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I Microfluidic Sorting

Exhaustion of Racing Sperm in Nature-Mimicking
Microfluidic Channels During Sorting

Savas Tasoglu, Hooman Safaee, Xiaohui Zhang, James L. Kingsley,
Paolo N. Catalano, Umut Atakan Gurkan, Aida Nureddin, Emre Kayaalp,
Raymond M. Anchan, Richard L. Maas, Erkan Tiizel,* and Utkan Demirci*

The World Health Organization (WHO) estimates approxi-
mately 70 million couples experience infertility world-
wide.['4l Current data suggests that nearly one third of these
infertility disorders are due to male factor alone.>”) Among
all the available therapeutic approaches, assisted reproduc-
tive technologies (ARTs), such as intracytoplasmic sperm
injection (ICSI), has been demonstrated as the most effec-
tive approach to addressing male factor infertility.[®*] Selec-
tion of highly motile sperm is the key step to optimize a
successful ICSI cycle, thereby determining fertilization rates
for ongoing pregnancies.'’] Naturally-inspired systems have
improved the capability to understand and solve some of
the challenging biological problems.'!] Sperm travel in tiny
mucosa microchannels as they find the way to the egg. Here,
we have attempted to mimic this microenvironment for the
sperm path from the cervical os and canal leading to the
intrauterine milieu with subsequent fertilization.

Selection of sperm for in vitro fertilization (IVF)/ICSI is
based on motility and morphology. The current standard pro-
cedures (i.e., the swim-up technique and density gradient sep-
aration) are inefficient.'>'3] Although the density gradient

separation approach can be selective, it has been shown to
produce high DNA fragmentation of sperm,['*l which is dele-
terious for these cells. The swim-up technique enables motile
sperm to move away from the cohort of sedimented sperm
into freshly layered media.l'>!®l For processing samples with
low sperm count (<15 million/mL) (oligozoospermia)l'” or
with reduced sperm motility (oligospermaesthenia),['3] these
two standard methods are not efficient. In clinical settings,
the microdrop technique is often used to select motile sperm
from oligozoospermic and oligospermaesthenic samples,
where sperm swimming to the periphery of a media droplet
(50-100 uL) are manually selected. This manual technique
however, is time consuming and operator dependent with sig-
nificant variation among embryologists. The swim-up systems
and microsystems have been posed to sort sperm, but these
systems require chemical stimuli or capillary-driven flow.
Microfluidic technologies have been used to follow an IVF
protocol,['3-2] and isolate healthy sperm by laminar flow,'-22!
creating biochemical gradients along these channels sim-
ilar to those found in the ovarian microenvironment.?324]
Feasibility of sperm sorting in microchannels has been
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demonstrated based on continuous flow systems.[21:2225:26]
Although these systems have overcome several barriers of
conventional methods, there is an unmet need to effectively
sort oligozoospermic samples. Additionally, effects of sperm
exhaustion on sorting in microfluidic channels have been
neither addressed nor quantitatively measured. Microflu-
idics with a better understanding of sperm physiology offers
an alternative to improve the selection process efficiency
by accurately manipulating samples in microscale volumes.
Given that clinical reproductive medicine has proven to be
a technically challenging field that is labor intensive, an easy-
to-use microfluidic device can lead to significantly improved
clinical outcomes and decreased dependence on operator
skill levels, facilitating repeatable and reliable operational
steps when using problematic sperm samples.[?’-°]

Here, we present a simple and cost-effective microfluidic
design for sperm sorting, in which motile sperm can be effec-
tively separated by space-constrained microfluidic sorting
(SCMS) chips. We investigated this flow- and chemical-free,
naturally-inspired biodesign for channel length and travel
time maximizing its sorting capability through sperm motility,
percentage of motile and collectable sperm. We verified
experimental results using a coarse-grained model of sperm
motility, enabling us to assess the importance of mouse and
human sperm exhaustion in microchannels for sorting. The
effect of mouse and human sperm exhaustion is studied
quantitatively using microchannels in conjunction with com-
puter simulations.

A schematic is given in Figure 1A-D describing the
addition of sperm samples into the microchannels of
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space-constrained microfluidic sorting (SCMS) system from
the inlets. To optimize the incubation time for sperm sorting
using the space-constrained microfluidic sorting (SCMS)
system, sperm distribution throughout a 20 mm long channel
was recorded for various incubation times (5 min, 15 min,
30 min, and 1 h). Before injecting sperm samples into micro-
channels, we also measured dead sperm percentage, and
found it to be about 20%. The sperm distribution at different
incubation times was then compared with the predictions of
the coarse-grained model of sperm motility in microchannels.
We investigated the effects of exhaustion time of sperm, and
the role of initial percentage of dead sperm on the observed
sperm distribution throughout the channels. The motility of
the sperm was modeled as a Persistent Random Walk (PRW),
and dead sperm were allowed to move only by Brownian
forces, mimicked by an isotropic random walk. Experimental
results were best recapitulated by the PRW model, when sim-
ulations included an average exhaustion time of 30 min (with
standard deviation of 15 min), and when 25% of the sperm
population in the injection region (<5 mm) were dead (see
Figure 2A). Supporting Information Movie M1 shows the
output of a sample simulation with these parameters. These
findings are consistent with the experimental measurement
of 20% dead sperm just before injecting sperm samples into
microchannels. Figure 2A also shows the sperm distributions
in the channel obtained from the PRW model when either
exhaustion time or dead sperm distribution (or both) is not
included.

As shown in Figure 2B, we presented sperm distribu-
tion results of different segments in microchannels (1-3 mm,
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Figure 1. A schematic illustration of adding sperm samples into the microchannels of space-constrained microfluidic sorting (SCMS) system from
the inlets and tracking sperm. (A) SCMS system with different channel lengths is assessed for effective sperm sorting. Microchannels are prefilled
with media prior to loading the sperm sample. The outlet is then covered with mineral oil to avoid evaporation. (B) Microscope image of the channel
inlet with a diameter of 0.65 mm under a 2x objective. (C) Image of sperm swimming inside a microchannel under a 10x objective. (D) Microscope
image of the channel outlet with a diameter of 2 mm under a 2x objective. Scale bars for the channel inlets and outlets are 1 cm. (E) Sperm tracks
obtained by Image) (NIH) to evaluate velocities and persistence time of sperm. (F) A schematic of the trajectory of a sperm performing a Persistent
Random Walk (PRW), where S is the velocity, P is the persistence time, At is the time step, and 0is the angle that the trajectory makes with the x-axis.
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(Figure 3). With 30 min of incubation, the
curvilinear velocities (VCL) of sperm at
the outlets were 1.9-,2.1-, 3.0-, and 2.6-fold
higher than those at the inlets for 7 mm,
10 mm, 15 mm, and 20 mm channels,
respectively. Similarly, straight-line veloci-
ties (VSL) of sperm at the outlets were
1.9-, 2.3-, 3.8-, and 2.8-fold higher, respec-
tively, than those at the inlets (Table 1,
Figure 3A,B). When incubation time was
increased to 1 h, the VCL of sperm at the
outlets decreased down to 1.4-, 1.7-, 2.0-,
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Figure 2. Comparison of experimental and simulated mouse sperm distributions within
the channels of space-constrained microfluidic sorting (SCMS) microchips after varying
incubation times. (A) Distribution of sperm within the microchannel after incubation for 1 h.
Experimental results are compared with the computational model with different parameters:
(1) Persistent random walk (PRW), (2) PRW and initially 25% of sperm are dead, (3) PRW
including 30 minutes average exhaustion time of sperm (15 min), and (4) PRW including
both exhaustion time and initially 25% dead sperm. (B) Distribution of sperm within the
microchannel after an incubation period of 5 min, 15 min, 30 min, and 1 h. Experimental
results are compared with simulation results from PRW model with both exhaustion time
and 25% initially dead sperm population for the corresponding incubation time. Data are

presented as average + standard error.

4-6 mm, 7-9 mm, 10-12 mm, 13-15 mm, 16-20 mm) for a
range of incubation times. A portion of the sperm swam
away from the inlet towards the outlet of the channel during
incubation, which peaked at the end of the 30 min of incuba-
tion period. A closer examination shows that the percentage
of sperm increased up to 30 min incubation time, and then
decreased for longer incubation times (channel location:
7-20 mm). This result can be attributed to the exhaustion of
sperm since our simulations show the best agreement when
an average exhaustion time of 30 min with a standard devi-
ation of +15 min is employed. Simulation results were also
compared with the experiments for incubation times 5 min,
15 min, and 30 min, and results are shown in the Supporting
Information, Figures S3-S5.

To investigate the sorting capability of the SCMS system
with different channel lengths, we compared the character-
istics of the sperm at the inlet and the outlet after sorting
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and 2.1-fold, respectively. Similarly, the

VSL of sperm at the outlets decreased to
] - 1.3-, 1.8-, 2.1-, and 2.1-fold, respectively
bz 5 min . CON

(Table 1, Figure 3A,B). Moreover, signifi-
15 min cant differences in linearity of sperm at
S 30 min the inlet and outlet of the channels were
2 1 hr observed when 30 min of incubation was
= =5 min model employed (Figure 3C). However, when the

incubation time was increased to 1 h, sig-
nificant difference in linearity for sperm
at the inlet and outlet was only observed
for the 15 mm long channel, but not for
the 7 mm, 10 mm, and 20 mm long chan-
nels (Figure 3C). These results indicate
that when the incubation time is increased
beyond 30 min, sperm with less motility
and linearity have a higher chance to
reach the outlet of shorter channels. The
decreased linearity (LIN = VSL/VCL) of
the sperm at the outlet of the 20 mm long
channel could be attributed to exhaustion,
as also reported by Xie et al.[’]

We observed a significant difference
in the percentage of motile sperm at the
channel inlets and outlets indicating the
sorting capability of the SCMS system
(Figure 3D). With 30 min of incubation,
the percentage of motile sperm at the out-
lets were 1.3-, 1.6-, 1.7-, and 2.0-fold higher
than those at the inlets for 7 mm, 10 mm, 15 mm, and 20 mm
long channels, respectively (Table 1, Figure 3D). When incu-
bation time was increased to 1 h, percentage of motile sperm
at outlets were 1.6-, 3.1-, 2.2-, and 2.3-fold higher than those
at the inlets for 7, 10, 15, and 20 mm long channels, respec-
tively. The increase in the ratio of the percentage of motile
sperm at the outlet to that at the inlet could be due to the
fact that motile sperm could swim away from the channel
inlets with the increased incubation duration. Thus, all the
evaluated channel lengths showed sorting capability with sig-
nificant differences in sperm motility (VCL, VSL, and LIN)
and percentage of motile sperm (Figure 3A-D) at the outlet.

To evaluate the effect of channel length on sperm sorting
efficiency, we measured sperm motility and percentage of
motile sperm after sorting using varying channel lengths. As
shown in Figure 3A,B, with 30 min of incubation, sperm sorted
using the SCMS system with a 15 mm long channel showed

~— - 15 min model
30 min model

=1 hr model
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Figure 3. Evaluation of channel length and incubation time by using space-constrained microfluidic sorting (SCMS) systems for mouse sperm
sorting. The effective sorting of the microchannels with varying channel lengths was illustrated through (A) Curvilinear velocity (VCL), (B) Straight-
line velocity (VSL), (C) Linearity of sperm (LIN), and (D) percentage of motile sperm at the inlet and the outlet of each channel for 30 minand 1 h
of incubation. The statistical significance between channel lengths were marked with *, and between inlets and outlets were marked with #. Data

were presented as average * standard error (SEM) (N = 22-109).

significantly higher VCL (130.0 £ 31.1 um/s) and VSL (120.6 £
31.6 um/s) compared to 7 mm (VCL: 107.9 + 28.1 um/s; VSL:
98.3 + 30.3 um/s) and 10 mm (VCL: 109.8 £ 26.9 um/s; VSL:
100.0 + 30.3 um/s) long channels. However, increasing the
channel length to 20 mm did not lead to enhanced sperm
sorting (VCL: 127.2 £ 41.3 pum/s; VSL: 113.7 + 38.0 pm/s)
compared to a 15 mm long channel. This result indicated that
an increase in channel length up to 15 mm allowed motile
sperm to swim further away from low motile or non-motile

sperm within the channel due to velocity differences, thus
leading to improved sperm sorting. When incubation time
was increased to 1 h, 15 mm long channel still demonstrated
sorting capability leading to sperm with significantly higher
VSL (108.5 £ 27.8 um/s) than those using 7 mm (67.7 £
25.2 um/s) and 10 mm (88.6 £ 27.8 um/s) long channels. How-
ever, sperm sorted using 20 mm long channels displayed sig-
nificantly higher VCL (127.3 £ 24.1 um/s) compared to those
using 7 mm (79.6 + 23.6 um/s) and 10 mm (98.4 + 27.1 um/s)

Table 1. Change between the inlet and outlet of space-constrained microfluidic sorting (SCMS) system in curvilinear velocity (VCL), straight-line
velocity (VSL), linearity (LIN), and percentage motility of the sperm, for different channel lengths and incubation times.

Factor of change (x-fold) between inlet and outlet in SCMS system

Channel Length 7 mm 10 mm 15 mm 20 mm
Incubation Time 30 min 1 hour 30 min 1 hour 30 min 1 hour 30 min 1 hour
Curvilinear 1.9 1.4 2.1 1.7 3.0 2.0 2.6 2.1
Velocity (VCL)
Straight-line 1.9 1.3 2.3 1.8 3.8 2.1 2.8 2.1
Velocity (VSL)
Linearity (LIN) 1.1 1.0 1.1 1.0 1.2 1.1 1.1 1.0
Percentage of 1.3 1.6 1.6 3.1 1.7 2.2 2.0 2.3
motility
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long channels. When the incubation time was increased from
30 min to 1 h, we did not observe significant improvement
in sperm velocities. For the sperm linearity (LIN), which was
defined by the ratio of VSL to VCL, no significant difference
was observed among different channel lengths with 30 min
of incubation (Figure 3C). However, for the 1 h incubation
time, significant reduction in the linearity was observed for
sperm sorted using short channels (7 mm) (p < 0.05), but not
for longer channels (10 mm, 15 mm, and 20 mm) compared to
those with 30 min of incubation.

With 30 min of incubation, sperm sorted using dif-
ferent channel lengths did not show statistical difference
in percentage of motile sperm (Figure 3D). When the incu-
bation time was increased to 1 h, we observed a signifi-
cant decrease in percentage of motile sperm sorted using a
7 mm long channel compared to those using longer chan-
nels (Figure 3D). A decrease in the percentage of motile
sperm was also observed for a 7 mm long channel with 1 h
of incubation compared to 30 min of incubation. However,
increasing the incubation time to 1 h did not result in sig-
nificant effect on the percentage of motile sperm for longer
channels. This could be attributed to the fact that dead sperm
and/or sperm with low motility can reach the outlet in a
shorter time period for 7 mm channels compared to longer
channels. Based on the statistical analyses of sperm motility
and percentage of motile sperm, the optimal channel length
and incubation time for using the SCMS system were chosen
as 15 mm and 30 min, respectively.

We compared the characteristics of sorted sperm using
SCMS with 15 mm long channel to sperm that were sorted
with conventional swim-up technique with 30 min of incu-
bation and non-sorted sperm. As shown in Figure 4, the
15 mm long channel resulted in sorted sperm with signifi-
cantly higher motility (VCL, VSL, and LIN) and percentage
of motile sperm compared to those using swim-up technique
and non-sorted sperm (Figure 4A-D). Then, we assessed the
percentage of sorted sperm that can be collected from the
SCMS system relative to the total sperm introduced into the
channel by using different channel lengths for 30 min incuba-
tion. As shown in Figure 4E (blue line), the percentages of
sperm at the collectable range close to the outlet were 25.6%,
19.7%,9.4%, and 3.3% for 7 mm, 10 mm, 15 mm, and 20 mm
long channels, respectively. This indicated that the number of
sperm at the collectable range close to the outlet decreased
as the channel length increased.

Finally, to further show capability of SCMS and the
coarse-grained computational model, we performed experi-
ments with human sperm. Length differences in human sperm
(50 um) and mouse sperm (100 um) were incorporated into
the computational model (see Coarse-Grained Simulations of
Sperm Motility). Sperm distribution at different incubation
times was compared with the results of the PRW model of
sperm motility in microchannels. Similarly, we investigated
the effects of exhaustion time of sperm, and the role of initial
percentage of dead sperm on the observed sperm distribu-
tion throughout the channels. Our experimental and com-
putational results were matched best when the simulations
included no exhaustion time, and when 25% of the popula-
tion of sperm in the injection region (<5 mm) was dead (see
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Figure 5A). We also evaluated the effect of channel length on
human sperm sorting efficiency. With 30 min of incubation,
the curvilinear velocity (VCL) of human sperm at the outlets
was 1.3, 1.3, 1.7, and 2.3 fold higher than those at the inlets
for 7 mm, 10 mm, 15 mm, and 20 mm long channels, respec-
tively. Similarly, straight-line velocity (VSL) of sperm at the
outlets was 1.4-, 1.6-, 2.2-, and 2.5-fold higher than those at
the inlets (Figure 5B,C). When incubation time was increased
to 1 h, the VCL of sperm at the outlets was 1.2-, 1.6-, 2.1-,
and 4.7-fold higher than those at the inlets for 7 mm, 10 mm,
15 mm, and 20 mm long channels, respectively. Similarly, the
VSL of sperm at the outlets was 1.5-, 2.1-, 2.1-, and 5.2-fold
higher than those at the inlets (Figure 5B,C). Based on these
results, a combination of 20 mm channel length and 1 h incu-
bation resulted in the highest sperm motility outcome for
human sperm.

In summary, we have demonstrated that sperm exhaus-
tion is a fundamentally important phenomenon in micro-
fluidic sperm sorting, which can also help researchers to
resolve underlying mechanisms of sperm’s journey in tiny
mucosa-microchannels as it finds its way to the egg. The
coarse-grained computational model we developed was able
to recapitulate the experimental findings only when exhaus-
tion time of sperm and initial sperm viability were properly
accounted for. Additionally, the SCMS system is a feasible
and efficient approach to sort sperm samples without using
chemical or mechanical perturbations on sperm. Designing
the SCMS system with an optimal channel length and sorting
time can maximize the efficiency of motile sperm separa-
tion. Based on the analyses for mouse sperm distribution
along the channel, a combination of 15 mm long channel and
30 min of incubation resulted in the highest sperm motility
and percentage of motile sperm at the outlets. On the other
hand, human sperm resulted in the highest sperm motility
outcome for a combination of 20 mm channel length and 1 h
incubation.

To enable the collection of sperm, microchannels were
designed with larger outlets (diameter of 2 mm) compared
to inlets (diameter of 0.65 mm). Motile sperm that reach the
outlet can be extracted from the channel at the end of the
process, and collected by manually pipetting from the outlets
and counted. We observed that the most motile sperm were
swimming through the microchannel and, by optimizing the
incubation times, we were able to collect the most motile
sperm from the outlet of the microchannels. The circular out-
lets of our microchannels are geometrically much more well-
defined compared to the periphery of a media droplet. In the
microdrop technique, depending on the operator’s vision and/
or experience, the periphery of media droplet can be inter-
preted as a thin circular geometry or thicker doughnut-shape
geometry, which may cause to operator dependent outcomes.
Additionally, a microchannel can be filled with ~5-10 puL
fluid, which enables 20 mm length for sperm to be sorted and
monitored. If the same amount of fluid is put as a droplet on
a surface (similar to the microdrop technique), the radius of
the droplet will be ~1 mm, which is a shorter distance com-
pared to 20 mm to select motile sperm. Such a simple and
efficient sperm sorting system that can easily handle small
clinical samples will be beneficial to fertility clinics for
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Figure 4. Mouse sperm sorted using space-constrained microfluidic sorting (SCMS) system with 15 mm long channel was compared to those using
swim-up technique and non-sorted sperm. The comparisons were performed for (A) Curvilinear velocity, (B) Straight-line velocity, (C) Linearity, and
(D) percentage of motile sperm for 30 min of incubation. SCMS system with 15 mm length and 30 min of incubation resulted in sperm with higher
motility and percentage of motile sperm compared to swim-up technique and non-sorted sperm. Data were presented as average + standard error
(SEM) (N=4-7). (E) The sperm curvilinear velocity, straight-line velocity, and collectable sperm percentage were compared after sorting using space-
constrained microfluidic sorting (SCMS) system with different channel lengths (7 mm, 10 mm, 15 mm, and 20 mm) for 30 min of incubation. Data

were presented as average * standard error (SEM) (N = 3).

selecting motile sperm from oligozoospermic or oligosper-
maesthenic samples. In all of our experiments, we used sperm
samples with low sperm count (<4000 sperm/uL) to match
with oligozoospermia (<15 000 sperm/uL). Although there
might be differences in sperm count (oligozoospermia) or
motility (oligospermaesthenia) for different individuals,
microfluidic system differentiates the most motile sperm
given that specific individual sample. We believe that this

6 www.small-journal.com
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system coupled with ICSI would significantly improve ferti-
lization outcomes during IVF and ART. Additionally, given
that the species vulnerability is associated with low sperm
counts and motility, such a technology has broad applications
in other fields, such as preservation of germ cells for endan-
gered species, where access to samples is difficult in the wild-
life.[3%37 Such a microfluidic system can also establish a basis
for single sperm genomics.?"!
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effective sorting of the microchannels with varying channel lengths was illustrated through (B) Curvilinear velocity (VCL), and (C) Straight-line
velocity (VSL) at the inlet and the outlet of each channel for 30 min and 1 h of incubation. The statistical significance between channel lengths
were marked with *, and between inlets and outlets were marked with #. Data were presented as average + standard error (SEM) (N = 27-81).

Experimental Section

Preparation of Materials

Animals and Reagents: Matured (10-14 week old) B6D2F1
male mice from Jackson Laboratories (Bar Harbor, Maine) were
used for these experiments following standard procedures in
accordance with the Harvard Medical School guidelines for care
and use of animals (Protocol number: 04444). Human Tubal Fluid
(HTF) (Irvine Scientific, Santa Ana, CA) supplemented with bovine
serum albumin (BSA) (Sigma, St. Louis, MO) was used for sperm
capacitation and sorting.

Mouse Sperm Preparation: Mice were euthanized by exposure
to CO, followed by cervical dislocation. Both the cauda epididy-
mides and vas deferens were immediately dissected and placed
into a center-well organ dish containing 300 uL of HTF supple-
mented with 10 mg/mL BSA (HTF-BSA). A thin layer of sterile
embryo-tested mineral oil (Sigma, St. Louis, MO) was then layered
on the media to prevent evaporation. Under a dissection micro-
scope, incisions were made in the distal parts of the epididymis
and along the vas deferens while holding the epididymis with a
pair of forceps to allow motile sperm to swim out. The center-well
dish was then placed in an incubator (37 °C, 5% CO,) for 10 min
to allow all the sperm to swim out of the cauda epididymis and
vas deferens. The loose tissue and larger pieces of debris were
then discarded, and the sperm suspension was transferred to an
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Eppendorf tube with a thin layer of sterile embryo-tested mineral
oil added on top to prevent evaporation. The Eppendorf tube was
then placed back into the incubator with the cap open for 30 min
to let sperm capacitate fully. After incubation, the tube was tapped
to mix the sperm suspension, and then a 10 pL of sperm sample
was pipetted out into a new Eppendorf tube and placed in a water
bath at 60 °C to obtain dead sperm samples for counting using the
Makler Counting Chamber (Sefi-Medical Instruments, Haifa, Israel).
The leftover sperm suspension was then used for experiments with
concentration adjusted to a density below 4000 sperm/uL using
HTF-BSA media. The concentration of sperm introduced into the
microchannel was in the range of 1500-4000 sperm/uL as further
confirmed using ImagePro software (Media Cybernetics, Inc., MD).

Human Sperm Preparation: 0.5 cc human sperm vials were
purchased from California CryoBank following IRB 2012P002155
regulations. Intrauterine Insemination (IUl) specimens were
washed by California CryoBank prior to the experiments to remove
the seminal plasma. Sperm samples were thawed for 15 min in
the water bath 37 °C, and centrifuged for 5 min. Then the superna-
tant was removed, and replaced with with HTF (1 mL) without dis-
turbing pellet. Then, we incubated them for half an hour with the
centrifuge tube standing upright, and removed the HTF. The sperm
suspension was then used for experiments with the concentration
adjusted to a density below 4000 sperm/uL using HTF-BSA media.
The concentration of sperm introduced into the microchannel was
in the range of 1500-4000 sperm/uL as further confirmed using
ImagePro software (Media Cybernetics, Inc., MD).
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Microfluidic Channel Design and Fabrication: The microflu-
idic chip was fabricated as described previously.39-42 A combi-
nation of polymethyl-methacrylate (PMMA) of 1.5 mm thickness
(McMaster Carr, Atlanta, GA) and double-sided adhesive (DSA)
film of 50 um thickness (iTapestore, Scotch Plains, NJ) was used
to fabricate the microchannels (Figure 1A). Both the PMMA and
DSA film were cut to 24 x 40 mm using a laser cutter (Versalaser,
Scottsdale, AZ). Inlet and outlet ports were created by cutting
holes through the PMMA with a diameter of 0.65 mm and 2 mm,
respectively.

To create microfluidic channels, a 4 mm wide polygonal sec-
tion was cut out of the DSA film using the laser cutter. The adhe-
sive film was then attached onto the PMMA such that the opposite
ends extended slightly beyond the inlet and outlet holes. A glass
slide (24 x 40 mm) was then attached onto the other side of the
film, thus the height of the channel was determined by the thick-
ness of the DSA film (Figure 1). Microfluidic chips with different
channel lengths (7 mm, 10 mm, 15 mm, and 20 mm) were fabri-
cated and tested for sperm sorting.

Sperm Sorting Using a Microfluidic Chip

Microfluidic Sorting Method: For sperm sorting, the microflu-
idic channel was prefilled with HTF-BSA media (depending on the
channel length, the prefill volume varies). A thin layer of sterile
embryo-tested mineral oil was placed on top of the media in the
outlet. 1 uL of sperm sample that was pre-diluted to a density of
1500-4000 sperm/ulL was introduced into channel from the inlet.
Then, the inlet was covered with a thin layer of sterile embryo
tested mineral oil to avoid evaporation. The microfluidic chip was
then immediately placed into the incubator. After incubation, the
sperm inside the channel were imaged and analyzed for sperm
distribution along the channel, percentage of motile sperm, sperm
motility and recovery.

Sperm Sorting Time Optimization: To determine the time
that maximum sperm separation could be observed within the
microfluidic channel of the SCMS chip, sperm distribution within
a 20 mm microfluidic channel was recorded after incubation
for 5 min, 15 min, 30 min, and 1 h. After incubation, the entire
channel was imaged using a microscope (Carl Zeiss Microlmaging,
LLC, Thornwood, NY) with automated stage controlled by AxioVi-
sion software (Carl Zeiss Microlmaging, LLC, Thornwood, NY). To
test that the change of sperm distribution over time was not due
to diffusion, we performed a control distribution experiment using
heat-killed (20 min at 60 °C) sperm. For the control studies, sperm
distribution within the channel was measured after incubation for
5 minand 1 h.

Sperm Imaging for Motility Study: Sperm motility was studied
by recording sperm movements within an area of 1.2 mm x
0.9 mm at the channel inlet and outlet after 30 min or 1 h of
incubation. For each selected region, 25 sequential microscope
images (10x) (TE 2000; Nikon, Japan) were acquired at a rate
of one frame per 0.4 to 0.8 s using Spot software (Diagnostic
Instruments Inc., version 4.6, Sterling Heights, MI). The images
were then analyzed for sperm motility and percentage of motile
sperm.

Sperm Sorting Using Swim-up Technique: Sperm sorting using
swim-up technique was performed as a control. After 30 min of
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incubation to allow sperm to capacitate, 90 uL of sample was
pipetted out and diluted to a concentration below 4000 sperm/uL
in an Eppendorf tube. A layer of fresh HTF-BSA media (60 pL) was
then added on top of the sperm suspension to create a debris-free
overlying media. A thin layer of sterile mineral oil was finally added
to prevent evaporation. The Eppendorf tube was then placed into
an incubator at 37 °C and incubated for 30 min or 1 hour. After
incubation, 5 plL of sperm sample was taken from the very top of
the media for motility analysis.

To analyze sperm sorted using swim-up technique, sperm
samples were placed on top of a PMMA slide (24 mm x 60 mm)
for imaging. Briefly, 5 uL of sperm sample was added to a 10 pL
of HTF-BSA media drop placed on top of a PMMA, and covered by
a glass slide (25 mm x 25 mm). Two strips of DSA film (3 mm x
25 mm) were placed between PMMA and glass slide to create a
space for sperm to swim freely. The sperm sample on PMMA was
then imaged under a microscope for sperm motility and per-
centage of motile sperm. 25 sequential microscope images (10x)
(TE 2000; Nikon, Japan) were acquired at an average rate of one
frame per 0.6 s using Spot software (Diagnostic Instruments Inc.,
version 4.6). The sample preparation procedure for sperm analysis
was also used for non-sorted sperm samples.

Analysis of Results

Image Analysis: To acquire images for sperm motility analysis,
the swimming paths of individual motile sperm were tracked
and the travel distance was measured using ImagePro software
(Media Cybernetics, Inc., MD). The kinematic parameters that
define sperm motility, including curvilinear velocity (VCL), straight-
line velocity (VSL) and linearity (LIN = VSL/VCL), were measured.
VCL refers to the distance that the sperm head covers during the
observation time. VSL refers to the straight-line distance between
the starting and the ending points of the sperm trajectory. The
percentage of motile sperm was defined as the fraction of motile
sperm relative to the total sperm count. For non-sorted and sorted
samples using swim-up technique, sperm motility and percentage
of motile sperm were also calculated.

To analyze images acquired for sperm distribution within the
channel, either automated or manual counting was used. For
regions close to the inlet, in which sperm concentration is rela-
tively high, the sperm were automatically counted using ImagePro
software (Media Cybernetics, Inc., MD). For regions where lower
concentration of sperm was present (outlet area), manual counting
was used.

Collectable Sperm Percentage: The sorted sperm that can be
collected from the microchannels were calculated based on the
sperm distribution within the microchannels with 30 min of incu-
bation, as the goal is to collect the sorted sperm at the end of
the channels. The volumes of sorted sperm sample that were col-
lected from the microchannel were 0.2 L, 0.6 uL, 1 plL, and 1 pL
(equivalent to the volume of sperm samples in the last 1 mm,
3 mm, 5 mm, and 5 mm of microchannels to the outlet) in addition
to the media in the outlet (3 uL) for 7 mm, 10 mm, 15 mm, and
20 mm long channels, respectively. The percentage of collectable
sperm was calculated by dividing the sorted sperm that was col-
lected from the channel by the total sperm count introduced into
the microchannel.
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We identified the motile sperm if the sperm were moving in
sequential microscope images. We classified them as: (i) sperm
not moving at all, (ii) sperm head is adhered to the surface, but tail
is moving, and (iii) both sperm head and tail are moving.

Statistical Analysis: The sperm motility (VCL, VSL and LIN) and
percentage of motile sperm were analyzed statistically. To test
the significance of channel length on sperm sorting outcome,
parametric one-way analysis of variance (ANOVA) with Tukey post-
hoc comparisons was performed. The normality of the data sets
was analyzed with Anderson-Darling test, and parametric stu-
dent’s t-test was performed to evaluate the significance of differ-
ence between the following pairs: (i) sperm at inlets and outlets
of microfluidic chips after sorting, (ii) SCMS system (incubation
duration: 30 min) and swim-up technique, and (iii) SCMS system
(incubation duration: 30 min) and non-sorted control. Statistical
significance threshold was set at 0.05 (p < 0.05) for all tests. Data
were presented as average + standard error (SEM).

Theoretical Analysis of Sperm Tracks: Once the individual
sperm were tracked, their mean-squared-displacement (MSD) was
calculated. Figure 1E shows sample sperm trajectories obtained
using Image) (NIH) with MTrack) Plugin. Considering only the
motion of the sperm in the xy plane, the MSD is given by

([@©) = (<O - x©)"+ (yO - yO)’) (1)

Here, x(t) and y(t) correspond to the coordinates, and, x(0) and
y(0) are the origins of each sperm track. The brackets denote aver-
ages over different sperm tracks. The resulting MSD as a function
of time averaged over 20 data sets is shown in Supporting Informa-
tion Figure S1. At short times, the motion of an individual sperm is
ballistic (~t?), and at long times it is diffusive (~t). We can describe
such motility using the persistent random walk (PRW) model.*3! In
a PRW, the MSD is given by

(@©)= 25 [t- P (1- e )] )

where S denotes the velocity of the random walker, and P corre-
sponds to the persistence time. In the limit of short times, t >>P,
Equation (2) reduces to

(dz(l.)>E 521.2 (3)
and in the limit of long times, i.e. t >P, the MSD is given by
(d*(®) = 25*Pt )

One can also define a random motility coefficient, similar to a
diffusion coefficient, given by

(©)

4t

. s2p
= limt—e -5 5)

The MSD data can be successfully fitted to Equation (2) to give
S = 42 um/s for the velocity and P = 13 s for the persistence time
for the mouse sperm, and S = 32 um/s for the velocity and P =
3.6 s for the human sperm. The random motility coefficients are
then given by u=0.011 mm?/s and u = 0.018 mm?/s, respectively.
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Coarse-Grained Simulations of Sperm Motility

Model: In the simulations, we modeled the motion of active
sperm as a PRW.“3 The channel is simulated to be 20 mm by
4 mm, mimicking the experimental setup. In the model, the active
sperm moves in a given random direction 0(t) (Figure 1F) with
velocity, S(t) = Scos @(t)i + Ssin O(t)], for an average duration
of P, before switching direction. 0(t) is chosen from a uniform dis-
tribution on the interval (0, 2x]. If we denote the simulation time
step with At (chosen as 1 s), then the probability of choosing a new
0(t) direction for the sperm at every time step is At/P. This means
that the sperm persists with constant 0(t) for an average P/At time
steps before changing orientation. In the simulations, we used the
S and P values obtained from the fits to experimental tracking data
(see Theoretical Analysis of Sperm Tracks). The resulting equations
of motion for the position (x,y) of the sperm are

x(t+ At)= x(t)+ ScosO(t) At (6)

y(t+ At) = y(®) + Ssin 6() At 7

When the sperm is not active, either because it was dead after
initial injection into the channel or it was exhausted, it does not
perform a PRW. Instead, the sperm performs an isotropic Random
Walk (RW). This is equivalent to a PRW where the persistence time
P is equal to the time step At. In other words, sperm moves in a
new random direction at every time step by a fixed distance r,
mimicking the Brownian forces from the surrounding media.44!
The diffusion coefficient in this case is given by D = ry2/(4At),
which can be estimated using the Einstein—Smoluchowski for-
mula,“4 i.e., D = kgT/{, where kg is Boltzmann constant, T is the
temperature, and { is the friction coefficient. To determine ¢, we
modeled the mouse sperm as a rigid cylinder of length 100 um
and radius 0.5 pum, consistent with earlier models,*5! and our
experimental observations. The human sperm was similar, except
with a length of 50 um. For a cylinder of length L at a10 V dis-
tance h from a surface, the friction coefficient along the long axis
is given byl4¢!

2renl
In(2)

n

¢

®)

Here, n is the viscosity of the medium and r is the radius of
the cylinder. To mimic the PBS buffer in the channel, we use
n = 1073 Pa s, and take h = 25 pum in Equation (8) resulting
in {~1.4x 10"kg/s at room temperature for mouse, and
{ ~ 7.0 x 108kg/s for human sperm. Then by substituting this
friction coefficient into Einstein—Smoluchowski formula,4! the dif-
fusion coefficients for the mouse and human sperm are calculated
as D = 0.03 um?/s and D = 0.06 um?/s, respectively. This means
that in a given time step, an inactive mouse sperm will move about
0.3 um, before changing its direction, while an inactive human
sperm will move 0.6 um during that time.

Boundary Conditions: Since the channel thickness (50 pum) is
much less than the width and length of the channels, we restricted
our model to two dimensions. For the boundaries of the channel,
reflective boundary conditions are used, i.e., when a sperm hits
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a boundary, it stops and reflects back at a new random direction
(see Supplementary Movie).

Initial Conditions: In the experiments, it is observed that the
sperm occupy the first 5 mm of the channel shortly after injection.
In order to mimic this effect in the simulations, we initially distrib-
uted them randomly with a Fermi-like distribution given by!47]

Nr

[l B+ 1

Here, u denotes the average location of the interface, and S is
a parameter that adjusts the sharpness of the initial sperm distri-
bution front, and Ny is the total number of sperm in the channel.
It can be shown that [N(x)dx = Ny. In the simulations we used u =
5 mm, B =10 mm~1, N; = 10°. The initial distribution of sperm is
shown in Figure S2.

NGk = ©)

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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