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Abstract

Motility is one of the most important factors in sperm migration toward an egg. Therefore,
sperm separation based on motility might enhance sperm selection for infertility treatments.
Conventional centrifugation-based methods increase the risk of damage to sperm cells.
Microfluidic systems, on the other hand, can sort sperm in a less intrusive way, but their
efficiency and throughput still needs improvement, especially in low-concentration samples
(oligozoospermia). Here, a microchamber-based microfluidic platform is demonstrated that can
separate progressively motile sperm from non-viable sperm and debris, and trap nonprogressive
sperm in microchambers. This platform can be operated in a short period of time (<10 min)
with an excellent degree of controllability with no sample preparation. Sperm were screened in
a 384-microchamber platform. The mean average-path velocity of the motile sperm in the
collected sample increased significantly, from 5710 pm/s in the raw semen sample to 81+13
um/s. The DNA Integrity of the separated sperm showed 20% improvement over the raw

sample which indicated that separated sperm were of higher quality. We began with a 22.5 pL.



Lab on a Chip

raw bovine sperm sample which had a concentration of 8.5 million sperm per milliliter (M
mL-1) with 38% motility. After separation, the concentration of the collected sperm was 2.1 M
mL-! with a motility rate of 90%. This corresponds to an 75% retrieval efficiency and the
selection of approximately 5.2 x 10* progressively motile spermatozoa. Our results show that
the microchamber depth does not affect the residence time of motile sperm; therefore, it is
possible to inspect higher sample volumes within the same time frame. This microfluidic
platform may provide an easy-to-implement solution for high-throughput, robust, and efficient,
collection of progressive sperm with the DNA integrity needed for assisted reproductive
technologies (ARTs). However, further studies are necessary to show the implications of this

method in human cases

1. Introduction

Sperm quality is central to the success of ART, as it can directly alter fertilization
outcomes and offspring health.(1, 2) Sperm separation plays a crucial role in improving sperm
quality, in both research and clinical settings, to facilitate discovery of the underlying factors
that cause infertility. DNA integrity,(3) hyaluronic acid-binding capability,(4) progressive
motility, morphology,(5) capacitation ability,(6) and plasma membrane negative charge(7) are
among the sperm characteristics that have been evaluated to date. Among these, progressive
motility is a critical factor that enables sperm to pass through barriers in the female reproductive
tract.(8, 9)

Conventional methods of sperm separation, which focus mostly on sperm motility,
involve density gradient centrifugation and swim-up.(1) However, these methods have
detrimental effects on a sperm’s genetic load(10, 11) and increase the rate of apoptosis in
infertile sperm.(12) This shows both the flaws inherent to these methods and the sensitivity of
sperm from infertile men compared with sperm from fertile men. In addition, these methods

require highly technical skills, lack standardized procedures, and are prone to human error, not
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to mention that they are time consuming.(1) In response, emerging technologies, such as
microfluidics, have been examined as promising remedies that can not only alleviate the flaws
involved in conventional methods of gamete preparation but also improve outcomes.(2, 13-21)

Motile mammalian sperm can undergo rheotaxis,(22) follow boundaries,(18, 23, 24) or
cross streamlines.(17, 25) The bulk of motile sperm can also move around within the
environment on random paths.(14) These characteristics have been utilized in various
microfluidics platforms to separate motile sperm. Cho et al.(17) were the first researchers to
introduce the crossing of streamlines for sperm separation in microfluidics. Recently Gai et al.
improved on that design by adding acoustic transducers to increase output.(26) In another
attempt, Phiphattanaphiphop et al.(27) used design of experiment (DOE) and optimization to
improve the efficiency of the same method for separating bull spermatozoa. Their results show
95% motility; however, the procedure requires extended time and sample preparation.
Phiphattanaphiphop et al. reported using 5000 rpm centrifugation to separate egg-yolk
extenders. This additional step may itself inflict damage on sperm cells.

Rheotaxis, which is a passive, hydrodynamically controlled process,(28) was used in a
diffuser-type microfluidics device to select motile sperm.(29) It has been used to isolate motile
sperm in a coral which can be tuned to the velocity of separated sperm.(13) These methods rely
for the most part on highly concentrated sperm samples to be effective.

Apparent random motion of sperm in a quiescent medium has been guided within space-
constrained microfluidic channels to separate racing sperm;(30) this method is more suitable
for separation with intracytoplasmic sperm injection (ICSI) process using a low concentration
of highly motile samples (80%).

One particular motility-based sperm separation technique provides loaded sperm with
gate/guide channels through which motile sperm navigate to an outlet. Asghar et al.(14) loaded
a sample of 0.56 mL into a chamber covered with a membrane with pores of 3-8 um in diameter.

Their results show significant improvement in motility (from 46% to 95%) with ~40% retrieval
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efficiency. Because of the small size of pores in the membrane, however, this process takes
nearly 45 minutes to complete. Nosrati et al.(18) loaded 1 mL of semen into 500 parallel
channels with a 100x75 um? cross-section. In their design, there is a much better opportunity
to collect motile sperm with nearly 100% vitality as a result of the wider escape gaps and
guiding paths, but the cumulative area of gaps per loaded volume is far less than Asghar et al.
(14) leading to a relatively low concentration of separated sperm (6.32 M mL-!) compared with
the concentration of raw semen (120 M mL-!).

Sperm separation time is an important factor, as it can compromise sperm motility,
viability, and DNA integrity if takes more than 2 hours.(31) Reducing the time during which
sperm separation occurs has been proven to have a positive impact on ICSI outcomes.(32)
Furthermore, dead and apoptotic sperm in the sample generate reactive oxygen species (ROS)
which induce apoptosis in the motile sperm affecting their motility.(33) One estimation of a
processing time that has a minimal effect on viability is 10 minutes for processing a 1 mL sperm
sample.(1) However, sperm separation for low-concentration samples requires more efficient
methods that can be operated in lesser time. To the best of our knowledge, none of the previous
methods that have used sperm motility for sperm separation have met these criteria for raw,
low-concentration samples in an efficient manner. (13-15, 17, 18, 25, 27, 30)

Separation efficiency becomes very important in the case of oligozoospermia and that
is another factor that centrifugation methods fall short of satisfying.(7, 25) To increase
efficiency and reduce separation time, we designed a microchamber-based microfluidics
platform to dramatically increase the gap size (entrance of the microchambers) per volume of
loaded sample. This platform uses the boundary-following ability of progressively motile sperm
for separation, with the least possible invasiveness. An equilibrium condition is reached in the
microchambers after loading, which is stable with varying concentrations of loaded samples.
The efficiency of the various microchamber diameters are evaluated to be up to 82 + 4% (n=3)

at best in low concentrations. The array of microchambers can be readily parallelized into a
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large network (e.g. with a few thousand microchambers) without changing the processing time.
Therefore, we can increase the volume of samples tested within the same 10-minute processing
time. More importantly, with this method the initial sample does not need any dilution or

preprocessing, which reduces the processing time.

2. Results and Discussion

2.1. Microfluidic Device and Procedure

The microfluidic device we designed consists of a micropatterned polydimethylsiloxane
(PDMS) layer, fabricated using the soft-lithography technique and then plasma bonded to a
glass slide. The PDMS layer featured parallel microchambers that are perpendicularly
connected to longitudinal main channels by connecting channels. The device has two ports for
sample loading and discharging. The schematic arrangement of the main channels and
microchambers, along with scanning electron microscopy (SEM) and photographs of the device,
are shown in Figures 1A and 1B.

The device was operated in three steps: First, a raw semen sample was loaded into the
device by temporarily blocking the outlet (port -b) while the sample entered from the inlet (port
a). Due to PDMS porosity, trapped air inside the microchambers was discharged, allowing the
raw sample to fill them gradually. Second, the main channels were washed with a fresh medium.
In this stage, the outlet was reopened and fresh medium was injected into the main channels,
clearing them of all debris and non-viable sperm. Third, the fresh medium was gently injected
from the inlet into the main channels and motile sperm were collected at the outlet. During the
washing step, motile sperm naturally navigate along the microchamber walls (boundaries) that
automatically guide them toward the main channels. Upon reaching the main and connecting
channel intersections, motile sperm are washed away toward the outlet and collected. The
collecting step continued until the majority of the motile sperm found their way out of the

microchambers into the main channels. The operation steps are illustrated in Figure 1C.
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To optimize our device, we investigated the impacts of channel depth and microchamber
diameters on the loading capacity and separation performance of the device. In doing so, we
varied the depth of the microchannels from 30 um to 70 pm. In addition, we varied the
microchamber diameters (350 pm, 500 um, and 1000 um) to evaluate the effects of boundary
length on the separation performance of the device. Detailed illustrations of device dimensions
can be found in Figure S1 and Table S1. Moreover, the increased area of gap size per volume
implies more exposure of sperm to the outlet which increases efficiency of separation (Table
S2).
It should be noted that the overall processing time remains the same even for increased volumes
of samples resulting from increasing the number of microchannels and changing the channel
depth. This consistency holds mainly because the collection time is a direct function of
microchamber diameter and the time that a motile sperm takes to travel along its boundary to
the exit (residence time). The time involved in the washing step is only a fraction of sperm
residence time in the microchambers and does not significantly affect the total separation time.
Overall, operating the device is simple and requires only a syringe pump, a syringe for
injecting fresh medium, and an Eppendorf tube in which to collect the motile sperm from the
outlet, as illustrated in Figure 1D. Thus, this easy-to-operate, efficient, and high-throughput
platform can offer an ideal and non-invasive alternative for separation of motile sperm needed
for clinical and research studies.

2.2. Device Loading Time and Volume

As the microchamber diameter increases, the device loading time increases accordingly.
Theoretically, the microchamber’s loading time with a raw semen sample is a function of
PDMS porosity, applied pressure(34) (or mass flow at the inlet), and microchamber volume. In
the Supplemental Information (SI) section 3, we used a simplifying approximation and showed
that the loading process can be theoretically modeled by a set of equations. A qualitative

comparison of theory and experiment is shown in Supplementary Movie S1). In Figure 2,
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sample progression inside the microchambers is visualized through time-lapse images. Dashed
red lines represent the common interface of the sample and air trapped in the microchambers.
The effects of three microchamber diameters (350 pum, 500 um, and 1000 um) and two flow
rates (540 pL/h and 1240 pL/h) on loading time are shown in Figure S3. Consistently with our
theoretical predictions, the experiments demonstrated an exponential correlation over time for
loaded volume. In other words, the rate of loading is initially fast, but decreases as the loaded
volume inside the microchambers increases, until each microchamber is fully loaded. More
importantly, loading occurs simultaneously and almost uniformly for all the microchambers (as
indicated by the narrow error bars in Figure S3). This feature gives us the ability to increase the
number of microchambers to thousands to accommodate higher sample volumes while
maintaining robust control over loading times.

2.3. Sperm Population Equilibrium in Microchambers

With successful loading of the raw semen sample into the device, motile sperm can be seen
everywhere in the microchip including the microchambers and main channels. Given their
motility, they move constantly from the main channel to the microchambers and vice versa.
Such movements quickly settle into an equilibrium between the sperm that move into
microchambers and those that leave it, resulting in an average motile sperm population inside
the microchannels. Reaching this equilibrium is crucial as it later provides us with a high degree
of flexibility in washing the main channel and removing all the debris (including motile and
immotile sperm). We validated our hypothesis by observing an intersection of a connecting
channel with the main channel, as demonstrated in Figure 3A. As can be seen in the time-lapse
images, two spermatozoa enter and exit the microchamber (shown in red and green,
respectively). The sperm trajectories in the vicinity of an intersection are demonstrated in
Figure 3B, where purple dots represent sperm exiting the microchamber and red and blue dots
represent sperm swimming toward the microchamber entrance from the right and left walls.

Not all the sperm approaching the intersection enter the microchamber that is highlighted by
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the intensity of the blue and red colors in the left part of Figure 3B. Darker colors represent
sperm entering the microchamber and lighter colors represent sperm that are deflected from the
connecting channel and do not enter it. Our results showed that nearly half of the sperm
swimming from the left and right sides of the connecting channel entered the microchambers
(dark blue and red dots in Figure 3B). This phenomenon occurs mainly because sperm that
approach the intersection at a right angle will detach from the main channel wall at multiple
deflection angles, resulting in swimming directions toward or away from the microchamber.(35,
36) Our measurements show that the deflection angle for the right and left swimmers are 22.19°
(£ 13.5°,n=24) and 21.51° (= 13.2°, n = 21), respectively. These figures are consistent with
the reported scattering data for the bull spermatozoa at 29 °C.(35) These results also show that
a sperm deflection angle is independent of swimming direction, and that sperm populations
entering from the right and left walls are almost equal. Further, sperm exiting the
microchambers showed no directional preferences. In other words, sperm exiting the
microchambers toward the front wall are equally likely to swim to the left or to the right.
However, in human sperm there are other studies showing the deflection of sperm passing near
corners which show the same pattern.(37) Last, the number of sperm approaching the
intersection from the left or right is approximately the same. Our results show that this
microchamber-based platform reaches a kinematic equilibrium state, in terms of sperm count
in the microchambers, that is found to be highly persistent.

The difference between the cumulative population of sperm exiting a microchamber,
and those entering it, remains constant for various concentrations of ~3 M mL! (1:10 dilution)
to ~15 M mL-! (1:1 dilution), over 100 seconds for concentrations of 1:1 and 1:3 dilution, and
200 seconds for 1:10 dilution. This indicates that this equilibrium state remains dominant over
a long time (see Figures 3C-3E). The rate of sperm exchange between the microchambers and

the main channels is shown in Figure 3F for three concentrations. This rate for small
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concentrations (1:10) is low enough to provide an operator with ample time to prepare for the
washing and collection steps without losing efficiency.

2.4. Extraction and Residence Time in the Collection Step

Motile sperm trapped inside the microchambers during the loading step actively interact
with their surrounding boundary and swim toward it. Based on their incident angle with the
microchamber wall, they navigate in a clockwise or counterclockwise manner along the
boundaries(38) until they are guided toward the main channel. Upon entering the main channel,
they are washed away with a flow of fresh medium, which is continuously injected.
Hydrodynamics dictates that fresh medium flows only through the main channels where even
higher injection flow rates do not disturb the quiescent conditions inside the microchambers
(Figure 4A). This is important as it not only provides the right conditions for motile sperm
navigation toward the washing flow but ensures the entrapment of immotile particles and sperm
inside the microchambers. This is illustrated both experimentally and numerically using an
injection flow rate of 10 uL/h from the main channel’s inlet (left and right side insets,
respectively, of Figure 4A).

Figure 4B shows the position of the immotile sperm loaded into a particular
microchamber before and after washing and the collection step. As can be seen, the positions
of dead sperm remain unchanged or only slightly changed by their interaction with motile sperm.
The absence of motile sperm in the “before washing step” image (Figure 4B, left) is because
motile sperm are present only along the walls of the microchamber that are under the halo-
scattered light effect of microscopy. Supplementary Movie S2 clearly indicates the presence of
motile sperm along the microchamber wall 10 seconds before washing.

Regarding the platform’s efficiency, the concentration of motile sperm collected from
the outlet is inversely correlated to the injection flow rate of the fresh medium. Higher injection
flow rates do not improve performance and only reduce the final concentration of motile sperm

due to the excessive amount of medium used during the washing step. The collected sperm
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volume should not excessively exceed the initial loading volume of the raw sample; otherwise
collected samples would be too diluted and require centrifugation. On the other hand, lower
injection flow rates—below an optimum value—increase the chances of sperm rheotaxis (a
behavior that is not desired) inside the main channels. With injection flow rates lower than
sperm rheotaxis velocity, sperm can swim in the direction opposite to that of the injected
medium and enter the adjacent microchambers, thus increasing the collection time as well as
reducing microchip efficiency. Note that rheotaxis occurs only within a narrow range of mass
flow rates and flow rates greater than this range overcome sperm’s swimming force and easily
drag them downstream.(13, 39) In this regard, we investigated, experimentally and numerically,
the effects of flow rates on the rheotaxis of sperm exiting the microchambers. Figure 4C shows
that the sperm trajectories are distorted by the medium flow at varying flow rates (Q = 1.9 uLL/h
and 0.7 pL/h) compared with what is shown in Figure 3B, which illustrates what happens when
there is no flow. Dot trajectories of sperm swimming along the left wall of the connecting
channel are shown in orange and those of sperm navigating near the right wall are shown in
blue. A higher flow rate (i.e., Q = 1.9 uL/h) outweighs the sperm’s motility and easily drags
them toward the outlet, resulting in 100% recovery of sperm swimming out of microchambers
after the start of the collection step. Conversely, sperm motility becomes significant with the
lower flow rate (i.e. Q = 0.7 puL/h), such that sperm can swim upstream by alternating between
the main channel walls in a butterfly-shaped trajectory, as reported previously.(16) Sperm
swimming in such a pattern will find their way back to microchambers (Supplementary Movie
S3).

For the numerical simulations shown in Figure 4C, we used a population of 40 sperm
with normally distributed velocities. For initial conditions, we released half of the sperm from
an arbitrary point near the right-hand wall and the other half from an arbitrary point near the
left-hand wall in a direction perpendicular to the flow. We used turning dynamics in sperm

swimming directions to calculate their 2D trajectories while they exit the microchambers and
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are being exposed to the flow in the main channel.(13, 40) (Details regarding these simulations
can be found in S7 section 4).

Figure 4D facilitates comparison of cumulative sperm collection from the last
microchamber (500um in size) in a row of 48 microchambers with the total cumulative number
of sperm, collected from that specific row. As is evident, 28 out of 36 sperm (~ 78%) are
collected within 100 seconds and the remaining sperm need more than 200 seconds to exit the
microchamber. A total of 655 sperm were collected in 300 seconds and the microchambers
were checked afterwards to ensure that no swimming sperm remained in the microchambers.
The samples are not homogeneous in terms of the number of sperm in the microchambers,
meaning that several trials result in various numbers of sperm retrieved from a particular
microchamber (S section 5).

Residence times of loaded sperm vary based on their initial positions, velocity,
swimming directions, the microchamber diameter, and the length of the connecting channels.
For sperm swimming at the same velocity, the minimum and maximum residence times are
observed with the sperm that move along the shortest and longest paths from their original
positions inside a microchamber until they reach the intersections that connect the
microchambers to the main channels.

Additionally, we neglected sperm—sperm interactions, assuming that the movement of
one sperm does not affect the motion path of nearby sperm. We derived a formula for residence
time distributions across a population of loaded sperm with respect to their velocity distribution.
First, we considered a pool of sperm with Gaussian velocity distribution <v, ¢,> loaded into a
microchamber of a known diameter (D) and a connecting channel of a known length (L). The

distribution of the residence time of this population can be described by Equation (1),

t=""""(pg+ (1 —p)(1—q)) (1)

where p is the uniformity of the initial sperm distribution on the microchambers’ wall and q is

another uniform random variable set to 1 for clockwise-swimming sperm (half of the
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population) and 0 for counterclockwise-swimming sperm. It should be noted that our
calculations were performed assuming that the system is at equilibrium, where most of the
motile sperm have already reached the microchamber boundaries (additional discussion of this
topic can be found in S7 section 5). Notice that this equation does not consider sperm collisions
on the boundaries and assumes continuous sperm navigation along the boundaries upon their
arrival at any contact angle. The residence times for all of the designs were calculated for a
sperm population of v=80 pum/s and o, =20 pm/s.

Theoretical and experimental data are plotted and shown in Figure 5. The measured
residence times resemble a left-skewed distribution and are in accordance with theoretically
predicted values. In addition, the change in residence times is more noticeable as microchamber
diameters widen. Deviation of the predicted results (based on the model) from the experimental
results is more significant for larger microchambers. We think this is due mainly to the fact that,
as the microchamber diameter increases, so do the sperm—sperm interactions, which we
assumed to be insignificant in our model. It is also clear that the residence times are independent
of the microchamber depth, because of sperm accumulation on the top and bottom surfaces of
the microchip and their preference for 2D navigation near top and bottom surfaces.(41, 42) The
collection time for more than 90% of the sperm in the microchambers were 60, 135, and 215
seconds for microchambers with diameters of D = 350, 500, and 1000 pum, respectively, and
did not vary substantially when we increased the microchip depth from 30 um to 70 pm.

2.5. Characteristics of the Collected Sperm
2.5.1. Motility

Before the extraction of sperm from the device they are collected in a collection zone. The
collection zone lies immediately before the outlet of the microchip (red rectangle in Figure 6A
and supplementary Movie S4). Channel width expansion in this area reduces medium flow
velocity significantly, causing sperm to undergo rheotaxis, although they are not strong enough

to return to the main channels. The concentration and motility percentage of the motile sperm
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are evaluated after 5 minutes in this area under various designs. The results are shown in Figures
6B and 6D for a motile sperm sample of concentration 5.9 = 0.7 M mL"! and in Figures 6C and
6E for a motile sperm sample of concentration 2.4 + 0.3 M mL-!. In higher concentration of raw
sample, the concentration and motility percentage in the collection zone increased substantially.
For lower concentration in 500 pm microchambers, the concentration in the collection zone
rose as high as in the raw sample but far less than in 1000 pm microchambers. This difference
reflects the fact that the design capacity of the 500 um microchambers is half that of the
1000 um microchambers but the volume of the collection zone under both designs is
approximately the same. Therefore, there is not enough motile sperm in the loaded sample to
increase the concentration in the collection zone with a diameter of 500 pm in lower
concentrations. The depth of the channel, however, did not affect the results.

Following the collection process, the inlet flow rate is increased so that all the sperm in
the collection zone are pushed to the outlet and collected in the collection tube (extraction). We
further analyzed the extracted progressive sperm by measuring and comparing their straight-
line velocities (VSLs) and average-path velocities (VAPs), as shown in Figure 6F. The resulting
mean value of the VAP and VSL (Figure 6G) shows a significant increase in the mean VAP
from 57 + 10 um/s in raw semen sample to 81 + 13 pm/s in the extract, which is a result of the
higher concentration of highly progressively motile sperm in the separated sample
(Supplementary Movie S5).

In the case of oligozoospermia and asthenozoospermia, the concentration and
progressive motility is low (<15 M mL-! and <32% motility).(43) It is crucial to increase the
efficiency of separation so that more sperm can be selected from a given sample to increase the
chance of selecting the best sperm. The concentration of the sample of extracted sperm is shown
in Figure 6H to be 3.2 + 0.2 M mL-!, with 90% motility, while the concentration in the raw
sample is 8.5 + 0.5 M mL"!, with 38% motility. Given that 22.5 pL is loaded and 25 pL is

extracted, roughly 75% of the motile sperm are collected (the equivalent of 5.2 x 104
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spermatozoa). The motility of the separated sample is 90%, which means the motility
percentage does not change after extraction relative to motility in the collection zone. The
remaining sperm might not have sufficient progressive motility (Figure S7) or were likely
withdrawn in waste removal.

We also studied the effects of microchamber diameter on the retrieval efficiency, as
shown in Figures 61 and 6J at a depth of 30 um. To test the efficiency of these devices, we used
raw semen samples at a concentration of ~8.2 M mL"! (21% motility). The collected extracts
from the 1000 pm and 500 pum devices exhibited approximately 80% retrieval of the motile
sperm from the initial sample loaded in the microchambers (Figure 6J). The retrieval efficiency
was only 36 + 16% for the smallest device with the smallest-diameter (350 pum). The low
retrieval efficiency for the 350 um device reflects the short residence time of the sperm in the
microchambers. In other words, more than 50% of sperm exit the microchambers in less than
10-15 seconds during washing the waste from the main channels. For devices with larger
microchambers (i.e., 1000 pm and 500 pm), the short initial washing steps for evacuating the
waste from the main channels did not have a significant effect on final motile sperm
concentration (for additional details on the experiment, please see the experimental section).

2.5.2. DNA Integrity

The Acridine Orange (AO) tests showed the sperm in the collection zone have higher green
fluorescence signal compared to the sperm remaining in the microchambers after separation
(Figure 7A). We examined the DNA fragmentation of the raw and extracted sperm from D =
1000 um device for raw sperm with different level of DNA fragmentation index (DFI).(44) We
created samples of various DFI by dilution of a regular sample with various ratios of a
fragmented DNA sample. The fragmented DNA sample was produced by dipping a thawed
sample into a 90 °C oil bath for 2 minutes to insure deceased motility. Figure 7B shows the DFI
distribution, along with Red and Green Signals of the various dilutions and the corresponding

separated samples. DNA integrity is shown in the Figure 7C. For the raw unseparated sample,
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the DNA integrity was 70%, while for the separated sperm the DNA integrity was 93%. Further,
in the case where the DNA integrity was low to begin with, the separated sperm exhibited a
DNA integrity of 78%. In both cases the separated sperm showed 20% or higher DNA integrity
than the bulk sample. This shows that the platform is reliable in separating motile sperm with
lower DFI translating to higher quality.

Furthermore, our proposed microfluidic platform effectively differentiates and separates
progressive and nonprogressive sperm. Our observations of a microchamber after 15 minutes
revealed the formation of moon-like crater-shaped hollows as a result of the circular motion of
nonprogressive sperm. The circular movement of nonprogressive sperm pushes the debris (egg-
yolk extender particles) toward the microchamber walls and randomly creates hollow patterns
inside the microchamber (Figure S7). This fact combined with the absence of any circular
motion within the collected sample indicates that our platform can separate progressively motile
sperm from the initial raw sample and trap nonprogressive sperm in the microchambers.

3. Conclusion

We propose a new microchamber-based microfluidics platform for targeted separation
of progressively motile sperm directly from a raw semen sample in a short period of time (~10
minutes) with 75% separation efficiency. The loading of raw semen samples into
microchambers and the subsequent retrieval of motile sperm are straightforward and require no
special skills. Once the raw semen sample, without pre-treatment, is loaded, the microchip
reaches a kinematic equilibrium state in terms of the number of sperm that enter or exit the
microchambers. The equilibrium state further provides users with flexibility and controllability
in the process as sufficient time remains for performing the rest of the operations. We evaluate
the efficiency of our device by investigating the quality of motile sperm based on VSL and
VAP measurements. The VAP and VSL of the separated sample show significant improvement

over the raw sample—from 57 + 13 and 51 + 11 pum/s to 68 £ 10 and 81 £ 10 pum/s, respectively
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(P < 0.05). Moreover, AO analysis showed nearly 20% increase in DNA integrity of the
separated sperm over raw samples in the range of 45% to 70% DNA integrity.

The pressure used for the loading was not high enough to induce detectable deformation
to the PDMS and it was used only in a short period of time to be effective on sperm quality.
The pressures of 10-40 MPa has been reported as sublethal range for sperm which is far beyond
the yield stress of our PDMS device (1-2 MPa).(45) More importantly, intactness of the DNA
of the cells combined with their higher motility ensures that the applied pressure in the loading
step does not inflict any significant damage on the sperm cells.

We also measured and predicted sperm residence time inside the microchambers as well
as the time needed to complete the entire progressive sperm collection process, which in both
cases was no longer than 5 minutes. In addition, we showed that the microfluidic platform not
only can separate motile sperm from immotile sperm but can also effectively differentiate and
separate progressive sperm from nonprogressive sperm. Moreover, we optimized the
concentration of the collected progressive sperm from a 38% motile raw sample of 8.5 M mL-!
to 2.3 M mL-! with 90% motility by tuning the washing flow rate above the sperm’s ability to
exhibit rheotaxis. This is equivalent to separating 5.2x10* spermatozoa in only 10 minutes. This
renders the platform suitable for low-concentration and low-progressive sperm cases
(oligozoospermia and asthenozoospermia). This 384-microchamber platform can be easily
extended to several thousand and the height of the microchambers can be increased to
interrogate higher volumes of raw semen to separate more sperm without increasing the
processing and separation time. Finally, we believe that our microfluidic platform can provide
an ideal alternative to conventional sperm separation techniques and may contribute to

improving diagnostics and ART outcomes for animal and human fertility.

4. Experimental Section
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Commercially available cryopreserved bovine semen samples were generously donated by
GENEX from URUS holding company, Ithaca, NY, USA. These samples were from a six-year
old, mature black and white Holstein bull. The ejaculate concentration was ~ 2.9 billion
cells/mL with pre-freeze motility of 65%. Frozen straws of bovine semen in egg-yolk extender
were thawed by immersing them in a water bath at 37°C for 30—45 seconds immediately after
being retrieved from a liquid nitrogen tank. The thawed semen were then transferred to 1.5 mL
Eppendorf tubes. Fresh medium at 37°C was then added to the sample for viability. For
experiments that needed low-concentration samples, fresh medium was used in the
corresponding ratios. The samples were placed under the microscope stage for processes
requiring less time than 5 minutes. For assays requiring more than 5 minutes to complete, a
warm plate was used to ensure the viability of the sperm at 37°C and in the meantime the entire
thawed sperm sample was kept on the warm plate at 37°C.

The sperm samples were treated by Tyrode’s albumin lactate pyruvate (TALP) as a fresh
medium. TALP was prepared using NaCl (110 mM), KCI (2.68 mM), NaH,PO, (0.36 mM),
NaHCOj; (25 mM), MgCl, (0.49 mM), CaCl, (2.4 mM), HEPES buffer (25 mM), glucose (5.56
mM), pyruvic acid (1.0 mM), penicillin G (0.006% or 3 mg/500 mL), and bovine serum albumin
(20 mg/mL) as the base solution to prepare the experimental buffer pH = 7.47.

The microfluidic chips were made of SU-8 and photolithography and poured
Polydimethylsiloxane (PDMS) on the resulting mold as in conventional soft lithography.
Syringe pumps (New Era) were used to load the samples into the microchambers at varying
injection flow rates of 0.54 mL/h and 1.24 mL/h.

A Nikon eclipse TE3000 phase-contrast microscope was used to visualize the movement of the
sperm in the channels. Movie recordings were acquired at 10 frames per second with a 20x
objective and ANDOR Zyla 4.2 sCMOS digital camera. During the experiments, the
microfluidic chip was kept on a heated 37 °C plate under a stereo microscope for experiments

that required more than 5 minutes to complete. The VAP and VSL of the sperm were determined
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using ImagelJ (version 1.52a; NIH) and the resulting dot trajectories of the sperm were analyzed
by Python 3.8. The VAP and VSL measurements were performed on samples in a microfluidics
chip at 30 um depth and 3-4 pL capacity to avoid the effects of channel height on sperm velocity
previously reported by simulations and theoretical studies. In each experiment, 100 sperm were
tracked.
Fluorescent microparticles were used to produce the image of the streamlines in the main
channel.
Simulations were performed in COMSOL Multiphysics 5.4a for calculating the velocity field
and shear rate. Particle-tracing physics were combined with laminar flow to track the sperm’s
2D theoretical trajectories for two flow rates (0.7 and 1.9 puL/h), making it possible to optimize
the flow rate and investigate rheotaxis effects. The simulated streamlines were also captured by
a 10 puL/h flow rate in a layout corresponding to our geometry.
Extraction efficiencies are rated in devices with two rows of 38, 29, and 18 microchambers for
diameters of 350, 500, and 1000 um, respectively. The numbers above each line in Figure 61
represent the corresponding total volumes of microchambers (V) in each design. The
efficiency—the ratio of total extracted sperm (N) to motile sperm in volume V—is then
calculated. Therefore, by knowing the motile sperm concentration (a):
ef ficiency = % x 100 %, (2)

In evaluating efficiency in 384-microchamber platform V is chosen as total volume of the chip
(22.5 pL). The experiments involving separation of sperm in the collection zone were conducted
only for 500 and 1000 pm diameter (D) microchamber designs with 812 microchambers (14
rows of 58 microchambers) and 384 microchambers (8 rows of 48 microchambers),
respectively. Each design was manufactured at both 30 and 70 pum depths with the same masks.

The extraction experiments (Figures 6F-6H) were conducted only in D = 1000 um and
depth of 70 um devices with 384 microchambers (21 pL) because the loaded volumes in other

devices that were below 10 pL in capacity, resulted in handling problems. (The capacity of the
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D =500 pm with depth 70 um was 11 pL in 812 microchambers and the separated sperm sample
had a smaller volume than 10 pL therefore it was difficult to transfer to other microchip for
analysis.) After loading the chip and removing the waste, TALP was injected from the inlet at
a 40 puL/h flow rate for 5 minutes (this design has 9 parallel rows of main channels, as can be
seen in Figures 1B and 6A). The flow rate was then increased to 10 mL/h for ~7 seconds to
extract the sperm in the collection zone from the chip in the collection tube (approximately 25
uL was collected each time). The collected samples were then transferred to a 30 um-high
channel to measure VAP and VSL, as mentioned earlier.

AO test was performed with a slight modification of the method described elsewhere
(44) and DFI more than 0.15 was categorized as a DNA fragmented cell. A solution containing
2.0 ml 2.0 M HCI, 0.439 g NaCl, and 0.05 ml Triton X-100 was prepared in sufficient DI water
to achieve a volume of 50 ml, the pH was adjusted to 1.2 with 5.0 M HCI. An air dried glass
smear of sperm were immersed in the solution for 30 seconds and then washed with ethanol
and air dried. To 500 mL of DI water was added 3.8869 g (0.020 mol) citric acid monohydrate,
8.946 g (0.063 mol) sodium phosphate dibasic (Na,HPO,), 186 mg (6.36x10* mol) EDTA
disodium and 4.385 g (0.075 mol) NaCl and was stirred overnight to ensure that the EDTA is
entirely dissolved in this staining buffer. The pH was adjusted to 6.0 with concentrated NaOH
solution. To 20 mL of DI water was added 20 mg (4.83x10~ mol) of Acridine Orange hemi
(zinc chloride) salt, the solution was stirred to dissolve the powder. To 50 mL of staining buffer,
300 pL of AO solution was added and the glass slides were immersed in this staining solution
for 3 minutes. After which time the remaining stain was washed with ethanol. All the
fluorescent images were captured in a dark room with exposure time of 300 ms since AO
solution is very sensitive to light. Red and green signal of more than 200 sperm were evaluated

and DFI was calculated as

Red

DFI = peq s Green 3)
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The python code that was used to evaluate the DNA integrity has been uploaded online.(46)
For the sperm staining in the microchambers and collection zone, after 4 minutes the separation
process was terminated and the chip was allowed to gradually dry out over the period of one
day. After which the PDMS was peeled off the glass slide and the chip was stained as above.
Statistical analyses were performed using MATLAB and one-way analyses of variance. Each
experiment was repeated three times and values were reported as mean =+ standard deviations
(error bars). The number of data points are revealed whenever necessary in parentheses.
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Figure 1. (A) Schematic representation of the platform design for sperm separation. (B)
Photograph of microchambers filled with blue dye and SEM image of the microchambers. (C)
(1) Loading the semen sample into the microchambers and discharging air that is trapped by the
porosity of PDMS under constant pressure (red bar indicated closed channels); (i1) washing the

main channel for sperm collection and (iii) collecting the washed, progressively motile sperm.
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(D) The parallelization capacity of the platform for increasing the volume of loaded samples

and simplifying the collection process.

I

=141.5s —

Figure 2. The loading process for microchambers with diameter 350 um (D) and 70 pm (H).
The common interface of the sperm sample and the air trapped in the channel (dashed red line)
is attenuated in each time-lapse image. This experiment was performed by applying constant

pressure on the sample loaded into the chip while the outlet of the main channel is closed.
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Figure 3. The overall number of sperm in the microchambers remains constant. (A) Several
time-lapse images of a typical junction in the equilibrium state show two spermatozoa entering
the channel (highlighted in red and enclosed by red dashed ovals) and two other spermatozoa
exiting (highlighted in blue and enclosed in blue dashed ovals) over the course of 24 seconds.
The scale bar represents 100 um. (B) Dot trajectories of sperm swimming near the junction wall
from the right (red dots) and the left (blue dots) and those exiting the microchamber swimming
near the connecting channel walls (purple dots). Numbers of these sperm are shown in the left
diagram in the same color codes. The light blue and red colors indicate sperm that enter the
microchamber from the right and the left, respectively. (C-E) Cumulative numbers of sperm
entering and exiting a microchamber for varying concentrations (n = 3). (F) Cumulative number

of sperm for varying concentration ratios over 100-second periods (n = 3).
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Figure 4. Washing steps and sperm extraction. (A) Streamlines and the velocity magnitude in
the main channel for a volume flow rate of 10 pL/h. The streamlines of the magnified region
are shown experimentally with fluorescent particles. (B) Dead sperm and particles remain in
the microchamber. The dead sperm are highlighted in red. (C) Rheotaxis for both simulation
and experiments; the rheotaxis of motile sperm can be seen in Supplementary Movie S2 for
both conditions. (D) Typical extraction diagram of the device over time for D = 500 pm and
depth of 30 um of the last microchamber in a row and for the entire number of sperm in that

row.



Lab on a Chip
06 A 0.3
D=350pum D = 500 pm

0.5 0.25 ~
gos] [ =wemmess | oo =
= =3 H =30 pm (n=15) = Theory
% 0.3 Theory % 0.15 A
T02 T 01

0.1 . . 0.05 - I I I I

0 0 4 f I
O S P (‘/Q \@0 \%Q: O o H A \QQ \qg: ,\@ (\@ QS)Q
Time (s) Time (s)
C
0.1
D =1000 ym

0.08 -
> C=0H = 70 pm (n=231)
% 0.06 EmH = 30 ym (n=478)
o Theory
[e]
& 0.04

0.02

0 o B = I [

Figure 5. The distribution of residence times of sperm in microchambers of varying diameters

and at 30 um and 70 um depths (the theoretical distribution is also shown for comparison

purposes).
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Figure 6. Bulk separation of motile sperm. (A) The population of the sperm at the outlet is

visible (the zoomed-out red rectangle represents the collection zone). (B-E) Motile

concentrations and motility percentages of the sperm collected in collection zones and raw

samples at diameters of 1000 um and 500 pm and at depths of 30 and 70 pm using two

concentrations: B and D show results with the higher concentration of starting raw sample and

C and E show results with the lower concentration. (F) Velocity distribution (VAP and VSL)
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of the extracted population of sperm from the device and raw sample. The trajectories of motile
sperm are shown in separate colors and dead sperm are indicated by red crosses. (Debris that is
present in the frozen thawed sample of bovine semen is also filtered out through the device and
cannot be seen in the separated sample.) (G) Mean VAP and VCL of extracted and raw sample
(* p <0.05, n = 3). (H) Motile concentration of extracted and raw sample from a device with
D = 1000 um and depth 70 um (n = 3). (I, J) Efficiency of the extraction from microchamber

of varying diameters at a depth of 30 um.
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Figure 7. DNA integrity of collected and extracted sperm. (A) Sperm remaining in the
microchambers after the separation showed significant DNA damage compared to sperm in
the collection zone. White dashed lines show the microchannels boundaries. (B) DFI
distribution (n > 200 sperm) of the loaded and separated sperm of the three experiments; 1:3,
1:2 and zero dilution of raw sample with Fragmented DNA samples. (*** p <0.00001, ** p <
0.01, * p<0.05) R and S are raw and separated samples, respectively. (C) DNA integrity of

the raw and separated sperm of the experiments in (B).



