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The rheotactic behavior of spermatozoa in an outward radial flow was studied using a combination of
theoretical and experimental approaches. Simulations suggested that at moderate flow rates, spermatozoa
exhibited directed migration towards the flow origin, while at higher flow rates, the spermatozoa were
predicted to display rotational rheotaxis, circling the origin while gradually moving inward, delaying their
arrival at the center. Leveraging these findings, we developed a microfluidic device combining radial flow
with strategically placed contracted pathways for efficient sperm selection, the sperm unidirectional
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navigation chip (SUN chip). This platform processed raw bovine semen to isolate highly motile (up to 98%
motility) and vital spermatozoa suitable for assisted reproductive technologies. The yield of motile sperm
retrieval for the SUN chip is ~30%, and the cells in the processed population were 50% faster on average
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compared to raw semen. Our results demonstrate the potential of radial flow microfluidics to enhance
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Introduction

Spermatozoa transverse through and interact with the female
reproductive tract (FRT), where they are exposed to a complex
microenvironment on their way to the oocyte complex.’™ The
biochemical environments that sperm encounter as they
transverse the epithelium in the FRT influence their vitality,*
capacitation level,* and ultimately their ability to fertilize the
oocyte.” In addition to the variations in biochemical signals,
the physical maze-like environment of the epithelium,
particularly the fallopian tube, alter sperm-surface
hydrodynamic interactions.®® The secretion of ovulatory
fluids influences this interaction by introducing dynamic
conditions associated with fluid flow such as rheotaxis'®™"®
and viscosity."*°

Previous studies have focused on two-dimensional in vitro
models of the FRT epithelium such as straight micro-
pathways,'®'® strictures,”*' and curvatures® to emulate
spermatozoa navigation. Wall swimming and rheotaxis,
swimming against the flow to the upstream, can be induced
using a straight microchannel with a uniform shear rate
along the fluid stream lines and the presence of side
walls.">'® Shear rate gradients and slanted walls induce a
butterfly-like motion in sperm under channel contraction.”
The FRT is a complex microenvironment that sperm need to
navigate while being exposed to variable flow fields,"** which
are generated by the narrow gaps and folds of the epithelia
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sperm selection processes and can be used to investigate other microswimmer dynamics.

that range from 10 to 100 um (ref. 1 and 23) and the curved
structures that progressively narrow toward the site of
fertilization.® Different geometrical features, such as
strictures”*' and curvatures,® produce distinct flow fields
even at the same flow rate. Although no in vivo evidence is
available for human and bovine, experimental measurements
of flow rates post mating within mice reproduction tracts
indicate a fluid flow with an average velocity of ~18 um s *.>*
Given that the fallopian tube exhibits a complex architecture
of such features, we anticipate highly variable and spatially
heterogeneous flow patterns along its length. The rheological
properties of mucus are also variable along the fallopian tube
and throughout the menstrual cycle with the dynamic
viscosity ranging from 1 mPa s to 10° mPa s.*> In vitro
observations showed that viscoelasticity of the surrounding
fluid suppresses the three-dimensional beating of sperm.>®*’
To assist with understanding these complex flow conditions,
computational modeling has been used to predict the
migration of microswimmers, including sperm, under
complex flow conditions.

Computational modeling is a powerful technique to study
the swimming behavior of microswimmers including
Escherichia coli*®*3° and spermatozoa.”**"** These techniques
have been wused to predict and explain spermatozoa
locomotion in the absence™* and presence”**” of external
fluid flow. Computational modeling allows for prediction of
and confirmation of observed swimming patterns within
different  microenvironments. = To  reconstruct  the
environments predicted by computational modeling,
microfluidics technology has been used to construct in vitro
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models mimicking the features of the FRT.>***° Together,
computational modeling and microfluidics enable a wide
range of experiments designed to simulate the natural
selection processes that sperm undergo in the female
reproductive tract, thereby improving sperm selection for
infertility treatments.*’

Microfluidic devices have been used for selecting sperm

based on rheotactic behavior®***'** and boundary following
behavior.">**®  Spermatozoa isolated by microfluidic
techniques exhibited higher motility and less DNA

fragmentation compared to sperm
centrifugation method or swim-up methods.’** Selection of
high quality spermatozoa increases the chances for
successful fertilization in assisted reproductive technologies,
resulting in healthier embryo development and more positive
pregnancy outcomes.”"*>™® Major drawbacks of the current
rheotaxis-based microfluidic devices are low throughput,
small processing volume, and low concentration yields, as
well as some device fabrication challenges.

We hypothesized that using a radial flow-based
microfluidic device with no side walls would reduce areas
where dead spermatozoa accumulate and increase separation
throughput by providing a radial shear rate gradient to
separate motile spermatozoa from dead or non-motile
spermatozoa. A radial flow system would also enable a highly
distributed flow and therefore larger processing volumes.

To create a radial flow-based device, we predicted the
bovine spermatozoa navigational pattern in a radial flow
while changing the shear strength of the flow. At a moderate
flow rate, spermatozoa navigate unidirectionally toward the
flow origin, while higher flow rates cause the spermatozoa to
rotate around the origin while progressively approaching it;
we call this rotational rheotaxis. By combining radial flow
rheotaxis with localized strictures,”® we designed a sperm
unidirectional navigation chip, the SUN chip, (Fig. 1) with
high throughput (0.75 mL h™), motility (98%), and a final
spermatozoa concentration of 8 million per milliliter. The

isolated using the

Fig. 1 Sperm unidirectional navigation chip. Motile sperm actively
navigate within a radial flow field originating from the center, leading
to their accumulation near the center, while immotile sperm are
passively carried away by the flow.
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cells in the isolated population were 50% faster on average
compared to the raw semen sample.

Results and discussion
Sperm navigation in a radial flow field

As sperm navigate the folded epithelium of the fallopian
tube, they encounter highly variable fluid flow fields."”*
Although in vivo evidence for radial flow in the female
reproductive tract is lacking, the complex geometry of
adjacent epithelial folds likely generates localized radial flow
between neighboring surfaces. The radial flow can be
assumed as the flow between two parallel, circular disks
featuring a symmetrical, radially directed flow pattern, with
the velocity increasing from the center toward the edges
(Fig. 2a). The fluid velocity v¢ and wall shear rate y for an
outward laminar radial flow in the space between two parallel
circular disks are inversely correlated with the radius: vg, y o
r (ref. 59) (Fig. 2b). This enables us to generate a shear rate
gradient without using side walls; the radial shear generates
its own shear rate gradient.”**

The two-dimensional navigation of sperm in an external
flow can be modeled by superposition of the fluid velocity
and the sperm self-propulsion velocity (Fig. 2c¢). The time-
dependent location vector of a sperm Z; = (x;, y;) with intrinsic
propulsive velocity of vg in a two-dimensional fluid flow field
V¢ is modeled by

R (_Sin(ﬂf“”")) (1)
dt cos(B; + ¢;)

where f; is the angle between the positive x-axis and the
sperm location vector (x;, y;), and ¢; is the angle between
sperm direction s; and radial axis (eqn (2) and (3)). Here, i
denotes the index of the individual sperm.

p; = arctan (%) (2)
~Zp°8;

The rheotactic reorientation of a pusher microswimmer
attributed to the external linear Stokes flow in the proximity

of a wall is modeled by an overdamped equation'”"*°
do; .
d_tl =-w=Ay(x,y)sin(¢;) (4)

where o is the angular frequency associated with clockwise
trajectory of sperm, A is a constant related to microswimmer
geometry, and y is the local fluid shear rate. Eqn (4) is known
as the Adler equation,®* in which the solution is a saddle-
node bifurcation. Four scenarios can be defined based on the
shear rate magnitude compared to the critical shear rate y.:
1) y < yo the navigation is dominated by intrinsic circular
motion, 2) y = y: unstable navigation, 3) y > 7. stable

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Modeling sperm navigation in an outward radial flow field between two parallel, circular disks. (a) The flow is generated by a pressure
difference between inner and outer radii r; and r,, respectively. (b) The calculated normalized fluid velocity v*; and shear rate y* decay with r.
Streamlines and arrows show the fluid velocity direction. (c) Schematic of sperm locomotion in the radial flow with depicted variables. r is the
radial distance of sperm from the center, s shows the sperm orientation vector, and v; is the fluid velocity vector. Sperm trajectories and time
evolution analysis of average sperm radial location under radial flow strength corresponding to local shear rates of y = 0.5y, (d and e), y = 2y, (f
and g), y = 3yc (h and i), and y = 8y, (j and k) measured at r* = r/r, = 0.75. . = 3.03 5% is the critical shear rate for rheotactic navigation. All sperm
are considered identical pusher microswimmers with propulsive velocity of 100 um s released at r* = 0.75. Time and dimensions are normalized
with respect to their maximum values for enhanced visualization. Sperm location at each time step is color-coded indicating the time progression.

upstream navigation, and 4) y > y.: sweeping away by strong
fluid flow.

The radial domain inner radius r, and outer radius r,
are 900 um and 2500 um, respectively. The cell distance

from the flow origin (r; = ||z; = 2o||, 20 is the location of
flow origin) and time are normalized with respect to r, and
total simulation time ¢ (r* = ry/r, and ¢* = t/t). The

normalized radius is the distance from center divided by 7.
Trajectory predictions were performed on twenty identical
sperm with constant v, = 100 um s+ and initial orientation
radially distributed within the domain at a constant radius
of r* = 0.75.

For bovine sperm, w, 4, and y. are estimated as 0.36 s *,
0.118, 3.03 s, respectively."” Local values of y and v; values
are imported from computational simulation of
corresponding fluid domain and calculated for a cut plane
situated 10 pm above the domain floor considering a channel

This journal is © The Royal Society of Chemistry 2026

height (%) of 200 um (Fig. 2b), r; = 900 pum, and r, = 2500 um
in COMSOL software. We defined the strength of radial flow
as the ratio of local shear rate calculated from simulation
and the critical shear rate (y. = 3.03 s™')."” Flow strength
values of 0.5y, 2y., 4y, and 8y., corresponding to local fluid
velocities of 25, 100, 200, and 400 um s were used for flow-
dependent navigation of sperm (Movies S1-S4). Note that the
velocity and shear rate values are calculated at r* = 0.75. In
shear rates less than y. (Fig. 2d), the circling bias dominates
sperm motion,"” and the weak flow only pushes the sperm
outward. The sperm continues its circling motion while being
swept away (Fig. 2e). In shear rates exceeding y., sperm
change their orientation toward the center point and start to
follow a curved trajectory until reaching the inner boundary
(Fig. 2f). The curvature of radial position (Fig. 2g) indicates
that the sperm's inward movement slows as it approaches
the flow origin due to increased fluid velocity but remains in
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a suitable range for rheotaxis. Increasing the flow strength to
y = 3y. results in a new navigation where sperm are
navigating toward the center, however, the high fluid velocity
induces a rotation around the center of the device where the
flow originates (Fig. 2h). The orientation of sperm until t* =
0.25 is approximately perpendicular to the r* axis and the net
swimming velocity increases as the sperm approaches the
center of the device (Fig. 2i). This rotational rheotaxis, where
the sperm orientation is approximately perpendicular to the
radial axis, is particularly noticeable at greater distances from
the device center. The non-linear trajectories observed
suggest rheotactic motion, indicating that the final
swimming orientation of the sperm is dependent on the local
shear rate and fluid velocity. This behavior leads to an
autonomous hydrodynamic retention of sperm near the flow
origin. As the flow strength increases, sperm are progressively
displaced from their initial positions and eventually swept
out of the outer boundary (Fig. 2j). In this regime, the
trajectories become linear, reflecting the absence of
rheotactic motion (Fig. 2k). Only healthy sperm exhibit
unidirectional movement toward the center, while dead,
damaged, or slower sperm and other particles and debris are
flushed away (Note S1). The shape of the sperm trajectory
indicates the cooperative effect of sperm propulsive velocity
and the local fluid shear rate and velocity (Fig. S1).
Rotational rheotaxis was experimentally investigated using
a microfluidic device. Due to the long-range motion of sperm
while undergoing rotational rheotaxis, it was impossible to
capture the full trajectory of rotation within the microscopic

Microfluidic
device

View Article Online
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observation window. Therefore, we tracked several
representative bovine sperm cells swimming within a radial
flow in a microfluidic device with similar dimensions to the
geometry of the model (r; = 900 um, r, = 2500 pm, 2 = 200
pm). Slight modifications were made to handle the inlet
tubing and control the sperm migration (Fig. 3a). The
temperature was controlled using a heated stage maintained
at 37 °C. The inlet fluid flow rate was kept constant at 1 mL
h™ because we started to observe the rotational rheotaxis at
this flow rate. The observation window is ~1.5 mm away
from the flow origin (Fig. 3b). To experimentally determine
the flow origin, we tracked the passive debris particles that
are naturally present in raw semen (Fig. 3c). We estimated
the flow origin by fitting lines to the trajectories of each
particle and identifying their intersection points. Radial
streamlines were then interpolated between the experimental
particle trajectories (dashed lines in Fig. 3c). The sperm
trajectories are color-coded according to normalized time ¢*
(Fig. 3c).

Due to variability in motility within the sperm population,
we observed two primary migratory behaviors, consistent
with predictions from our computational model. First, some
sperm progressively swim against the fluid flow, moving
toward the flow origin (Fig. 3d). For example, the trajectory of
cell #1 mirrors the pattern shown in Fig. 2f; its radial
distance decreases over time, indicating unidirectional
movement toward the flow origin (Fig. 3e). In contrast, cell
#2 exhibits rotational behavior, maintaining a roughly
constant radial distance (Fig. 3e). The motility pattern of cell
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Fig. 3 Experimental evidence for rotational rheotaxis in a radial flow field. (a) Schematic showing the cross-section of the microfluidic device
mounted on an inverted microscope. The flow is generated by a syringe pump. Scale bar: 200 um. (b) Representative image of sperm in the radial
flow. Passive particles are used for obtaining the local flow streamline. (c) Estimating the origin of flow location using passive trackers.
Representative sperm trajectories are color-coded with respect to time progression (t*). (d) Two types of trajectories observed in the radial flow
with sperm propulsion of vg and local fluid velocity of v¢. (e) Radial location of sperm and a passive particle over time. (f) Instantaneous angular
velocity Q(t) is non-zero and larger for sperm undergoing full rotational rheotaxis moving perpendicular to the flow direction.
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#2 is reminiscent of the scenario in Fig. 2h; the sperm
propulsion direction (vg) is nearly perpendicular to the flow
direction (vg) (Fig. 3d). The cell undergoing rotational
rheotaxis has a non-zero angular velocity confirming the
radial motion (Fig. 3f). Overall, these results provide direct
experimental evidence of rotational rheotaxis and highlight
the distinct migrational patterns of sperm in the radial flow.

Design of the sperm unidirectional navigation chip

Rheotaxis has been used as a selection pressure to isolate sperm
with high motility and low DNA fragmentation.®® To exploit the
ability of radial flow to separate motile from immotile sperm, we
designed the sperm unidirectional navigation (SUN) chip, guided
by our computational results. In a radial flow field, the shear rate
decreases with the distance away from the flow origin; thus,
sperm may be carried away by the fluid, as observed in the
swimming mode in Fig. 2d, if the local shear rate falls below a
critical threshold. In the SUN chip, we combined a radial flow
design with two concentric rings of shear rate barriers,* which
locally enhanced the shear rate to induce sperm rheotaxis
(Fig. 4b and d). The SUN chip design consists of four main
regions: 1) flow origin barriers, 2) first ring of shear rate barriers,
3) second ring of shear rate barriers, and 4) outlet funnels. The
device was fabricated from polydimethylsiloxane (PDMS) using
conventional soft lithography techniques.*®

The barriers in regions 2 and 3 have a gap size of 100
pum and an apex angle of 45°. Within a flow range of

View Article Online
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600-1200 pL h™' these barriers produced localized shear
rates that met the required minimum for rheotaxis."”” The
gap size of 100 pm was chosen because it is within the
range of reported spacing between epithelial surfaces in
the female reproductive tract.”*> The shear rate barriers
act both as healthy sperm retainers, by capturing the
sperm that is being washed away, and imposing selection
on the sperm population based on the ability of the
sperm to pass the areas of high shear rate’ (Fig. 4c). The
geometry of the barriers is optimized to direct the sperm
toward the flow origin®' where they are retained until the
end of the separation experiment (Fig. 4d). Therefore,
sperm unidirectionally navigate toward the flow origin in
the SUN chip and are maintained within the chip through
rotational rheotaxis.

The migration of bovine sperm while moving in the SUN
chip was observed and filmed on a phase-contrast
microscope. Sperm trajectories were tracked by analyzing ten
consecutive images acquired at 30 frames per second,
allowing us to observe their movement near different regions
of the chip at a flow rate of 1 mL h™. This flow rate
corresponds to an average local shear rate of 6.5 s™' inside
barrier gaps, which exceeds the threshold shear rate for
rheotaxis of 3.03 s™', ensuring the emergence of sperm
rheotactic behavior'” within the pathways of region 2 and 3.
At region 1, flow is distributed through six identical channels
with a width of 100 um. Based on modulated sperm-surface—
fluid interaction, these barriers prevent sperm from entering
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Fig. 4 Design of the sperm unidirectional navigation (SUN) chip. (a) Shear rate profile in the SUN chip showing variable shear rate regions.
Medium flow enters from central port. The color bar indicates the shear rate normalized by maximum value. (b) Shear rate profile along the radial
axis under different flow rates. The radius axis in the shear rate profile is normalized with respect to the total radius of the main chamber from the
center to the outlet funnels. Color bars indicate the flow rate magnitude. Peaks show the location of barriers. (c) The single stricture generates a
local shear rate resulting in directing motile sperm toward upstream and while blocking the passage of damaged cells. (d) Schematic view of a
quarter of the design showing the direction of fluid flow and sperm migration within different regions 1-4. Upstream sperm navigation in regions 1
(e), 2 (f), and 3 (g) under an inlet flow rate of 1 mL h™X. Images are constructed by processing ten consecutive frames of sperm motion at 30 frames
per second and colorizing with respect to the pixel intensity for better visualization. The color bar indicates the pixel intensity.
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the inlet medium tube through the high shear rate®* (Fig. 4e
and Movie S6). Shear rate barriers in regions 2 and 3 have
identical gap sizes and apex angles (Fig. 4f and g). The higher
density of cells behind the rings indicates the selection
applied on the population to prevent damaged cells from
passing the barriers and remaining in the chip. The barrier
in regions 2 and 3 also functions as a pump directing cells
toward the flow origin (Movies S7 and S8 and Fig. 4f and g).

We experimentally investigated the critical flow rate
required for rheotaxis in the barriers. The local shear rate
inside barrier gaps must exceed 3.03 s ' to induce
rheotactic navigation,'”” which happens for the total inlet
flow rates more than approximately 600 pL h™" (Fig. 4b). To
confirm this, we monitored the sperm navigation through a
barrier in region 2 under different flow rates from 200 to
1800 uL h™" (Fig. 5a-e).

Rheotactic navigation begins at a flow rate of 600 uL h™*
(shear rate of 4 s™" inside strictures), increasing the flow rate
further elevates barrier selectivity; a higher shear rate
impedes the ability of low motility sperm to pass and
changes the sperm's navigational pattern. Higher shear rates
generate a butterfly motion that prevents sperm, even the
most motile, from navigating upstream as observed
previously.” The barriers in region 3 are similar to those in
region 2, but with specific modifications. The comet-like
structures in the barriers of both regions increase the surface
boundaries, thereby enhancing the probability of capturing
sperm from the bulk fluid."®**> In region 3, the comet
structures are further enlarged to maximize sperm capture
and facilitate their reorientation toward the flow origin,
preventing them from being swept away by the flow. The
fluid exits the chip after going through a branched flow
distributor connected to funnels (Fig. 3b region 4). Details of
the SUN chip design and dimension specifications are
provided in Fig. S2 of the SI.

Sperm selection performance of the SUN chip

We used the SUN chip to isolate motile sperm from the raw
bovine semen sample. The processing volume of the main
selection chamber (excluding the distributor channels) is 150

a 200uLhr' b 600 pL hr'
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pL and the total loaded volume including the distributor
channels and the tubing is 180 pL. The operation of the SUN
chip consists of three steps: 1) filling the chip with the raw
semen sample, 2) washing the semen with medium flow from
the central port using a syringe pump, and 3) extracting the
selected sperm population using a pipet (Fig. S3 in the SI).
This procedure allows us to remove dead or immotile sperm,
as well as other particles, including cryopreservatives, from
the semen sample. During the experiment, the microfluidic
device was maintained at 37 °C on a hotplate. To simulate
the washing step and obtain the required washing time, we
filled the chip with a dye and washed the chip with water at
1 mL h™'. We selected a total dispensed medium volume of
300 pL for the complete washing step, as semen contains
particles and other debris that may adhere to the surface and
otherwise prolong the washing process (Fig. S3b and ¢ and
Movie S5).

To evaluate the selection efficiency of the SUN chip, we
collected sperm samples separated at different flow rates
(0.8, 1.0, 1.2, 1.5 mL h™") and subsequently analyzed their
properties. We isolated sperm with 93 + 6% motility at flow
rates of 0.8-1.2 mL h™*, and 88 + 1% at the flow rate of 1.4
mL h™", both of which are significantly (p < 0.0001) higher
than the raw semen motility of 27 + 1% (Fig. 6a). The vitality
of cells increased from 42% in raw semen to 99% for the
sample processed at 0.8 ml h™ and remained unchanged in
higher flow rates (Fig. 6b). Operating the SUN chip at flow
rates of 0.8 ml h™ and 1.0 ml h™ resulted in a sperm
population with motile cell concentration (Cpotile) Of ~8
million sperm per milliliter, while higher flow rates reduced
it down to 3 million sperm per milliliter (Fig. 6c). The yield
of retrieved motile sperm from raw semen is calculated by
[V x MOtilityO/O x Cmotile]recovered/[V x MOtilityO/O x Cmotile]initial
x 100 where V is the volume of sample, which is 150 pL for
both the loaded and collected samples. The yield maximizes
at 32% when the chip is operating at a flow rate of 1 mL
h™. Increasing the flow rate to 1.5 mL h™" reduces the yield
to 13%. Note that we did not consider the raw semen
loaded to distributor channels and tubing. By considering
the total loaded semen volume (180 pL), the yield of
separation ranges 11-27% depending on the flow rate.

d 1400 pLhr' @ 1800 pL hr!

@00
(X X/

00O
(X X/

Fig. 5 Effect of the flow rate on the navigation and selection functionality of barriers. Sperm trajectories, in region 2 barriers under total inlet flow
rates of 200 (a), 600 (b), 1000 (c), 1400 (d), and 1800 pL h™* (e). Scale bars indicate 100 pm.
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Fig. 6 Comparing the (a) motility%, (b) vitality, and (c) motile sperm concentration C,oiiie Of sperm populations extracted from the SUN chip
under flow rates of 0.8, 1, 1.2, and 1.5 mL h™* with raw bovine semen sample (N = 3). The vitality of cells was measured by LIVE/DEAD staining. p
values were determined using one-way ANOVA, *p < 0.05, ***p < 0.0001.

All velocity-related motility metrics obtained from
computer assisted sperm analysis (CASA) showed significant
improvement in processed samples compared to raw semen
(Fig. 7a). For definitions and details of the motility metrics,
see the Methods section. The overall magnitude of these
metrics tended to decrease as the flow rate increased. Average
path velocity (VAP) approximately doubled in isolated
samples from the SUN chip, indicating a higher proportion
of fast-moving sperm. Straight-line velocity (VSL) exhibited a
similar trend to VAP, with an initial increase at 0.8 mL h™*
but a reduction at 1.5 mL h™". The amplitude of lateral head
displacement (ALH) was comparable across all groups, except
at the highest tested flow rate, where it increased (Fig. 7b).
Across all flow rates, sperm separated by the SUN chip
exhibited a higher (29 um) beat cross frequency (BCF) than
those in the raw semen sample (27 pm). However,
straightness (STR) decreased at flow rates above 0.8 mL h™".
Linearity (LIN) of the sperm population remained largely
unchanged after processing on the SUN chip, except at the
lowest flow rate (0.8 mL h™"), where LIN increased.

Overall, the general improvement of velocity parameters
(VSL, VCL, and VAP) indicates SUN chip's selectivity for
higher motility cells. It is likely that rheotaxis based
separation removed cells that have been either killed or
damaged by the process of cryopreservation since velocity

parameters are significantly lowered in sub-lethally damaged
cells.®* In some pairwise comparisons between flow rates, we
observed a pattern emerge at the two ends of the tested
range: more progressive characteristics present at low flow
rates (higher values of LIN and STR, lower ALH) and less
progressive (decreased LIN and STR, higher ALH) at higher
flow rates. The physical explanation for the observation could
be the shear rate-based sorting. Hyperactive cells have been
known to move better through higher viscosity fluids®® and,
since the force per unit area generated by the flow is a
function of both viscosity and shear rate, it is natural to
assume that cells displaying hyperactivity-like behavior would
be selected for in higher shear rate experiments.>* The
chemical and more conservative explanation might stem
from the fact that seminal plasma has been known to prevent
the transition of cells to a capacitated state and, since the
cells were effectively washed during the processing of the
semen sample, the hyperactivation characteristics might have
naturally occurred due to the lack of inhibitor presence and
the observed pattern across different flow rates was
happenstance.®®

The processing volume of the SUN chip is 150 uL, which
is twice as large as previously reported rheotaxis-based
microfluidic platforms.”® Further, compared to designs with
operationally-complex multiple liquid streams,*>*® the SUN
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Fig. 7 Motility parameters for sperm extracted from the SUN chip at flow rates of 0.8-1.5 mL h™%. (a) Straight-line velocity (VSL), curvilinear velocity
(VCL), and average path velocity (VAP) were increased in processed samples. (b) Amplitude of lateral head displacement (ALH), beat cross
frequency (BCF), straightness (STR), and linearity (LIN) were altered in sperm populations processed using the SUN chip. Error bars show the
standard deviation within the experimental replicates. p values were determined using one-way ANOVA, *p < 0.05, **p < 0.001, ***p < 0.0001.
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chip has one fluid stream, which makes the process more
user friendly. The sample processing times between 12-22.5
min indicates a throughput of 0.75 mL h™ of raw semen
samples with a retrieval yield as high as ~30%. The
enhanced vitality and 50% higher faster motility of sperm
selected by rheotaxis has been proven to result in improved
embryonic development.®

Several flow-based microfluidic devices that do not use
rheotaxis exploited sheath laminar flow®®® for sperm
selection. These sheath-flow based microfluidic designs
operate based on diffusophoresis of motile sperm and are
pumpless, which makes them user-friendly. However, they
either suffer from low processing volume®” or low motile
sperm retrieval efficiency.®® A potential limitation of
pumpless sheath-flow designs is that tuning the motility level
of the extracted sperm population necessitates modifying the
device geometry. In contrast, rheotaxis-based systems enable
precise modulation of sperm motility simply by adjusting the
flow rate, while maintaining the same device configuration.
Passive microfluidic devices exploit sperm boundary-
following behavior.'> Among these, parallelized channel
design® was a successful early iteration, albeit with low
processing Subsequent iterations increased
throughput. However, these devices still lack active
selection pressure and precise control over the final cell
population. Without such selection, the fastest sperm, which
have been shown to improve embryonic development,®
cannot be preferentially isolated.'> Moreover, if the semen
sample contains other particles, such as preservatives or, in
our case, milk components, these will also diffuse into the
collection zone and contaminate the final extracted sample.
Rheotaxis provides a more biologically relevant mechanism,
as it guides sperm toward the site of fertilization.'®**

volumes.
47,48

Conclusion

Through a combined theoretical and experimental approach,
we have demonstrated how spermatozoa navigate an outward
radial flow, exhibiting distinct rheotactic behaviors
depending on flow conditions. At moderate flow rates, sperm
migrated toward the center, while at higher flow rates, they
adopted a rotational rheotactic response, gradually spiraling
inward. This work increases our understanding of the
rheotactic behaviors of microswimmers in complex flow
environments, potentially informing future designs of
microfluidic systems for studying and manipulating other
motile microorganisms, such as bacteria,”® under dynamic
flow conditions. The computational results provided the
foundation for designing and optimizing the sperm
unidirectional navigation (SUN) chip, which integrates
controlled radial flow with strategically placed geometric
strictures to enhance sperm selection efficiency. The SUN
chip effectively isolates a highly motile (>93% motility) and
vital sperm population, with selected cells exhibiting an
average speed 50% greater than those in raw semen. By
leveraging hydrodynamic selection principles, our platform
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surpasses conventional sperm sorting methods, offering a
physiologically relevant and high-throughput approach for
assisted reproductive technologies. Despite high-throughput
sperm selection by our SUN chip, the final sperm
concentration is limited partially due to the dependence of
rheotaxis on solid boundaries'”'® which can be overcome by
parallelizing chambers and barriers of the next iteration of
the SUN chip. Automation of the procedure can be achieved
by converting the SUN chip to a filter-like design, similar to
the sperm syringe,”” and removing the syringe pump
component by an internal flow generation mechanism.
Future research can also be directed toward merging sperm
preparation technologies with oocyte preparation, including
oocyte denudation,”* to achieve an automated setup for
assisted reproductive techniques such as in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI).

Methods

Bovine spermatozoa and medium preparation

Bovine semen samples from a healthy adult bull, preserved
in 200 pL straws with a standard milk-extended preservant
and stored in liquid nitrogen, were generously provided by
Select Sires, Inc. (Plain City, OH, USA). Samples were
thawed in a 37 °C water bath and used within two hours. A
low-viscosity medium (BO-SemenPrep, IVF Bioscience)
supplemented with 0.2% (w/v) bovine serum albumin (BSA)
was used in experiments. The addition of BSA helped
prevent sperm heads from tethering to the surfaces. The
medium was pre-warmed to 37 °C before being introduced
to the chip.

Device fabrication and operation

The chip was fabricated using conventional soft lithography
technique.®® The mold of the chip was designed in AutoCAD
2024, and the patterns were transferred to a silicon wafer
(University Wafer) from a photomask using UV lithography.
The negative photoresist SU-8 2100 (KAYAKU Advanced
Materials) was coated on the wafer using spin-coating at 1700
rpm for 30 s, baked at 65 °C for 7 min and 95 °C for 35 min.
Baked masks were exposed to 365 nm UV light through the
pattern mask for 38 s and baked at 65 °C for 5 min and 95
°C for 13 min. The mold was subsequently developed in the
SU-8 developer for 16 min. We also hard-baked the mold at
180 °C for 12 min to remove the cracks. The height of the
fabricated structures was 205 + 5 pm measured using a
profilometer (KLA Tencor P7 profilometer). The mold was
then cast with polydimethylsiloxane (PDMS) (Sylgard 184,
Dow Corning) prepared according to the manufacturer
procedure (1:10 elastomer base: curing agent) and cured at
65 °C for 2 h. Inlet ports were punched, and the PDMS part
was plasma bonded to a glass slide. Fluid flow and
temperature were controlled by a syringe pump (Chemyx)
and a heated microscope stage (Carl Zeiss), respectively. To
establish sperm population within the chip for navigation
analysis, the chip was initially filled with raw semen samples

This journal is © The Royal Society of Chemistry 2026
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and then washed with the medium to remove debris and
cryopreserving particles. Detailed description of device
operation for sperm selection can be found in the SI (Fig.
S3).

Video acquisition and image analysis

Sperm motion in the microfluidic chip was recorded using a
phase-contrast microscope (Nikon Eclipse) paired with a
digital camera (Phantom Ametek), capturing videos at 30
frames per second (fps) with a 10x objective lens. For the
experimental investigation of sperm migration in radial flow,
we used the Fiji platform” to manually track sperm and
obtain the location of cells (x, y) over time and further
processed in MATLAB (version R2024b). The instantaneous
angular velocity, Q(¢), was computed as the frame-to-frame
change in the cell's orientation angle with respect to x axis,
o), ie, Q) = do/dt, where df was calculated between
consecutive frames. To reduce noise, d(t) was smoothed with
a Gaussian filter (¢ = 6) prior to differentiation.

For the overlaid images of sperm migration (Fig. 4e-g and
5), the recorded frames for each barrier were analyzed using
Image] (version 1.54g) using a multi-step image processing
used previously.>" Briefly, for each video, the minimum
intensity at each pixel across all frames was calculated to
map sperm presence at specific locations. The same process
was repeated using the median intensity value for each pixel.
By calculating the standard deviation between these two
images, we generated a single image where intensity levels
indicated sperm presence in specific areas over a fixed time
window. The resulting gray-scale images were colorized using
MATLAB (version R2024b) for enhanced visualization.

Computational methods

Fluid velocity and shear rate profiles were generated using
computational fluid dynamics simulations in COMSOL
Multiphysics 6.0. The simulations used the laminar flow
module, modeling fluid flow through a radial geometry with
a no-slip boundary condition applied to the walls and a zero
static pressure condition at the outlet. The fluid is assumed
to be single-phase, incompressible, Newtonian with a density
of 1000 kg m™ and dynamic viscosity of # =1 x 107> Pa s™".
Using water properties in the simulation is justified, as the
actual medium has similar physical characteristics to water.
Equations governing sperm movement (eqn (1) and (4)) were
numerically solved by an explicit Runge-Kutta method””
using MATLAB version R2024b. The time step size of 0.5 s is
used in all simulations and equations solved for sperm until
they reach either outer or inner domain boundary.

Sperm motility and vitality analysis

The vitality is determined by staining sperm with SYBR-14
fluorescent dye (Invitrogen, Thermo Fisher Scientific)
according to procedure provided by the manufacturer. The
live cells were counted manually, and vitality was calculated
as the number of vital cells divided by total number of cells
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in the sample. From the CASA analysis (Hamilton Thorn,
Itd.), conventional motility parameters were extracted for at
least 200 sperm. The total motility(%) is the number of
motile sperm divided by total sperm count; and the
concentration of motile sperm is calculated by motility(%) x
Total sample concentration. Average path velocity (VAP) is the
speed of the cell along its mean trajectory; curvilinear velocity
(VCL) is the speed of the cell moving along its actual path;
straight line velocity (VSL) is the total speed of travel across
the line from the first tracked location of sperm and its last
tracked location. Other standard metrics were extracted from
the trajectory of travel: amplitude of lateral head
displacement (ALH) is the amplitude of the curvilinear path
with the mean path as the central axis, and beat cross
frequency (BCF) describes the frequency of the curvilinear
path's intersection with the average trajectory. Then, from
the preceding metrics, the remaining values were calculated:
straightness (STR) is described the efficiency of travel of the
spermatozoa from the starting point to the end point and is
defined as VSL/VAP x 100, and linearity (LIN) shows the
amount of curvilinear motion along the direction of the
mean trajectory and is computed as VCL/VAP x 100.

Statistical analysis

Statistical significance of differences in motility parameters
was assessed using one-way ANOVA, with p < 0.05 considered
statistically ~significant. When the ANOVA indicated
significant differences, post hoc pairwise comparisons were
performed using the Tukey test. All sperm motility
measurements were conducted in triplicate.
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