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Abstract

Millions of people are subject to infertility worldwide and one in every six people, regardless of gender, experiences infertil-
ity at some period in their life, according to the World Health Organization. Assisted reproductive technologies are defined
as a set of procedures that can address the infertility issue among couples, culminating in the alleviation of the condition.
However, the costly conventional procedures of assisted reproduction and the inherent vagaries of the processes involved
represent a setback for its successful implementation. Microfluidics, an emerging tool for processing low-volume samples,
have recently started to play a role in infertility diagnosis and treatment. Given its host of benefits, including manipulating
cells at the microscale, repeatability, automation, and superior biocompatibility, microfluidics have been adopted for various
procedures in assisted reproduction, ranging from sperm sorting and analysis to more advanced processes such as IVF-on-a-
chip. In this review, we try to adopt a more holistic approach and cover different uses of microfluidics for a variety of appli-
cations, specifically aimed at sperm separation and analysis. We present various sperm separation microfluidic techniques,
categorized as natural and non-natural methods. A few of the recent developments in on-chip fertilization are also discussed.
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1 Introduction

Infertility is counted as one of the most important public
health concerns, as it affects one in every six people world-
wide, according to the World Health Organization (WHO
2023). Given its indiscriminate prevalence in both developed
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and developing countries and the significant number of
cases worldwide, it has garnered much attention in recent
decades (Ombelet 1988). Both male and female infertility
factors can lead to infertility in couples, and approximately
half of the reported cases are attributed to male infertil-
ity (Agarwal et al. 2021). Ovulatory disorders, polycystic
ovary syndrome, and blocked Fallopian tubes are important
contributing factors in female infertility. On the other hand,
erectile dysfunction, low semen volume, low sperm count,
low motility, and a higher percentage of abnormal and defec-
tive sperm are deemed the major causes of male infertility
(Agarwal et al. 2021; Carson and Kallen 2021).

Over the past decades, there has been some develop-
ment in assisted reproductive technologies (ART), offer-
ing promising solutions to couples experiencing infertility
(Wang and Sauer 2006). Intrauterine insemination (IUI), in
vitro fertilization (IVF), and intracytoplasmic sperm injec-
tion (ICSI) are widely recognized procedures and have been
proven effective by years of experience (Thouas et al. 2010;
Aboulghar et al. 2009). These procedures heavily rely on
sperm quality to be effective, and as a result, there have been
some techniques to improve the quality of the sperm sample
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(Oseguera-Lopez et al. 2019). Routinely used methods for
sperm selection include manual examination of sperm under
a microscope, swim-up, and density gradient centrifugation
(DGC). Swim-up and DGC sort motile and viable sperm
based on their motility and density, respectively (Henkel
and Schill 2003). These methods, while demonstrating some
success, still suffer from being subjective, time-consuming,
having costly procedures, and they usually depend on well-
trained clinicians to operate (Sun and Sethu 2017; Nosrati
et al. 2017). In addition, DGC, as one of the most well-
established techniques, exerts significant force on sperm
during the process and, thus, introduces reactive oxygen spe-
cies (ROS), which leads to inevitable damage to the sperm
DNA (Leisinger et al. 2021). All these factors can lead to
inefficient treatment procedures, thereby requiring multi-
ple attempts to reach a successful pregnancy. The current
success rate of ART procedures is capped at around 33%
owing to this very reason (Gnoth et al. 2011). Given the fact
that a single ART cycle in the United States costs anywhere
from $15,000 to $30,000, multiple treatment cycles translate
to incurring huge financial burdens on both families and
the healthcare sector (Conrad 2023). There have also been
some attempts to use magnetic and fluorescent-activated
cell sorting (MACS and FACS) for selecting non-apoptotic
sperm and sperm with intact chromatin content, respec-
tively (Stimpfel et al. 2018; Pacheco et al. 2020; Funaro
et al. 2013). Despite being effective in selecting sperm with
desired traits, the complexity of these methods, coupled with
the associated secondary damage, render these procedures
ineffective in the treatment cycle (Vasilescu et al. 2023). In
addition to the aforementioned methods, physiological intra-
cytoplasmic sperm injection (PICSI), as a modified version
of ICSI, has also been utilized as part of ART procedures
for improving treatment outcomes. In this technique, sperm
are selected based on their ability to bind to hyaluronic acid,
a naturally occurring substance in the human body. Mature
sperm possess specific receptors that make them capable of
binding to these molecules. As a result, this technique selects
mature sperm that are shown to have a significantly lower
DNA fragmentation compared with the immature popula-
tion (Ni Dhuifin et al. 2022). Notwithstanding the promis-
ing results for the selection of mature sperm, the clinical
outcomes have not yet conclusively suggested significant
improvements over the more conventional ART treatments
(N1 Dhuifin et al. 2022; Lepine et al. 2019).

Apart from the quality and efficacy, the availability and
accessibility of the treatment procedures are still in question.
According to recent studies conducted in Africa, the people’s
access to these procedures remains low compared with
other regions of the world (Ombelet and Onofre 2019). This
highlights the necessity of developing low-cost, easy-to-
use, accessible, and effective procedures that can be easily
incorporated into the current treatment methods without
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requiring capital investment or significant changes in
infrastructure. Microfluidics has been in the spotlight during
the past decade for its remarkable potential in a wide variety of
applications including but not limited to cell sorting (Autebert
et al. 2012), drug delivery and screening (Damiati et al. 2018),
single-cell analysis (Yin and Marshall 2012), cancer research
(Ayuso et al. 2022; 2virb1yté et al. 2022), and biological assays
(Pihl et al. 2005; Guo et al. 2012). Similarly, microfluidics
have gained attraction in ART given the myriad of benefits
it can offer, such as the ability to simulate the human body
and manipulate sperms at a micron-scale level, superior
biocompatibility, and the non-invasive nature of the devices
(Alias et al. 2021; Kashaninejad et al. 2018; Bouloorchi
Tabalvandani et al. 2024). Microfluidics also possesses the
capability of reducing processing time considerably, thereby
reducing the generation of ROS (Nosrati et al. 2014). This is
crucial in the procedures of assisted reproduction as ROS can
cause DNA fragmentation, which is believed to have a strong
correlation with diminished chance of fertility, poor embryo
development, and an increase in miscarriage rate (Agarwal
et al. 2003; Borges et al. 2019). Furthermore, the possibility of
integrating multiple stages of ART procedures such as sperm
separation, vitrification, oocyte denudation, insemination,
and so forth in one microfluidic device can have far-reaching
effects, as it smooths the workflow and can eventually
decrease the overall cost of treatments (Weng 2019).

In recent years, a multitude of microfluidic devices have
been proposed for different purposes, ranging from motile
and high-quality sperm sorting to sperm screening and to on-
chip fertilization, all of which can become increasingly help-
ful in elevating the success rate of an ART procedure (Leung
et al. 2022; Samuel et al. 2018; Kashaninejad et al. 2018; Wu
et al. 2024). ZyMot Fertility Inc. is one of the leading com-
panies in commercializing the first-ever microfluidic devices
specifically designed to separate motile and healthy sperms
from semen samples. ZyMot offers two different devices,
namely, ZyMot multi and ZyMot ICSI, that utilize micro-
channels and micropores, respectively, to separate sperm
based on their motility. The former device can process sam-
ples up to 3 mL and can yield 1-1.5 mL of enriched sperm
sample in the output, rendering it suitable for even an IUI
procedure. The latter device, on the other hand, is tailored
to the ICSI procedure where it can process low-volume sam-
ples and separate motile sperm (ZyMot fertility Inc 2023).
There have been some ongoing clinical trials and studies
that benchmarked these devices against common procedures
such as DGC in assisted reproduction that suggested these
microfluidic devices improved sample motility and DNA
integrity, resulting in increased pregnancy and decreased
miscarriage rates in patients (Morishita et al. 2022; Gode
et al. 2019). In one such study, a population of couples with
an exceptionally high incidence rate of embryo aneuploidy
was treated with the ICSI procedure with both DGC and
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ZyMot multi-yielded sperm. The obtained embryo euploidy
rate was significantly higher in patients treated with ZyMot
multi. The clinical pregnancy rate also experienced a major
boost, reaching almost 65% in ZyMot-treated patients com-
pared with 10.5% in the DGC-treated group. ZyMot is just
one clear example of how game-changing microfluidics can
be in ART, and how many lives it can touch in years to come
(Kocur et al. 2023).

In this review, we aim to review the recent advances in
emerging microfluidic technologies for sperm sorting and
screening and devices specifically tailored to IVF-on-a-
chip. We first briefly touch upon sperm structure and the
relevant morphological abnormalities. Subsequently, we
also mention female reproductive tract (FRT) traits and the
natural selection mechanisms it harnesses for the selection of
desired sperm. Lastly, the devised microfluidic approaches
for these purposes are presented under two categories of
naturally-inspired and non-natural mechanisms. In the latter,
we cover rather overlooked methods, such as electrical and
optical methods, that were developed in recent years for a
variety of applications in the assisted reproduction.

2 Sperm morphology

A spermatozoon consists of three major parts: head, mid-
piece, and tail. The head of the sperm is the anterior portion
and surrounds a dense nucleus that houses the genetic mate-
rial in the form of tightly packed chromosomes necessary
for fertilization. The head is covered by a cap-like structure
called the acrosome, which is derived from the Golgi com-
plex. The acrosome contains enzymes that help the sperm
penetrate the egg during fertilization (Alberts et al. 2017;
Mortimer 2018). The midpiece is the central region of the
sperm, located between the head and the tail, which is char-
acterized by a dense concentration of mitochondria. They
produce ATP (adenosine triphosphate), which is the energy
currency of the cell. Indeed, the midpiece is responsible for
generating the energy required for sperm motility and swim-
ming motion (Orsolini et al. 2021; Mortimer 2018). The tail,
also known as the flagellum, is the long, whip-like structure
that extends from the midpiece. It is responsible for propel-
ling the sperm forward through a whip-like motion. The tail
is composed of microtubules, which are cylindrical struc-
tures made of protein. These microtubules slide past each
other, causing the tail to bend and move in a wave-like pat-
tern, allowing the sperm to swim towards the egg (Fig. 1A)
(Kumar and Singh 2021; Mortimer 2018).

The description given thus far presents an idealized rep-
resentation of sperm morphology. However, it is important
to note that in reality, sperms with non-ideal shapes are com-
monly observed. Sperm morphology disorders can arise from
various causes, including genetic mutations, environmental

factors, and systemic diseases. Genetic abnormalities and
mutations, as well as maturation disorders, affecting the
Golgi apparatus or acrosome membrane formation, can lead
to abnormal head development. Environmental factors such as
exposure to toxins, infections, radiation, and temperature fluc-
tuations can also result in sperm head morphology disorders.
Additionally, systemic diseases such as diabetes, hypertension,
and sexually transmitted infections can contribute to abnormal
sperm morphology (Orsolini et al. 2021; Mortimer 2018).
Cytoplasmic droplets are considered normal
morphological features in human spermatozoa that play
significant physiological role in hyperactivation, capacitation
and the acrosome reaction (Rengan et al. 2012). However,
when present in large amounts, these features become known
as excess residual cytoplasm (ERC), that due to their elevated
level of cytoplasm enzymes are associated with production
of excessive reactive oxygen species (ROS) (Rengan et al.
2012; Cooper 2005). The resulting oxidative stress can have
severe implications such as abnormal head and midpiece
morphology (Huszar and Vigue 1993; Gomez et al. 1996;
Gergely et al. 1999), poor sperm motility (Zini et al. 1998),
higher chance of DNA fragmentation (Fischer et al. 2003),
and reduced fertilizing capacity (Keating et al. 1997). In
the case of the sperm midpiece, mitochondria malfunction
and genetic mutations can lead to midpiece abnormalities,
affecting sperm motility. Smoking has also been reported
to contribute to abnormal midpiece development. The tail
is formed during spermatogenesis, where various structural
components crucial for motility are assembled. Defects
during the maturation process can lead to tail abnormalities,
such as bending, curling, or coiling of the tail, that affect
sperm motility and, ultimately, its ability to fertilize the
oocyte. Genetic mutations that alter the formation of the
axoneme, fibrous sheath, or energy-producing mitochondria
can also cause tail defects (Mortimer 2018; Oehninger and
Kruger 2021; Orsolini et al. 2021). The most commonly
encountered morphological abnormalities are shown in
Fig. 2. Morphology disorders in sperm can have significant
implications for fertility and the health of the offspring.
Abnormal sperm morphology can reduce the chances
of successful fertilization and increase the risk of genetic
abnormalities or birth defects in children. It is important
to address and understand these disorders to optimize
reproductive outcomes and ensure the well-being of future
generations (Oehninger and Kruger 2021; Bertolla 2020).

3 Sperm journey through FRT

Among millions of sperm that enter the FRT after ejacula-
tion, only a handful are able to successfully reach the fertili-
zation site. This journey involves overcoming various chal-
lenges, such as navigating through viscous fluids, avoiding
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vix. Reproduced from Tung et al. (2015) with permission. C The lab-

obstacles, and evading immune cells. The selected sperms
that successfully complete this journey must pass through
different parts of the FRT, including the vagina, cervix,
uterus, utero-tubal junction, and Fallopian tube. Throughout
this path, the sperm interact with the epithelium and lumi-
nal fluid, which can influence their motility and function.
Therefore, understanding the complex mechanisms involved
in sperm migration is crucial for developing efficient sorting
procedures and devices (Miller 2018; Bertolla 2020).
Sperm transport begins in the upper vagina and ends in
the ampulla of the Fallopian tube, where the sperm meets the
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yrinth structure of the Fallopian tube guides sperm to the fertilization
site, Uthman, E. Normal Fallopian Tube, Human. https://www.flickr.
com/photos/euthman/2760474960 (accessed on 5 October 2023)

oocyte. The composition and buffering capacity of seminal
fluid immediately protects the spermatozoa from the acidity
of the upper vaginal area. The acidic vaginal fluid normally
serves a bactericidal function in protecting the cervical canal
from pathogenic organisms. The next barriers that the sperm
cells must overcome are the cervical canal and the cervical
mucus. Composed of cervical mucin (a glycoprotein with a
high carbohydrate composition) and soluble components,
cervical mucus is not readily penetrable (Transport 2014).
It acts as a physical barrier, inhibiting sperms with poor
morphology and motility to progress to the uterus. Sperm
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transport through the cervix to the uterus can be categorized
into two separate waves, one consisting of muscular contrac-
tion of FRT which causes fast transportation of sperm to the
uterus. The other comprises sperm navigation through the
cervical mucus within the crypts embedded in the cervix
linings (Fig. 1B). The latter is considered the slow phase of
sperm migration, which can last for approximately two to
four days, whereas the former is much faster and can lead
to sperm arrival in the uterus within 20 min of ejaculation.
The rapid phase of the migration relies exclusively on the
FRT contraction rather than sperm motility. Spermatozoa
that have spent more time in the FRT are more capable of
fertilizing an egg than those that have arrived more rapidly.
The final and slowest phase of transport involves the trans-
port of a small number of spermatozoa to the area of the
reproductive tract where the egg will be fertilized (Transport
2014; Pérez-Cerezales et al. 2015).

The uterine muscle contractions can draw sperm and
watery midcycle mucus from the cervix into the relatively
small human uterine cavity. Sperm can traverse through
the uterus in less than 10 min (Suarez and Pacey 2006).
However, the female reproductive system has defensive
agents that challenge spermatozoa. Fertilizing sperm can
bind to uterine epithelial cells, which helps clear excess
sperm, seminal debris, and bacteria. This process reduces
the acquired immune response and facilitates fertilization.
After semen deposition, polymorphonuclear leukocytes,
which are involved in innate and adaptive immunity, infil-
trate the uterus. Seminal plasma contains immune system
modulators that affect immune cells in the uterus and ovi-
duct. It has been discovered that seminal plasma can improve
pre-implantation development and have long-term effects on
offspring (Miller 2018). The uterus serves as a nonmotile
storage place for spermatozoa and is also the site where the
fertilized ovum implants (Pérez-Cerezales et al. 2015). Suc-
cessful fertilizing sperm move through the uterus and into

the oviduct, where sperm are activated for fertilization. The
Fallopian tubes are also known as oviducts, and they are the
site where fertilization takes place. When a sperm reaches
a mature egg in one of the Fallopian tubes, it can penetrate
the egg outer membrane and begin fertilization (Holt and
Fazeli 2018).

In addition to the aforementioned barriers, the female
reproductive system, in coordination with the egg, employs
various guidance mechanisms to facilitate the migration of
sperm and guide them towards successful fertilization. These
guidance mechanisms encompass structural characteristics
of the female reproductive system, environmental fluids, and
the orchestration of sperm taxis, which can be short- or long-
range mechanisms. The labyrinthine lumen in the Fallopian
tube has been found to induce boundary-following behavior,
a natural guidance mechanism utilized by sperm to reach the
fertilization site (Fig. 1C). Moreover, chemotaxis is a short-
range mechanism, estimated to occur within the order of a
few millimeters. Long-range mechanisms for sperm guid-
ance in mammals include thermotaxis and rheotaxis, which
guide spermatozoa along the oviduct to the fertilization site
(Fig. 3) (Pérez-Cerezales et al. 2015).

In the following sections, we comprehensively review
the natural selection mechanisms and the inspired micro-
fluidic devices.

4 Naturally-inspired mechanisms

4.1 Chemotaxis

As its name suggests, chemotaxis is the sperm guidance
towards a concentration gradient of a chemo-attractant,
secreted by the oocyte. Coming into contact with the chemo-

attractant, specific receptors on the sperm flagellum membrane
are activated upon binding with these molecules, guiding
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Fig.3 Spermcells are guided towards the oocyte primarily through three mechanisms including: A rheotaxis B thermotaxis C chemotaxis.

Reproduced from Lottero-Leconte et al. (2017) with permission

sperm to the oocyte. The guidance process starts with a tem-
porary increase in calcium levels within the flagellum, which
is believed to control the function of dynein motor proteins.
As a consequence, this regulation influences sperm movement
by guiding it towards the oocyte. This directional movement is
achieved through changes in the beating pattern of the sperm
tail, allowing it to swim in a straighter path towards the oocyte
(Friedrich and Jiilicher 2007).

Microfluidics has been extensively used to capitalize
on this natural guidance mechanism for sperm screening
and sorting procedures (Leung et al. 2022). These devices
stimulate sperm chemotaxis behavior by creating a gradi-
ent concentration using a few substances including pro-
gesterone (Berendsen et al. 2020; Zhang et al. 2015; Yan
et al. 2021), CCL21, CCL19, resact (Chang et al. 2013),
and acetylcholine (Ko et al. 2012, 2018), which have been
found to play as chemo-attractants in the FRT. Given their
ease of fabrication and use, chemotaxis-based microfluidic
devices have been used to study sperm chemotaxis behavior
in vitro in recent years (Berendsen et al. 2020; Chang et al.
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2013; Lu et al. 2014). Building upon this idea, Ko et al.
utilized multiple channels with a chemical gradient gener-
ated along each channel as a means of separating a larger
volume of sperm within a given time-frame (Ko et al. 2012).
The study resulted in the selective separation of progressive
motile sperms using a chemical gradient of acetylcholine
in an environment that mimics that of the female oviduct.
Zhang et al. introduced a microfluidic chip with a hexago-
nal shape that allows for the easier generation of a stable
and controllable concentration gradient (Zhang et al. 2015).
The chemical gradient is adjusted using peripheral chan-
nels, connected to the main chamber by a series of grooves
(Fig. 4A). It reduced the experimental time and facilitated
precise measurements and analysis that significantly outper-
formed the previous devices. In a recent study, the authors
fabricated an FRT-like device for the separation of sperm
based on their chemotaxis and motility (Fig. 4B) (Li et al.
2018). The presented device was a life-size model of the
FRT, comprising grooves along the two channels that rep-
resent the oviducts. A mixture of agar and progesterone was
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using an interfacial valve-facilitated microfluidic device, demonstrat-

placed in the middle groove in one of the channels, while the
middle groove on the other side was filled with only agar as
the control. After injecting the sperm sample into chamber
A, motile sperm started swimming to the oviduct-like chan-
nels. The experiment was left to unfold for 150 min, after
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ing temperature gradient control and the enrichment of temperature-
responsive sperm population, reproduced from Li et al. (2014) with
permission D The microchannel is responsible for creating the con-
centration gradient of the chemo-attractant (acetylcholine) as well as
the temperature difference generated and controlled by a microheater
and microsensor. The experimental findings indicate that motile
mouse sperm exhibit a heightened sensitivity towards chemical and
temperature gradients when both chemotaxis and thermotaxis are
integrated, compared to when they are examined individually. Repro-
duced from Ko et al. (2018) with permission

which the sperm were retrieved from the nearby grooves.
The biological assays revealed enhanced morphology and
DNA integrity in the sperm of both grooves compared to
the initial sample. Furthermore, the sample in the proges-
terone-treated groove demonstrated a higher percentage of
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morphologically normal sperms compared to the control
group, while DNA integrity was not statistically different
between the two groups.

4.2 Thermotaxis

Thermotaxis is another important guidance mechanism used
in the fertilization process, which is the sperm directional
movement along a temperature gradient that exists in the
Fallopian tube. The temperature gradient has been meas-
ured to be as high as 2 °C in the rabbit oviduct. In contrary
to chemotaxis, thermotaxis can operate at a much farther
range to guide sperm to the oocyte (Eisenbach and Giojalas
2006). In addition, recent studies have shown that sperms
are responsive to temperature gradients as low as 0.014 °C:
mm™ ", This responsiveness, coupled with its long-range capa-
bility, makes thermotaxis an effective guidance mechanism
(Bahat et al. 2012). Sperm can react to the temperature differ-
ence by virtue of their temperature-sensing proteins, called
thermosensors, on the cell membrane. After detecting tem-
perature changes, these sensors trigger a series of signals that
can activate ion channels and molecules inside the cell. This
leads to changes in the electrical potential of the sperm cell and
triggers flagellar movement. The coordinated beating of the
flagellum propels the sperm forward, allowing it to navigate
and respond to temperature fluctuations. This complex process
ensures that sperm can effectively respond to thermal gradients
and reach the fertilization site (Xiao et al. 2022; Rodriguez-Gil
2019; Pérez-Cerezales et al. 2018; Bahat and Eisenbach 2006).

In 2014, Li et al. introduced a microfluidic chip designed
for the precise separation of temperature-sensitive sperm
based on their thermotactic response (Li et al. 2014). They
used temperature gradients along a microfluidic channel to
separate the responsive sperm. The air valve then activates,
sealing the outputs by directing the airflow, further enhanc-
ing the reliability and effectiveness of the separation process
(Fig. 4C). They discovered that an insignificant percentage
of motile sperm (ranging from 5.7% to 10.6%) exhibited
thermotactic responses across different temperature ranges,
which means a considerable portion of sperm cells may need
an additional stimulus for efficient separation.

One approach to address this issue is the combination
of chemotaxis with thermotaxis, as proposed by Yan et al.
(2021). In this study, authors created a chemical gradient
by embedding multiple pools in the microfluidic device
containing high and low concentrations of progesterone,
connected to each other through microgrooves. To create
a controllable and stable temperature gradient, indium tin
oxide (ITO) microheaters were patterned on the substrate
of the device. The results demonstrated that thermotaxis
and chemotaxis behaviors were not mutually connected. In
other words, authors found that some sperm were responsive
to the temperature gradient, while others responded to the
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progesterone gradient in the device. In addition, some sperm
were found to respond to both stimuli simultaneously. In a
similar article, scientists conducted a study where they suc-
cessfully enhanced the isolation of viable sperm by increas-
ing the amount of acetylcholine added to the chip, which led
to improved efficiency in the process (Fig. 4D) (Ko et al.
2018). In this design, photolithography and wet etching
were used to create the ITO heater and sensor. Thin layers
of chromium and gold were deposited onto ITO glass using
magnetron sputtering, followed by acetone treatment and
wet etching of a patterned photoresist. The results showed
that when the temperature difference between the inlet and
the outlet was 2 °C, a significantly higher number of sperm
reached the outlet than when it was 3 °C. Furthermore, when
the temperature difference was 2 °C, a higher number of
sperm reached the outlet at 35-37 °C, 36-38 °C, and 37-39
°C than at 26-28 °C and 28-30 °C, which are all lower than
the body temperature range. In another study, scientists uti-
lized cumulus cells as a chemo-attractant and implemented
controlled temperature gradients to effectively sort sperm
cells. This approach resulted in significant improvements
in the sorting process and enhanced sperm parameters and
function, particularly in patients with high DNA fragmenta-
tion (Doostabadi et al. 2022).

4.3 Rheotaxis

Rheotaxis is the phenomenon whereby sperm reorient them-
selves against the fluid flow direction and swim upstream. In
the FRT, cilia beating coupled with peristalsis of the oviduct
muscles generate a gentle flow outward to the cervix, which
is counted as a guidance mechanism in sperm migration.
Upon entering this pathway, sperm receive a significant
signal from their sensors indicating that they have found
the path to reach the egg. Subsequently, they undergo a syn-
chronized change in trajectory and start swimming against
the flow with precision to achieve successful fertilization.
Utilizing their flagella, they propel themselves at maxi-
mum speed against the current; however, only those with
higher velocity can succeed (Zhang et al. 2016; Ishimoto
and Gaffney 2015; Pérez-Cerezales et al. 2015).

The lack of special reagents for stimulating rheotaxis
behavior, accompanied by the enhanced DNA integrity of
sperm showing this behavior, has prompted a large amount
of research for devising rheotaxis-based microfluidic devices
for motile sperm separation. In one such attempt, a microflu-
idic device was fabricated to assess the impact of fluid flow
on the sperm rheotaxis and motility parameters (Rappa et al.
2018). It was observed that the percentage of sperm that
orient their head and actively swim against the flow direc-
tion increased up to a certain flow rate (4 p L/min) and then
decreased as the flow rate increased further. For studying
the motility parameters, the authors analyzed sperm under
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the influence of fluid flow against the groups in the no-
flow condition, as well as the initial sample. The flow group
had notably higher motility parameters compared to the two
other groups. In contrast, sperm in the flow condition did
not show any significant difference compared with other
groups regarding morphology and HA-binding ability. In the
subsequent research conducted by Ataei et al., the previous
design was improved by adding a polycarbonate membrane,
separating the loading and collection chambers (Ataei et al.
2021). The device in question used differential hydrostatic
pressure between the collection chamber and the peripheral
inlets to generate the fluid flow. The sperm in the loading
chamber oriented themselves against the flow towards the
top. The coupling effects of rheotaxis and the resulting bar-
rier of the porous membrane separated sperms with nor-
mal morphology, enhanced DNA integrity, and motility. In
another study, researchers developed a sperm-sorting device
for separating motile sperm using gravity-generated flow
and pipetting (Kang et al. 2019). In this design, a cam-actu-
ated pipette was inserted into a microfluidic chamber, where
the outlet width of the chamber was regulated via a bolt,
adjusting the fluid velocity flowing through the device. The
sperm were automatically injected into the device using the
cam-controlled pipette. Following the injection, the viable
and motile sperm reoriented and swam upward against the
fluid flow. After 40—100 s, as enough sperm populated the
area in the vicinity of the pipette tip, the sperm were sucked
into the pipette. This process can be repeated in order to
augment the number of collected sperm.

Tung et al. developed a microfluidic device consisting
of parallel microgrooves similar to the grooves found in
the bovine cervix (Fig. SA) (Tung et al. 2015). The authors
observed that these microgrooves favor the migration of
sperm over the pathogen Tritrichomonas foetus. In another
study conducted by the same authors, the structure of
microgrooves was studied for sperm rheotaxis, and it was
found that these microgrooves assist the sperm passage
against the fluid flow in vitro (Tung et al. 2014). These
findings suggest the importance of the special microenvi-
ronment of FRT that facilitates sperm migration. Zaferani
et al. proposed a microfluidic device containing corral-
shaped structures embedded within the channel (Zaferani
et al. 2018). Sperm medium was injected into the channel
with varying flow rates. The corral structures served as
the rheotaxis zone by creating areas of low shear rate and
velocity field in the channel. Incoming sperm by the flow
were observed to reorient against the flow and migrate
towards and into the corrals. The device demonstrated its
effectiveness by capturing viable and motile sperm from
the initial sample. In another similar study, authors used
a series of micro pockets of low shear rate and velocity

field to create rheotaxis zones along the fluid direction
(Sarbandi et al. 2021). The isolated sperms in this device
were reported to have enhanced motility compared to the
raw semen. In addition, the devised micro pockets differed
in terms of shear rate and, as a result, isolated populations
with different average velocities. In similar approaches,
two devices were proposed that combined sperm rheotaxis
and boundary-following behaviors to isolate motile sperm
(Heydari et al. 2023; Zeaei et al. 2023). In these devices,
a series of rheotaxis zones were connected to collecting
zones, capturing sperm showing rheotaxis and boundary-
following behavior. The captured sperms showed signifi-
cant enhancement in motility compared to the initial sam-
ple (Fig. 5B). In a recent study, the researchers presented
a simpler approach for creating a rheotaxis zone (Mane
et al. 2022). The separation of motile sperm was carried
out using a simple T-shaped microchannel, connected to
three reservoirs (Fig. 5C). One of the reservoirs is sealed
during the experiment, creating a no-flow condition in
one of the channels connected to the T-junction. Sperm,
as previously discussed, reoriented towards this region and
were collected in the reservoir connected to this channel.

In another article, an array of cone-shaped structures
was uniformly placed within the microfluidic channel to
trap motile sperm swimming upstream (You et al. 2019).
The underlying mechanism of trapping sperm used in this
chip is identical to the one proposed by Zaferani, yet the
traps in this research were fabricated to only accommodate
one sperm at a time, tailoring the device for single sperm
analysis. The cone geometry utilized here also prevented
the sperm from exiting the trap while enabling the free tail
beating of the sperm. Yaghoobi et al. proposed a micro-
fluidic device for parallelizing motile sperm separation
(Yaghoobi et al. 2021). The device consisted of parallel
microchambers connected to a series of main channels. By
injecting a sperm sample into the device, while keeping
the outlet closed, each chamber was filled with the sample.
Upon removing the seal from the outlet and injecting the
wash medium into the device, the motile sperm were able
to swim out of the chamber and to the outlet, where they
were collected. However, debris, non-viable, and immotile
sperm were trapped in the chambers.

Restriction in a microchannel has been observed to act as
a gate, barring the rheotaxis-stimulated sperms from swim-
ming through (Zaferani et al. 2019). Based upon this idea,
Huang et al. introduced a tree-like configuration by parallel-
izing these gate-like structures at different levels that can select
high-quality sperm with reduced DNA fragmentation and
without abnormal phenotypes (Fig. SE) (Huang et al. 2023).
In the research conducted by Riordon et al., it was revealed
that the sperms capable of planar swimming show higher DNA
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Fig.5 Rheotaxis-based microfluidic devices. A This model was
developed to simulate fluid flows and microgrooves in the cervix
and utero-tubal junction. The swimming behavior of sperm cells
was observed as they encountered the grooved and smooth chan-
nels. Reproduced from Tung et al. (2015) with permission. B The
displayed device is for isolating motile sperm based on rheotactic
and boundary-following behavior. The device’s symmetric geometry
allows for a four-fold increase in the volume of the processed sample
and injected flow rate compared to previous devices. The experimen-
tal results demonstrate 100% motility of the isolated sperms and the
ability to sort them based on swimming velocity. Reproduced from
Heydari et al. (2023) with permission. C The T-shaped microchan-
nel, which is primed with PBS (phosphate buffered saline) and sealed
using adhesive tape, is used to separate and isolate progressive motile

integrity compared to the sperm swimming in a corkscrew-
style motion (Riordon et al. 2019). A series of 2 um deep
channels were designed to bridge between the inlet and outlet
channels (Fig. 5D). The bridges served as a way to confine
sperm to a two-dimensional plane while preventing rotation
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sperm. The forces acting on the sperm cells during separation, includ-
ing drag and rotational torque, are depicted. Reproduced from Mane
et al. (2022) with permission. D Schematic representation of sperm
migration through the selection channel, where planar confinement
induces planar swimming. Sperm navigate from the inlet channel to
the outlet channel in the selection channel. Reproduced from Rior-
don et al. (2019) with permission. E The microfluidic device utilizes
regulated flow rates and the sperm’s rheotactic behavior to sort highly
motile sperm. The device features three functional zones, including
a branch zone for separating original sperm, a collecting zone with
a sperm collector for retaining motile sperm, and a waste zone for
removing dead or low motile sperm. Reproduced from Huang et al.
(2023) with permission

of the sperm head. Only sperm that were capable of planar
motion could swim through these bridges, reaching the outlet
channel. The result of the DNA integrity assay highlighted a
significant improvement in the DNA integrity of the collected
sperms compared to both raw sample and motile sperm.
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4.4 Thigmotaxis

The FRT presents a challenging landscape with narrow pas-
sages, intricate pathways, and viscous fluids, all of which
pose obstacles to sperm cells on their journey to fertilization.
To overcome these challenges, sperm cells have evolved the
ability to exhibit thigmotaxis, also known as boundary-
following behavior. This behavior involves sperm cells
actively seeking and adhering to surfaces or boundaries
within the reproductive tract. Boundary-following behavior
is facilitated by several factors such as the viscous envi-
ronment, hydrodynamic forces, surface interactions, and
chemical cues. Sperm cells stick to boundaries to reduce
resistance, utilize hydrodynamic forces to change direction,
gain traction through surface interactions, and stay close to
chemical signals guiding them towards the egg. This behav-
ior enhances their efficiency in navigating the reproductive
tract and increases the likelihood of successful fertiliza-
tion (Romero-Aguirregomezcorta et al. 2018; Denissenko
et al. 2012). It is important to know that sperm movement
is characterized by a completely random motion similar to
Brownian motion in the absence of external stimuli. This
random movement is a result of continuous interactions and
collisions between sperm and molecules, as well as fluid
structures within the reproductive environment. The behav-
ior of the sperm can also be influenced by factors such as the
surface of the sperm itself and the inherent noise in its motor
activity. Furthermore, environmental conditions such as
thermodynamic noise can affect sperm trajectories. Indeed,
in the absence of specific guiding stimuli, environmental
conditions become the primary cause of sperm movement
(Diemer et al. 2021; Tian and Wang 2021).

One of the significant environmental factors in the selection
of more desirable sperm during their journey is the viscosity of
the environment. The female body employs this viscous envi-
ronment to impede the passage of weaker sperms, while faster
and more persistent sperm possess the capability of migrating
through this viscous medium. In addition, sperm approach the
walls embedded in the reproductive tract linings to minimize
the resistance encountered during their movement (Romero-
Aguirregomezcorta et al. 2018; Denissenko et al. 2012). In a
recent study, a microfluidic device was proposed that mim-
icked the viscosity of cervical mucus to select for highly motile
sperms (Lee et al. 2021). In this device, a viscous polyvinylpyr-
rolidone (PVP)-based solution was employed as a medium with
a viscosity resembling that of the cervical mucus. As a result,
the use of the sperm-sorting chip led to a lower number of
defective sperm, including those with head vacuoles and DNA
fragmentation. The findings demonstrated that in comparison
to the control group, the sperm in 1.5% and 3% PVP media
exhibited statistically significant increases in linear progres-
sive motility (LPM). In particular, the LPM mean value was
38.60% and the mean velocity was 25.69 um/s in the 1.5% PVP

medium. The mean LPM and velocity in the 3% PVP medium
were 41.96% and 27.24 um/s, respectively. The control group
exhibited a mean velocity of 22.93 um/s and a mean LPM of
36.67%. In another study, a microdevice was proposed to evalu-
ate and quantify the swimming capability and persistence of
human sperm in a viscous environment (Yan et al. 2020). The
device incorporated three distinct microchannels filled with
various types of viscous fluids: a solution composed of 5%
methylcellulose (MC) solution, another with intermediate vis-
cosity containing an MC solution at a concentration of 3.4%,
and the human tubal fluid (HTF) solution. By introducing a
sperm sample into the chip, sperm swam towards these chan-
nels and were subsequently analyzed by a video recorder. The
number of sperm in each area was inversely correlated to the
viscosity of the fluids in the channels. By analyzing recorded
videos, it transpired that the sperms found in a more viscous
medium have more swimming capability. As a result, by calcu-
lating the distribution of the number of sperm in the chambers,
one can evaluate the sperm sample quality. This microdevice
enabled researchers for one-step high-quality sperm selection
and quantitative evaluation of swimming capability, persis-
tence, and inactivation rate (Fig. 6A). In the additional research
conducted by Eamer et al. (2015), a microfluidic device was
employed to examine the impact of high-viscosity media, spe-
cifically those composed of hyaluronic acid (HA) and MC,
on the motility and viability of bovine and human sperm. The
study revealed that bovine sperm exhibit significantly improved
motility parameters when exposed to the MC medium com-
pared with HA. Furthermore, experiments involving human
sperm swimming in MC demonstrated that higher viscosities
result in slower and more linear sperm movement. These find-
ings suggest that MC is the preferred choice over HA when
creating a high-viscosity environment for in vitro sperm assess-
ment or selection based on motility.

The subsequent environmental factor that influences the
movement of sperm towards the egg is the presence of flow
obstacles. Flow obstacles are formed when two laminar flows
with different velocities converge. In this scenario, the stronger
and more motile sperm are able to navigate towards and pass
through these obstacles, while the remaining components of
the seminal fluid are unable to do so. The concept of flow
obstacles has been extensively studied in the literature, dem-
onstrating its significance in separating highly motile sperms
from other sperm and debris (Huang et al. 2017, 2020). Build-
ing upon this concept, Phiphattanaphiphop and Shirota have
applied a methodology in their research, creating a layout that
is structured along both X and Y axes (Phiphattanaphiphop
et al. 2020; Shirota et al. 2016). Their innovative design has
yielded several benefits, including reduced processing time for
sperm samples, minimized risk of bacterial and viral contami-
nation, and limited damage to sperm cells.

In the following, we review some studies that specifically
focus on boundary-following behavior. In an article presented
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Fig.6 Schematics of microfluidic devices based on the thigmotaxis
behavior of sperm. (A) A circular symmetric chip with multiple vis-
cosity solutions (5% and 4% MC and HTF) in different straight pipes,
enabling evaluation and screening of sperm swimming capability,
persistence, and inactivation rate. The 5% MC solution exhibited the
lowest number of motile sperm, while the HTF solution showed the
highest number of sperm. Reproduced from Yan et al. (2020) with
permission. (B) A passive microfluidic sperm selection strategy based
on the preference of highly motile sperm with high DNA integrity
to turn corners and follow boundaries in a microfluidic device. The

by Denissenko et al., the authors presented a comprehensive
study on the movement patterns of migrating human sperm in
microchannels (Denissenko et al. 2012). The designed micro-
channels consist of narrow and winding channels filled with
thick fluids. They investigated both the individual and collec-
tive behaviors of the sperm in various microchannel shapes.
The findings revealed that the sperm rarely swim in the cen-
tral region of the channel cross-section. Instead, they tend
to travel along the intersection of the channel walls, known
as channel corners. When the curvature radius of the inner
wall is below a threshold value of approximately 150 p m,
the sperm deviate from the inner wall. Furthermore, specific
wall shapes can guide the motile sperm in a preferred direc-
tion. However, due to swimming along the corners, the area
occupied by the sperm becomes essentially one-dimensional,
resulting in frequent collisions.

@ Springer

study revealed that human sperm preferring to follow boundaries on
the left- or right-hand sides exhibit significantly higher DNA integ-
rity (greater than 51%) compared to straight swimmers and a signifi-
cant increase (greater than 67%) compared to sperms in raw semen.
Reproduced from Eamer et al. (2016) with permission. (C) The Sim-
ple Periodic ARray for Trapping And isolatioN (SPARTAN) model-
driven design uses pillar arrays to efficiently isolate highly motile and
morphologically normal sperm with improved epigenetic characteris-
tics from raw semen, offering standardized sperm selection. Repro-
duced from Chinnasamy et al. (2018) with permission

In the research conducted by Nosrati et al., a microfluidic
sperm sorter device was proposed based on sperm boundary-
following behavior (Nosrati et al. 2014). The device consisted
of a ring of thousands of parallel channels to create the pas-
sageways needed for sperm boundary following. The ring is
sandwiched between an inner disk, where unprocessed semen
is injected into the system, and an outer disk, where the sorted
sperms are retrieved. The device was prefilled with a viscous
medium to mimic the fluid viscosity inside the FRT. The experi-
mental results clearly demonstrated that viable and progressive
motile sperm are able to swim through the parallel channels to
the outer outlet disk. The device facilitated the purification of
the semen and the selection of sperm with high DNA integ-
rity, thereby offering a clinically feasible one-step approach,
enhancing sperm viability. In another study published by the
same group, a similar approach to the previous design was taken,
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relying solely on the boundary-following behavior of sperm.
Three separate microfluidic devices with almost the same design
as in Nosrati et al. (2014), with minor variations, were exploited
to separate right-, left-, and straight-swimming sperm (Eamer
et al. 2016). Straight-swimming sperm in this experiment were
those that did not approach near to boundaries in order to swim
in the device. The results of the experiments showed a signifi-
cant correlation between the sperm’s ability to follow boundaries
and high DNA integrity. By comparing the DNA fragmenta-
tion index (DFI) results from the straight- (3.3%), right- (1.6%),
and left-swimming (1.2%) populations, the authors concluded
that highly motile sperm with high DNA integrity preferentially
fell into both right- and left-swimming populations. On the
other hand, straight-swimming sperm showed increased DFI,
which foregrounds the fact that boundary-following behavior is
strongly correlated with DNA integrity. The two-sided Student’s
t-test further corroborated the significant difference between the
straight swimmers and the boundary followers (Fig. 6B).

In another study, a relatively simple yet practical design
of a simple periodic array of micropillars in a microfluidic
chip was utilized for the selection of motile and morphologi-
cally normal sperm (Chinnasamy et al. 2018). By modulat-
ing the directional persistence of the sperm, the periodic
array increases the spatial separation between progressive
and nonprogressive motile sperm populations. In addition,
the morphologically defective sperm were unable to steer
through micropillars and were spatially diverged, while nor-
mal sperm were mostly packed in a rather straight trajectory.
The proposed device was able to sort out highly motile and
morphologically normal human sperm with lower epigenetic
global methylation compared to conventional sperm-sorting
methods. By analyzing the sorted samples, it was found that
the percentage of morphologically normal sperm increased
dramatically (52%) compared to both swim-up (24%) and raw
semen (13%). The evaluation of chromatin condensation in
the sorted samples also showed a three-fold increase com-
pared to raw semen, reaching the mean of 43.5%. SPARTAN
also benefited from a shortened processing time of merely 10
min, which in turn, reduced the DFI to 4-6% (Fig. 6C).

5 Non-natural mechanisms
5.1 Acoustofluidic-based methods

Acoustic microfluidic, i.e., acoustofluidic, separation tech-
niques have gained significant relevance in applications involv-
ing biological samples due to their numerous advantages,
including precise control, biocompatibility, non-invasiveness,
and label-free characteristics. Acoustofluidic devices can be
generally categorized into surface acoustic waves (SAW) and
bulk acoustic waves (BAW). In SAW devices, interdigitated
transducers (IDT) are fabricated on a piezoelectric substrate,

translating electrical signals into mechanical vibrations that
travel through the surface of the material. On the other hand,
BAW devices are usually fabricated with a piezoelectric trans-
ducer made of lead zirconate titanate (PZT) that is physically
bonded to the glass, adjacent to the microfluidic device. The
generated mechanical vibrations travel instead through the bulk
of the fluidic chamber or channel. Unlike SAW devices, BAW
devices work in a much lower frequency range and also benefit
from an easier and cost-effective fabrication (Gao et al. 2020).
There have been some attempts to exploit SAW for the realiza-
tion of devices aimed at sperm sorting and enhancement, which
will be discussed shortly. However, BAW-based devices have
been untouched, and to our knowledge, no information on their
use in this field has been reported as of writing this article.
Gai et al. presented a novel and automated method for
selecting high-quality sperm with desired parameters (Gai
et al. 2020). By utilizing an acoustic-based continuous-flow
approach, this device was able to guide larger and highly
motile sperm across the channel, resulting in the selection of
sperm with significantly enhanced vitality, progressive motil-
ity, and DNA integrity. In this research, a pair of IDTs were
patterned on a 128° Y-cut, X-propagating lithium niobate sub-
strate to generate standing SAW. The microfluidic chamber
was cast with a higher-than-normal ratio of curing agent to
monomer to minimize the deformation of the chamber in the
presence of the acoustic waves. The electrodes were angled
at approximately 30 degrees against the fluid flow direction,
thereby exerting an oblique force that can move sperm later-
ally. The ensued acoustophoretic force applied on the motile
sperm can overcome the experienced drag force and, thus,
enable the sperm to swim along the direction of the electrodes,
across the channel width, to the collection outlet (Fig. 7A).
Conversely, immotile and dead sperm or other cells and debris
would be unaffected. The collected sperm showed more than
50% and 60% improvement in vitality and progressive motil-
ity, respectively. Moreover, DFI experienced an approximately
20% decline in the collected sample compared with the raw
semen, which was deemed statistically significant based on
the t-test result. The proposed device also boasted acceptable
throughput as it could sort over 60,000 sperms in less than an
hour, making it suitable for carrying out both ICSI and IVF
procedures. In another study, high-frequency acoustic waves
were utilized to boost the motility of the sperm sample (Gai
et al. 2022). In this method, a polydimethylsiloxane (PDMS)-
based microfluidic chamber coupled with a pair of IDTs was
fabricated to generate SAW in the device (Fig. 7B). The 128°
Y-cut, X-propagating lithium niobate was patterned the same
as the previous study, and the microfluidic chamber was cast
using a 3D-printed master mold. The mold was silanized to
prevent the attachment of PDMS during the casting process.
The sperm in the chamber were exposed to acoustic waves
with varying frequencies and powers. The authors concluded
that the acoustic waves with a frequency of 19.28 MHz and
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Selected
cell outlet

Fig.7 A Acoustofluidic sperm selection device that displaces and
separates motile and morphologically normal sperm from other cells
and debris. Acoustic forces effectively overcome the viscous drag to
laterally transfer sperm across the width of the microchannel. Repro-

power of 2 W had the maximum effect on enhancing sperm
motility parameters. The post-treatment analysis of the sample
treated with 20 s of exposure demonstrated a staggering 34%
increase in curvilinear velocity (VCL). The number of motile
sperms also experienced an enhancement by 32% as the treat-
ment translated previously immotile sperms to motile. The
cause of the motility enhancement after exposure to acoustic
waves is not fully understood, but the major contributing fac-
tors are believed to be the alteration in metabolic activity in
the sperm. This leads to a surge in ATP production within the
sperm cell, resulting in the improvement of sperm motility.

Acoustofluidics have also shown interesting potential for
rapid and portable analysis of semen samples. In the study
conducted by Castro et al., an acoustically driven microflu-
idic extensional rheometry (ADMiER) was introduced to
assess the concentration of motile sperm in a bull semen sam-
ple (Castro et al. 2023). In this method, a liquid bridge fila-
ment was formed by a microliter semen sample using stand-
ing SAW pulses to measure the time it takes for the filament
to thin and break under elastocapillary stresses. Comparing
against the computer-assisted sperm analysis (CASA), it was
demonstrated that the required time for the semen sample to
break is strongly correlated with the concentration of motile
sperms. Their results indicated that ADMIER is capable of
resolving the motile sperm concentration with an accuracy of
93.7%, thereby rendering it an effective alternative to CASA
and hemocytometer for sperm quality analysis.

5.2 Electrical-based methods

Electrophoresis and dielectrophoresis (DEP) are two well-
studied methods for the manipulation and separation of
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duced from Gai et al. (2020) with permission. B Sperm motility boost
post-acoustic actuation. IDT were utilized to generate standing SAW
within the chamber housing the sperm sample, as depicted schemati-
cally. Reproduced from Gai et al. (2022) with permission

particles and cells in microfluidic devices. Electrophoresis
is the preferential migration of charged particles in a spa-
tially uniform electric field in a fluid. On the contrary, DEP
uses a non-uniform electric field to exert force on dielectric
particles. The dielectric particle becomes polarized in the
electric field, and given field inhomogeneity, it can experi-
ence unequal attractive or repulsive forces, resulting in a
motion along the direction of the overwhelming force. The
contributing factors in determining the direction of migra-
tion in DEP are dielectric properties, size, composition, and
in the case of cells, the membrane composition (Rahman
et al. 2017; Wyatt Shields Iv et al. 2015).

By employing insulator-based DEP (iDEP) with cylin-
drical insulating structures and direct current (DC) electric
potentials, Rosales et al. were able to concentrate sperm cells
and distinguish between mature and spermatogenic cells
based on their shapes and electric polarizations (Rosales-
Cruzaley et al. 2013). The microfluidic device used in the
study consists of a microchannel with cylindrical insulating
structures. The DC electric potential, ranging from 200 to
1500 V, was applied to the insulating structures (Fig. 8A).
The sperm cells were introduced into the microchannel, and
given the resulting non-uniform electric field, the dielectro-
phoretic force acted on the cells. In the case of sperm cells,
positive DEP occurs when the cells are more polarizable
than the medium, causing them to be attracted to the regions
with higher electric field gradients. Negative DEP occurs
when the sperm are less polarizable than the medium, lead-
ing to repulsion from regions with higher electric field gradi-
ents. The differences in shape between mature and spermato-
genic sperm give rise to different responses in polarization,
thereby separating the two groups in the device.
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Fig.8 A Schematic representation of the microchannel used for trap-
ping spermatogenic cells using insulator-based dielectrophoresis. The
flow direction is left to right. Reproduced from Rosales-Cruzaley
et al. (2013) with permission. B The microfluidic motile sperm coun-
ter based on the change in the measured electrical impedance, repro-
duced from Phiphattanaphiphop et al. (2019) with permission. C The
microfluidic IVF-on-a-chip. a The PDMS microchannel and micro-
structures are bonded with the ITO electrode on the actual device,

In another study, a microfluidic device utilizing DEP
was proposed for the separation of morphologically normal
sperm from the initial sample (De Wagenaar et al. 2016).
As was mentioned earlier, the presence of ERC near the
neck of the sperm is a common morphological anomaly
that has been found to cause infertility in domestic animals.
In this research, differential impedance measurement was
performed on sperm passing through the examination area
equipped with two electrode pairs. Using the impedance
analysis, the researchers were able to identify the presence
of this feature on sperm using the shape of the impedance
peak. Furthermore, in order to increase the accuracy of
measurement and reduce the noise associated with the sperm
orientation, location, and velocity, the sperm first were
focused in the middle of the channel using dielectrophoretic
force. Upon the detection of sperm with the mentioned
abnormality, a pair of dielectrophoretic electrodes were
actuated, deflecting the abnormal sperm into the middle
of the channel. The results demonstrated the feasibility of
the proposed method for the separation of sperm with this
type of morphological abnormality. Given the significance
of motile sperm count in a sample, a microfluidic device
was recently proposed for measuring this parameter
(Phiphattanaphiphop et al. 2019). The proposed device was
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which has dimensions of 5 cm X 3 cm. b The experiment involves
trapping mouse oocytes and sperm on the electrodes for approxi-
mately 1 min. ¢ The micro-structures are used for the co-incubation
of oocytes and sperm for a duration of 1 h to facilitate natural insemi-
nation, reproduced from Huang et al. (2020) with permission. D The
droplet-based dielectrophoretic microfluidic biochip for on-chip ferti-
lization, reproduced from Huang et al. (2018) with permission

based on the previous device for the separation of motile
sperm (Phiphattanaphiphop et al. 2020), where motile
sperm were able to swim across the laminar flow, while
immotile sperm were washed away by the fluid (Fig. 8B).
The motile sperm then moved through a channel equipped
with electrodes for measuring the impedance value. The
microelectrodes, composed of Cr/Au, were 20 p m wide
with a 30 p m distance, and the impedance between the
electrodes was measured using an LCR meter. The passing
sperm changed the value of the measured impedance,
making it possible to count the number of motile sperm in
real-time. The motile sperm with a velocity greater than 5
um/s caused a noticeable change in the electrical impedance
as they swam through the electrodes. The average electrical
impedance of the sperms during the experiment was 110.54
kQ. The method showed high reliability with a coefficient
of determination (R?) greater than 99.97%. Analyzing 10
pL of the sperm sample with the device and benchmarking
the results against CASA demonstrated up to 95% accuracy
in counting the concentration of motile sperm in the sample.

Huang et al. proposed a DEP-based device for carrying
out the artificial insemination process on a chip (Huang et al.
2020). The electric field was generated using a set of ITO
electrodes on the glass slide. In this device, the mice oocyte
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was fixed in place using dielectrophoretic force, and the
incoming sperm were attracted to the oocyte using the same
applied force. It resulted in increasing the concentration of
sperm in the vicinity of the oocyte, reaching 1.5 X 106 sperm
per milliliter. They concluded that the ensued increase in the
concentration of nearby sperm led to an enhancement in the
fertilization probability (Fig. 8C). Fertility and blastocyst
rates were compared among three solutions; HTF, potas-
sium simplex optimized medium-amino acid (KSOM-AA),
and the DEP buffer solution. The fertilization rates in vitro
were determined for each solution, showing no significant
difference between the DEP buffer solution and the tradi-
tional culture medium. The rate of fertilization was found
to be proportional to the sperm concentration in both the
DEP microfluidic chip and the traditional IVF group. The
development of embryos and potential harm to oocytes and
sperm were assessed. The tracking of embryo development
indicated no harm to oocytes and sperm after IVF in the
low-conductivity medium. The blastocyst rates between the
DEP microfluidic chip and traditional droplet-based IVF
showed no significant difference. In another study, it was
demonstrated that the sperm head and tail show different
dielectrophoretic responses (Shuchat et al. 2019). Using a
quadrupole electrode array, it was observed that the sperm
tail experiences positive DEP, while the tail experiences
negative DEP. This allows for the sperm head to distance
itself from the damaging electric field. Their results proved
the feasibility of utilizing DEP for safe, automated, and non-
invasive sperm trapping and screening.

In a study conducted by Huang et al., researchers devel-
oped a microfluidic device for IVF-on-a-chip (Huang et al.
2018). In this study, positive DEP was used for trapping the
sperm and oocytes at a specific region on the chip to pro-
mote the insemination process, as demonstrated by the previ-
ous work. Upon fertilization, the zygotes were encapsulated
individually in a microdroplet emulsion and separated from

A

steady pressure

sheath fluid sample fluid

-5

laser

pulse air pressure
(pull)
sorting reservoir
(isolated cell)

puIsL air pressure
(push)

N
waste reservoir

Fig.9 A The microfluidic device for separation of the acrosome-
reacted sperm. The acrosome-reacted sperm were sorted by a pulse
of pressurized air. Reproduced from Nakao et al. (2020) with permis-
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unfertilized oocytes. The encapsulated zygotes were then
transferred to the storage area in the device filled with the
cultured medium. The results of this work demonstrated a
5% increase in the fertilization rate, and over 20% developed
to the blastocyte stage, compared with the conventional IVF
considering its far lower sperm—oocyte ratio (Fig. 8D).

5.3 Miscellaneous methods

In addition to the previously mentioned methods, there
are also some other techniques that have proven effective
in many other applications but have not been extensively
studied in ART as of yet. Albeit sparse, these studies might
have the potential to open up new horizons in the field of
assisted reproduction. In a study conducted by Nakao et al.,
a commercially available microfluidic cell sorter was used
to separate acrosome-reacted sperm in the sample (Nakao
et al. 2020). In this device, the sperm were stained using
fluorescein isothiocyanate (FITC)-labeled peanut agglutinin
(PNA), which labels sperm acrosomes. The sperm sample
was then sorted by the microfluidic chip based on the fluo-
rescent signal intensity (Fig. 9A). The resulting data actu-
ated a pulse air pressure to induce a fluid flow to deflect the
passing sperm out of the main channel. The separation of the
initial sample resulted in three distinct populations of sperm
with varying percentages of acrosome-reacted sperms. The
three populations were compared using established motility
parameters, and it was found that sperm motility parameters
among the three groups were not different. In the subse-
quent experiments, the three sorted populations were used
for the fertilization of oocytes, and the results demonstrated
that the population with enriched acrosome-reacted sperms
had a considerably higher fertilization rate compared to oth-
ers. Their results successfully indicated the potential of a
microfluidic cell sorter based on sperm acrosome status for
enhanced clinical outcomes.
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sion. B The annular laser traps sperm in a circular fashion. Repro-
duced from Shao et al. (2007) with permission
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In another study, the authors utilized an annular laser trap
to study sperm chemotactic behavior (Shao et al. 2005). The
system utilized a CW Ytterbium fiber laser with a wave-
length of 1070 nm, which was collimated to achieve a flat-
top beam. The use of an axicon—lens pair generates an annu-
lar focus at the specimen plane, allowing for the trapping of
sperm. An experiment conducted with 15 um microbeads
demonstrated the effectiveness of the annular laser ring as
a trap. The subsequent experiments with dog sperm proved
sperm were affected by the ring trap to some extent, but
the high motility of the dog sperm, coupled with the low
output power of their laser, hindered the full entrapment of
sperm. In a subsequent study conducted by the same group,
the proposed method was furthered for sorting and analyz-
ing human sperm based on their motility and chemotactic
behavior (Shao et al. 2007). They used the annular laser trap
in conjunction with a chemo-attractant placed in the middle
of the trap. They observed that sperm behave differently
when exposed to the annular laser trap. Based on the obser-
vation, they concluded that sperm behavior could be catego-
rized into two categories, one of which encompasses sperm
that are barely affected by the trap and migrate towards the
chemo-attractant and the other population whose motility
is reduced or halted completely by the trap. By analyzing
the sperm motility parameters, including VCL and average
path velocity (VAP), it was deduced that the second group
was comprised of significantly slower sperm compared to
the first group. The results highlight the potential of optical-
based methods for sperm separation and analysis (Fig. 9B).
However, the effects of the laser trap on sperm vitality and
the potential damage to sperm caused by irradiation-induced
heating were not addressed in the article.

A summarized comparison of some of the devices pre-
sented thus far is presented in Table 1.

6 Conclusions and future prospects

Sperm morphological normality coupled with DNA integ-
rity and motility plays an indispensable part in the fertiliza-
tion process. Despite the efficacy of the current methods
in assisted reproduction for enhancing the aforementioned
qualities, these methods are still far from ideal, as they can
induce damage to sperm cells. On account of the excellent
biocompatibility, high throughput, non-invasive nature, and
automation, microfluidics would be an appealing option for
sperm selection and analysis in ART.

In this article, we reviewed recent technological advances
in microfluidic devices for sperm sorting and screening, as
well as new innovations for IVF-on-a-chip, with a focus on
the sperm’s role in the fertilization process. The presented
microfluidic chips can be categorized into two main groups:

(1) the devices inspired by natural selection and guidance
mechanisms utilized by FRT and (2) the devices based on
non-natural external forces, such as acoustics. Microfluidic
devices based on chemotaxis and thermotaxis can offer
decent performance in terms of the motility and other impor-
tant parameters of the selected sperm. However, the devices
working based on chemotaxis require special reagents and
careful design of the channel for creating a gradual gradient
of the chemo-attractant, thereby hampering its integration
into the current procedures. On the other end of the spec-
trum lies thermotaxis, which, in spite of its potent role as a
stimulus, is only perceived by a minor fraction of the sperm.
For that reason, it cannot be utilized as a stand-alone mecha-
nism for the separation of the desired sperm. One technique
to improve the prospect of thermotaxis sperm separation in
clinical use can be its utilization concurrently with other
stimuli and markers. For instance, given the difference in
the surface electrical charge of mature and immature sperms
(Simon et al. 2013), it presumably would be an option to use
it alongside thermotaxis to augment the number of mature
and viable sperm. Rheotaxis, on the other hand, is capable
of rapid, label-free, and effective separation of motile sperm
with considerable improvement in DNA integrity. It solely
relies on a fluid flow to operate, basically removing any
need for specific reagents and instruments. In addition to
these mechanisms, there have also been some attempts to
take advantage of the thigmotaxis behavior of sperm for the
separation of superior populations. Some of the proposed
devices mentioned earlier demonstrated impressive results
in terms of DNA integrity and motility. They also benefit
from easy procedures, making their incorporation into ART
much more conceivable. The use of external forces has also
caught on in recent years and may change the landscape of
the current ART procedures. Nonetheless, their performance
in terms of the quality of the sorted sperm pales in compari-
son with that of the naturally-inspired mechanisms.

In addition to the devices aimed at sperm sorting, some
of the research demonstrated the potential of IVF-on-a-
chip, integrating various stages of the ART procedures into
a single chip. It can significantly save resources, offering
patients lower treatment costs per cycle, while at the same
time, elevating the likelihood of the fertilization rate.

Beyond the current focus on making microfluidic devices
as efficient as possible in ART procedures, scaling up the pro-
posed prototypes for real-life applications is yet another chal-
lenge that the future research has to overcome. The current
universally used method for the fabrication of microfluidic
devices in small-scale and academic research is soft lithog-
raphy. In spite of its inexpensive nature, it relies on several
manual processing steps that open the door to device-to-device
variability and inconsistency, which, in turn, hinders the
upscaling of its production (Lee et al. 2018). On the contrary,
injection molding is at the forefront of high-throughput and
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Table 1 Comparison of proposed microfluidic-based methods for sperm sorting, analysis, and on-chip insemination

Approach Criteria Processing time Sample Appropriate for  Vitality Motility DNA integrity Ref.
volume
(uL)
Sorting Motility, Boundary- 20 min NA IVF NA 0 1 Nosrati et al. (2014)
following
Chemotaxis NA NA NA NA 1 NA Zhang et al. (2015)
Chemotaxis 150 min 200 NA NA NA 1 Liet al. (2018)
Motility, Rheotaxis 45 min 90 NA NA 1 1 Ataei et al. (2021)
Motility, Rheotaxis 10 min NA NA NA ) NA Kang et al. (2019)
Motility, Rheotaxis NA NA NA NA 1 NA Zaferani et al. (2018)
Motility, Rheotaxis, 20 min NA NA NA 1 NA Heydari et al. (2023)
Boundary-
following
Motility, Rheotaxis, 20 min NA IVF NA 1 1 Zeaei et al. (2023)
Boundary-
following
Motility, Rheotaxis 90 min 40 IVF/ICSI NA 1 NA Mane et al. (2022)
Motility, Rheotaxis 15 min 200 NA NA 1 1 Huang et al. (2023)
Motility, Boundary- 40 min 10 ICSI NA 1 1 Lee et al. (2021)
following
Motility NA NA NA ) 1 NA Huang et al. (2017)
Morphology, 5 min ICSI NA NA ) ) Chinnasamy et al.
Motility (2018)
Size 50 min 5 IVF/ICSI 1 T T Gai et al. (2020)
Motility 20s NA ICSI - T - Gai et al. (2022)
Shape difference 30-60 s 10 NA l NA NA Rosales-Cruzaley
et al. (2013)
Morphology NA NA NA NA NA NA De Wagenaar et al.
(2016)
Surface charge, NA 200 NA NA NA NA Shuchat et al. (2019)
Morphology
Acrosome status NA NA IVF NA 1 NA Nakao et al. (2020)
Analysis Thermotaxis, 24 min 1 NA NA NA NA Ko et al. (2018)
Chemotaxis
Motility, Boundary- NA NA Motility analysis NA NA NA Yan et al. (2020)
following
Semen rheometry 1.5 ms 15 Motility analysis NA NA NA Castro et al. (2023)
IVF-on-a-chip Surface charge 1 min 30 IVF NA NA NA Huang et al. (2020)
Surface charge 1 min 30 IVF NA NA NA Huang et al. (2018)

1 increase, | decrease, — no change, NA not available

large-scale device manufacturing, maintaining a minimized
per-device cost. The preferred choice for casting material in
this process is invariably thermoplastics, e.g., polymethyl
methacrylate (PMMA), polycarbonate (PC), and polystyrene
(PS), due to their low cost, durability, decent biocompatibility,
and optical transparency. Moreover, the master molds in this
process are typically fabricated by the high-precision milling
of steel, making it precise and durable throughout hundreds
of thousands of castings (Lee et al. 2018; Scott and Ali 2021).
If microfluidic-enabled ART is to supersede the current para-
digm, injection molding will probably be the appealing option
for mass production of the devices.

@ Springer

The choice of the microfluidic chip materials is
rather undervalued, and only a few studies examined
the effects it can have on the behavior of sperm inside a
microchannel. In one study, zebrafish sperm were exam-
ined in PDMS and glass microfluidic devices, and it was
found that they were prone to adherence to the sidewalls
(Beckham et al. 2018). The microchannels were sub-
sequently treated with polyethylene glycol (PEG) and
sperm adherence was shown to drop significantly. PEG
decreases surface hydrophobicity, and the drop in the
number of adhered sperm implies a probable underly-
ing interaction between the sperm and the hydrophobic



Biomedical Microdevices (2024) 26:23

Page 190f23 23

surface. In another study, the VCL of boar sperm was
analyzed on glass slides coated with PS and PMMA.
Sperm on the PS-coated glass had a significantly lower
VCL compared to sperm on the PMMA-coated slide,
which was attributed to the stronger hydrophobicity of
the PS. These all highlight the need for a more thorough
evaluation of the commonly used materials in micro-
fluidic device fabrication and their potential impact on
sperm behavior (Mears et al. 2014).

Apart from the well-established methods discussed
hitherto, microfluidic sperm sorting and analysis can
also benefit from emerging technologies such as artifi-
cial intelligence (AI). Machine learning algorithms in
particular have the potential to bring about disruptive
breakthroughs in the field and elevate the accuracy and
robustness of sperm analysis in ART. As per recent stud-
ies, these algorithms have shown great capability to pre-
dict sperm with high DNA integrity, normal morphol-
ogy, and better motility, rendering Al an invaluable tool
for sperm sample analysis (You et al. 2021; McCallum
et al. 2019; Hicks et al. 2019; Cherouveim et al. 2023).
Unlike microfluidics, which possess remarkable dexter-
ity in physically manipulating human gametes, Al lacks
this quality. Microfluidics and AI can complement each
other, providing tools of the future for sperm sorting and
evaluation. Optimization and precise control over the
chemo-attractant and temperature gradient or the fluid
flow are only a few merits that Al-enabled devices may
offer, likely shrinking the human intervention even fur-
ther, thereby enhancing the performance and reliability
of the devices. Pairing Al with sorting methods, such as
the impedance analysis discussed earlier, may also prove
effective as these algorithms can perceive even the finest
details that conventional methodology cannot. These are
only some ways to materialize the concept of Al-assisted
microfluidics in assisted reproduction, and other possi-
bilities might be unraveled by the future research.
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