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Abstract

Human infertility can be treated using assisted reproductive technology (ART) such as
intracytoplasmic sperm injection (ICSI). But current ART techniques suffer from multiple
cumbersome processes requiring technically skilled personnel. Microfluidics technologies offer
unique opportunities to streamline ART procedures, reduce stress imposed upon gametes and
embryos, and minimize the operator-to-operator variability. However, there have been no
automated and continuous processing systems that can reduce the dependence on well-trained
embryologists to obtain ICSI-ready oocytes from patients. In this study, using mouse models, we
developed a microfluidic device to denude oocytes from the surrounding cumulus-corona cell
mass, facilitating the evaluation of oocyte quality and the injection of sperm. Enzyme-treated
cumulus-oocyte complexes pass through a series of jagged-surface constriction microchannels of
optimized geometries. The jagged inner wall of constriction channels facilitates to strip off the
cumulus-corona cell mass. Oocytes that were denuded by the device showed comparable
fertilization and developmental competence compared with mechanical pipetting. The device
developed in this study achieves the automation of manual process for cocyte denudation in a
continuous flow, as well as improving standardization and ease-of-use. Our denudation-on-a-chip
approach requires inexpensive and simple equipment, which represents one step forward towards
improving the accessibility and affordability of assisted reproductive therapy.
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A microfluidic device to denude oocytes from the cumulus-corona cell mass, facilitating the
injection of sperm for assisted reproduction therapy
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Introduction

Human infertility has remained a highly prevalent global condition. Infertility is estimated to
affect between 8 and 12% of reproductive-aged couples worldwide.! In the United States, 1
in 8 couples have trouble getting pregnant or sustaining a pregnancy.? The rate of infertility
is much higher in the developing regions such as South Asia, Central and Eastern Europe
and Central Asia, and Sub-Saharan Africa.l' 3 For example, the prevalence of infertility is
21.2% in northwestern Ethiopia and between 20 and 30% in Nigeria.l

Infertility can be treated using assisted reproductive technology (ART) such as /in vitro
fertilization (IVF) and intracytoplasmic sperm injection (ICSI).* According to the Centers
for Disease Control and Prevention (CDC), a total of 182,111 ART procedures with the
intent to transfer at least one embryo were performed in the United States in 2015,
contributing to 1.7% of all infants born in the US during the same year.® But current ART
procedures like IVF and ICSI still suffer from a variety of limitations,5 such as being costly
and time-consuming.7 The ART procedures also rely heavily on highly skilled
embryologists, which often results in variation from operator to operator and the lack of
standardization.®

To address these challenges, in the past two decades, microfluidic technologies have
demonstrated great potential in streamlining the ART procedures.8Microfluidics has been
successfully integrated with various ART procedures including semen analysis for male
infertility diagnosis,® 10 sperm selection based on motility1-15 and/or facilitated by
chemotaxis, 18 17 rheotaxis'8-20 or thermotaxis,?! oocyte analysis and selection,22 23
insemination,24 embryo culture,25-27 and cryopreservation.28-30 Selection of highly motile
sperms is crucial for the success of in vitro fertilization.31As traditional sperm selection
methods such as swim-up and centrifugation usually generate low yield of motile sperms or
DNA fragmentation,32Asghar et al.13 developed a sperm-sorting device where the most
motile and functional sperms can pass through a polycarbonate membrane filter against
gravity and swim into a retrieval reservoir on top of the filter, leaving dead and less motile
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sperms behind. This device enables the sorting of unprocessed semen sample with higher
DNA integrity and fewer reactive oxygen species than traditional sperm selection methods.
Recently, a microfluidic device, named the Simple Periodic ARray for Trapping And
isolatioN (SPARTAN), utilized an array of pillars to efficiently isolate motile and
morphologically normal sperm from raw semen with lower epigenetic global methylation.1>
For ART procedures on female gametes, Han et al.2’ integrated single oocyte trapping,
fertilization and embryo culture on a microwell array, enabling automated tracking of the
developmental status of each individual embryo. It has also been reported that murine
ovarian follicles could produce the human 28-day menstrual cycle hormone profile when
mouse ovarian tissue was cultured on a microfluidic platform based on pneumatic actuation,
simulating the /n vivo female reproductive tract and the endocrine loops between organ
modules.330ther applications of microfluidics in assisted reproductive technology have been
reviewed recently.6-8. 34,35

Despite the above breakthroughs in integrating microfluidics with ART procedures,
microfluidics technologies have rarely been exploited to improve the processing of oocytes
in preparation for ICSI. Intracytoplasmic sperm injection is a dominant treatment to almost
all forms of male infertility and has been increasingly adopted to overcome fertilization
failure.361n 2012, 1CSI was used in 93.3% of fresh IVF procedures (embryos transferred
without being frozen) with male factor infertility and was used in 76.2% of all fresh IVF
procedures with and without male factor infertility.3”Prior to ICSI, oocytes must be denuded
to facilitate the injection of sperm34 and to allow the evaluation of oocyte morphology, in
particular, the nuclear maturation stage.® An oocyte is surrounded by cumulus cells, the
specialized granulosa cells, forming an organized structure known as the cumulus-oocyte
complex (COC). The cumulus cells that are in close contact with the oocyte, also known as
corona cells, develop cytoplasmic projections which cross the zona pellucida and form gap
junctions with the oolemma.38 In ART clinics, oocytes must be denuded from the cumulus-
corona cell mass, usually via enzymatic action of hyaluronidase and mechanical pipetting,
which are inefficient and suffers from the operator-to-operator variation. In a pilot study,
Zeringue et al.39 40 developed a microfluidic device to mechanically remove the cumulus
cell mass from single bovine zygotes. But their device can only process one zygote at a time
and requires manual controlling and switching of multiple fluid flows.

In this study, using mouse models, we developed a microfluidic device to denude oocytes
from the surrounding cumulus-corona cell mass in a continuous fluid flow. Our device
features repeating constriction-expansion units of optimized geometries and surface features
to ensure the complete denudation of mouse oocytes while avoiding excessive mechanical
stress. Statistically, oocytes that were denuded by our device did not show compromised
fertilization or developmental potential compared with the conventional manual denudation
protocol. The findings in this study also improve our understanding of the biomechanical
mechanisms of oocyte denudation. Furthermore, our oocyte denudation device has the
translational potential of processing human samples in an automated, standardized and
continuous processing manner in a clinical setting.
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Materials and Methods

Device microfabrication

The oocyte denudation chip was fabricated using standard PDMS soft lithography
techniques. A single layer master was fabricated by spin-coating SU-8 negative photoresist
(Microchem, Newton, MA) onto a silicon wafer. The coated wafer was patterned using UV
photolithography to define the master for the chip. The height of SU-8 features was
measured to be approximately 275 pm using a surface profilometer (Dektak ST System
Profilometer, \eeco Instruments Inc., Plainview, NY). The PDMS prepolymer was mixed
with the crosslinker (Dow Corning, Midland, MI) at a ratio of 10:1 (w/w). The mixture was
then poured onto the silicon master mold, degassed, and cured at 65°C overnight. The cured
PDMS replica was removed from the mold. Inlet and outlet throughholes were punched out
for fluidic connection using 2-mm and 10-mm Harris Uni-Core biopsy punchers (Ted Pella,
Inc., Redding, CA), respectively. The PDMS slab was treated by oxygen plasma at 300
mmTor oxygen at 50 W for 35 seconds, and then bonded to a 75 mm x 25 mm glass slide to
assemble the final oocyte denudation chip.

CFD simulation

To estimate flow profiles and shear stresses within the denudation device and during manual
pipetting, CFD models were created using ANSY'S Fluent 13 (ANSYS, Inc., Canonsburg,
PA\). For denudation channels, the model achieved a 0.5, 0.75 or 1 mL/min flow rate using
an inlet pressure boundary condition that was 2200, 3492 or 4866 Pa higher than the
pressure specified at the outlet boundary, assuming an isotropic constant viscosity of
0.00089 Pa:s for water. To model the denudation device, 5 repeating constriction-expansion
units were employed with the full height (275 pm). This resulted in a mesh of over 2.8
million triangular elements. For manual pipetting, the model achieved a 0.5, 0.75 or 1
mL/min flow rate using an outlet pressure boundary condition that was 6222, 9682 or 13386
Pa lower than the pressure specified at the inlet boundary, assuming an isotropic constant
viscosity of 0.00089 Pa:s for water. A glass capillary of an outer diameter of 200 um and an
inner diameter of 125 pm was inserted into a 50 pL droplet featuring a semi-spheroid of axes
of 4 and 2 mm. The axial length of the glass capillary formed an angle of 30° with the
horizontal surface. This resulted in a mesh of more than 1.4 million triangular elements.
Each simulation performed 1000 iterations with the residuals dropping below ~10715,

Acquisition and denudation of germinal-vesicle stage oocytes

All procedures involving animals have been reviewed and approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care (no. A3596-01). CF1 female
mice (12— 14 weeks old, Charles River Laboratories, Wilmington, MA) were stimulated by
intraperitoneal injection of 5 IU of Pregnant Mare Serum Gonadotrophin (PMSG) (ProSpec
Protein Specialists, Inc., East Brunswick, NJ). 42—44 hours post PMSG injection, the ovaries
were excised from the female mice and place in KSOMaa Evolve w/HEPES medium
(LifeGlobal Group LLC, Guilford, CT) at 37 °C. The two ovaries of each mouse were
placed in 0.5 mL medium in a center well culture dish (Costar #3260, Corning Inc., Corning,
NY). The large follicles of the ovaries were pierced with the tip of a 25-guage needle and
pressed to expel the cumulus-oocyte complexes into the dish. All the COCs were collected
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into another center well culture dish with fresh 0.5 mL medium. To prepare the COCs for
denudation, ~10 COCs were transferred to a 50-uL drop of 0.3 mg/mL hyaluronidase
(Sigma-Aldrich, St. Louis, MO) in the same medium, and incubate for 5 minutes. For each
denudation experiment, a 10-pL suspension containing about 10 germinal-vesicle (GV)
stage COCs were loaded into one end of the Tygon tubing which had been filled with culture
media. This end was then connected to a 15-guage blunt needle attached to a 5-mL syringe.
The channels and retrieval well on the device had been wetted by flushing 1 mL culture
media through the channels before loading COCs. The syringe was mounted on a syringe
pump that supplied a constant flow rate of 0.5, 0.75 or 1 mL/min. After about 30 seconds,
we collected the processed oocytes from the outlet reservoir using a micropipette with a
1000-uL filter tip (inside diameter of the orifice is about 1.1 mm) and then transferred the
volume into a clean petri dish to score the denudation outcome.

Acquisition and denudation of metaphase Il stage oocytes

To obtain metaphase 11 (MIl) stage COCs, B6D2F1/J female mice (12-14 weeks old,
Jackson Laboratories, Bar Harbor, ME) were injected intraperitoneally with 5 IlU PMSG,
followed by a second injection of 5 IU Human Chorionic Gonadotropin (HCG) 48 hours
later. COC clusters were retrieved from the ampulla of each oviduct 15 to 16 hours after the
second injection, and randomly selected to be denuded by a chip or manually. COC clusters
were then incubated in 0.3 mg/mL hyaluronidase for 5 minutes before on-chip or manual
denudation. For on-chip denudation, each COC cluster was picked up by a stripper pipette
and loaded into the inlet tubing connected to a denudation device (44=90 um and A=100) as
previously described. A constant flow rate of 1 mL/min was applied. For manual denudation,
COC clusters were gently pipetted using a 200 pL pipette tip. The numbers of loaded and
retrieved oocytes, as well as the denudation efficiency were recorded. Denuded oocytes were
then cultured in KSOMaa medium at 37 °C with 6% CO, in humidified air until use.

IVF procedures

To prepare sperm, caudae epididymides were collected from B6D2F1/J male mice. Sperm
were released by slicing the epididymides using a 27-gauge needle in fertilization medium.
41 The sperm suspension was collected into a 1.5-mL micro centrifuge tube and incubated at
37 °C with 6% CO», for swim up. Ten minutes later, sperm suspension from the top portion
of the swim up tube was transferred to a new 1.5-mL tube and the sperm concentration was
counted. Seven to nine M1l oocytes were washed and transferred to each 50 pL fertilization
droplet. Two to four microliters of sperm suspension were added to each 50 L fertilization
drop containing oocytes for a final sperm concentration of 1x108 cells/mL. After 4 hours of
co-culture, oocytes were removed from fertilization droplets, washed, and cultured in
KSOMaa medium. The numbers of two-cell embryos and blastocysts were recorded.
Fertilization rate refers to the number of two-cells divided by the number of oocytes
inseminated. Blastocyst rate is the percentage of two-cell embryos developed to blastocysts.

ICSI procedures

ICSI was performed as previously described.42 Briefly, sperm heads and tails were separated
by sonication. A single sperm head was picked up by an injection pipette and inserted into
an oocyte. Presumptive zygotes were washed and cultured in KSOMaa medium at 37 °C
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with 6% CO5 in humidified air. The numbers of two-cell embryos and blastocysts were
recorded. Fertilization rate refers to the number of two-cells divided by the number of
oocytes survived injection. Blastocyst rate is the percentage of two-cell embryos developed
to blastocysts.

Results and Discussion

Development of oocyte denudation device

In preparation for micromanipulation such as ICSI, oocytes must be denuded from the
surrounding cumulus-corona cell mass using a combination of enzymatic and mechanical
methods. A handful of hyaluronidase-treated cumulus-oocyte complexes undergo a series of
manual pipetting through capillary tips of decreasing inner diameters. As hyaluronidase
helps loosen the cumulus extracellular matrix, the shear that COCs experience when being
aspirated into the capillary tip is speculated to be responsible for stripping off the cumulus-
corona cell mass. Inspired by this hypothetical mechanism, we designed a microfluidic
device that features repeating jagged-surface constriction channels, as illustrated in Figure 1
A. This 275-pm thick, single-layer device includes three consecutive sections and each
section consists of repeating constriction-expansion units of a given geometry and surface
feature. There are 25 constriction-expansion units in each of the first and second sections
with widths of the smooth-surface constriction channels (44 and %) of 240 and 140 um,
respectively (Figure 1 B and C). The third section includes 100 constriction-expansion units,
in which the constriction channels have jagged surface and a uniform narrowest width of W4
(i.e., 90, 100, 110, 120, or 130 um) (Figure 1 D). It should be noted that the jagged-teeth tilt
against the flow direction. In all these three sections, the constriction channels are 640 um
long and the expansion channels are 500 um long and 500 pm wide. The expansion channels
were designed to force the COCs to tumble such that its entire surface can contact the inner
walls of the constriction channels in the passage. The first two sections are aimed to remove
the bulky, loosely attached cumulus cells and the third section is designed to strip off the
corona radiata, the innermost layer of the cells which is directly adjacent to the zona
pellucida.

The operation of the denudation device is rather straightforward and has been illustrated in
Figure 1 E. A 10-pL suspension containing 7-12 COCs is loaded into a Tygon tubing (inner
diameter: 1.27 mm) that has been pre-filled with culture media. The tubing is then connected
to a syringe through a 15-gauge blunt needle. The syringe has been mounted on a pump that
will apply a constant flow rate of 0.5, 0.75 or 1 mL/min. The other end of the tubing is
plugged into the inlet port of the device. After the COCs go through all the constriction-
expansion units, they are collected in the outlet reservoir.

Optimization of geometry and flow parameters

We used GV stage oocytes and their associated COCs to optimize the geometric and flow
parameters for the denudation device. GV stage COCs feature unexpanded, compact
cumulus-corona cell mass (Figure 2 A) while metaphase Il (MII) stage ones have expanded,
less compact cumulus-corona cell mass with corona cells radiating away from the zona
pellucida. Mouse MII stage COCs typically form a large cluster as seen in Figure 2 C. The
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optimized parameters obtained with GV stage COCs were used on mature, Ml stage COCs
for /n vitrofertilization experiments.

Using GV stage COCs (Figure 2 A), we optimized three major parameters to achieve
complete denudation of GV stage oocytes as shown in Figure 2 B. They are: the width (14)
of jagged-surface constriction channel, the total number (A) of constriction-expansion units
in the third section, and the flow rate (Q) that the syringe pump applies. In Figure 2 C-E, we
summarize the outcome of denudation achieved by the devices featuring a range of Wa, N
and Q. Yield rate is calculated as the percentage of completely or incompletely denuded
oocytes retrieved in the outlet reservoir. Denudation efficiency represents the percentage of
completely denuded oocytes out of the total number of oocytes retrieved in the outlet. As
seen in Figure 2 C-E, almost 100% of the oocytes from COCs that enter the device can be
recovered in the outlet reservoir, independent of W4, MVand Q. We suspect that some oocytes
or COCs may stick to the hydrophilic inner surface of the tubing. When A=100 and Q=1
mL/min, the mean denudation efficiency decreases from 98.6% to 26.7% as W4 increases
from 90 to 130 um (Figure 2 C), which indicates that the narrowest constriction must be
close to the average size of the cumulus-free oocyte (i.e., ~90 um in diameter) to perform
denudation, which highlights the essential role of the physical contact between COCs and
the inner wall.

In addition to WA, the critical effects of AVand Qare also demonstrated in Figure 2 D and E.
As seen in Figure 2 D, in the case of W43=90 pm and Q=1 mL/min, the denudation efficiency
decreases dramatically to 28.3% when the number of constriction-expansion units in the
third section (M) is reduced to 50. This implies that the complete denudation of oocytes
requires adequate constriction-expansion units such that the entire surface of a given COC
has the chance to contact the inner wall of the constriction channel.

Although the contact of COCs with the jagged-surface inner wall has been proven to be
necessary, it alone does not guarantee a complete denudation. When the flow rate is reduced
to 0.5 mL/min, as seen in Figure 2 E, the denudation efficiency is only 22.2%. Even a flow
rate of 0.75 mL/min generates a lower denudation efficiency (86.2%) than at 1 mL/min
(98.6%). Therefore, in addition to sufficient physical contact, the shear stress that is directly
correlated with the flow rate has to be large enough to strip off the cumulus-corona cell
mass.

The majority of GV stage COCs have a diameter between 125-150 pym (Figure S1 A in the
Supporting Information). We also conducted the denudation experiment on two groups of
COCs using the optimal design (i.e., W5=90 um, A=100 and 6=141°). One group of small
COCs have an average diameter of 125 um and the other group of large COCs have an
average diameter of 175 um. We found that the effect of COC size on the denudation
efficiency was insignificant as seen in Figure S1 B.

To further explore the effect of shear stress, we conducted computational fluid dynamics
(CFD) simulations of the fluid flow within the device or through the capillary tip during the
manual pipetting. As seen in Figure 2 F, the maximum shear stress is directly correlated with
the flow rate. For fluid flow through repeating constriction-expansion units, on one hand,
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Trnax INCreases from 64.1 to 163.5 Pa as the flow rate increases from 0.5 to 1 mL/min. The
maximum shear occurs at the first pair of teeth after entering the jagged-surface constriction
channel as shown in Figure 2 G. On the other hand, z;,y increases from 149.8 to 392.0 Pa as
the flow rate generated by manual pipetting increases from 0.5 to 1 mL/min. For manual
pipetting, the maximum shear occurs at the inner ring of the capillary tip as seen in Figure 2
H. The glass capillary we use in our lab for denudation has an outer diameter of 200 um and
an inner diameter of 125 um. The typical flow rate applied by our embryologists ranges from
500 to 750 uL/min as estimated from a video recording at 60 frames/second. Given the
information shown in Figure 2 F, manual pipetting may apply different shear stress in each
up-and-down cycle due to the variation in flow rate, generating a difference in the maximum
shear stress of up to 250 Pa between 0.5 and 1 mL/min. But our denudation device is able to
keep the shear stress constant due to the constant flow rate applied. The maximum difference
in shear stress between on-chip and manual denudation can be as much as 230 Pa in the case
of a flow rate of 1 mL/min.

To validate our CFD simulation results, we predicted the shear stress acting on the inner wall
of the glass capillary in the fully developed flow region. The shear stress acting on the inner
wall at the location that is 2,500 um from the capillary tip axially is 44.9, 65.5 and 82.5 Pa
under a flow rate of 0.5, 0.75 and 1 mL/min, respectively. The shear stress (z) at this location
can also be calculated theoretically based on the Poiseuille’s law.43

=2 ()

TU‘3

where y is the dynamic viscosity of the fluid (i.e., water), Qthe flow rate, and r the inner
radius of the capillary.

The theoretical calculation obtains the shear stress of 38.7, 58.0 and 77.4 Pa at a flow rate of
0.5, 0.75 and 1 mL/min, respectively, in good agreement with the CFD simulation results,
which demonstrates the accuracy of our simulation models.

At MII stage, multiple mouse COCs form a single, tight cluster in the oviduct as shown in
Figure 2 I. The cluster of multiple COCs becomes loosen after 5 min incubation with 0.3
mg/mL hyaluronidase at 37 °C. To evaluate the performance of our device under a condition
close to the ART clinics, we conducted denudation experiments on Ml stage mouse COCs
as presented in Figure 2 K. These denuded oocytes were then used in IVF and ICSI
experiments to characterize their fertilization and developmental potential. It is clear that our
denudation device featuring W43 =90 um and A=100 has been sufficient to achieve complete
denudation when the hyaluronidase-treated cluster of MII stage COCs goes through it at a
flow rate of 1 mL/min. The mean yield rate is 98.9% and the denudation efficiency is 93.7%
on average (Figure 2 K).

Role of surface feature of the constriction channel and expansion channel

During the preliminary design stage of our denudation device, we found that none of the
corona cells could be removed from the oocytes if the interior surface of the constriction
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channel is smooth. To investigate how the surface feature of the constriction channel can
affect the denudation performance, we introduced 6, the angle between the flow direction
and the median line of the tooth (Figure 3 A). As @ increases from 0° to 141°, the teeth of
the jagged-surface inner wall change from tilting along the flow direction to tilting against
the flow direction. Figure 3 B and C show the yield rate and denudation efficiency of the
device featuring different 6. It is evident that the yield rate is independent of 6. But it seems
that only the jagged inner wall featuring 6>90°, in this case, 6=141°, is able to ‘shave’ off
the corona cells completely. It should be noted that the flow rate is 1 mL/min and there are
100 repeating constriction-expansion units in the third section with 14=90 pm. It is
suggested that the effect of & may not be related to the shear stress. Our CFD simulations
estimate that the maximum shear stress is 145.3 and 163.5 Pa for 6=39° and 141°,
respectively. In both cases, the maximum shear acts at the first tooth when entering the
constriction channel. There is also minimal difference in shear between 6=39° and 141° for
the rest of the teeth along the channel. The shear stress is 84.1 Pa for the second to last teeth
when 6=39° and is 94.7 Pa when 6=141°. Therefore, the shear stress seems not responsible
for the significant improvement in denudation efficiency when 6=141° (Figure 3 C).

To further dissect the role of expansion channels in oocyte denudation, we designed another
device in which the 100 constriction channels in the third section (each constriction channel
is 640 um long and the narrowest width is 90 um) are connected end to end without any
expansion channels in between, as illustrated in Figure 4 A. This new device has the same
first and second sections as those discussed previously. As seen in Figure 4 B, although the
yield rate is still close to 100%, the denudation efficiency in the absence of repeating
expansion channels becomes less than 20%, highlighting the necessity of expansion
channels which may promote the tumbling of COCs. Furthermore, the COCs processed by
the device that is illustrated in Figure 4 A typically have an appearance of exposed zona
pellucida on one or two sides and cumulus-corona cells remaining intact on the other sides
in a two-dimensional image (Figure 4 C), suggesting that only certain parts of the COC
surface get physical interaction with the inner wall rather than the entire surface. The
elimination of expansion channels is related to a decrease in the denudation efficiency.

It should be noted that the oocytes must be completely denuded to facilitate the injection of
sperm. Even a small residue of cumulus cells can potentially prevent puncturing of the
oocyte membrane from the appropriate position. Therefore, the rate of complete denudation
is more relevant to ICSI procedures. Nevertheless, we also provided a breakdown of the
denudation outcome in Figure S2 in the Supporting Information.

Mechanisms of oocyte denudation

We recorded the moments of COCs traveling through the jagged-surface constriction
channels using a high-speed camera (Phantom 4.2, Vision Research Inc., Wayne, NJ) at
5,000 frames/second, as shown in Figure 5. Within the first several constriction channels in
the third section (e.g., the 3rd one), the COCs are able to fill up the whole width of the
channel since the channel width 4(=90 um) is smaller than the diameter of the COCs.
Thus, the cumulus-corona cells are ‘shaved’ off by the teeth that tilt against the flow
direction. As the COCs travel through the intermediate jagged-surface constriction channels
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(e.g., the 25th one), only a portion of the cumulus-corona cell mass has been removed. But
within the last several jagged-surfaceconstriction channels (e.g., the 97th one), the cumulus-
corona cells are able to be removed completely and a clean oocyte can be seen. Overall, it is
evident that the width and number of jagged-surface constrictions (W4 and N), the flow rate
(0Q), the teeth titling angle (6) and the presence of expansion breaks need work
synergistically to achieve the complete denudation of oocytes from the surrounding
cumulus-corona cell mass.

In the present study, the device only processed COCs. The hyaluronidase-treated cumulus
cell layers tend to disperse into single cells or small clusters of cells under appropriate shear
stress. These small clusters of cumulus cells, as seen in the middle panel of Figure 5, are too
small to cause clogging in the fast-flowing current inside the channels. However,
optimization of the design would be necessary for the device to process clinical samples
where debris includes blood clots and tissue remnants that may remain intact in response to
enzymatic treatment and mechanical stress.

and developmental potential of oocytes denuded on a chip

It is of ultimate importance to ensure that the on-chip denudation process does not damage
the fertilization and development potential of the denuded oocytes. Therefore, we compared
IVF and ICSI procedures using the oocytes denuded by our device and those denuded by
manual pipetting. The rate of fertilization, indicated by two-cell formation, and the
blastocyst development rate have been shown in Figure 6. The fertilization rate is the
percentage of survived oocytes developed to two-cell embryos and the blastocyst rate is the
percentage of two-cell embryos developed to blastocysts. Overall, it is evident that the
fertilization and development potential of oocytes is not damaged after the cumulus-corona
cell mass is removed by our device, as compared with theresults of manual pipetting. For
example, the mean fertilization rate and blastocyst rate for IVF is 68.7% and 96.3% when
the oocytes are denuded on a chip, compared with 63.1% and 93.1%, respectively, when the
oocytes are denuded manually, which are not statistically significant (A=0.52>0.05 and
P=0.33>0.05, unpaired #test). Similarly, the mean fertilization rate and blastocyst rate for
ICSI is 95.9% and 75.5% when the oocytes are denuded on a chip, compared with 88.4%
and 76.7%, respectively, when the oocytes are denuded manually, which are also statistically
insignificant (P=0.14>0.05 and P=0.84>0.05, unpaired ftest). For each repeat of either IVF
or ICSI experiment, the on-chip and manual denudation procedures were conducted on
parallel on the same day. IVF or ICSI was then performed using the sperm from the same
male mouse. The details of our IVF and ICSI experiments have been summarized in Table
S1 and S2 in the Supporting Information. Figure 6 E-H display the representative images of
two-cell embryos and blastocysts fertilized by either IVF or ICSI.

Conclusions

As the major treatment of infertility, ARTs have not offered sufficient accessibility or
affordability to most infertile couples worldwide. Automation and streamlining of ART
procedures, such aslCSl, are promising approaches in reducing cost and improving the
availability of assisted reproductive therapy, especially in resource-limited regions. In this
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study, we developed a microfluidic device to process murine cumulus-oocyte complexes in a
continuous flow in preparation for ICSI, featuring repeating jagged-surface constriction-
expansion units. After theoptimization of the geometry, fluid flow and surface feature, we
identified several essential factors for a successful oocyte denudation device. The
constriction channel should have a width that is close to the diameter of the cumulus-free
oocytes, which ensures the intimate contact between the cumulus-corona cell mass and the
inner wall of the constriction channel, and the number of repeating constriction-expansion
units needs to be large enough to allow the entire COC surface to have the chance to
physically interact with the inner wall of the constriction channel. The COC suspension
needs to flow through the device at a rate that can generate sufficient shear to strip off the
cumulus-corona cells. We have also shown that the teeth of the jagged-surface inner wall of
the constriction channel need to be tilted against the flow direction to enable them to ‘shave’
off the cumulus-corona cells. Finally, the presence of expansion breaks is essential to
promote the tumbling of COCs, thus increasing the chance of the entire COC surface to
interact with the inner wall. All these factors work synergistically for the complete
denudation of oocytes. The device has also been successfully operated by biologists after
minimal training who are not specialized in working with microfluidics. Our oocyte
denudation device, which has the potential of scaling up, can improve automation and
increase efficiency of current ART procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design and operation of the oocyte denudation device. (A-D) Schematic diagrams of the

repeating constriction-expansion channels. The height of all the channels is 275 um and the
width (W) of all the expansion channels is 500 pm. The first 25 constrictions have a width
() of 240 um (B) and the second 25 constrictions have a width (4%) of 140 um (C). All
the first 50 constrictions feature smooth surface. The following 100 constrictions feature
jagged surface and a width of W4 that is 90, 100, 110, 120, or 130 um (D). (E) The operation
of the oocyte denudation device involves a syringe pump applying a constant flow and a
Tygon tubing (ID: 1.27 mm) pre-loaded with COCs suspended in the medium. Inset: A
photograph of a PDMS-glass chip in which two sets of the denudation devices shown in (A)
are bonded to a single 75 mm x 25 mm glass slide.
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Figure 2.
Optimization of geometry and flow rate of the oocyte denudation device. (A) A GV stage

mouse oocyte is buried within layers of cumulus cells. (B) A cumulus-free GV stage oocyte
denuded by the device. (C) Effect of constriction width (I443) on the yield rate and
denudation efficiency (Mand Qare 100 and 1 mL/min, respectively). (D) Effect of repeating
number (A) on the yield rate and denudation efficiency (W43 and Qare 90 um and 1 mL/min,
respectively). (E) Effect of flow rate (Q) on the yield rate and denudation efficiency (A and
W are 100 and 90 um, respectively). (F) Maximum shear stress (z,,;4x) generated by on-chip
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denudation or manual pipetting when applying different flow rates. (G) For the denudation
device, the maximum shear acts at the edge of the first pair of teeth while the COC enters the
constriction. (H) For manual pipetting, the maximum shear occurs at the inner ring of the
capillary tip. (I) MII stage COCs present in a compact cluster before being treated with
hyaluronidase. (J) A cumulus-free MII stage oocyte denuded by the device. (K) Yield rate
and efficiency of the denudation device when processing MII stage COCs.
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Figure 3.
Effect of teeth tilting angle (&) on the denudation efficiency. (A) llustration of four different

conditions (6=0°, 39°, 90° and 141°) of teeth tilting along the constriction channel. (B-C)
Yield rate and denudation efficiency as a function of 6.
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Figure 4.
Absence of repeating expansion channels has negative effect on denudation efficiency. (A)

Illustration of a denudation device in which the last 100 constrictions (14=90 pm) are
connected end to end without expansion breaks. (B) Yield rate and denudation efficiency
achieved on the device shown in (A). (C) A representative image of a COC processed by the
device that lacks the expansion channels in the third section.
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#97 :

Figureb.
Moments of oocyte denudation traveling through the jagged-surface constriction

microchannels. An oocyte with cumulus-corona cells attached is traveling through the 3rd
jagged- surface constriction channel (top); A second COC which has been partially denuded
is traveling through the 25th constriction channel (middle); Another oocyte that has been
fully denuded is traveling through the 97th channel (bottom).
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Figure®6.

Fertilization and development potentials are not comprised after the oocytes are denuded on
the device. (A and B) Fertilization rate of oocytes inseminated via I\VF and blastocyst rate of
two-cell embryos. (C and D) Fertilization rate of oocytes injected by ICSI and blastocyst
rate of two-cell embryos. The results for each repeat of either IVF or ICSI experiment have
been represented by the same color. (E and F) Representative images of two-cell embryos
(E) and blastocysts (F) including many hatching blastocysts produced by IVF. (G and H)
Representative images of two-cell embryos (G) and blastocysts (H) produced by ICSI.
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