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ABSTRACT

Recently, microfluidics has attracted a lot of attention in reproduction due to its ability to
simulate the natural environment inside the female reproductive tract and its ability to
separate high-quality sperm cells using rheotaxis as a selection mechanism. Positive
rheotaxis refers to the ability of the sperm to direct itself and swim against the liquid current
during the fertilization journey. In this study, we investigated the effects of various
microchannel heights on sperm positive rheotaxis (PR) and sperm kinematics. We used two
microchannels with the same width (200um) and different heights (channel 1= 20 um height
and channel 2= 100 um height). Sperm samples were obtained from two bulls with known
fertility and analyzed using CASA. The results showed that PR and all sperm kinematics
(VCL, VSL, VAP, and BCF), except linearity, were significantly higher in microchannel 2
with a greater height (100 pum) than in microchannel 1 with a lower height (20 um). Our
findings indicate that PR percentage and sperm kinematic values in microfluidic platforms
depend mainly on microchannel dimensions, which have a direct influence on the velocity
profile inside the channel. These results could be useful for the development of microfluidic
devices used for sperm separation and selection in the future.

Key words: Microchannel dimension, sperm rheotaxis; cryopreserved semen; CASA
parameters; cattle.

INTRODUCTION producing animals in the face of the ever-

growing world population.  Therefore,
There is a crucial need to improve the  improving the fertility of livestock, especially
efficiency and sustainability of food-  cattle, is essential for overcoming this
problem. This can be achieved by a better
understanding of the mechanisms and
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most mammals, millions or even billions of
sperms are inseminated during coitus, but
only thousands of them can reach the
fallopian tube; overall, less than 100 sperm
cells can make it to the site of fertilization
(Suarez, 2002). The reduction in sperm
number is due to several selection
mechanisms by which sperm cells must pass
during their journey to the oocyte. These
selection mechanisms are very important in
removing  damaged and immature
spermatozoa (Suarez, 2006), and
simultaneously obtaining fertilizing ability.
Therefore, only functionally  normal
spermatozoa can reach the fertilization site in
the oviduct (Morrell and Rodriguez-
Martinez, 2011). The challenges of the
female reproductive tract include the acidic
PH of the vagina (O’Hanlon et al., 2013),
thick mucus in some parts of the female
reproductive tract (Suarez et al., 1997),
immune responses to sperm cells (Wigby et
al., 2019), the long journey to the oocyte, the
small size of the oocyte as a target, the folds
and bends along the genital tract (Kolle,
2015; Suarez and Pacey, 2006; Yaniz et al.,
2000), and the direction of the fluid current
towards the vagina (June Mullins and Saacke,
1989). In the female genital tract, sperm are
guided by different mechanisms for
successful arrival to the oocyte, including
chemotaxis, which means the attraction of
sperm to the oocyte, as oocytes secrete
chemical agents such as (peptides, amino
acids, lipids, and sulfated steroids, which
cause uneven beating of sperm flagellum
leading to movement of sperm towards the
oocyte (Chang and Suarez, 2010; Eisenbach
and Giojalas, 2006), Thermotaxis refers to the
swimming of sperm cells in response to a
temperature gradient (Bahat et al., 2003) and
recently rheotaxis, in which cells move
against the flow. Rheotaxis is believed to be
a long-range sperm-guidance mechanism (El-
sherry et al., 2017; Ishikawa et al., 2016;
Mathijssen et al., 2016; Zhang et al., 2016).
Sperm rheotaxis is also considered the major
sperm guidance mechanism as 80-84 % of
bull spermatozoa (EI-Sherry et al., 2014) and
about 49% of human sperm show rheotaxis,
whereas chemotaxis is short range guidance
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mechanism that only guides sperm within few
millimeteres to enter the oocyte (Eisenbach,
1999; Pérez-Cerezales et al., 2015) and only
10% of sperm cells in mouse (Eisenbach,
1999; Giojalas and Roasio, 1998; Nishina et
al., 2019) and 2-12% of human sperms show
chemotaxis (Cohen-Dayag et al., 1994,
Eisenbach, 1999). At the same time only 3-
5% of human spermatozoa display
thermotaxis (Bahat et al., 2003). Sperm
rheotaxis has proven to be a great tool for the
selection of high-quality sperm cells (De
Martin et al., 2017; Rappa et al., 2018;
Romero-Aguirregomezcorta et al., 2021;
Sarbandi et al., 2021; Sharma et al., 2022)
which in turn will help overcome infertility
problems and facilitate the development of
other assisted reproductive technologies
(ART). Although sperm rheotaxis is known
as sperm guidance (El-sherry et al., 2017;
Ishikawa et al., 2016; Mathijssen et al., 2016;
Zhang et al., 2016) and selection mechanism
(De Martin et al., 2017; Rappa et al., 2018;
Romero-Aguirregomezcorta et al., 2021;
Sarbandi et al., 2021; Sharma et al., 2022),
little is known about the effect of different
microchannel  dimensions on  sperm
rheotaxis. In this study, we designed an
experiment to investigate the impact of
different microchannel heights on sperm
rheotaxis percentage and sperm kinematics.

MATERIALS AND METHODS

1 Reagents

All  chemicals were purchased from
Elgomhoria Pharmaceuticals (Cairo, Egypt).
Microchannel fabrication materials were
obtained as follows: diacetone alcohol
purchased from Sigma Aldrich, Steinheim,
Germany, glass wafers from Howard Glass,
Worcester, MA, SU-8-25 negative resist from
MicroChem, Newton, CA, and poly-
dimethylsiloxane PDMS from Syllgard-184,
Dow Corning, Midland, MI.

2 Semen samples

Commercial frozen semen straws (n = 14)
were obtained from the Veterinary Medicine
Directorate in the Assiut Governorate from
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two fertile bulls (seven straws per bull
obtained from 3 ejaculates). Semen in straws
was thawed in a water bath at 37 °C for 30 s
and then diluted three times with sodium
citrate due to the presence of glycerol, which
prevented flow generation inside the
microchannel. After dilution, the straw was
divided into two equal halves for further
analysis using two microchannels of the same
width (200um) and different heights (channel
1 = 20 pm height and channel 2 = 100 pum
height). Final sperm concentration inside
both of microchannels was around 15 x10°
sperm/ml.

3 Microfluidic Device fabrication

3.1 PDMS microchannels (microchannel 1)
Soft lithography was used for the fabrication
of PDMS microchannels, as extensively
explained by (Duffy et al., 1998). The method
will be described here briefly. In the
beginning, a high-resolution printer was used
to print the transparent mask that holding the
microchannel design (Prismatic, Cairo, Egypt
and Pacific Arts and Design, Markham, ON).
Wafers were used as a substrate for masters.
After cleaning wafers in acetone, isopropyl
alcohol, and DI water they were covered by a
20-um- Thick layer of SU8-25 through using
a spin coating (3,000 rpm, 1 min). After that,
the SU-8 layer was soft-baked at 65°C for 2
min, and at 95°C for 10 min) and exposed to
ultraviolet light for 50 s. To cross-link the
exposed SU-8 layer, the post-exposure bake
was accomplished at 65°C for 1 min; and at
95°C for 4 min, then it was developed in
diacetone alcohol for 6.5 min. For further
hardening of the SU-8 layer, the wafers were
hard-baked at 200°C for 15 min.

To make Polydimethylsiloxane (PDMS) a
Monomer and curing agent were mixed at a
ratio of 10:1 according to weight
respectively, after that it was degassed using
a vacuum desiccator. Finally, it was poured
on the SU8 master. PDMS was dried in an
oven at 120°C for 30 minutes, then the
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microchannels were cut out of the master by
peeling. Microchannels were perforated at the
inlet and the outlet to make a place for tubing
connections. To permanently bond the PDMS
microchannel with a glass slide (microscope
glass slide) we used a movable corona treater
(Electro-Technic Products, Chicago, IL)
(Haubert et al., 2006). The microchannel
dimensions used in this study were 200 pm x
20 um (WxH). Figure 1(a) shows the picture
of the microchannel 1 (PDMS channel with
20 um height) used in this study.
3.2 PMMA  Lithography  craved
microchannel (microchannel 2).

The microchannel consists of 2 parts made
from PMMA, the proximal part holds the
inlet ports while the distal one bears the
craved microchannel, as shown in Figl (b).
Direct write laser machining technique was
used in the manufacture of this PMMA
channel. For microchannel fabrication the
following were used: VLS3.5 UNEVERSAL
LASER SYSTEMS along with a 30-Watt
CO2 laser tube and laser beam of 100 um
diameter. The best engraving was reached
through regulating the speed of engraving to
25 mm s-1 (10%) laser head translation speed
and adjusting the power of laser beam to 5-
Watt (6%) laser beam power so we can get
less roughness at the lowest dimensions. The
microchannel profile is a Gaussian shape as
shown in Fig 2 (c).

Bonding the proximal and the distal part of
the PMMA microchannel was done through
the thermocompression method along with
acetic acid at 115°C and 1 N for 7 minutes.
Heating with acetic acid resulted in improved
both bonding at lower temperature and
bonding time (Nasser et al., 2019). The
dimensions of the PMMA microchannel used
in this study were 200 um x 100 pum (WxH).
Figure 1(d) shows the picture of
microchannel 2 (PMMA channel with 100
um height) used in this study.
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Figure 1: (a) Picture microchannel 1(PDMS channel with 20 pm height) used in the present
study. (b) Chip schematic drawing for microchannel 2. (c) microchannel 2 profile. (d)
Picture of microchannel 2 (PMMA channel with 100 um height) used in the present
study.
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2.4 Flow generation

The liquid current was generated inside the
microchannel by using hydrostatic pressure
as the liquid level kept higher at the inlet of
the channel than that of the outlet by height
different Ah. This method of hydrostatic flow
generation has proved to be a simple and
cheap method for flow generation inside
microchannels and doesn’t have pulsating
flow problems which is common with syringe
pumps (Moscovici et al., 2010). Darcy-
Weisbach equation was used to calculate the
average  flow  velocity inside the
microchannels (Munson et al., 2002).

_ (2pgDhAh)
B CuL

In the previous equation p represents the
liquid density, g is the gravitational
acceleration, Dh represents the hydraulic
diameter of the microchannel, Ah represents
the height difference between the inlet and
the outlet of the channel, C = friction factor
(f) x Reynolds number (Re), while p is the
liquid viscosity and L represents the length of
the microchannel (Munson et al., 2002).
Equation (2) was used to calculate the
velocity profile (velocity distribution) inside
the microchannels. This equation is used for
channels with an aspect ratio less than 0.5
(SHAH and AL, 1978)

@p=CHED -G [ - )

In equation 2 V represents the liquid flow
velocity at any site inside the microchannel.
where a, and b are the microchannel width
and height, respectively., on the other hand y
and z represent the coordinates (measured
from the centreline) of any location in the
microchannel. So, we need to calculate V,
and m and n are numerical parameters that
depend on microchannel aspect ratio, o = b/a
as shown by equations (3) and (4).
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The average liquid velocity in this experiment
was kept at 32um/s
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5 sperm rheotaxis and sperm kinematics
analyses using CASA.

A home-made computer-assisted sperm
analysis CASA was used to evaluate positive
rheotaxis and all sperm kinematic values
(Department of Mechanical Engineering,
Faculty of Engineering, Assiut University,
Egypt; the plugin can be downloaded from
the following URL:http://www.
assiutmicrofluidics.com/research/casa)
(Elsayed et al., 2015). All videos were
recorded by a 40 x objectives lens of Optika
XDS-3 inverted microscope with phase
contrast attached to a camera (Tucsen
ISH1000) regulated at 30 frames/s. All
recorded videos were analyzed through the
CASA system that was mentioned
previously. In addition, to sperm positive
rheotaxis two sets of sperm parameters were
determined: velocity parameters such as
curvilinear velocity (VCL, um/s), straight-
line velocity (VSL, um/s) and average path
velocity  (VAP, um/s).  progression
parameters such as linearity (LIN=
VSL/VCL) and beat cross frequency (BCF,
Hz).

Statistics

All data for sperm rheotaxis and sperm
kinematics were analyzed using one way
analysis of variance (ANOVA) followed by
Tukey multiple comparison test to determine
the differences between the means of the two
microchannels.  Statistical analysis was
performed using Graph Pad Prism version
8.0.0 for Windows, Graph Pad Software, San
Diego, California, USA,
www.graphpad.com”.
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RESULTS

1. Sperm rheotaxis and kinematics in 2
different height microchannels

Videos were recorded for sperm cell motion
inside two microchannels of two different
heights (microchannel 1 =20 um height and
microchannel 2= 100 pm height) using
CASA. The results of all analyzed data for

sperm rheotaxis and sperm kinematics
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showed  significant  differences. The
percentages of positive rheotaxis, VCL, VSL,
VAP, and BCF were significantly higher in
microchannel 2 than in microchannel 1, as
shown in Table 1, FIG2(a, b, c, d, and f).
LIN(VSL/VCL) was the only CASA
parameter that was found to be significantly

higher in  microchannel 1 than in
microchannel 2, as shown in Table 1,
FIG2(e).
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Figure 2: (a) Percent of positive rheotaxis. (b,c,d,e,f) CASA parameters (velocity and
progression parameters) of sperm cells in microchannel 1 and 2. Data represented
in mean £ SEM. Asterisk * indicate significance at P < 0.01.
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Figure 3: flow velocity profile inside microchannels. (a) microchannel 1, (b) microchannel 2

Table 1: Sperm number (N), the positive rheotaxis % (PR), curvilinear velocity (VCL), straight
line velocity (VSL), average path velocity (VAP), linearity (LIN=VSL/VCL) and
Beat/cross-frequency (BCF) in microchannels with two different heights. The asterisk

* indicates significance at P < 0.01.

Microchannel N PR% VCL (um/s)

VSL VAP LIN

(umis) umis)  (vsLavcL) — BCF(HZ)

Microchannel
(20um height)

Microchanne2
(100um heigh) 40160

P value <0.0001 <0.0001

37217  41.97+1.2  20.85+0.19

54.45+1.7" 22.77+0.12"

16.92+0.1  20.7+0.19  0.8+0.006" 1.58+0.02

17.84£0.05" 22.7#0.1"  0.78+0.004 1.66+0.02"

<0.0001 <0.0001 <0.0001 <0.01

DISCUSSION

Our results showed that positive sperm rheotaxis
was significantly higher in Microchannel 2 (100
um height) than in Microchannel 1 (20 pm
height). EI-Sherry et al., (2014) reported that
sperm cells showed a higher percentage of
positive rheotaxis in microchannels with the
larger width (200 pum) than the other channel with
the smaller width (50 um) at a flow velocity of 33
pm s-1. However, when the flow speed was
increased to 67 or 101 pm s-1, the PR was
significantly higher in the 50 pm wide
microchannel than in the 200 pm wide
microchannel. These results were explained in
terms of the flow velocity distribution inside the
microchannel (EI-Sherry et al., 2014). The
explanation of the current study results also
depends on the distribution of flow velocity inside
the microchannel. Our velocity profile results
revealed that the velocity profile inside
microchannel 1 (20 pm height) was almost flat,
with a maximum velocity similar to the average
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flow velocity. Fig 3 (a). However, the velocity
profile inside microchannel 2 (100 um height)
was different, as approximately 60% of the sperm
in the channel were exposed to a considerably
higher velocity than the average flow velocity Fig
3(b). Considering that sperm-positive rheotaxis is
positively correlated with flow speed (EI-Sherry
et al., 2014). Thus, the increase in the flow
velocity inside microchannel 2 led to an increase
in the PR % in microchannel 2 compared to that
in microchannel 1. In contrast, a recent study
showed that as the microchannel dimensions
decreased, the PR% increased (Nishina et al.,
2019). This may be because cylindrical
microchannels with different dimensions were
used in this study, which resulted in different
distributions of flow velocity as well as fluid
shear stress inside the microchannel. While in the
previous (El-Sherry et al., 2014) and in the
current study, rectangular channels were used. In
two other studies, the used channels had a larger
diameter than that used in our experiment. As one
of them used a glass micropipette on 35 mm petri
dish and the height of the fluid was 1,000 um. The
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rheotaxis percentage was 49% (Zhang et al.,
2016). In the other experiment, they used a
capillary tube with 1000 pm width and 50 pm
height and the rheotaxis percentage was 51%
(Miki and Clapham, 2013). On comparison of
these experiments with each other, it appears that
the percentage of positive rheotaxis increased as
the microchannel diameter decreased. These
results could be due to the greater height of these
channels that result in lower shear rat and stress
near the walls of the channel (Miki and Clapham,
2013; Zhang et al., 2016).

In the present study, we compared the sperm
kinematics of positive rheotactic sperms in
these two microchannels with different
heights, and the results revealed that
microchannel 2 had significantly higher
sperm kinematics (VCL, VSL, VAP, and
BCF) than microchannel 1. On the other
hand, the linearity was significantly higher in
microchannel 1 than in microchannel 2.
Sperm kinematics results could also be
clarified in terms of velocity. It has been
reported that sperm swimming velocity
increases as the flow velocity increases, so
sperm can keep swimming against the liquid
current until a certain limit of flow velocity
(134 um s-1) (El-Sherry et al., 2014). In the
present study, a large number of sperm cells
(60 %) were exposed to flow velocities higher
than the average inside microchannel 2 than
those inside microchannel 1, as explained
previously. This difference in flow speed
results in an increase in velocity parameters
(VCL, VSL, and VAP) and BCF of sperm
cells inside channel 2 compared to those
present in channel 1 (so they can keep
swimming against the flow). Linearity was
the only parameter that was significantly
higher inside Channel 1 than in Channel 2.
The increase in linearity was probably due to
the inability of sperm to be freely movable
within channel 1 because of the lower height
(20 pm), which resulted in lower VCL and
thus higher linearity as linearity = VSL/VCL.
The type of chamber used for semen analysis
by CASA was found to have a tremendous
effect on sperm motility and sperm kinetics
(Contri et al., 2010). Difference in CASA
parameters results between the used
chambers was traced to fluid dynamics and
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chamber depth and shape for example
chamber shape was rectangular in the Leja
and round in the Makler (Contri et al., 2010).
In goat, sperm velocity parameters and
progressive motility were found to be higher
in 20 um than 10 um depth capillary loading
chamber (Del Gallego et al., 2017).
Furthermore, it was reported that sperm
kinematics obtained from 100 pm depth
chamber were significantly higher than those
obtained from chambers with lower depth (10
— 20 pum) (Soler et al., 2018). Although the
results of the previous studies (Contri et al.,
2010; Del Gallego et al., 2017; Soler et al.,
2018) came from counting chambers used for
CASA analysis and not microchannels with
fluid current as in the present study, they still
prove that the diameter and shape of sperm
analysis container have a direct influence on
sperm motility and kinematics and come in an
agreement with our results.

CONCLUSIONS

From the current study, we can conclude that
the dimensions of rectangular microchannels
(height) have a significant and direct effect on
the percentage of sperm-positive rheotaxis
and even on other CASA parameters. This
information can be used in the development
of microfluidic devices for assisted
reproductive technologies, such as sperm
selection and in vitro fertilization.
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