytes were selected for the test, 
which is usually tricky to denude. All ten oocytes utilized 
for the test were immobilized in the trap section. The 
final appearance quality of the oocytes used in the tests 
demonstrates that this chip does not harm the oocytes. 
Since in this chip, much less stress is applied to the 
oocytes than manual methods, and the chip is fabricated 
of biocompatible materials, this chip is entirely safe for 
the oocyte.  The comparison of the proposed LOC and 
conventional manual methods for denudation and holding 
oocyte are provided in Table 3.
Conclusion
In this study, we successfully introduced a microfluidic 

Fig. 8. (A) Oocyte at the entrance of section 1 in the chip,   (B) Oocyte in the denudation channel in section 2, (C)  Oocyte at the entrance of the trap channel, 
(D) Oocyte at  the end of the trap channel, (E) Immobilization of the  oocyte using a vacuum in the trap channel, (F) Oocyte  before denudation, (G) Oocyte 
after denudation in the  chip
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chip designed to efficiently remove cumulus cells 
around the oocyte while also allowing for the trapping 
and immobilization of the oocyte for research and 
manipulation purposes. Compared to enzymatic and 
mechanical methods, this chip requires minimal operator 
skills, making it a user-friendly alternative. Additionally, 
the chip enables continuous monitoring of the oocyte’s 
condition throughout the process. Remarkably, culture 
medium consumption is significantly reduced to only 
one-fourth of what is used in conventional methods.

The fabrication process of the microfluidic chip involves 
standard injection molding over a PDMS substrate, 
resulting in a substantial cost reduction compared to 
traditional techniques. This microfluidic chip presents 
a viable and reliable substitute for current procedures in 
embryology laboratories. It holds promise for enhancing 
the efficiency of oocyte denudation, trapping, and 
immobilization procedures, thereby advancing the field 
of assisted reproductive techniques. By streamlining these 
crucial steps, the chip contributes to the optimization 
and cost-effectiveness of ART procedures in infertility 
treatments. With further optimization and refinement, 
this microfluidic chip has the potential to revolutionize 
current practices in the field of embryology and bring forth 
significant benefits to patients seeking fertility treatments. 
Investigation of the acceptable amount of suction to 
immobilize the oocyte and the fertilization quality of the 
oocytes used in this LOC, besides the expansion of the 
chip function, is one of the future works of our group.
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