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Selection of healthy sperm based on positive
rheotaxis using a microfluidic device†
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For conception, sperm cells travel towards the oocyte. This journey is accomplished by only a few sperm

cells, following various guidance mechanisms. Of these mechanisms, rheotaxis plays a significant role in

guiding the sperm over a long distance. By taking advantage of this natural rheotaxis behavior of sperm,

we have developed a microfluidic chip that isolates healthy sperm cells. The developed chip consists of

different chambers separated by microchannels that facilitate separation of motile sperm cells from

unprocessed semen samples with the help of fluid flow. The sperm cells are subjected to different vel-

ocities in different parts of the chip that direct functional sperm towards the collection chamber utilizing

positive rheotaxis. The results from the developed microfluidic chip (with 0.5 μL min−1 flow rate) have

shown almost 100% motility, a significantly higher percentage of morphologically normal sperm cells with

lesser sperm DNA fragmentation than the control (no-flow) and raw semen sample. This chip satisfies the

need of a clinical setting as it is low-cost, easy to operate and uses a small semen volume for sperm

sorting.

Introduction

The female genital tract is a highly selective environment that
undergoes several physiological changes during the fertile
window to facilitate fertilization.1,2 These changes include
optimal pH, decrease in the antimicrobial activity of leukocytes,
and changes in the cervical mucus.2 However, only a few
hundred sperm cells reach the fallopian tubes, guided by specific
mechanisms.3 There are two mechanisms that have been widely
regarded as the primary means of guiding sperm: chemotaxis4,5

and thermotaxis.6,7 However, chemotaxis is interrupted by fluid
flow and distance while thermotaxis does not come into play
until sperm cells are close to the temperature gradient generated
by the oocyte.8,9 By contrast, studies have demonstrated that
rheotaxis is a significant factor that guides the sperm cells over a
long distance during ovulation.4,10 Rheotaxis is a mechanism
wherein the sperm cells swim against the cervical mucus flow to
reach the oocyte for fertilization.1,10–12

Multiple factors influence conception globally, however,
30–50% of these cases are caused by male infertility.13 Assisted
reproductive technologies (ART), which include in vitro fertili-

zation (IVF), intrauterine insemination (IUI), and intracytoplas-
mic sperm injection (ICSI), have enabled infertile couples to
achieve conception. To overcome infertility challenges in
males, IUI, IVF, and ICSI have been practiced clinically;
however, these technologies require healthy sperm cells for a
successful ART outcome.14 The success rate of IVF is only
25–30%.15,16 The main reason behind the low success rate
remains unclear, however, sperm defects are likely to be corre-
lated with the IVF outcomes.17 Studies have shown that the
pregnancy rate is related to the motile and normal morphology
of sperm cells.18–20 Defects in sperm cells can reduce the
binding affinity to the zona pellucida, failing to fertilize the
oocyte.21,22 For fertilization in the ICSI procedure, motile and
morphologically normal sperm cells are clinically selected and
injected into the oocyte.23–25 Since motile and morphologically
normal sperm cells hold biological significance, an optimal
isolation method is essential.

Conventional methods of sperm sorting include the swim-
up method, density gradient centrifugation, and sperm
washing.26,27 These methods involve multiple centrifugation
steps that damage sperm morphology, induce significant DNA
fragmentation and ROS in the healthy sperm cells.28

Microfluidic platforms for sperm sorting technologies are
being developed to address the shortcomings of conventional
centrifugation techniques. To gain a better understanding of
natural sperm selection and avoid the complications faced in
in vivo studies, researchers have simulated the interaction
between the female genital tract and the sperm on microflui-
dic platforms.10,27–30 These microfluidic platforms are based

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1an02311j

aDepartment of Electrical Engineering and Computer Science, Florida Atlantic

University, Boca Raton, FL 33431, USA. E-mail: wasghar@fau.edu
bAsghar-Lab, Micro and Nanotechnology in Medicine, College of Engineering and

Computer Science, Boca Raton, FL 33431, USA
cDepartment of Biological Sciences (Courtesy Appointment), Florida Atlantic

University, Boca Raton, FL 33431, USA

This journal is © The Royal Society of Chemistry 2022 Analyst, 2022, 147, 1589–1597 | 1589

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

11
:2

3:
12

 P
M

. 

View Article Online
View Journal  | View Issue

www.rsc.li/analyst
http://orcid.org/0000-0002-1659-3125
http://orcid.org/0000-0003-0458-8430
http://crossmark.crossref.org/dialog/?doi=10.1039/d1an02311j&domain=pdf&date_stamp=2022-04-05
https://doi.org/10.1039/d1an02311j
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN147008


on hydrostatic pressure, magnetophoresis, optical trap, gravity,
or rheotaxis to sort the sperm cells.28,29,31–35 Multiple rheo-
taxis-based chips have been developed resulting in improved
sperm mortality and normal morphology.10,27,28,35–43 However,
previous microfluidic device designs exhibit several shortcom-
ings, including entrapment of only a few cells for a brief time
frame,28,44 issues in releasing sperm cells if too many enter
the channel,44 requirements of complex equipment for device
functioning and simultaneous capture of non-motile and dead
sperm cells.10,35 One of the major limitations of these devices
is that they do not allow the collection of sorted sperm cells
for further analysis. ESI Table 1† illustrates comparisons of
existing microfluidic devices in terms of motility, sperm DNA
fragmentation (SDF), morphology analysis, and recovery rate,
along with their limitations. Therefore, there is a need to
develop microfluidic devices that can improve the sperm selec-
tion process allowing easy collection of healthy sperm with
better motility, morphology and DNA fragmentation.

To overcome these limitations, our developed microfluidic
chip offers a platform where the sperm cells experience
different shear stress in different parts of the chip that facili-
tates the isolation of competent sperm cells without impacting
their integrity. Simultaneously, it also allows effortless collec-
tion of sorted sperm cells from the collecting chamber, which
holds clinical significance. The shear stress inside the device
is generated by fluid flow at 0.5 μL min−1 flow rate using a
syringe pump. A raw semen sample is then added to the
sample inlet chamber from where motile sperm cells will
swim towards the collecting chamber, effectively separating
themselves from dead and immotile sperm. For comparison,
we used another chip with no-flow (control) conditions. Sperm
cells isolated from the collecting chamber of the with-flow
group exhibit significantly higher motility (99 ± 0.62%), a
higher number of morphologically normal cells (61.56 ±
1.93%), and substantially lower DNA fragmentation (2.6 ±
1.04%) compared to the stock (unprocessed semen sample)
and no-flow (control) sample. The microfluidic chip with-flow
has presented overall better results in terms of motility, SDF,
morphology analysis and accessible collection of sorted sperm
cells compared to our no-flow (control) chip and existing rheo-
taxis-based microfluidic devices. This microfluidic device
selects healthy sperm exhibiting positive rheotaxis while mini-
mizing contamination by deformed or dead sperm cells.

Materials and methods
Device fabrication

We used a silicon wafer for mold fabrication. The layout of the
microfluidic chip was designed in AutoCAD software and was
printed on a mask film. Using photolithography, the design
was transferred onto a silicon wafer using SU8 photoresist
(Microchem, Westborough, MA) in the cleanroom at Advanced
Materials Engineering Research Institute (AMERI), Florida
International University (Miami, USA). The wafer was methodi-
cally cleaned, and the negative photoresist SU-8 was spin-

coated at 3000 rpm for 30 seconds to achieve the thickness of
∼100 µm covering layer followed by soft baking at 65 °C for
10 min and 95 °C for 30 min. The silicon wafer with SU8 resist
on it was exposed to i-line at 350 nm to imprint the microflui-
dic chip pattern on the wafer. The photoresist on the unex-
posed areas was solidified by hard-baking at 65 °C for 1 min
and 95 °C for 10 min. Following the development, the sub-
strate was rinsed with isopropyl alcohol and dried with
nitrogen.

To make the device flexible and optically transparent, we
used Polydimethylsiloxane (PDMS) for the microfluidic chip
preparation bonded onto the glass slide. PDMS elastomer and
PDMS curing agent from the Sylgard ® 184 Silicone Elastomer
Kit (Dow Corning, Midland, MI, USA) were mixed in a 10 : 1
ratio. The mixture was centrifuged at 1200 rpm for 5 minutes
and poured on the immobilized silicon wafer in the Petri dish.
The Petri dish containing the PDMS mixture was subjected to
vacuum conditions for about 15 minutes to remove all the air
bubbles, followed by the overnight baking at 60 °C in the oven.
After baking, the chambers on the PDMS were punched using
a hole puncher. A 1.5 mm, 6 mm, 4 mm, and 8 mm diameter
hole puncher was used for the flow inlet chamber, collecting
chamber, sample inlet chamber, and waste collection
chamber, respectively. 50 ml of the PDMS mix poured onto the
immobilized wafer provides about 3 mm of thickness. The
PDMS pieces and glass slides were sonicated separately for
15 minutes in 70% ethanol and dried using nitrogen gas to
obtain the clean microfluidic chip. For the bonding of PDMS
pieces to the glass slides, both were treated in the oxygen
plasma for about 3 minutes using plasma cleaner. The PDMS
pieces were attached to glass slides, and the Cole-Parmer
Microbore Tubing, 0.050″ × 0.090″ OD was connected to the
flow inlet chamber using epoxy glue (Loctite epoxy) which
dries within 15 minutes.

Human tubal fluid (HTF) preparation

HTF (FisherSci, Hanover Park, IL) and 1% bovine serum
albumin (BSA) (FisherSci, FairLawn, NJ) solution was used to
maintain the optimal physiological pH environment for the
sperm cells in the microfluidic chip. Before loading the chip
with HTF buffer supplemented with 1% BSA, the buffer solu-
tion was incubated for 15 minutes at 37 °C in a hot water bath.
This buffer solution was filled in 10 ml of syringe (Becton,
Dickson and Company, Franklin Lake, NJ) attached to a
17-gauge blunt needle (SAI, Lake Villa, IL). The blunt end of
the needle was connected to the tubing, whose other end was
linked to the flow inlet chamber on the microfluidic chip. The
syringe was then positioned on the syringe pump (New Era
Pump Systems, East Farmingdale, NY), and the HTF buffer was
pumped into the chip until the chambers were filled.

Semen sample processing

Unprocessed raw semen samples were purchased from
California Cryobank, Fairfax, VA, and Cryos International,
Orlando, FL. The samples were shipped and stored in liquid
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nitrogen. Before use, the semen samples were thawed at 37 °C
in the hot water bath for 15 minutes.

Experimental setup

Different flow rates (0.5 μL min−1, 1 μL min−1 & 2 μL min−1)
were initially used for this investigation. To maintain the
human body temperature in this experimental setup, the micro-
fluidic chips were placed on the hot plate at 35 °C, and both
sample inlet and collecting chambers were enclosed with
scotch tape. For comparison, a control chip with no-flow con-
ditions was used with the same experimental settings. A high
flow rate of 10.5 μl min−1 was maintained inside the microflui-
dic channels until the raw semen sample (stock) was introduced
into the inlet chamber. For the stock loading, the scotch tape
was removed from the sample inlet chamber, and 17 μl of the
semen sample was loaded into the chamber and gently closed
again with the scotch tape. After the stock loading, the flow rate

was reduced to 0.5 μl min−1 for the with-flow chip and 0 μl
min−1 for the no-flow (control) chip. The avg. flow velocity of
the with-flow (at 0.5 μl min−1) chip is 43.8 μm s−1. These experi-
mental settings were maintained for 60 minutes. For the
sample collecting, channel “b” (Fig. 1) was blocked manually by
gently pressing with the forceps, and 70–80 μl of the buffer
sample was collected from the collecting chamber. For each
parameter assessment, the experiments were repeated at least
three times (N = 3), and at least 100 sperm cells (n = 100) were
observed from each sample. The results are presented with
average and ±standard deviation in the graphs.

COMSOL analysis

The microchannels in microfluidic devices perform a funda-
mental task that influences dimension, shear stress, and vel-
ocity. Therefore, we performed COMSOL simulation on this
developed microfluidic chip using COMSOL Multiphysics 4.2

Fig. 1 (A) Image of the assembled PDMS microfluidic chip. (B) Schematic of the microfluidic chip illustrating the detailed layout.
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software. Water was used as the sample fluid to simulate log
velocity and log shear stress profiles. The laminar flow was cal-
culated, no-slip boundary conditions were applied to the walls
of the microfluidic chip, and outlet pressure was assumed to
be zero. Navier–Stokes equation was applied with an inlet flow
rate of 0.5 μl min−1 to solve the simulation with different sizes
of meshes. COMSOL results are presented in the ESI.†

Sperm concentration

For the concentration assessment, sperm from the stock,
control and with-flow chips, were counted using Makler counter
(Sefi Medical, Israel). 1 μl of the sperm sample was analyzed
manually according to the manufacturer’s instructions. The
sperm cells were counted three times for each sample post col-
lection, and the average was used for data points.

Velocity analysis

For velocity evaluation, stock and buffer samples were col-
lected from the chips (no-flow & with-flow), prepared, and
examined as per the WHO (World Health Organization
Laboratory Manual for the Examination and processing of
Human Semen 2010) guidelines.18 To attain a depth of
20.7 μm, 6.5 μl of the recovered sperm sample was loaded onto
a clean glass slide and covered with an 18 × 18 mm coverslip.
All the sperm cells were observed using an optical microscope,
and the videos were captured using a Nikon DS-Fi3 camera
with NIS-Elements software (Nikon) attached to a light micro-
scope. The swimming pattern of each sperm cell from a
different location of the glass slide was recorded for 15
seconds at 30 fps to monitor the velocity parameters. The
videos were processed in ImageJ (National Institute of Health,
http://rsbweb.nih.gov/ij/) using CASA plugin to obtain different
velocity parameters, i.e., straight-line velocity (VSL), curvilinear
velocity (VCL), and average path velocity (VAP).10,27,45

Sperm morphology assessment

The sperm cells from the stock sample as well as sperm cells
recovered from the chips with no-flow and with-flow settings
were used for the morphology assessment. 2–4 μl of the sperm
sample was placed on ready-to-use Millennium Science Cell-VU
pre-stained-glass slides (FisherSci, FairLawn, NJ) and covered
with a 24 × 24 mm coverslip. Sperm morphology was deter-
mined using the WHO strict guidelines as follows: sperm cells
should exhibit an oval, smooth, regularly contoured head;
contain 40–70% acrosome with no large vacuoles or no more
than 2 vacuoles; exhibit a midpiece aligned to the head with the
same length as the head and possessing the same regular
slender shape in addition to approximately 45 μm long princi-
pal piece with no sharp angles. As long as sperm met these cri-
teria, they were considered morphologically normal.46 At least
100 sperm cells (n = 100, N = 3) were assessed from each sample
under the 40× objective using a bright field microscope.

DNA fragmentation

To determine sperm DNA fragmentation (SDF), we used a
Halosperm G2 kit (Spectrum Technologies, Inc., CA). An

aliquot of stock sample was prepared by diluting 20 million
sperm per mL in HTF buffer. No dilution was prepared for the
samples recovered from the chips (no-flow and with-flow). The
samples were mixed with agarose gel in a 1 : 2 ratio, pipetted
onto a pre-coated slide, and covered with a coverslip. The
slides were then transferred into the fridge at 4 °C for
5 minutes. After 5 minutes, the coverslips were gently
removed, and the slides were immersed horizontally in solu-
tion 1 (denaturant agent) for 7 minutes and solution 2 (lysis
solution) for 20 minutes. Subsequently, the slides were washed
with distilled water for 5 minutes, dehydrated with 70%
ethanol and 100% ethanol for 2 minutes each, and air dried.
Finally, for the staining, solution 3 (eosine staining solution A)
and solution 4 (thiazine staining solution B) were applied
sequentially for 8 minutes each. For the analysis, sperm cells
were immediately observed using a bright field-microscope
under the 40× objective. From each sample, 100 spermatozoa
(n = 100, N = 3) were examined.

Statistical analysis

One-way analysis of variance (ANOVA) was performed for the
statistical analysis on all the three studied groups (stock,
control, and with-flow). A p-value of ≤0.05 was considered stat-
istically significant between the groups.

Results

Fig. 1(A) shows the fully assembled PDMS chip. The microflui-
dic chip consists of 4 cylindrical chambers that are connected
through the microchannels. The four chambers are the fluid
inlet chamber, collecting chamber, sample inlet chamber, and
waste collection chamber (Fig. 1(B) illustrates the detailed
layout of the chip). The channel between the fluid inlet and
the collecting chamber (labeled as “a”) is 0.3 mm wide and
20 mm long. The channel between the collecting chamber and
sample inlet (labeled as “b”) contains microgrooves to guide
the sperm cells in addition to the fluid flow for the rheotaxis
movement of the sperm cells towards the collecting chamber.
Channel “b” is 5 mm long and 2.4 mm wide and consists of
six 300 μm wide microgrooves separated by five 100 μm wide
walls. The channel between the sample inlet and waste
chamber (labeled as “c”) is 8.5 mm long and 2.4 mm wide,
which floods non-motile or immature cells towards the waste
collection chamber. Photolithography design produced a
channel height of 95.89 µm for all channels. Fig. S1† rep-
resents the 3D image of the microfluidic chip designed in
COMSOL.

With-flow sperm group shows better motility

The motility of the stock, no-flow and with-flow samples were
calculated. Graphical representation of motility and isolation
efficiency of sperm cells is illustrated in Fig. 2. Unsorted
semen sample concentration was greater than 15 million per
mL in the experiments and lies anywhere between 96–170 ×
106 cells per mL. The motility was assessed based on immotile
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and motile sperm cells present in the samples. The average
motility of the stock sample was approximately 49 ± 6.38%,
which was much lower than the experimental control group,
holding 81 ± 0.04% and the with-flow group showing 99.47 ±
0.62% (Fig. 2A). The motility % of the chip with-flow con-
ditions was significantly higher than the stock and control
group. A one-way ANOVA analysis illustrates that the results of
these samples are statically different (**p-value < 0.01 and *p-
value < 0.05). Additionally, the isolation efficiency of the
motile cells in the sample collected from the control chip
shows 1.9 × 105 to 1.6 × 106 sperm per mL (1.46 ± 1%), and
with-flow conditions lies anywhere between 1.4 × 105 to 9.9 ×
105 sperm per mL (1.38 ± 0.97%) (Fig. 2B).

With-flow group has higher sperm velocity

For the velocity analysis, the videos of multiple sperm cells
were recorded. Due to the low concentration of the sperm cells
in the samples recovered from the control and with-flow chip,
most of the recorded videos contain a single sperm cell for vel-
ocity analysis. Based on the swimming pattern and speed of
the sperm, the average of the VCL, VAP, and VSL was observed
using the CASA plugin. The graph in Fig. 3 represents the vel-
ocity parameters of stock, control, and with-flow group. The
sperm cells isolated from the with-flow group showed higher
VCL and VAP values than stock and control. Conversely, the
VSL value of the with-flow group was lower than the stock but
higher than the control. The difference in these groups is stat-
istically insignificant. Video S1(A–C)† represents the sperm
track used to analyze various velocities from stock, control,
and with-flow group.

With-flow group demonstrated a high rate of normal
morphology

For the standard sperm morphology assessment, WHO
manual guidelines were strictly followed to examine the mor-
phology of the sperm cells from stock and the sample collected
from with-flow and no-flow chip settings (Fig. 4). The sperm

Fig. 3 The graph represents the velocity analysis of sperm cells.
Curvilinear velocity (VCL), average path velocity (VAP), and straight-line
velocity (VSL) of the three studied groups. (n < 100, N = 3).

Fig. 2 Comparison of (A) motility and (B) isolation efficiency of sperm cells from three studied groups. The bar on the top represents the statistical
significance between the samples (**p-value < 0.01 and *p-value < 0.05).

Fig. 4 The percent of morphologically normal sperm cells from three
studied groups. The bar on the top represents the statistical significance
between the samples (**p-value < 0.01) (n = 100, N = 3).
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cells from the with-flow condition hold the highest average
morphological normality 61.56 ± 1.93%, in comparison to the
stock and the control, showing 26.25 ± 6.91% and 44.65 ±
2.41% respectively. The data was statistically significant (**p <
0.01) between the groups when compared using ANOVA ana-
lysis. Fig. S2(A–C)† show 40× objective brightfield images of
the sperm cells illustrating the morphology of stock, control,
and with-flow sample respectively.

With-flow group exhibited significantly lower SDF

Sperm with a big and medium halo, i.e., similar width as the
diameter of the core, are considered non-fragmented. The cells
with a small halo, without a halo, or degraded are considered
to exhibit fragmented DNA. Sperm cells sorted with the with-
flow and control settings show significantly lower SDF% than
stock (Fig. 5). The SDF of stock, control, and with-flow are
17.89 ± 9.5%, 3.9 ± 0.33% and 2.6 ± 1.04%, respectively.
Improvement in DNA quality was observed with the control
(74%) and with-flow (84%) groups. Significant difference in
SDF was observed (p = 0.05) between stock and with-flow
groups, however, no significant difference (p = 0.06) was
observed between the stock and no-flow group. Fig. S3(A–C)†
are 40× objective brightfield images of the sperm cells illustrat-
ing DNA fragmentation analysis of stock, control, and with-
flow samples, respectively.

Discussion

Microfluidic platforms have provided solutions for an extensive
range of clinical complications in sperm sorting.13,41,47 For
example, microfluidics have allowed for clean separation of
sperm from semen, which is imperative for ART as the zinc
and prostaglandins present in semen often hinder fertiliza-
tion.48 Additionally, microfluidic sperm sorting devices are
advantageous because they can process small amounts of
sample, time and cost-efficient, and offer high throughput

with better motile sperm retrieval. The chip described in this
paper offers all the aforementioned benefits with greater
efficiency and less DNA fragmentation compared to other
devices in the literature and utilizes rheotaxis as a natural
selection mechanism.

In this research, several flow rates were investigated initially
for the rheotaxis-based filtration process on the chip. Fig. S4†
illustrates the isolation efficiency of sperm cells at different
flow rates. The graph shows that 0.5 μL min−1 is an optimal
flow rate for isolation efficiency compared to 1 μL min−1 and
2 μL min−1. Therefore, we selected 0.5 μL min−1 for this
research to isolate healthy sperm cells. Video S2(A–C)† (cap-
tured with 40× objective) illustrates the difficulty faced by
sperm cells while entering channel “b” at 2 μL min−1, 1 μL
min−1 and 0.5 μL min−1 flow rates respectively. Sperm cells
face high force when the flow rate is 2 μL min−1 and 1 μL
min−1. However, at 0.5 μL min−1 flow rate, the motile cells are
smoothly entering the channel “b”. These videos show that an
optimal fluid flow influences the isolation of motile and mor-
phologically normal sperm cells. To avoid contamination in
the collecting chamber, the stock sample was introduced to
the sample inlet chamber at a flow rate of 10.5 μl min−1. This
high flow rate induced high shear force in channel “b”, prohi-
biting sperm cells from entering the channel “b”. Video S3(A)†
(captured with 20× objective) shows the behavior of sperm
cells when the flow rate is 10.5 μl min−1. Once the flow rate
was reduced to 0.5 μl min−1, the sperm cells aligned against
the flow and swam towards the collecting chamber. The Video
S3(B)† (captured with 20× objective) shows that the sperm cells
are actively swimming against the flow (0.5 μL min−1) towards
the collecting chamber from the sample inlet chamber. A
decrease in the shear force experienced by the cells in channel
“b” resulted in swimming against the direction of the flow.
Additionally, grooves inside the channel also guided the cells
to swim towards the collecting chamber and increase the
sperm quantity in the collecting chamber. In the female repro-
ductive tract, 10–20 μm longitudinal microgrooves are
entrenched in the bovine cervix, guiding the sperm cells
towards the fallopian tubes.42,43 Therefore, to increase the
quantity, grooves inside channel “b” were designed. The flow
rate of the mucus in the female reproductive system remains
unknown, however, these observations strongly suggest that
the fluid flow rate in the oviduct significantly influences
sperm cell migration towards the oocyte. Once the sperm cells
reach the collecting chamber, they cannot swim further as
channel “a” width is reduced. This reduced width generates a
high flow that prevents the cells from entering channel “a”;
hence the cells are retained in the collecting chamber. Video
S4† (captured with 40× objective) is a 10-second video illustrat-
ing the hindrance faced by sperm cells due to the high flow
rate in channel “a”. We also recorded Video S5† when no-flow
conditions were maintained in the chip after semen loading.
Under the no-flow condition, morphologically abnormal
sperm cells along with normal ones can also be seen entering
the channel “b” easily. The arrows in the video represent mor-
phologically abnormal cells.

Fig. 5 DNA fragmentation analysis of sperm cells from three studied
groups. The bar on the top represents the statistical significance (*p-
value = 0.05 for with-flow). No difference for no-flow (control) group
(#p-value = 0.06) (n > 100, N = 3).
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The velocity computation-based model of the microfluidic
chip (Fig. S5A†) demonstrated that the sperm cells experience
different velocities in different parts of the chip that facilitate
the competent sperm filtration process. Additionally, Fig. S5B†
simulation shows that channel “b” has higher velocity in the
center and lower against the walls. This aligns the sperm head
towards the wall, resulting in experiencing less force. This is
the cause: only functional and motile sperm cells to swim
against the flow and progress towards the collecting chamber.
The immature sperm cells and morphologically abnormal cells
are retained in the sample inlet chamber. The shear stress
profile Fig. S5C† shows that sperm cells in the collecting
chamber experience lower stress, therefore, they can be
retained in the chamber for a long time without getting
exhausted, which can be harmful to their motility. At the same
time, shear profile Fig. S5D† shows that the sperm cells in
channel “b” do not experience high shear stress in the center,
which is why lesser damage to the cell structure was seen.
0.5 μL min−1 flow rate in channel “b” offers optimal shear
stress conditions that allow the maximum number of sperm
cells to swim towards the collecting chamber.

The experimental results from this microfluidic chip have
shown 99.47 ± 0.62% motility which is a much better outcome
than the previous studies based on rheotaxis (∼83%,10

32.58%,35 ∼95%,29 85%,27 only ±7% difference between the
collected and raw semen sample44). Sperm motility is one of
the important parameters for the sperm cell that determines
fertilization rate. It helps the sperm cell to penetrate the zona
pellucida, both in vivo and in vitro.49 A significant difference in
sperm motility is observed between all three studied groups.
The with-flow group demonstrated the highest motility com-
pared to the control and stock. The with-flow chip shows moti-
lity closer to 100%. This shows that our chip can be readily
implemented for clinical application. The microfluidic chips,
with-flow and no-flow conditions, showed a low cell count in
the collecting chamber in terms of isolation efficiency.
However, it is important to mention here that the with-flow
chip contained only motile sperm cells, which is an important
factor for successful ART. This microfluidic chip with-flow
selects healthy cells which can be used for ICSI processing.
Although the cells in the collecting chamber are low in count,
the chip offers a pool of competent cells to fertilize the oocyte.
ICSI procedure requires only 10–30 healthy sperm cells for suc-
cessful fertilization.50 The developed chip provides more than
enough cells required for a successful ICSI procedure.

Kinematics of motile sperm cells collected from all the
three studied groups (stock, control, and with-flow) were ana-
lyzed. The sperm cells collected from the with-flow group
showed the higher VLC presenting that sperm can travel a
large distance against the flow. In Video S3(B),† it is seen that
only the motile cells can swim against the stream from the
inlet chamber and the cells with high abnormalities (bent
head, broken tail, and immature sperm cells) cannot enter
channel “b” due to the flow. This also validates that rheotaxis
selects the healthy, motile, and higher velocity sperm cells for
the fertilization process.

A higher number of morphologically normal sperm in the
sample is correlated with a higher pregnancy rate.50 For the
functional parameters, the morphology of the sperm cells col-
lected from stock, control, and with-flow was examined. A sig-
nificant difference in sperm morphology was observed
between the three groups. The cells obtained from the with-
flow group provided the highest percentage of morphologically
normal sperm cells, whereas the stock sample contained the
lowest percentage of morphologically normal cells. For pro-
cedures like ICSI, normal morphology selection is imperative.
This rheotaxis-based with-flow chip successfully isolates a
large number of morphologically normal sperm cells that can
be used for ICSI methods. One study even found that adhering
to strict morphology criteria increased fertilization probability
from 40% to 97%.51

Loosely packed chromatin and a high level of DNA fragmen-
tation abnormalities in sperm nuclei could affect embryo
development.52 The recent shift of the ART technology focuses
on the approaches that isolate “healthy” sperm cells, majorly
considering sperm DNA integrity as an important factor.53 If
DNA damage is slight in a sperm cell, the oocyte can repair it
but, if the damage is high, then the oocyte fails to repair it.
High SDF can adversely affect the outcome in the ART
cycle.54,55 We observed that the sperm sorted from the chip
with-flow conditions showed significantly lower SDF compared
to stock. Sperm cells from an infertile man have a higher rate
of SDF compared to those of fertile men.38,56 The result from
this study shows that the chip isolates a significantly higher
number of sperm cells with lower SDF, which is a crucial para-
meter for the fertilization process. The control chip also iso-
lated cells with low SDF, but the difference is statistically insig-
nificant. We used the Halosperm G2 kit for SDF analysis. The
kit uses sperm chromatin dispersion technique (SCD).57 After
treatment with solutions 1 and 2, DNA in the cells is
denatured, fragmented and nuclear proteins are removed.
When there is an absence of significant breakage in sperm
DNA, the nucleoids produce a large halo of scattering DNA
loops. And nucleoids from fragmented cells do not show any
halo.58

Overall, the with-flow chip has shown better results than
the control group in terms of motility, morphology analysis
and DNA fragmentation with significant differences. ICSI
requires only one sperm cell to fertilize an oocyte.59–64 The
cells in the collecting chamber of the with-flow group are
sufficient in quantity to meet the minimum requirement of
ICSI. This chip can be used for ICSI practices since it offers
plenty of motile and functional cells with good morphology
and high DNA integrity. The current centrifugation methods
require multiple steps, multiple types of equipment and take
about 2 hours to isolate sperm cells. The operating procedure
of the chip is very easy. Once the semen is loaded into the
sample inlet chamber, the competent sperm cells start moving
against the fluid flow towards the collecting chamber from
where they can easily be collected. This chip offers a one-step,
one-hour operational benefit which an operator can use with
minimal training. The assembly of the microfluidic chip is
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low-cost, and the reagents used in the chip to separate sperm
cells are only a few milliliters (2–3 mL), therefore, the commer-
cial cost of the chip would be less than $5.00. This will con-
siderably reduce the economic burden of fertility implemen-
tations. Taken together, both the chip and the sperm cells iso-
lated from it offer great clinical significance and applicability.

Conclusion

The application of microfluidics in semen analysis can help
select normal and functional sperm cells. The developed
microfluidic chip does not require a highly skilled technician
to operate as the semen loading and sample collection process
is straightforward. The utilization of the developed chip
demonstrates that the fluid flow in the channel directs the
upstream swimming of functional sperm cells towards the col-
lecting chamber while simultaneously washing away the
immotile and abnormal cells. Furthermore, microgrooves
present in the channel facilitate sperm movement towards the
collecting chamber. The results from the chip with-flow
demonstrated a high motility percentage and high amount of
morphologically normal cells with an 84% improvement in
DNA integrity. The amount and quality of sperm cells isolated
using the chip are enough for ICSI. Notably, the isolation
efficiency of with-flow and no-flow groups was observed to be
almost the same, however, the overall results demonstrate that
fluid flow isolates higher-quality of motile sperm with low
DNA fragmentation and enhanced morphology. Conventional
centrifugation often compromises sperm cell integrity, and
this study shows that our microfluidic chip eliminates this
issue. Our chip is inexpensive, easy to operate, and efficiently
isolates healthy sperm, providing seamless integration for
clinical application.
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