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Abstract

About 18% of reproductive-age adults worldwide are affected by infertility. In vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSI) are widely used assisted reproductive technologies (ARTs) aimed at improving clinical outcomes.
Efficient and noninvasive selection and isolation of highly motile sperm with intact DNA are essential for the success of
IVF and ICSI and can potentially impact the therapeutic efficacy and the health of the offspring. Compared to traditional
methods, microfluidic technology offers significant advantages such as low sample consumption, high efficiency, minimal
damage, high integration, similar microenvironment, and high automation, providing a new platform for ARTs. Here, we
review the current situation of microfluidic technology in the field of sperm motility screening and evaluation and IVF
research. First, we focus on the working principle, structural design, and screening results of sperm selection microfluidic
platforms. We then highlight how the multiple steps of the IVF process can be facilitated and integrated into a microfluidic
chip, including oocyte capture, sperm collection and isolation, sperm sorting, fertilization, and embryo culture. Ultimately,
we summarize how microfluidics can complement and optimize current sperm sorting and IVF protocols, and challenges
and possible solutions are discussed.

Keywords Microfluidics - Sperm screening - In vitro fertilization (IVF) - Assisted reproductive technologies (ARTS) -
Intracytoplasmic sperm injection (ICSI)

Introduction

Infertility is defined by the World Health Organization
(WHO) as “a disease of the reproductive system defined
by the failure to achieve a clinical pregnancy after 12
months or more of regular unprotected sexual intercourse”
[1]. Infertility impacts millions of people worldwide, often
with grave consequences. According to data from 1990 to
2021, about one in six people in the world have experienced
infertility, and the global lifetime prevalence of infertility
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the patient's ovary and fertilized with sperm in the labora-
tory. The zygote is subsequently implanted into the patient's
uterus. During conventional IVF, each oocyte is placed in
an oil-covered microdroplet in the optimal concentration of
sperm, and is fertilized when a sperm penetrates the oocyte
in a natural way. But when couples with defective sperm
quality and quantity are unable to undergo the IVF process,
it is necessary to introduce ICSI. ICSI is a precise technique
that injects a sperm directly into the cytoplasm of the oocyte
using a fine needle under a microscope. ICSI is the primary
treatment method for almost all male infertility, and it is
also increasingly used to overcome fertilization-in-failure
[7]. By 2006, more than three million infants around the
world were conceived through either IVF or ICSI [8]. In
2016, a total of 197,706 IVF procedures aiming to transplant
at least one embryo were performed in the United States and
76,892 babies were born through these techniques, almost
1.8% of all newborn births in the United States [9]. The use
of these types of ART continues to increase as the growth
of infertility problems due to environmental contamination,
diet, smoking habit, and various other causes.

Although ART has great potential to solve the problem
of infertility, there are still many limitations associated with
traditional ART systems. First, this technique relies heav-
ily on the skill level and experience of operators and lacks
technical standards [10]. Moreover, the lack of effective
in vitro sperm selection methods for ARTs is considered
to be one of the relatively low pregnancy rates achieved in
human clinical practice by procedures such as ICSI [11].
Thus, developing a selection method capable of screening
out sperm with high viability and high DNA integrity is
a major challenge for ARTs, especially of ICSI [12, 13].
In clinical practice, several methods have been developed
for the sperm preparation before ARTs [14], and the swim-
up method (SU) and density gradient centrifugation (DGC)
are the most common screening methods [15]. Nevertheless,
these methods are quite different from the multiple screening
mechanisms in vivo, and the length of time and too much
centrifugation can easily lead to sperm DNA peroxidation
damage and sperm breakage, resulting in a decrease in the
pregnancy success rate [16]. More importantly, conventional
IVF and ICSI bypass natural selection processes and the
in vivo reproductive tract environment [13]. In spite of the
fact that there are significant improvements in gamete pro-
cessing and culture medium of simulating in vivo conditions
based on the embryo need, it is difficult to simulate real
dynamic microenvironments in vivo only by utilizing physi-
cal tools such as test tubes, culture dishes, microdroplets,
and micropores alone. It may adversely affect fertilization
success rate, embryo quality, and pregnancy rate, but also
epigenetics in offspring.

The technical limitations of traditional methods can be
overcome by combining miniaturization and automation
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techniques rapidly developed in recent decades, such as
microfluidic technologies. In the biomedical field, microflu-
idics is widely used in clinical diagnostics and in vitro bio-
mimetic models. Microfluidic technology has the advantages
of low sample consumption, low cost, and short reaction
time in a fast, efficient, traceable, and sensitive manner [17].
In addition, the miniaturization and automation provided by
microfluidics can further improve experimental accuracy,
reduce detection limitations, and enable the development of
techniques and experiments [18] that are impossible at the
macro-scale. Although it is impossible to fully replicate all
of the features of the oviduct environment in sperm sorting,
some features, such as unidirectional and laminar or gradient
flow, can be achieved in a microfluidic environment. Based
on the above characteristics, microfluidic techniques can
be used in ARTs to overcome the technical limitations of
conventional methods. Over the past 30 years, microfluidic
technologies have shown great potential for sperm screen-
ing and simplifying the IVF process [19]. In this review,
we summarize the progress of microfluidic technology in
the fields of sperm motility (the percentage of progressive
motion of spermatozoa in the semen) screening, evaluation,
and IVF chip. This paper first reviews the representative
sperm sorting chips, including manufacturing materials,
sorting mechanisms, structural design, and screening results.
Subsequently, we focused on how microfluidic techniques
can achieve the functional integration of sperm sorting,
oocyte localization, continuous fertilization, and embryo
culture within an IVF chip. Then, we analyze the advan-
tages and limitations of these methods, and provide some
suggestions for improvement and innovation. Finally, the
future direction of the microfluidics of ARTs is discussed.
This review aims to stimulate new advances in the applica-
tion of microfluidic technologies in ARTs, motivating more
researchers and clinicians to increase the practice of using
microfluidic techniques to treat infertility.

Screening of Motile Sperm on a Chip

Sperm have to swim thousands of body lengths in the com-
plex environments of the female reproductive tract to achieve
fertilization, but details of how sperm migrate through the
female reproductive tract are largely unknown [20]. As the
most promising method for biomimetic sperm selection,
microfluidics is able to realize the interaction mechanisms
of the different geometry, fluid, chemical environment, and
temperature with the female reproductive tract by recon-
structing the natural in vivo environment. Current micro-
fluidic technologies for sperm sorting are summarized in
Table 1. In this section, we will discuss the selection mecha-
nism, structural design and manipulation, and sorting results
of different microfluidic sperm sorting platforms.
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Table 1 Current microfluidic techniques for sperm sorting
Principle Chip materials Sperm type Amount of sample Time Motility/Vitality DFI Refs
Microchannel PDMS, PMMA Bull, human 1 mL raw semen 10-20 min 89-96% 2.40-4.32% [21]
(over 50 million
sperm)
Microchannel PDMS Human 200 pL raw semen 15 min 88.8 +4.3% — 1.16 + 0.39% — [22]
93.6 + 1.6% 1.63 +0.79%
Microchannel PDMS, silicon, Human NA 5,10,20,and 30 ~99% 4-6% [23]
glass min
Microchannel NA Human 100 pL raw semen 10 min >97% 2.6-2.8% [24]
Microchannel PDMS Zebrafish 3 uL sperm solu- NA 80% NA [25]
tion
Laminar flow PDMS Human 50 pL washed 20s ~ 100% NA [26]
semen sample
Laminar flow Cycloolefin Human 65 pL of sperm 30 min 95.4 +3.0% 0.8+1.9% [27]
polymer suspension (300
x 10° sperm)
Laminar flow PDMS, silicon Boar NA 1-2 min ~ 80% NA [28]
Rheology PDMS, Bull, mouse, 20 pL semen 20 min 78.8% NA [29]
human sample
Rheology PDMS Human 2,000000 sperm 20 min 90% NA [30]
(10 pL of sperm
suspension)
Rheology PMMA, PDMS Bull < 1 million sperm 30 min ~ 100% 0.37% [31]
Rheology PDMS Human, bovine 250 pL semen 12-45 min ~ 100% NA [32]
solution (1:1
diluted sample)
Chemotaxis PDMS, glass Mouse 50 pL sperm 1h NA NA [33]
sample
Chemotaxis PDMS, glass mouse 1 puL sperm 10 min ~ 100% NA [34]
sample
Chemotaxis NA Human 130 pL sperm 20 min ~ 80% NA [35]
suspension
Chemotaxis Polystyrene Human 200 pL sperm 150 min ~ 100% 6.8 +33% [36]
suspension
Chemotaxis Hybrid hydrogel ~ Boar 0.5 pL of sperm 20 min 2.4%/min NA [37]
(8% gelatin/1% solution (20 x
agarose) 10%spermatozoa/
mL)
Thermotaxis PDMS Human 0.5 mL sperm 15 min NA NA [38]
sample (2.5-20
x 10° sperm)
Thermotaxis NA Mouse, human 1x10° mouse 1h ~ 100% 3+2% [39]
sperm and 3-10
x 10° human
sperm
Chemotaxis and PDMS, glass, ITO Mouse 1 pL sperm 13 min NA NA [40]
thermotaxis sample
Chemotaxis and PDMS, glass, ITO Human 20 motile sperm 1h NA NA [41]

thermotaxis

DFI, DNA fragmentation index; PDMS, polydimethylsiloxane; PMMA, polymethylmethacrylate; ITO, indium tin oxide.

Screening of sperm by microchannels

The first attempt in this area was performed to screen
the sperm on a microfluidic chip using a silicon glass

microtubule chip, demonstrating the feasibility of this
approach [42, 43]. A series of experiments was performed

to show that sperm can effectively pass through a single
continuous pipes of different widths, branch cascade pipes,
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and curved pipes, which showed that there is a correlation
between the motility scores (forward progression score,
determined based on the time required for sperm to reach
the ends of different microchip channels) and the distance
the first sperm travels in the chip. Since this technique allows
motility of sperm to be determined in a single direction, it is
able to reduce the subjectivity of conventional approaches
such as microscope slides, Markler chambers or computer-
aided sperm analysis (CASA). Sperm screening through the
straight channel is fast and simple, but there is no universally
accepted size standard. Xie et al. [44] used the relative num-
ber of sperm and sperm motility as the evaluation criteria
to verify the screening effect of a straight channel by fluo-
rescent labeled sperm. Finally, they found that a pipeline 7
mm long, 1 mm wide, and 100 pm deep had the best motility
screening effect for mouse sperm, and the optimal screening
time was between 15 and 30 min.

Denissenkoa et al. [45] studied the behavior of sperm
in curved microchannels with a cross-section similar to the

fallopian tube structure. They found that sperm cells rarely
swim in the center of the microchannel, but rather in the
channel corners. Sperm swimming against the walls due to
the conical envelope of the flagella wave are larger than the
amplitude of head oscillations, which leads to propulsion
toward the wall. Sperm changing their spatial orientation
by following the boundary wall surface interaction is known
as boundary-following navigation. In this regard, Nosrati
et al. [21] proposed a microchip that selected sperm based
on progressive motility with 500 microchannels (Fig. 1a).
The device contains two layers; the bottom consists of 500
radial arrays of upfacing microchannels, while the top has a
removable top seal to ensure a flow-free environment. The
microchannel size of the device (100 pm X 75 pm) depends
on the distance between the ciliated epithelium of the fal-
lopian tube and the average length of the human sperm, trig-
gering the boundary-following of the sperm [45]. Over 50
million sperm from 1 mL of raw semen can be processed
within 10-20 min. Compared with conventional methods,
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Fig. 1 Microfluidic chip system for sperm selection based on micro-
channels. a A microfluidic sperm selection device with capacity for 1
mL of raw semen based on 500 parallel microchannels. Reproduced
with permission [21], Copyright © 2014, RSC Publishing. b Sche-
matic diagram of a passive microfluidic device for sperm separation
based on the boundary-following behavior. (i) Three different struc-
tures of microfluidic system, including straight swimming path, left
swimming path, and right swimming path. (ii) Inlets and outlets of
the device containing 52 microchannels each 7.0 mm x 100 pm X
60 pm in size. (iii) Schematic of sperm swimming toward the out-
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let showing that only live sperm are able to navigate from the inlet
towards the outlet, and the left and right swimming sperm had lower
DFI than the straight swimming sperm. Reproduced with permis-
sion [22], Copyright © 2016, RSC Publishing. ¢ SPARTAN (Simple
Periodic ARray for Trapping And isolatioN) for selecting sperm with
normal motility and morphology. Reproduced with permission [23],
Copyright © 2018, PNAS Publishing. d Schematic diagram of Fert-
Dish, comprising a two-layer film (a combination of a cover film and
a patterned film ) and a standard ICSI Petri dish [24], Copyright ©
2021, RSC Publishing
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experiments with bull sperm showed that selected sperm
vitality (the percentage of live spermatozoa in the semen)
was increased by more than 89%; clinical trials of human
sperm showed that sperm DNA integrity was improved by
more than 80%. In another experiment, Eamer et al. [22] also
fabricated three radial microfluidic devices with 52 micro-
channels to collect motile sperm based on their preference
to follow boundaries and turn corners (Fig. 1b). Each chip
had a specific channel configuration, allowing for the col-
lection of sperm with preferences to follow the boundaries
on the left-hand side, right-hand side, or to swim straight,
respectively. They found a significant correlation between
high DNA integrity and the propensity of sperm to follow
boundaries. The data showed that human sperm exhibit a
clockwise flagellar wave and they are prone to turn left when
near the bottom boundary wall and right when near the top
boundary wall. Sperm swimming along the right-hand-side
and left-hand-side boundary walls showed more than 51%
and 67% DNA integrity, which was higher than the DNA
integrity of the straight swimmers. Additionally, a sperm
motility screening model with microfluidic channels, named
SPARTAN (Simple Periodic ARray for Trapping And isola-
tioN) [23] was developed (Fig. 1c). Sperm swimming behav-
ior in the periodic column array geometry was simulated
using rectangular arrays with spacing values of 18 x 26, 22
X 22,22 X 26, 26 X 26, and 30 X 26 pm. Sperm with mor-
phological defects failed to efficiently pass through channels
due to their abnormal motility properties, so sperm with
normal motility and morphology (a set of criteria whereby
sperm must fit within specific measurements and lack
defects, including acrosome defects, head defects, midpiece
abnormalities, and tail defects) can be effectively separated
from sperm with low epigenetic global methylation. The
device can separate motile sperm from non-motile sperm in
just 10 min and the sorted sperm motility was over 99%, the
morphology was improved by five times, the nuclear matu-
rity was increased by three times, and the DNA integrity was
enhanced by 2—4 times. Recently, Xiao et al. [24] presented
a microfluidic sperm selection-in-a-dish platform, FertDish
(Fig. 1d). It contained a two-layer film featuring an array of
60 sperm-selective microchannels which utilized the bound-
ary-following behavior to select sperm directly from raw
semen. The FertDish format mimicked the clinically estab-
lished ICSI dish setup, and provides rapid (<10 min) single
stage sperm preparation, supporting all sperm preparation,
processing steps and ICSI in-dish. Sperm selected from the
FertDish showed a significant improvement in DNA quality
over the original semen, characterized by a DNA fragmen-
tation index (%DFI, a measure of DNA strand breaks) of
over 91% (donor) and 74% (patient), and more than 97%
of sperm with vigorous and high levels of DNA. FertDish
also had a high sperm recovery rate (the ratio of the number
of motile sperm in the outlet to the total number of motile

sperm in the sperm sample inlet), which totally satisfied the
ICSI standard. The FertDish efficiently selects high-quality
sperm in a clinically adaptable manner, with the potential to
improve the economy and effectiveness of ICSI.

It is remarkable that microchannel-based microfluidics
could also be used for high-quality sperm sorting in the fish.
This is because the sperm of some marine animals, such
as zebrafish, do not follow physical and chemical guidance
mechanisms, such as temperature gradients, chemical con-
centration gradients, or rheological behavior, to reach the
egg [46]. Hence, a microfluidic concept based on PDMS
baffle can be used to collect zebrafish sperm after state acti-
vation [25]. The geometric microconstraints of the baffle
array produced a series of flow contraction and expansion
regions. Due to the loss of fluid momentum, the expansion
region created a flowless region near the sidewall, while the
sperm tended to swim towards microscale confinement and
were trapped there. Two baffle designs were further tested to
effectively retain the sperm, and they observed that the baf-
fle design as the letter J structure performed better in sperm
extraction. The results showed that the device achieved 44%
improvement in sperm recovery efficiency. It was further
observed that 80% of the total sperm population could swim
into the retention zones when the fluid rate was optimized to
0.7 pL/min. This study further paves the way for developing
the practice of IVF of fish.

Microchannel sperm screening technology is easy to
operate without worrying about the stability of the system
and is therefore user-friendly. At the same time, adding some
viscoelastic medium similar to the female reproductive chan-
nel in the microchannel can better simulate the natural pre-
ferred process of sperm in a real physiological environment.
For example, a recent study of microchannels has revealed
how highly motile sperm can compete for oocyte fertiliza-
tion in vivo [47]. To some extent, this could be a biomi-
metic device based on sperm autonomous movement, so its
clinical application prospect is very broad, whereas relying
solely on motility properties and size to classify and select
sperm by microfluidic technology is obviously not a com-
prehensive assessment of sperm quality. There have been a
number of further innovations in these systems by adding
chemoattractants or temperature gradients [33-37, 39-41,
48, 49]. Moreover, their complex design seriously increases
the fabrication cost, causing obstacles in mass production
in the clinical stage.

Screening of sperm by laminar flow effect

The microchannel of the microfluidic chip allows multiple
laminar streams to flow parallel to each other, and there is
no turbulent mixing at the interface between the laminar
streams [50-52]. The flow of semen and media were mixed
independently and parallelly through diffusion due to the
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nature of the laminar flow. Motile sperm have a higher dif-
fusion rate, allowing them to swim across the streamline in
a laminar flow field. Eventually, nonmotile sperm flowed out
from one outlet along their initial streamline, while motile
sperm deviated from their original streamline and flowed out
through another outlet.

Cho et al. reported a microscale integrated sperm sorter
(MISS) based on laminar flow effects for the first time. The
MISS (Fig. 2a, b) [26] takes advantage of active movement
of cells, allowing for efficient collection of only the motile
sperm that deviate from their initial inlet stream. After

sorting using this device, the percentage of motile sperm
was nearly 100%, and the normal morphology rate was
increased from 9.5 + 1.1% to 22.4 + 3.3%. Later, a clinical
test of a similar device showed a significantly lower
rate of selected sperm DNA fragmentation compared
to centrifugation and swim methods [27]. Although
the screening results of these devices were relatively
satisfactory, the sperm recovery rate and efficiency of
these sperm sorter devices were low, and their use also
had some limitations. For example, during the sorting
process, the pressure must be stable and the flow rate has
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Fig.2 Microfluidic chip system for sperm selection based on laminar
effect. (a-b) A compact, simple, disposable passive driving sperm
sorting device. a A schematic figure of sperm sorter. Fluid contain-
ing sperm flows in from the inlet, and immobile sperm and cells
reach the outlet along the initial stream. However, some motile sperm
reach another outlet through the interface. b Three-dimensional geo-
metrical depiction of the two-inlet, two-outlet microfluidic channel
designs with horizontally oriented fluid reservoirs that serve as pas-
sively driven, steady-flow rate pumps. Reproduced with permission
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[26], Copyright © 2003, ACS Publishing. ¢ Sperm sorting chip based
on the ability of motile sperm to cross streamlines in a laminar fluid
stream. Two-inlet, two-outlet microfluidic channel and three inlet,
three-outlet microfluidic channel. Reproduced with permission [53],
Copyright © 2009, Springer Publishing. d A microfluidic platform
for single-sperm entrapment. It consists of two main channels (width
100 pm, height 20 pm) and 20 side channels (width 2 pm, length 20
pm) that connect the main channel. Reproduced with permission [28],
Copyright © 2015, RSC Publishing
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to be large enough to prevent the sperm from swimming in
opposite directions. To improve the separation efficiency
of a sperm sorter, the application of numerical simulations
can improve the separation efficiency of microfluidic
sperm sorters [53], which analyzed how the changes in
the height of the microchannel and the width of the sperm-
inlet channel affected the number of active sperm extracted
from outlet channel B (Fig. 2¢). The results showed
that the fluid velocity in the channel was a direct factor
affecting the screening rate. For the two-inlet and two-
outlet configuration, when W,/W=0.25 (where the width
of the A-channel is W, and that of the whole mirochannel
is W), the microchannel height had little influence on the
number of motile sperm reaching channel B. When the
height was constant, the separation efficiency of motile
sperm decreased with the increase in W,/W. In addition to
the existing double-inlet and double-outlet microfluidic
channels, the three-inlet and three-outlet microfluidic
channel systems were also analyzed. Because the flow rate
of channel A in the three-inlet and three-outlet microfluidic
channel was faster than that in the double-inlet and
double-outlet microfluidic channel, the screening rate of
high motile sperm increased significantly. Compared to
population-based sperm selection techniques, some reports
focused on the manipulation and separation of sperm at the
single cell level. de Wagenaar et al. [28] proposed a flow
graph dynamics-based microfluidic platform for capturing
and selecting a single sperm with two main microchannels
and a series of connected side channels (Fig. 2d). The flow
rate of the main channel (0.025 pL/min) containing sperm
was lower than that of each side channel (2.5 pL/min),
resulting in pressure-driven flow in the side channels,
pulling and trapping individual sperm in each side
channel. This platform allows for noninvasive analysis of
sperm at single cell level (viability, chromosome content
and acrosome status) and has the potential to become a
multifunctional tool for sperm selection application or
basic research. Furthermore, this microfluidic single-
sperm selection approach is a potential alternative to
conventional methods for sperm selection in ICSI.

The laminar effect-based sperm motility screening chips
leverage hydrostatic pressure and capillary forces to pre-
cisely control the flow, eliminating the need for external
pumping systems and support equipment. After screening
by this technique, there is a significant improvement in
sperm motility, and it is able to minimize the damage to the
sperm DNA. However, several important problems in such
approaches need to be addressed. For instance, the sample
size of semen that such devices can handle at a time is gen-
erally small and sorting efficiency and sperm recovery are
relatively low, so the clinical application of this technique is
still limited. To improve the efficiency of sperm sorting, the
throughput of the device can be augmented by incorporating

multiple entrances and outlets or by widening the main sort-
ing channel.

Screening of sperm by rheology

Rheology, is the ability of cells and organisms to swim in
a specific orientation within a fluid flow gradient. Positive
rheology refers to the tendency of cells to swim against the
direction of flow [54]. Between the fallopian tube and the
uterus, the sperm can show a positive rheology to guide
them to swim upstream towards the oocyte. Contrary to
short-range mechanisms, such as chemical or temperature
gradients, rheology is considered to be the key mechanism of
long-range sperm guidance in the mammalian reproductive
tract. The classification depends on the ability of the sperm
themselves to swim out of the liquid fluid and pass through
the microchannels, reducing the risk of injury.

A fluid static-drive [29] was fabricated to classify
sperm in the microchannel based on their movement in the
upstream direction, which consisted of four channels and
three reservoirs (Fig. 3a, b). These four passages converged
at a “junction”. The height of the liquid column in reservoir
1 generated the hydrostatic pressure to drive the flow, res-
ervoir 2 contained sperm to be classified, and reservoir 3
collected classified sperm. Motile sperm were able to reach
the junction against the fluid in the B channel and then were
transported to reservoir 3 by high-speed fluid to achieve
sperm optimization. Using this method to sort three bull
sperm samples, the sperm motility was increased from an
average of 18.4% to 78.8%. Wu et al. [30] designed a micro-
fluidic device capable of generating a delayed flow field to
classify and separate human motile sperm in a high-through-
put manner (Fig. 3c). They proposed the flowing upstream
sperm sorter (FUSS), which consisted of a diffusive sperm
sorter capable of distinguishing sperm with varying motility
by analyzing the rheology of human sperm in a delayed flow
field. Then, the non-motile sperm were processed through
the dumbbell flow field into the exit to be separated from the
motile sperm. The aim was to simulate the selection mecha-
nism that occurs in a woman’s body when sperm swim into
the uterus. The FUSS chip was capable of processing sperm
concentrations of up to 200 million cells per milliliter, sort-
ing 95% of mobile sperm and approximately 20% of sperm
over 120 pm/s. In addition, a diffusion microfluidic sperm
sorter (DMSS) [31] was developed for selecting functional
and progressively motile bovine spermatozoa (Fig. 3d),
which were separated via a crescent diffuser zone, a flow
channel with a gradually expanding cross-section, and mul-
tiple channels. As the width of the crescent zone increased,
the velocity weakened. The sperm acquired rheology when
their moving velocity matches the velocity of the fluid, thus
causing them to separate at different specific locations along
the diffuser. Then, progressively motile sperm reached the
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Fig.3 Microfluidic chip system for sperm selection based on rheol-
ogy. (a-b) Design of the motile sperm sorting microfluidic system
(MSMS). a Side view of the device and schematic of the generation
of hydrostatic pressure differences. b Junction showing sperm move-
ment from input (reservoir 2) to outlet (reservoir 3). Reproduced with
permission [29], Copyright © 2007, Springer Publishing. ¢ Design of
the flowing upstream sperm sorter (FUSS) microchip. Reproduced
with permission [30], Copyright © 2017, RSC Publishing. d Design
of a diffusion microfluidic sperm sorter (DMSS). (i) Photograph of
the device composed of PDMS and glass. (ii) Microchannels and

entrance of multiple channels and were provided a prefer-
ential channel based on their swimming speed. Only a few
high-quality sperm would navigate forward along the center
of the channels to the junction, where they were gently swept
into the chamber C (collection chamber). It has been proven
that sperm selected using DMSS achieved 100% viability
and mobility and increased DNA integrity by over 95%.
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chambers A, B, and C. The crescent shape diffuser is shown in red.
(iii) Microchannel design and geometry from the bottom view of the
device. (iv) Magnified illustration of the 14 microchannels each sepa-
rated by a channel wall and the junction area shown as the red square.
Reproduced with permission [31], Copyright © 2018, PNAS Publish-
ing. e Minimal hydrodynamic model for the upstream orientation of
sperm. (i) Side view of the sperm in the vicinity of the top surface.
(ii) Top view of the sperm. (iii) PDMS microfluidic device featur-
ing seven corrals inside a flow channel. Reproduced with permission
[32], Copyright © 2018, PNAS Publishing

The proportion of capacitated sperm increased from 43%
to 63% and the mitochondrial activity increased from 60%
to 98%. The two main features of this microchip are the
crescent diffuser and the multi-channel design. The area of
the diffuser expands, thus gradually reducing the flow rate.
This increase in throughput is the first stage of filtration for
the device, while multiple channels not only improve the
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sorting efficiency but also enhance the quality of the sorted
sperm. Then, a method based on the rheological behavior
of sperm was proposed to separate motile human and cat-
tle sperm with corral features within microfluidic channels
[32] (Fig. 3e). The finite element method (FEM) simula-
tions showed that controlling a certain flow rate can create a
rheological zone before the corral. The inactive sperm can
only move along the streamline, but normal and surviving
sperm can swim upstream of the corral until they enter the
corral to be captured. This microfluidic device can limit the
movement speed of human and cattle sperm samples within
the range of 48 to 93 pm/s and 51 to 82 pm/s, respectively.
More importantly, the isolated fraction of the human and
cattle samples had 100% normal progressive motility. More-
over, by analyzing the distribution of sperm swimming in the
rheological zone and the velocity distribution of sperm in the
corral, researchers discovered that the motility of the sepa-
rated samples could be modified by altering the flow rate.
In conclusion, microfluidics provide a highly controlled
platform for studying the rheology of sperm in physiologi-
cal environments, and microfluidic systems based on sperm
rheotaxis are of great relevance to selecting functional sperm
effectively. However, it should be noted that maintaining a
stable upstream stream within it is challenging, especially
in the clinical stage. The use of hydrostatic pressure instead
of a syringe pump system is currently an effective solution.

Screening of sperm by chemotaxis and thermotaxis

Within the mammalian female reproductive tract, only about
10% of the ejaculated sperm reach maturity through a pro-
cess called capacitation. They typically have better cell mor-
phology, sperm motility, maturity, and DNA integrity [55],
which gives them the ability to fertilize the oocyte. Of sev-
eral sperm guidance mechanisms, only two react exclusively
on capaccompetent spermatozoa: chemotaxis and thermo-
taxis, as short-term guidance mechanisms acting within
the ampullary region close to the oocyte [56]. Therefore,
chemotaxis and thermotaxis can be viewed as mechanisms
for selecting capacitated and thus optimal spermatozoa to
fertilize the oocyte.

Sperm chemotaxis refers to the movement of sperm cells
in response to a concentration gradient of a chemotactic
agent. Spermatozoa are attracted to cytokines released from
the oocyte and are able to navigate within the short-range
inward fertilization site through chemotaxis [57]. The main
chemoattractants in the reproductive tract are progester-
one and atrial natriuretic titanium, secreted by the cumu-
lus cells of the ovulating oocytes [58, 59]. The chemotaxis
of mouse sperm to ovarian extract was first evaluated on a
chip [33] (Fig. 4a). The injection channels were filled into
ovarian extract, mouse semen and buffer, and a chemical
gradient was formed in the intersectional micro-cavity. The

experimental results showed that about 7% of mouse sperm
had chemotaxis ability. In another study, acetylcholine was
used as a chemoattractant to investigate the chemoattractant
properties of sperm [34]. This study showed that progressive
motile sperm swam mostly toward the outlet at an optimal
chemical gradient of 0.625 (mg/mL)/mm of acetylcholine.
A microfluidic device with two wells connected by a fluidic
channel was developed by Gatica et al. [35] One well was
filled with sperm suspension and the other with picomolar
progesterone and spread in a gradient in the connecting tube
(Fig. 4b). After the sperm selection assay, the mean level of
capacitated sperm increased threefold in normal and sub-
fertile samples, and sperm levels with intact DNA fortified
significantly, while sperm oxidative stress levels decreased.
To improve the mimicking of the chemotaxis mechanism, a
hexagonal microchamber connecting six microchannels [48]
(Fig. 4c) was designed. The device allows for three paral-
lel experiments on the same chip and deepens the study of
sperm chemotaxis. The chemokinetic response of sperm was
assessed leveraging actual curvilinear path, straight path and
the linearity of the trajectory. They observed sperm behavior
at two progesterone concentration gradients (100 pm and 1
mm, respectively), and the result showed that sperm became
more hyperactive at this concentration of progesterone.
The advantage of this system is the use of a multi-channel
gradient on the chip, which helps to reduce experimental
errors and save time in experiment. Li et al. [36] designed
a novel distance-progesterone-combined selection chip
inspired by the human female reproductive tract (Fig. 4d).
The device included three chambers that mimic the anat-
omy of the human female reproductive organs, including
a vagina and two ovaries. The channel between Chambers
F and G simulated the fallopian tube, and its central Posi-
tion C simulated the uterus. The setting at the bottom of the
channel between F and G maintained the agar mixed with
the chemotactic groove to form the gradient. Two hundred
microliters of treated sperm was added to Chamber A and
allowed to swim for 150 min. Finally, the sperm at the D2
and E2 grooves were collected to assess their morphology
and DNA integrity. After sperm were selected, the portion
of sperm with regular morphology increased from 11.2 +
1.3% to 40.3 + 6.6%, and the portion of sperm with DNA
fragmentation decreased from 15.4 + 4.0% to 6.8 + 3.3%.
Recently, Berendsen et al. [37] designed a simple, easy to
manufacture and process, flowless microfluidic chip based
on hydrogel. The chip contained several side chambers, and
only sperm swimming into the side chambers were treated
as attracted to chemotactants (Fig. 4e). They were tested for
sperm motility on a chip made up of three different gels (1%
agarose, 8% gelatin, and a hybrid 1% agarose/8% gelatin).
Finally, a hydrogel of 8% gelatin and 1% agarose proved
optimal due to its biocompatibility and availability to work
at relevant temperatures. Using their flow-free device, they
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Fig.4 Microfluidic chip system for sperm selection based on chemo-
taxis. a Schematic of the microfluidic device for chemotaxis assays
and schematic of the microfluidic device with fluid control. Repro-
duced with permission [33], Copyright © 2006, ACS Publishing.
b Schematic representation of the sperm selection assay (SSA) based
on chemotaxis of progesterone gradients and percentage of sperm
accumulation in W2 after SSA with or without progesterone. Repro-
duced with permission [35], Copyright © 2013, OUP Publishing.
¢ Actual photograph and schematic illustration of diffusion-based
microfluidic for generating various concentrations of chemotaxis.

found that sperm were attracted to the progesterone gradient
in the physiological range and showed higher chemotaxis
ratio (the number of cells directed to the chemoattractant
divided by the number of cells that have swum in the oppo-
site direction) than other studies.

There are various analytical methods available for the
study of sperm chemotaxis, but the research tools used in
these experiments generally lack the ability to generate
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A: Inlet B/C: Oulet

side chambers

Pool A and Pool B/C represent the inlets and outlets of the channels,
respectively. Liquid level in Pool A is higher than that in both Pool
B/C. Reproduced with permission [48], Copyright © 2015, PLOS
ONE Publishing. d Schematic of distance-progesterone-combined
selection device mimicking human female reproductive tract to
study chemotaxis. Reproduced with permission [36], Copyright ©
2018, BMC Publishing. e Schematic of flow-free chip design based
on hybrid hydrogel. Reproduced with permission [37], Copyright ©
2020, ACS Publishing

stable, controllable, and reproducible concentration gradi-
ents. Compared with conventional devices, it is easier to
establish stable and controllable concentration gradients in
microfluidic chips. Gradient generators can be divided into
flow-based chips and flow-free chips [60]. The concentra-
tion gradients generated in flow-based devices are stable and
persistent, but fluid flow can greatly affect sperm motility
[54, 61]. In flow-free devices, the concentration gradient is
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Fig. 5 Microfluidic chip system for sperm selection based on thermo-
taxis and the microfluidic chip integrating a comprehensive screening
of sperm motility, chemotaxis, and thermotaxis. (a—b) Construction
of a microfluidic device for human sperm thermotaxis assay based on
interface valve. a Schematic drawing of the assay unit after interfacial
valve closure and detailed illustration of the right branch after inter-
facial valve closure. b Top view of the temperature gradient control
system. The numbers indicate: 1- glycerol, 2- aluminum alloy tank,
3- resistive heater, 4- thermistor, 5- microfluidic channel, 6- PDMS
upper layer, 7- glass lower layer, 8- chip positioning chamber, and 9-
PMMA case. Reproduced with permission [38], Copyright © 2014,
AIP Publishing. ¢ Thermotaxis sperm selection assay to improve ICSI
results. In the in vitro thermotaxis assay, sperm were loaded in one

mainly formed based on molecular diffusion, and most of
these chips are fabricated by hydrogels [37, 62, 63]. How-
ever, the beating of the sperm flagella may be limited due to
the viscosity of the hydrogel.

Thermotaxis is the ability of the selected sperm to change
their swimming direction at higher temperatures. Sperm
reaching the uterine isthmus can determine the location
of the egg and move in that direction by sensing the tem-
perature gradient between the uterus and the oviduct. This
mechanism was observed in capacitated human sperm for a
temperature difference of 0.5°C [38]. The first microfluidic

drop of medium at one temperature and then migrated to another drop
at a high temperature connected by a capillary tube. Reproduced with
permission [39], Copyright © 2018, Springer Publishing. d Sche-
matic diagram of the bioenvironmental mimetic integrated system for
analysis of motile sperm. Reproduced with permission [40], Copy-
right © 2018, ELSEVIER Publishing. e Schematic view of the fully
integrated biomimetic microfluidic device for evaluation of sperm
response to thermotaxis and chemotaxis. Module 2 is used to test
thermotaxis, and Modules 1 and 3 are used to test chemotaxis. The
yellow layer is an ITO pattern, used as a microheater to establish the
temperature gradient. Reproduced with permission [41], Copyright ©
2021, RSC Publishing

device used to study sperm thermotaxis (Fig. 5a, b) was
reported. The microfluidic device used a gas—liquid interface
valve to achieve sperm capture through the implementation
of a slow positive flow at air inlet I2. Then, air was used
to transfer heat in the temperature control system to form
a temperature gradient, and the heating controller changed
the temperature at 1.3°C intervals. Using this design, they
successfully showed the thermotaxis of about 5.7-10.6% of
the motile sperm in the temperature range of 34.0-38.3°C.
Pérez-Cerezales et al. [39] demonstrated a microfluidic
system for improving ICSI outcomes by sperm selection
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through thermotaxis (Fig. 5c). They detected the transfer of
spermatozoa through a capillary tube connecting two drops
of medium, and between these media, the temperature gra-
dient was 3°C, ranging from 35°C to 38°C. They selected
sperm that migrated from 35 to 38°C and demonstrated that
they exhibited high motility, better DNA integrity, and less
chromatin compaction. More importantly, the mouse sperm
selected by thermotaxis had better fertilization outcomes
through ICSI.

In vivo, the movement of moving sperm reaching the isth-
mus is facilitated by the flow of tubal fluid and the tempera-
ture gradient between the uterine isthmus and the ampulla of
the fallopian tube. When fertile sperm approaches the area
of the fallopian tube where the egg is located, the concen-
tration gradient of the chemoattractant is detected and then
shows chemotaxis towards the egg [39]. Thus, if the sperm is
selected in a combination of thermotaxis and chemotaxis, it
will closely resemble the selection process in the real in vivo
environment, and provides a means to select better sperma-
tozoa for ICSI. Ko et al. developed a microfluidic device
with the goal of analyzing sperm migration under condi-
tions that closely mimic the actual fertilization process [40].
The microfluidic device of this system consisted of a sperm
migration microchannel chip and an underlying microheater
glass substrate underneath (Fig. 5d). Straight channels were
utilized to create linear chemoattractant concentrations and
temperature gradients. Microheaters, capable of maintain-
ing different temperatures, were positioned beneath the inlet
and outlet side channels to generate a linear temperature
gradient. Their analysis shows that utilizing a combination
of thermotaxis and chemotaxis is more advantageous than
using only one type of motility to attract motile sperm. Very
recently, Yan et al. [41] developed a fully integrated bio-
mimetic microfluidic system, considering a comprehensive
screening of sperm motility, chemotaxis, and thermotaxis.
They established a changing gradient environment to ana-
lyze differences in motility and motility parameters of func-
tional sperm, thus exploiting thermotaxis and chemotaxis
to improve the performance of sperm selection. The device
comprised three layers; a microarray for sperm evaluation,
an indium tin oxide (ITO) microheater that is used to create
a linear temperature gradient, and a printed circuit board
(PCB) to connect a DC current supply (Fig. Se), enabling
four simultaneously integrated thermal experiments and
two chemotaxis experiments on a single chip. Furthermore,
they narrowed the optimal range of temperature gradients for
thermotaxis to between 0.014°C/mm and 0.010°C/mm and
statistically demonstrated that thermotaxis and chemotaxis
responses are not linked.

In the context of clinical applications, both sperm thermo-
taxis and chemotaxis show promising implications as selec-
tion methods for ARTs. Biomimetic microfluidic devices
that can simultaneously test thermotaxis and chemotaxis
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reactions can better mimic natural sperm selection in vivo,
thus significantly improving fertility and embryo quality.
These devices are expected to be useful tools for the study of
mammalian sperm migration and the improvement of ICSI.
However, the controversial question is whether they are wor-
thy of application to the design of microfluidic systems for
sperm isolation purposes. Moreover, they require a highly
controlled microenvironment, which makes them compli-
cated and expensive. Such research is still in its infancy, and
chips that are easier to manufacture and mass-produce are
still yet to be developed. Whether such chips really effec-
tively improve fertilization rates or embryo development,
or just complicate everything, still requires more clinical
trials to determine.

IVF on a chip

The advancement in IVF is perhaps the most exciting sci-
entific development in infertility treatment. It involves the
fertilization and culture of sperm and oocytes under spe-
cial laboratory conditions. Since the first successful IVF in
1978, which resulted in a live birth [49], IVF has changed
the way a significant proportion of humans reproduce. Tra-
ditional IVF techniques have to overcome the manipulation
of multiple oocytes in continuous fluid channels to prevent
the contamination of biological reactions. Compared with
traditional technology, the greatest advantage of the micro-
fluidic-based IVF chip is that it can reduce the occurrence
of polyspermy [64]. Unlike microdroplet techniques in static
tubes or culture dishes, the oocytes can be exposed to only a
few selected sperm in a microfluidic device. To achieve this
goal, the oocyte localization is the primary concern. Most of
the currently reported IVF chips use geometric constraints
to fix the oocytes in the microfluidic space to ultimately
achieve sperm and egg binding.

Clark et al. leveraged a raised structure to locate a pig
oocyte on the main channel of the chip [64], and on the
other side injected the sperm to complete the fertilization
effect. Then, the fertilized egg was cultured via continuously
changing the medium to observe the fertilization status and
the development process of the fertilized egg (Fig. 6a). The
results showed that the incidence of multi-sperm-penetra-
tion fertilized pig oocytes in this device was significantly
lower than that of the traditional microdroplet system
(p<0.05). This was also the case for the sperm penetration
rate, male pronucleus formation rate, subsequent cleavage
rate, and blastocyst formation rate. Then, a microchannel
three-dimensional barrier gate structure [65] was designed
to localize mouse oocytes for fertilization and subsequent
culture (Fig. 6b). The results showed that when the sperm
concentration was reduced to 2-8 x 10*cells/mL (namely,
the total number of sperm was 1000—-4000), the fertilization
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rate in the microchannel (27%) was significantly higher
than that in the conventional group (10%). There was no
difference in fertilization rate between the conventional
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(where oocytes were placed). Reproduced with permission [66],
Copyright © 2010, ELSEVIER Publishing. d A microwell-struc-
tured microfluidic device for oocyte trapping, in vitro fertilization,
and embryo culture. Reproduced with permission [67], Copyright ©
2010, RSC Publishing. e A microfluidic chip that integrates oocyte
localization, sperm screening, fertilization, medium replacement,
and embryo culture. Reproduced with permission [68], Copyright ©
2011, ACS Publishing. f Structural diagram of droplet dielectropho-
resis (DEP) microfluidic biochip. The size of the chip is 47.72mm
X 29.84mm. Reproduced with permission [69], Copyright © 2018,
MDPI Publishing

group (1 x 10° cells/mL) and microchannel group. More-
over, the IVF process was integrated on a laminar effect
sperm viability screening chip [66] to effectively reduce
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multi-sperm penetration of oocyte in pigs (Fig. 6¢). There
was a significant difference in sperm concentration at A-D
of the collection pool [(575.0 + 56.3) X 10%cells/mL ~ (0.8
+ 0.5) X 10%cells/mL]. There was no significant difference
in the sperm penetration rate after 8 h of culture when 8—10
egg cells were placed in B, C, and D, respectively. How-
ever, there was a significant difference in fertilization rate
of single sperm, which was (12.5 + 4.8)%, (53.1 + 6.0)%,
and (41.9 £ 2.8)%, respectively. Finally, 30 to 40 denuded
oocytes were placed at point ¢ in chamber D of MFSS,
exposed to flowing sperm for 5 min, then cultured in fresh
decaffeinated medium for 8 h. The result showed that in the
MFSS-IVF system, the normal fertilization index (the ratio
of single sperm oocytes to the number of detected oocytes;
37.5 + 4.0%) was higher than that of standard IVF and
transient IVF the fertilization index (22.2 + 2.8 and 18.9
+ 2.7%, respectively). Moreover, the developmental ability
of fertilized eggs (blastocyst formation) in the MFSS-IVF
system was higher than in either standard or transient IVF.
The results showed that the location and quantity of oocytes
affected the fertilization efficiency, and the co-culture was
beneficial to the formation of blastocyst and monospermy.
A two-layer microfluidic device was designed that was
integrated with the function of the capture of individual
oocytes, in situ insemination, culture medium alteration,
and embryo culture (Fig. 6d) [67]. The first layer consisted
of microchannels and micro-compartments, and the second
layer included a micropore array to capture and preserve
oocytes. The effectiveness of different micropore depths
in oocyte capture and debris clearance was compared by
computational modeling and flow cleaning experiments.
The results indicated that a final depth of 200 pm was
the most effective. This microwell array has a comparable
fertilization rate to traditional droplet-dish techniques, and
has the potential to simplify the processing and manipula-
tion of oocytes. This method allows for rapid and conveni-
ent fluid-change operations, and can track the development
of individual embryos. This facilitates the observation of
embryo development and the selection of healthy embryos
for clinical use. Although the above devices have success-
fully combined sperm screening with fertilization steps
and achieved some results, there is still significant dis-
parity with the complete IVF system. Therefore, a novel
micro-device [68] was reported that integrated every step
of IVF, including oocyte localization, sperm screening,
fertilization, medium replacement, and embryo culture
(Fig. 6e). Oocytes can be individually positioned in a 4
X 4 array of octacolumn units. Four symmetric straight
channels intersect with the oocyte localization region,
enabling efficient selection of motile sperm and facilitat-
ing rapid replacement of the medium. The fertilization
process and early embryonic development of individual
fertilized eggs were recorded and analyzed using in situ
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fluorescent staining. By the screening channels, the sperm
motility of mice increased from 60.8 + 3.4% to 96.1 +
1.9%, and the embryo growth rate and blastocyst forma-
tion were similar to those of the conventional dish group.
The IVF lab-on-a-chip provides a highly integrated plat-
form for human IVF and animal embryo preparation to
greatly reduce the adverse effects of manual manipulation
on cells, with high potential for basic research and future
clinical applications.

Electric fields are also used to detect and manipulate
sperm and oocytes. The results showed that the oocytes
treated with electrotherapy had better developmental poten-
tial than the untreated oocytes [70]. Huang et al. [69] devel-
oped a laboratory-on-chip (LOC) system for controlling
sperm and oocyte fertilization. They used a droplet-based
biochip, leveraging the dielectrophoresis (DEP) effect and
microfluidic system to transport, classify and store oocytes,
sperm and embryos. The microfluidic chip can be divided
into four main parts (Fig. 6f): (1) Trapping area: The oocytes
were manipulated by positive DEP force, and sperm were
concentrated on indium tin oxide (ITO) electrode. (2) Drop-
let generation: Flow focusing design was used to generate
emulsion microfluids (approximately 100 nl volume) in
individual oocytes. (3) Sorting area: A pneumatic valve was
used to classify the droplets of fertilized eggs. (4) Storage
area: Droplet storage for culture. According to the observa-
tion results, the local sperm concentration increased by 20
to 40 times compared with the original sperm concentra-
tion, and the fertilization rate rose with the increase in the
sperm—oocyte ratio. When the sperm—oocyte ratio was 500,
the fertilization rate and the blastocyst rate of DEP microflu-
idic IVF chip were 39.4% and 33.3%, respectively, and when
the sperm—oocyte ratio was 2000, the fertilization rate and
the blastocyst rate of the DEP microfluidic IVF chip were
50.2% and 25.1%, respectively. Compared to the traditional
method of IVF, the fertilization rate of DEP microfluidic
IVF increased by 5%, and even more than 20% developed
to blastocyst stage.

Similar to IVF, ICSI is the treatment technique of
choice for many infertile male patients (with a global
implementation rate of approximately 66%) [7, 71]. The
success of ICSI and sperm—oocyte fertilization depends
considerably on the selection of sperm with high DNA and
viability from damaged and nonviable sperm and fragments
[72, 73]. Microfluidic devices have been proven to provide
higher accuracy in ICSI therapy compared to human
technicians. They are capable of selecting the best candidate
sperm based on quality and fertilization potential, as well as
reducing treatment time by increasing sperm concentration
in poor-quality semen samples [24, 74]. However, the
method is relatively expensive and relies heavily on
artificial manipulation. There is also a risk of oocyte lysis
when the needle is inserted into the oocyte. In the future,
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there is an expectation for the development and utilization
of more economical and automated ICSI, combined with
microfluidic technologies.

Summary, challenges, and future prospects

The labor-intensive method of sperm screening can result in
low purity and DNA damage in sperm cells, which in turn
limits the success rate of ICSI. Also, traditional IVF pro-
cesses are still far from replicating the real fertilization pro-
cess in the human microenvironment. Moreover, traditional
methods with their process complexity, error-prone, costly,
and highly dependent on technical proficiency, are difficult
and unaffordable for couples living in remote and resource-
limited areas. As a result, public attention is turning to min-
iaturized, integrated, automated, and low production-cost
microfluidic chips. Microfluidics can replace large tradi-
tional laboratory tests that require large laboratory settings,
high cost and manpower, and perform automated multiple
tests on a small scale. Thus, microfluidics has great poten-
tial in the future of biomedicine, and has broad applications
in ARTs. This paper highlights the significant contribution
of microfluidic technology in isolating progressively motile
sperm from raw semen to enhance ICSI outcomes, optimize
the IVF process, and improve its success rate. For sperm
screening, we analyzed and discussed the microchannel
screening techniques, laminar effect screening techniques,
rheology screening techniques, chemotaxis screening tech-
niques, and thermotactic sperm screening techniques. These
passive sperm sorting techniques obviously raise the DNA
quality and motility of sperm, which in turn improve the
ARTSs and especially ICSI outcomes. In terms of IVF, unlike
static tubes or droplets, microfluidic IVF requires a lower
sperm concentration. Qocytes are exposed to fewer sperm in
a low working volume microfluidic device, thus reducing the
possibility of polyzoospermia. Furthermore, the advanced
integration of microfluidic chips enables the development
of an "in vitro fertilization lab chip" that combines various
functions such as sperm motility screening, oocyte posi-
tioning, IVF, fluid exchange, early embryo culture, embryo
tracking, and in situ staining. The application of microfluid-
ics can be integrated into all stages of embryo production,
starting with the sorting of sperm, peeling of oocytes, con-
tinued fertilization, embryo culture and cryopreservation of
embryos. The development of multifunctional microfluidics
IVF systems may be driven by advances in 3D printing tech-
nology [75, 76], organ on the chip [77-81], and novel mate-
rial [82, 83]. In addition, there are relatively few relevant
studies on the selection, culture, and quality evaluation of
oocytes [84—87]. If the oocyte processing equipment can
be combined with the sperm screening equipment, it will
provide a broader prospect for the development of ARTs.

The full potential and possibilities of microfluidics in ARTs
are endless.

Despite the many unique advantages of microfluidic
technology in the field of sperm screening and IVF, which
indicates significant commercial potential, further research
is needed to confirm the reliability and effectiveness of
its clinical applications, and challenges and limitations
remain (Table 2). Firstly, most current microfluidic devices
still require external pumps, pipes, and connectors for
setup. These external components can make it difficult to
parallelize multiple chips, limiting the overall throughput
of the chips. They can also cause issues during transport
and storage. Secondly, most microfluidic devices used for
sperm sorting are manufactured using PDMS. However,
the high cost of PDMS devices makes large-scale pro-
duction economically unfeasible. More importantly, this
material has potential negative effects on cellular studies at
the microscale, such as deformation, medium evaporation,
molecular absorption, leaching of non-cross-linked oli-
gomers, and hydrophobic recovery [88]. The use of more
cost-effective materials, such as thermoplastics [89], may
be a reasonable solution. Microprocessing, hot embossing,
and 3D printing are the best alternatives to the lithogra-
phy technology used to build thermoplastic microchips
[90, 91]. Thirdly, the flexibility and diversity of micro-
fluidic designs can also lead to a lack of reproducibility
and standardization. The manufacturing of these platforms
involves infrastructure-intensive manufacturing methods
and lacks capacity for mass production. Moreover, its com-
plexity raises the threshold for consumer adoption for a
large majority of users. Additionally, the commercializa-
tion based on clinical implementation is a great challenge
in the future. It is always difficult to transfer the fruits
of microfluidic chips on laboratory platforms into the
consumer market. Although there have been a few com-
mercially available products developed for semen analysis
by using paper-based microfluidics, such as SpermCheck
and FertiIMARQ [92, 93], the process is time-intensive
and the assessment results can be influenced by the intrin-
sic subjectivity of different observers. More importantly,
there is a lack of adequate quantitative techniques for con-
ducting thorough analysis of semen, while other power-
ful microfluidic techniques for assessing sperm motility
and concentration have not yet been commercialized [94].
The problem lies in the limited clinical applicability—
as it focuses only on proof-of-concept experiments and
ignores additional clinical steps, including further sample
processing and material transfer—and the lack of commer-
cial follow-up analysis [95]. At present, most microfluidic
devices used for sperm sorting or IVF only perform well
in laboratories, whereas researchers may not be able to
consider the commercial application of the final products.
For example, the quality and quantity of sperm samples
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selected in some microfluidic experiments are better than
the actual situation. Most infertile patients may produce
fewer or less viable sperm. Perhaps researchers and devel-
opers need to collaborate more closely with clinicians to
expedite the application of microfluidic technology in
clinical cases. This would involve obtaining safety and
pre-market approval from relevant regulatory authorities,
such as the US Food and Drug Administration (FDA), in
order to assess the commercial potential of these technolo-
gies and address the numerous challenges associated with
infertility.

Taken together, the evidence shows that although promi-
nent advances have been made in the field of ART medi-
cine, infertility continues to affect couples worldwide.
Semen analysis tests and the most common methods for
classifying sperm are still expensive, time-consuming, and
inconvenient. Microfluidic devices are able to overcome
the limitations of conventional methods to provide simple,
economical, and convenient solutions for semen analysis,
high-quality sperm selection, and IVF. However, beyond
device development and preliminary clinical testing, these
technologies lack extensive clinical practice and have not
yet reached the commercialization stage. We also suggest
that different methods be combined with microfluidic tech-
nology, leveraging artificial intelligence, cloud learning or
machine learning methods [96], to fully realize the tremen-
dous potential of microfluidic technology. This will acceler-
ate the commercial deployment and final clinical applica-
tion, addressing the challenges of global fertility.
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