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Abstract
The selection of the most motile and functionally competent sperm is an essential basis for in vitro fertilization (IVF) and
normal embryonic development. Widely adopted clinical approaches for sperm sample processing intensely rely on centrifu-
gation and wash steps that may induce mechanical damage and oxidative stress to sperm. Although a few microfluidic sperm
sorting devices may avoid these adverse effects by exploiting intrinsic guidance mechanisms of sperm swimming, none of
these approaches have been fully validated by clinical-grade assessment criteria. In this study, a microfluidic sperm sorting
device that enables the selection of highly motile and functional sperm via their intrinsic thermotaxis is presented. Bioin-
spired by the temperature microenvironment in the fallopian tube during natural sperm selection, a microfluidic device with
controllable temperature gradients along the sperm separation channel was designed and fabricated. This study investigated
the optimal temperature conditions for human sperm selection and fully characterized thermotaxis-selected sperm with 45
human sperm samples. Results indicated that a temperature range of 35–36.5 °C along the separation channel significantly
improves human sperm motility rate ((85.25±6.28)% vs. (60.72±1.37)%; P=0.0484), increases normal sperm morphology
rate ((16.42±1.43)% vs. (12.55±0.88)%; P<0.0001), and reduces DNA fragmentation ((7.44±0.79)% vs. (10.36±0.72)%;
P=0.0485) compared to the nonthermotaxis group. Sperm thermotaxis is species-specific, and selected mouse sperm dis-
played the highest motility in response to a temperature range of 36–37.5 °C along the separation channel. Furthermore, IVF
experiments indicated that the selected sperm permitted an increased fertilization rate and improved embryonic development
from zygote to blastocyst. This microfluidic thermotaxic selection approach will be translated into clinical practice to improve
the IVF success rate for patients with oligozoospermia and asthenozoospermia.
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Introduction

Since the pioneering success of the first in vitro fertilization
(IVF) procedure in 1978, IVF has emerged as the gold stan-
dard for assisted reproductive technology (ART), resulting
in more than eight million IVF-conceived babies worldwide
[1, 2]. Despite remarkable advancements in IVF techniques
in the past four decades, the success rate of IVF proce-
dures remains unsatisfactory. The rates of normal embryo
development in vitro, embryo implantation, and pregnancy
are between 30% and 50%, leading to a live birth rate of
about 30% to 35% per fresh nondonor IVF cycle for women
<35 years old [3]. Several major factors contribute to the fail-
ure of IVF, including embryo quality, egg and sperm quality,
and uterine environment. Poor sperm quality is one of the
major factors contributing to the failure of IVF, as spermqual-
ity significantly impacts fertilization, embryo development,
and subsequent embryo implantation [4, 5]. Widely adopted
clinical standards for sperm selection in IVF employmethods
such as sperm swim-up, density gradient, and simple wash-
ing. However, all these methods involve centrifugation as an
essential step to separate motile sperm from debris or less
motile sperm [6–9]. Although IVF procedures have made a
compromise between separation efficiency and spermquality

by optimizing the centrifugation duration and acceleration,
these procedures still could not select the most motile sperm
or completely avoid potential mechanical and biochemical
damage to sperm.

To address the above limitations, various passive sperm
sorting approaches have been developed without centrifu-
gation or wash steps. These approaches usually utilize
the precise control of microfluidic flow, surface proper-
ties, microscale geometrical features, and microenviron-
mental gradients to isolate motile and morphologically
normal sperm from semen samples [10–13]. Some of these
approaches employ intrinsic mechanisms of sperm swim-
ming and enrich motile sperm based on chemotaxis, rheo-
taxis, and thermotaxis [14–18]. Thermotaxis-based sperm
sorting mimics the thermal microenvironment along the
fallopian tube during natural sperm selection and isolates
motile sperm from less motile or immotile sperm based on
their responsiveness to temperature gradients. Compared to
chemotaxis- or rheotaxis-based sperm selection methods,
thermotaxis-based sperm selection methods do not require
the addition of any chemoattractant or the precise control of
microfluidic flow [19]. Thus, thermotaxic selection avoids
potential biochemical damage to sperm and does not require
professional skill or equipment for precise microfluidic
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control. A few studies of thermotaxic selection of motile
sperm have been reported usingmicrofluidic devices. Li et al.
reported a microfluidic device with a predesigned tempera-
ture gradient perpendicular to the microchannel to enrich
motile human sperm [20]. They identified a mean percent-
age of thermoresponsive sperm of 11%when the temperature
was 35 to 36.3 °C along the microchannel. Ko et al. demon-
strated a microfluidic device to enrich motile mouse sperm
based on thermotaxis [21]. Using integrated indium tin oxide
(ITO) microheaters, a temperature gradient of 0.154 °C/mm
was established along the microchannel. The optimal sperm
enrichment was achieved under various inlet–outlet temper-
ature ranges (35–37, 36–38, and 37–39 °C). However, few
of these devices were fully validated with sufficient clinical
samples and clinical-grade sperm assessment criteria. None
of these studies have evaluated the selected sperm using IVF
and embryo development assays. Thus, the clinical poten-
tial of thermotaxis-based microfluidic sperm sorting devices
remains elusive.

In this study, a microfluidic device equipped with temper-
ature control for the thermotaxic selection of motile sperm
was developed (Fig. 1a). The optimal temperature ranges
for selecting motile and functionally competent sperm were
investigated using 45 human sperm samples. Sperm motil-
ity was evaluated by clinical-grade sperm motility criteria,
including motility rate (MR), curvilinear velocity (VCL),
straight-line velocity (VSL), and average path velocity (VAP),
whereas sperm integrity was assessed using normal mor-
phology rate (NMR) and DNA fragmentation index (DFI).
The thermal gradient for enriching motile mouse sperm was
investigated using 81 mouse samples. Sperm thermotaxis is
species-specific. Finally, IVF was performed using enriched
mouse sperm, and the fertilization, morula embryo forma-
tion, and blastocyst formation rates were evaluated. This
study is a critical translational step to the clinical-grade appli-
cation of thermotaxis-based microfluidic sperm selection for
human IVF and ART.

Materials andmethods

Device fabrication

The microfluidic device was constructed with two polyimide
(PI) microheaters (Mingshenghua Technology Co., Ltd.,
China), three chambers, a polydimethylsiloxane (PDMS)
layer, two ITO microheaters, and a glass slide (Fig. 1b).
The device was fabricated using standard soft lithography. In
brief, a 50-µm-thick layer of SU-8 photoresist (Microchem,
Westborough, MA, USA) was coated and developed on a 4-
inch silicon wafer, creating a channel template. The device
was fabricated using PDMS (Sylgard 184; Dow Corning,
USA) at a 10:1 volume ratio of base versus curing agent

poured onto the silicon wafer, degassed, and cured at 80 °C
for 2 h. After curing, the sample inlet chamber, collection
chamber, and waste chamber were created using a punch
(diameters of 2, 5, and 8 mm, respectively). The resulting
channel was sealed on a glass slide using oxygen plasma and
baked at 80 °C for 30 min before use.

Experimental setup

The experimental setup included a microfluidic chip, two
switching power supplies (Mingwei, BS-10–5), two temper-
ature sensors (Guankuan,WRNK-191), and two temperature
controllers (Omron, E5CC-800). The switching power sup-
ply electrically drove the ITOmicroheaters. The temperature
sensors monitored the temperature of ITOmicroheaters. The
temperature controllers were used to tune the temperature
of the sample inlet and collection chambers. Using these
modules, a temperature feedback control system was built
to sustain the temperature gradient along the sperm separa-
tion channel on the microfluidic chip (Fig. 1c).

Numerical simulation and experimental
measurement of the temperature gradient

Numerical simulation of the temperature gradient along
the sperm separation channel on a microfluidic chip was
solved by a three-dimensional finite element model in COM-
SOL Multiphysics 6.0 (COMSOL, Inc., Burlington, MA,
USA). The model was constructed by coupling multiple
physics modules, including electric currents, heat transfer
in solids, and joule heating. The physical properties of the
chip materials for numerical calculation were obtained from
the inbuilt material library of the software (Table 1). A sta-
tionary Joule heating simulation was conducted to visualize
the temperature gradient (Fig. 2a). To replicate a physiolog-
ical environment of the female reproductive tract, the effect
of the input voltage value on the temperature gradient was
numerically studied. Furthermore, an optotherm micro ther-
mal imaging system (Hikmicro, H21pro) was employed to
observe the temperature distribution on the separation chan-
nel (Fig. 2b).

Preparation of human andmouse sperm

A microfluidic sperm selection experiment was performed
using deidentified discarded human semen samples from the
Reproductive Medicine Center at the Zhongnan Hospital of
Wuhan University, China. Forty-five human semen samples
from healthy donors were used in this study. All sperm pro-
cessing experiments were performed within 1 to 3 h after
semen samples were collected from the clinical laboratory.
Semen samples were incubated for 30 min at 37 °C to allow

123



690 Bio-Design and Manufacturing (2024) 7:687–700

Fig. 1 Schematic view of a new microfluidic device for selecting highly motile sperm. a Schematic illustration of the experimental procedure.
b Design of the microfluidic chip. c Experimental apparatus for the microfluidic device. PI: polyimide; ITO: indium tin oxide
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Table 1 Parameters of the
materials Material Density (kg/m3) Specific heat (J/(kg·K)) Thermal conductivity (W/(m·K))

ITO 7000 369.400 3.20

Glass wafer 2230 753.789 1.13

PDMS 970 1.460 0.15

ITO: indium tin oxide; PDMS: polydimethylsiloxane

Fig. 2 Numerical simulation and experimental temperature distribu-
tion measurement on the microfluidic chip. a Numerical simulation
of temperature distribution on the microfluidic chip. b IR thermogra-
phy measurement of temperature distribution on the microfluidic chip.
cQuantitative characterization of the temperature distribution along the

sperm separation channel. d IR thermography measurement of the tem-
perature distribution along the sperm separation channel under various
temperature ranges (34–35.5, 35–36.5, 36–37.5, and 37–38.5 °C). IR:
infrared

Table 2 Information on reagents
Reagent Source Identifier

HTF (human) Vitrolife G-IVF PLUS/60 mL-10136

Morphology staining kit Anhui Anke Biotechnology 20,160,020

DFI staining kit Anhui Anke Biotechnology 20,160,005

HTF (mouse) Sigma MR-070

Methylglyoxal Sigma M0205

PMSG NSHF 11,008

HCG NSHF 11,025

KSOM Sigma MR-10

HTF: human tubal fluid; DFI: DNA fragmentation index; PMSG: pregnant mare serum gonadotropin; HCG:
human chorionic gonadotropin; KSOM: potassium simplex optimization medium; NSHF: Ningbo Second
Hormone Factory

liquefaction. Sperm samples were added to the appropri-
ate amount of human tubal fluid (HTF; Vitrolife, G-IVF
PLUS/60 mL-10136) and incubated under an atmosphere of
5% CO2 at 37 °C for 1 h to undergo capacitation (Table 2).

For mouse sperm sorting experiments, 3-month-old
C57BL/6malemicewere euthanized by cervical dislocation,
and mouse semen samples were collected from the caudal
epididymis and suspended in HTF (Sigma, MR-070) supple-
mented with 500 µmol/L methylglyoxal (Sigma, M0205).
Mouse sperm samples were incubated under an atmosphere
of 5% CO2 at 37 °C for 1 h to undergo capacitation. All

efforts were made to minimize animal suffering and reduce
the number of animals used in the experiments.

Mouse oocyte collection

Metaphase II oocytes were obtained from the fallopian tubes
of 4- to 6-week-old female mice (C57BL/6) through super-
ovulation after injection of 5 IU PMSG Ningbo Second
Hormone Factory (NSHF) and an equivalent dose of HCG
(NSHF) over 48 h. Fourteen hours after HCG administration,
fallopian tubes were extracted from super ovulated female
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mice and placed in anM2-containing Petri dish at room tem-
perature. After a wash, fallopian tubes were transferred to a
fresh M2 medium, and cumulus-oocyte complexes (COCs)
were released from the ampulla using a 1 mL syringe needle.
COCs were transferred into 0.1% hyaluronidase for diges-
tion at 37 °C for 3 to 4 min. Eggs with digested and removed
cumulus cells were swiftly picked up with an egg-picking
needle. Normal (full and bright) metaphase II oocytes were
selected and washed to eliminate residual cumulus cells and
hyaluronidase with HTF medium three to four times.

In vitro fertilization

Fertilization drops were prepared with 5 mL HTF, covered
with mineral oil, and preincubated overnight at 37 °C in a 5%
CO2 atmosphere. Groups of 10 to 15 metaphase II oocytes
were placed in each drop. Subsequently, 5 µL fresh epididy-
mal sperm was added to the fertilization drop to achieve a
final concentration of 1×106 sperm/mL, and the drop was
incubated for 6 h at 37 °C in a humidified atmosphere of
5% CO2. Finally, oocytes were washed with KSOM (Sigma,
MR-10).

In vitro embryo culture

The embryos were cultured to the desired stages (dividing
egg, morula, and blastocyst stages) in groups of 10 to 15
embryos in 25 µL drops of KSOM, covered with mineral
oil, and placed in an incubator at 37 °C in a humidified atmo-
sphere of 5% CO2.

Analysis of spermmotility

Microfluidic thermotaxic selection of sperm (thermotaxis
group) was evaluated with two control groups. The non-
sorting group included capacitated sperm without microflu-
idic sperm sorting, and the nonthermotaxis group included
microfluidic selected capacitated sperm in the collection
chamber by free swimming without thermotaxic guidance.
Sperm motility was analyzed by the motility module in a
clinical-grade multiparameter sperm quality analysis system
(BEION, V4.20). The selected sperm in the collection cham-
berwere transferred to a glass slide, and the sperm swimming
pattern was recorded for quantitative analysis of four motil-
ity parameters, including MR, VCL, VSL, and VAP. MR was
defined as the percentage of motile sperm in the given sam-
ple. VCL was defined as the average speed of a sperm along
its actual curving path. VSL was defined as the speed of a
sperm moving along a straight path. VAP was defined as the
average speed of a sperm along its trajectory. Furthermore,
the motile sperm are characterized by their ability to move
actively. VCL, VSL, and VAP were obtained by analyzing
sperm trajectories in Video S1 (Supplementary Information).

Spermmorphology

The World Health Organization manual guidelines were
strictly followed to examine sperm morphology. The
sperm staining detection kit (Anhui Anke Biotechnology,
20,160,020) was used to stain all sperm components (acro-
some, head, midpiece, and main piece of tail) differentially
in different intensities of blue. Themorphology of the stained
sperm was quantitatively analyzed using the morphology
module in the sperm quality analysis system (BEION,
V4.20).

Assessment of sperm DNA fragmentation

The DFI of sperm was evaluated utilizing the sperm
DNA fragment staining kit (Anhui Anke Biotechnology,
20,160,005) according to the manufacturer’s instructions.
Spermwith very small halos, without halos, andwithout halo
degraded contained fragmented DNA. Sperm with medium
to large halos contained intact DNA. The stained sperm were
quantitatively analyzed using the DFI module in the sperm
quality analysis system (BEION, V4.20). At least 100 sperm
were assessed for each sample, with nine samples in each
group.

Immunofluorescence staining

Mouse embryo samples were fixed overnight in 4%
paraformaldehyde, followed by phosphate-buffered saline
(PBS) washes. Blocking was performed using 5% goat
serum. Permeabilization was performed using PBS contain-
ing 0.2% Triton X-100 for 30 min, followed by PBS washes.
The embryos were incubated overnight with either anti-
OCT4 (Abcam, 19,857) or anti-CDX2 (Abcam, 227,201)
primary antibodies. After removing the primary antibodies,
the samples underwent PBSwashes. The embryoswere incu-
batedwith secondary antibodies conjugatedwithAlexa Fluor
488 or 546 (red) at room temperature for 60min, followed by
PBSwashes. Cell nuclei were stained with 4′,6-diamidino-2-
phenylindole (1 mg/mL) for 5 min, followed by PBSwashes.
Finally, the embryos were mounted on glass slides using a
mounting medium. The stained embryos were imaged under
a fluorescence microscope (Leica, TCS SP8).

Statistical analysis

Data as the mean±standard error were quantified from at
least three independent experiments. P values were deter-
mined using one-way analysis of variance or Student’s t-test
to verify statistically significant differences among groups.
All collected data were graphed and analyzed using the sta-
tistical software GraphPad Prism 8.0.0 (GraphPad Software,
San Diego, CA, USA).
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Results

Characterization of the temperature gradient
on amicrofluidic chip

The temperature distribution along the sperm separation
channel on the microfluidic chip was visualized through
numerical simulation and infrared (IR) thermography mea-
surement (Figs. 2a and 2b).When ITOmicroheaters were set
to 35 °C in point A and 36.5 °C in point B, there was a sharp
temperature gradient between these two areas. Furthermore,
quantitative analysis of the temperature gradient along the
channel indicated that the simulation results were consistent
with the experimental results, and the temperature gradient
was established with an average of 0.15 °C/mm (Fig. 2c)
along the 10-mm long separation channel between the sam-
ple inlet chamber and the collection chamber. Temperature
ranges (34–35.5, 35–36.5, 36–37.5, and 37–38.5 °C) along
the separation channel were experimentally set up using the
temperature feedback control system.

Thermotaxic response of human sperm
under different temperature ranges

The thermotaxic response of human sperm in various temper-
ature ranges along the separation channel (34–35.5, 35–36.5,
36–37.5, and 37–38.5 °C) was investigated. All these condi-
tions in the thermotaxis group demonstrated a significantly
higher level (P<0.0001) of sperm motility than the nonsort-
ing group in all four clinical-grademotility criteria, including
MR, VCL, VSL, and VAP (Fig. 3). Sperm motility from 35 to
36.5 °C displayed the highest increase over the nonsorting
group, with mean MR (164%), VCL (97%), VSL (125%),
and VAP (99%) among these temperature ranges. Sperm
selected by this temperature range demonstrated signifi-
cantly higher motility than those sperm at other temperature
ranges (34–35.5, 36–37.5, and 37–38.5 °C) in nearly all four
clinical-grade motility criteria.

Evaluation of thermotaxis-selected human sperm

Comparative analysis was performed on thermotaxis-
selected sperm from 35 to 36.5 °C in the nonthermotaxis
and nonsorting groups in terms of motility, morphol-
ogy, and DNA integrity (Fig. 4a). The concentration of
thermotaxis-selected sperm in the collection chamber was
(3.46±0.30)×106 sperm/mL in the experiments, whereas
the initial concentration of motile sperm in the inlet cham-
ber was (49.19±1.72)×106 sperm/mL. Thus, a 7.03% fold
enrichment of motile sperm was obtained via microflu-
idic thermotaxis-based selection. The average MR of sperm
in the thermotaxis group was (85.25±6.28)%, which was

much higher than those in the nonthermotaxis and nonsort-
ing groups (Fig. 4b). Furthermore, sperm in the thermotaxis
group showed higher VCL, VSL, and VAP than those in the
nonsorting and nonthermotaxis groups.

Morphological analysis was performed on thermotaxis-
selected sperm, and their DNA integrity was further exam-
ined. Thermotaxis-selected sperm demonstrated an NMR
of (16.42±1.43)%, which was significantly higher than
those in the nonthermotaxis (12.55±0.88)% and nonsort-
ing (5.10±0.60)% groups (Fig. 4c). Thermotaxis-selected
sperm displayed significantly lower DFI (7.44±0.79)% than
those in nonthermotaxis (10.36±0.72)% and nonsorting
(15.10±0.98)% groups (Fig. 4d). These results indicated that
microfluidic thermotaxic selection significantly improves
sperm quality in terms of motility, morphology, and DNA
integrity.

Thermotaxic response of mouse sperm
under different temperature ranges

The thermotaxic response of mouse sperm was investigated
in various temperature ranges (34–35.5, 35–36.5, 36–37.5,
and 37–38.5 °C) along the separation channel. All thermo-
taxis groups displayed a significantly higher level (P<0.0001)
of sperm motility than the nonsorting group in terms ofMR,
VCL, VSL, and VAP (Fig. 5). Thermotaxic selection from 36
to 37.5 °C displayed the highest increase over the nonsorting
group in termsofmeanMR (119%),VCL (84%),VSL (120%),
and VAP (112%). Sperm selected under this temperature
range also demonstrated significantly higher motility than
those under the other temperature ranges. The concentration
of thermotaxis-selected sperm in the collection chamber was
(4.42±0.15)×106 sperm/mL in the experiments, whereas
the initial concentration of motile sperm in the inlet cham-
ber was (41.89±1.68)×106 sperm/mL. Thus, there was a
10.55% fold enrichment of motile sperm via the microflu-
idic thermotaxic selection. This optimal temperature range
is species-specific for mouse sperm thermotaxis, as the opti-
mal temperature range for human sperm thermotaxis is 35 to
36.5 °C.

IVF using thermotaxis-selected sperm

The functionality of thermotaxis-selected mouse sperm was
investigated using a standard mouse IVF procedure (n=3).
Bright-field imaging analysis indicated that thermotaxis-
selected and nonsorting sperm enable a normal early-stage
embryonic development from fertilization to blastocyst pro-
duction (Fig. 6a). The thermotaxis group displayed an
increase in mean rates of egg division (33%), morula for-
mation (24%), and blastocyst production (19%) over the
nonsorting group (Fig. 6b). There were no statistically sig-
nificant differences in fertilization, morula, and blastocyst
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Fig. 3 Human spermmotility under various temperature ranges. Human
spermmotility was examined on the thermotaxis and nonsorting groups
under various temperature ranges (34–35.5, 35–36.5, 36–37.5, and

37–38.5 °C). a Motility rate. b Curvilinear velocity. c Straight-line
velocity. dAverage path velocity. Data are expressed asmean±standard
error (n=3). ns: non-statistical significance

rates between the two groups. This lack of significance can
be attributed to the utilization of sperm from normal mice for
selection purposes. SpermMR of the wild-type mice utilized
in this study exceeded 40%, which was sufficient for IVF
of mouse eggs. Furthermore, blastocysts derived from the
thermotaxis group were characterized. Immunofluorescence
staining indicated Oct4 (a pluripotent stem cell marker) and
Cdx2 (amarker for trophectoderm) expression in blastocysts,
suggesting the potential to differentiate into three germ layers
and trophectoderm after embryo implantation (Fig. 6c).

Discussion

Male infertility is responsible for about 40% to 50% of all
human infertility cases and affects approximately 10% of
men worldwide [22]. One of the primary causes of male
infertility is abnormal sperm production or function. Low
sperm count, known as oligospermia, can reduce the chances

of successful fertilization. Poor spermmotility (asthenosper-
mia) or abnormal sperm shape and structure (teratospermia)
can impede sperm from reaching and penetrating the egg.
In the past decades, ART (such as IVF and intracytoplasmic
sperm injection) and sperm retrieval procedures (such as tes-
ticular sperm extraction (TESE) or microdissection TESE)
have addressed certain male infertility issues [23–26]. IVF
techniques, mainly including sperm swim-up, density gradi-
ent, and simple washing, are clinical standards for selecting
viable and motile sperm and are widely adopted in repro-
ductive medicine centers. These techniques employ active
operations such as centrifugation and washing to handle
semen. Despite the advantages of accessibility, ease of oper-
ation, and cost-effectiveness, these techniques suffer from
some drawbacks, including limited motile sperm selection,
mechanical damage, and oxidative stress to DNA integrity,
which are partially responsible for the failure of IVF and
abnormal embryogenesis. Thermotaxis-based sperm sorting
mimics the thermal microenvironment along the fallopian
tube during natural sperm selection and isolatesmotile sperm
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Fig. 4 Comparison of
thermotaxis-selected human
sperm with sperm in the
nonthermotaxis and nonsorting
groups. a Representative images
of sperm movement trajectories,
sperm morphology, and DNA
fragmentation assay (DFI).
b Sperm motility analysis of
motility rate, curvilinear velocity,
straight-line velocity, and
average path velocity. c Sperm
morphology analysis. d DNA
fragmentation analysis of sperm
cells. Data are expressed as
mean±standard error (n=3)

123



696 Bio-Design and Manufacturing (2024) 7:687–700

Fig. 5 Mouse sperm motility
under various temperature
ranges. Mouse sperm motility
was examined on the thermotaxis
and nonsorting groups under
various temperature ranges
(34–35.5, 35–36.5, 36–37.5, and
37–38.5 °C). a Motility rate.
b Curvilinear velocity.
c Straight-line velocity.
d Average path velocity. Data are
expressed as mean±standard
error (n=3)

Fig. 6 Characterization of
thermotaxis-selected mouse
sperm for IVF. a Representative
images of embryos on Days 1, 3,
and 5 after fertilization were
examined by optical microscopy.
b Successful rate of early-stage
embryonic development from
fertilization to blastocyst stages.
c Representative
immunofluorescence staining
images of the embryo on Day 7
after fertilization. Data are
expressed as mean±standard
error (n=3). IVF: in vitro
fertilization; DAPI:
4’,6-diamidino-2-phenylindole

from less motile or immotile sperm based on their respon-
siveness to the temperature gradient. This selection method
via thermotaxis bypasses potential biochemical damage to
sperm, offering a gentler alternative for sperm sorting.

In natural sperm selection and fertilization, motile sperm
cells display intrinsic capacity to navigate their directions
and swim along the female genital tract toward the egg

[27]. Some key mechanisms of natural sperm navigation
have been elucidated in the past decades, including chemo-
taxis, rheotaxis, and thermotaxis [28–32]. Thermotaxis may
influence sperm movement within the female reproductive
tract, particularly in the vicinity of the oviducts. Human
and mouse sperm may have evolved distinct thermotaxic
responses to the temperature gradient due to differences in
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their reproductive physiology and environmental conditions.
Sperm sensitivity to temperature changes varies depending
on the species’ natural habitats and reproductive strategies.
The expression levels and types of thermosensitive proteins
in sperm vary between species. These proteins play crucial
roles in detecting temperature changes and initiating cellular
responses. Differences in the expression or functionality of
thermosensitive proteins may contribute to variations in ther-
motaxic responses between human and mouse sperm. Sperm
exhibit thermotaxic responses and move toward warmer
reproductive tract regions, such as the fallopian tubes, where
fertilization usually occurs [33]. Bahat et al. discovered that
human sperm could respond to a temperature gradient by
thermotaxis [34]. Furthermore, Boryshpolets et al. identified
that sperm direct their swimming in the direction of the ther-
mal gradient by modulating the frequency of turns and speed
[35]. Bahat, Eisenbach, and Giojalas suggested that sperm
thermotaxis relied on inositol 1,4,5-triphate receptor (IP3R)
Ca2+ channels located in internal Ca2+ stores [36, 37]. The
thermotaxic responses of sperm are mediated by phospholi-
paseC and request intracellular rather than extracellular Ca2+

concentration. Themechanism of thermotaxis is independent
of chemotaxis receptors, indicating the potential of simul-
taneously exploring thermotaxis and chemotaxis in sperm
selection. Two proteins, G protein-coupled receptors and ion
channels, are involved in sensory transduction in eukary-
otes [38, 39]. Opsins and thermosensitive transient receptor
potential (thermoTRP) channels are currently under inves-
tigation as potential sensors for thermotaxis. ThermoTRP
channels, a subgroup of the TRP superfamily, are highly
sensitive to temperature changes and help regulate body tem-
perature [40, 41] and include TRPV1–4, TRPM8, TRPA1,
and others. Opsins, traditionally associated with light detec-
tion in tissues like the eyes and skin, have been detected
in other organs and may have light-independent effects. In
sperm, thermoTRP channels such as TRPV1, TRPV4, and
TRPM8 are candidates for temperature sensors [42]. Opsins,
including rhodopsin and melanopsin, have also been iden-
tified in sperm and may play a role in thermotaxis. These
proteins initiate signaling cascades similar to those in visual
cells, enabling sperm to sense temperature variations [43,
44].

Inspired by sperm intrinsic thermotaxis, a thermotaxis-
basedmicrofluidic device formotile sperm selection and IVF
was designed and fabricated. A temperature control system
with a feedback loop was constructed to precisely create and
sustain a temperature gradient along the sperm separation
channel. The system contained an ITOglass heater at the sub-
strate [45], two flexible PI microheaters tightly surrounding
the sample inlet and collection chambers, and temperature
sensors at the bottomof these two chambers. Previous studies
reported thermotaxis-based microfluidic devices for sperm
selection, and these devices usually create thermal gradients

solely using integrated ITO heaters or resistive heaters on an
aluminum alloy tank for heat dissipation. Compared to these
devices, our device enables a robust thermal gradient and a
clear substrate for in situ sperm observation.

Previous studies revealed a temperature difference of 1 to
2 °C between the sperm storage site and the fertilization site,
and the temperature difference is ovulation-dependent [46,
47]. Human sperm can respond to temperature gradients as
low as 0.014 °C/mm over a broad temperature range (29–41
°C). In this study, a fixed temperature difference of 1.5 °Cwas
predefined from the inlet chamber to the collection chamber,
and sperm motility was investigated under various temper-
ature ranges. An optimal temperature range of 35 to 36.5
°C was identified along the sperm separation channel with
a thermal gradient of 0.15 °C/mm for microfluidic thermo-
taxic selection of highly motile sperm. Our device was fully
validated with 45 human semen samples from patients with
normal sperm motility. Microfluidic thermotaxic selection
significantly improved sperm motile parameters compared
to the free swimming group (nonthermotaxis) in terms
of MR ((85.25±6.28)% vs. (60.72±1.37)%; P=0.0484),
VCL ((119.33±4.82) vs. (93.79±7.64) µm/s; P=0.0484),
VSL ((89.10±6.11) vs. (58.28±9.60) µm/s; P=0.0464), and
VAP ((91.07±6.21) vs. (64.03±9.49) µm/s; P=0.0446).
Microfluidic thermotaxic selection ensures a higher NMR
((16.42±1.43)% vs. (12.55±0.88)%; P<0.0001) and a lower
DFI ((7.44±0.79)% vs. (10.36±0.72)%; P=0.0485) than the
nonthermotaxis and nonsorting groups. Li et al. [20] and
Ko et al. [21] separately demonstrated a microfluidic device
design for the thermotaxic selection of human sperm. How-
ever, these devices have not been assessed for sperm motile
parameters, sperm morphology, and DNA integrity. Thus,
our microfluidic device cannot be quantitatively compared
to these reported devices in terms of the performance of
humanmotile sperm selection. Yan et al. reported amicroflu-
idic device with combined thermotaxis and chemotaxis for
sperm selection [48]. Compared to their device, our device
offers a comparable enriched spermnumber (8000 vs. 10000)
with similar sperm motility (VCL 125 vs. 120 µm/s and
VSL 80 vs. 100 µm/s) in an affordable sorting time (20
vs. 15 min). Our microfluidic device showed similar perfor-
mance in enriched sperm number and motility compared to
previously reported devices. However, our current design has
limitations, mainly relying on thermotaxis for sperm selec-
tion. Integrating chemotaxis into the same microfluidic chip
could more accurately replicate the sperm sorting process in
the reproductive tract in vivo, potentially enhancing sperm
sorting efficiency.

Sperm thermotaxis is species-specific, and the optimal
mouse spermmotility is achieved from 36 to 37.5 °C, distinct
from the optimal temperature range (35–36.5 °C) for human
sperm selection. Furthermore, the functionality of selected
mouse sperm was evaluated for fertilization and embryonic
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development. Results indicated that the thermotaxis-selected
sperm enables a higher rate of egg division. Thermotaxis-
selected spermdemonstrated highermeanmorula and blasto-
cyst formation rates in embryogenesis thannonsorting sperm.
Immunostaining confirmed spatially differentiated Oct4 and
Cdx2 expression in blastocysts. Oct4 indicates pluripotency
for generating three germ layers, and Cdx2 is the core tran-
scription factor responsible for trophectoderm development.
This staining suggested the potential of normal embryogene-
sis after blastocyst implantation. These IVF validations have
never been reported in previous thermotaxis- or chemotaxis-
based microfluidic devices.

Conclusions

In this study, a biomimetic microfluidic device was devel-
oped to isolate highly motile sperm based on thermotaxic
guidance. The device contains a temperature control system
with a feedback loop to precisely create and sustain a robust
temperature gradient for the thermotaxic selection of sperm.
The device is fully characterized with clinical human semen
samples and criteria. Thermotaxis-sorted sperm exhibited
enhanced motility and reduced DFI compared to the non-
thermotaxis group, and mouse sperm IVF assays further
implied the potential of this device to increase the success
rate in human IVF. Overall, this study will supplement as
an essential step to translate thermotaxis-based microfluidic
sperm sorting devices into clinical-grade applications and
improve IVF success rate for patients with oligozoospermia
and asthenozoospermia.
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