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Acoustic enrichment of sperm for in vitro fertilization

We have developed a novel acoustofluidic device that
leverages acoustic streaming to efficiently enhance
enrichment of sperm to oocyte surface, facilitating
fertilization with moderate oligozoospermia. The results
show that ultrasound enables to significantly improve

the sperm motility without leading to additional DNA
fragmentation. Moreover, sperm and oocytes that have been
exposed to ultrasound stimulation show a higher fertilization
rate and faster progression into the multicellular state
through earlier proliferation. This research offers a potentially
valuable tool for /n vitro fertilization and has important
implications for assisted reproduction technology.
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Introduction

Acoustic enrichment of sperm for in vitro
fertilizationf

Chungiu Zhang, @ 3¢ Ning Rong,}? Ziyi Lin,1° Peng-Qi Li,? Jingyao Shi,?
Wei Zhou,? Lili Niu,? Fei Li,® Rongxin Tang,*¢ Lei Li* and Long Meng @ *2@

Assisted reproductive technology (ART) has emerged as a crucial method in modern medicine for
tackling infertility. However, the success of fertilization depends on the quality and quantity of sperm,
often necessitating invasive surgical intervention, which presents challenges for non-invasive in vitro
fertilization. Acoustic microfluidics technology has found widespread application across various biological
contexts. In this paper, we propose to introduce a novel approach using asymmetric acoustic streaming
generated by a single interdigital transducer (IDT) to enhance sperm concentration and improve
fertilization in vitro, particularly in cases of moderate oligozoospermia. The concentration of particles
increased approximately 6-fold in the central region after acoustic enrichment. Moreover, sperm motility
was significantly improved without additional DNA fragmentation, and all the oocytes remained viable
after 5 min of acoustic enrichment. Notably, acoustic enrichment accelerated fertilization and embryo
development, leading to a higher fertilization rate and faster cleavage speed. Specifically, within 36 hours,
the multiple-cell embryo ratio was significantly increased compared to the control group. This finding
further validates the feasibility and non-invasiveness of acoustic enrichment for sperm fertilization
in vitro. This work provides a promising tool for in vitro fertilization, holding significant implications for
assisted reproduction.

births.” Despite extensive research and efforts, ART still
appears to be relatively immature.®

Over 48.5 million couples worldwide have faced challenges in
conceiving a child for 5 years or longer."”> Among these, male
infertility plays a significant role, accounting for about 30 to
50 percent of all infertility cases.” Assisted reproductive
technology (ART) has made substantial contributions to
addressing global infertility for more than 40 years." As a
result of advancements in ARTSs, an increasing number of
infertile couples have achieved successful pregnancies and
given birth to healthy children.”® However, only 26.4% of
couples undergoing ART cycles have been able to achieve live
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ART, such as in vitro fertilization (IVF), intrauterine
insemination (IUI), and intracytoplasmic sperm injection
(ICSI), have significantly aided infertile couples in achieving
conception.”™ Clinical practices of IUI, IVF and ICSI have
been employed to address male infertility challenges.™
Among the most common semen abnormalities encountered
are low sperm concentration, poor sperm motility, and
abnormal sperm morphology.'*'® These abnormalities can
result in a relatively low sperm recovery rate, subsequently
affecting conception rates.

As a result, it is important to enrich sperm efficiently and
safely."* Conventional methods of sperm enrichment include
the swim-up method, density gradient centrifugation, and
sperm  washing. These methods involve multiple
centrifugation steps that may damage sperm morphology,
induce significant DNA fragmentation and reactive oxygen
species (ROS) in the healthy sperm, which differ from those
naturally chosen in the female reproductive tract (FRT), and
negatively affect ART outcomes by decreasing the probability

of pregnancy.””'® To overcome the limitations of
centrifugation-based methods, various sperm selection
techniques have been developed to enhance sperm

fertilization potential. Microfluidic screening, for instance,
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relies primarily on sperm motility, but its fertilization
efficiency is constrained by its inability to fully replicate the
physiological environment."”'® Magnetic-activated cell sorting
typically combines with density-gradient centrifugation to
remove contamination by leukocytes and immature germ cells,
making the process cumbersome and time-consuming.®
Therefore, there is an urgent need for a further improved ART
that has critical features, such as non-invasiveness, time
efficiency, cost-effectiveness, and ease of operation.

Surface acoustic waves (SAWSs) are a type of acoustic wave
that propagates along the material's surface, with the energy
confined in close proximity to the surface.”* SAWs are
typically generated by an interdigital transducer (IDT) and
can induce compression waves within a fluid medium,
resulting in the acoustic streaming in droplets due to viscous
attenuation.”® The use of acoustic streaming has been
extensively explored for various biomedical applications,
especially in cell manipulation and concentration with high
safety.”>” SAW-induced acoustic streaming can immobilize,
translate, and rotate C. elegans worms.>® The immobilization
process is gentle and non-invasive, allowing for rapid
recovery immediately after the removal of acoustic waves.*® It
has been demonstrated that a high-frequency ultrasound
could also boost sperm motility by increasing the
intracellular rate of metabolic activity at various dimensions
with no significant change in cell viability or DNA
fragmentation index.>® This suggests that acoustic-based
approaches have the potential to provide a biocompatible
and safe method for sperm enrichment in assisted
reproductive technologies. Currently, acoustic waves have
been employed in applications such as extracting sperm from
sexual assault samples and selecting sperm with high DNA
integrity.’** However, their application in sperm
concentration to enhance assisted reproduction remains
unexplored.

In this study, we introduced a novel method using
ultrasound to enhance fertilization efficiency in ART,
particularly in cases of moderate oligozoospermia with slow
or immobile sperm. By enriching sperm using acoustic
streaming and secondary acoustic radiation force (ARF), the
probability of sperm-oocyte collision is increased, resulting
in higher fertilization rates. Prior experiments demonstrated
that particles within droplets could be enriched
approximately 6-fold. The results further showed that smaller
particles tend to move towards larger particles due to
asymmetrical acoustic streaming and secondary ARF. In
sperm experiments, a small number of sperm experienced
acoustic streaming and secondary ARF, moving toward the
oocyte with an input power of 900 mW. After acoustic
enrichment, sperm motility significantly improved in terms
of curvilinear swimming velocity, progressive motility, and
overall sperm motility. Analysis of sperm chromatin structure
revealed no significant difference in sperm DNA
fragmentation compared to the control group, indicating that
the enriched sperm remained viable, motile, and healthy.
The oocytes also remained viable after a 5 min acoustic
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enrichment. Furthermore, significantly higher rates of
fertilization and faster development of fertilized embryos
observed than the control group demonstrate the efficacy of
acoustic enrichment in fertilization improvement. This
confirms the feasibility and non-invasiveness of acoustic
techniques to enhance fertilization in vitro, even with limited
sperm counts.

Materials and methods
Device fabrication

The fabrication of the surface acoustic wave (SAW) chip
involved four distinct steps. Initially, the piezoelectric
lithium niobite (LiNbO;) 128° Y-X-axis-rotated cut,
X-propagating crystal substrate underwent cleaning and
washing with acetone and IPA solutions, followed by drying
using N, pressure gun. In the second step, the substrate
was spin-coated with the positive photoresist AZ5214,
achieving a smooth layer at a speed of 3000 rpm for 30 s.
In the third step, the design for the SAW interdigital
transducer (IDT) was transferred to the substrate through
standard UV photolithography technique by a UV mask
aligner machine (URE 2000/35, SIAT Chinese Academy of
Sciences, Shenzhen), and the substrate development ensued
using MF 321 developer solution. In the last step, a double
metal layer (Cr/Au) was deposited by using the magnetron
sputtering machine (NANO-MASTER NSC-3500, Texas
America). To eliminate excessive gold metal, the substrate
underwent immersion in acetone for 30 min and was
subjected to low-power ultrasonication for 1 min.** An IDT
consisted of 10 straight finger pairs and the aperture of IDT
was 16 mm to generate SAW. Consistent with theoretical
results, the corresponding resonant frequency of IDTs was
5.287 MHz with an insertion loss of -7.4 dB, measured
using a vector network analyzer (VNA, ZVA40, Rohde and
Schwarz, Germany).

Polystyrene particle preparation

Different particle materials were utilized in the experiments.
Polystyrene (PS) particles (FCGB008, Bangs Laboratories, Inc,
USA) with a diameter of 5 pm were employed for particle
aggregation. PS particles (BCCB33, Sigma-Aldrich, USA) with
a diameter of 100 pm were employed for substituting the
oocyte-cumulus complex. The 1 um red fluorescent particles
(SEQ-R-020, Tianjin Saierqun Technology Co., Ltd., China)
had a maximum excitation wavelength of 620 nm and a
maximum emission wavelength of 680 nm. The 75 pm green
fluorescent particles (FGP75K, Lab261, USA) had a maximum
excitation wavelength of 460 nm and a maximum emission
wavelength of 500 nm. The density of particles used in the
experiments is 1.06 g cm >,

Animal

All husbandry and experimental procedures in this study
were approved by the Animal Care and Use Committees of

This journal is © The Royal Society of Chemistry 2024
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the Shenzhen Institute of Advanced Technology (SIAT),
Chinese Academy of Sciences, conducted in accordance with
the principles and procedures outlined in the SIAT
Guidelines for the Care and Use of Laboratory Animals.
C57BL/6] mice (obtained from Guangzhou Charles River
Laboratory Animal Technology Co., Ltd., China) were used in
this study. All animals were housed at 20-25 °C on a
circadian cycle of 12 hour light-dark (lights on at 08:00 am
and off at 08:00 pm) with ad libitum access to food and
water.

Source of sperm

Five steps were conducted to prepare sperm with 8-12 weeks
C57BL/6] male mice. Firstly, TYH sperm capacitive solution
(M2030, Aibei, China) was added to the Petri dish, which was
covered with mineral oil (M8410, Sigma-Aldrich, USA) to
reach an equilibrium in an incubator at 37 °C with 5% CO,
for more than 4 h.*® Secondly, anesthetization of mice was
conducted using 2.5% isoflurane (020037015, Ringpu
(Tianjin) Bio-Pharmacy Co., Ltd., China) via a nose cone.
Thirdly, the abdomen and epididymides of mice were
disinfected with 75% alcohol cotton balls. The epididymides
were collected after the abdomen of mice was cut. Fourthly,
the epididymides were put in a culture dish full of culture
media and were cut to release sperm. Fifthly, the culture dish
was placed in an incubator for 10 min, after which the sperm
were dispersed and then collected. After dilution of the
sperm, the concentration was about 8 million per mL,
indicating a moderate oligozoospermia condition.*®
Approximately 8000 sperm were found in a 1 pL droplet. Due
to the lack of sperm selection in the experiment, the sample
contains sperm with relatively slow motility and immobility.

Source of oocyte

For the preparation of ovary extracts, 1.5-3 months old
female C57BL/6] mice were applied to extract the ovary
through superovulation. For the superovulation treatment,
females were first injected with pregnant mare serum
gonadotropin (PMSG, 5.0 IU, P9970, Solarbio, China), which
mimics the action of endogenous follicle-stimulating
hormone (FSH) to promote oocyte maturation. Using human
chorionic gonadotropin (HCG, 5.0 IU per mouse, Sigma-
Aldrich Corp.) mimics the induction of ovulation by
luteinizing hormone (LH), which was injected 48 h later.*’
And the ovaries were collected between 12 h and 14 h after
the injection of HCG.

For ovary collection, the oocyte culture drops were
prepared by using a pipette to dispense human fallopian tube
fluid (HTF) medium (M1130, Aibei, China) in small droplets
into a 60 mm culture dish, cover HTF drops with mineral oil
(M8410, Sigma-Aldrich, USA) and put in the incubator (37 °C,
5% CO,) for more than 4 h. HTF could provide a glucose-rich
environment to promote the efficient metabolism of the
oocyte-cumulus complex and sperm.*® To retrieve the
oviduct, anesthetization of mice was conducted with 2.5%

This journal is © The Royal Society of Chemistry 2024
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isoflurane (020037015, Ringpu (Tianjin) Bio-Pharmacy Co.,
Ltd., China) via a nose cone. Secure the oviduct with forceps,
then open the ampulla longitudinally using a 1 mL syringe
needle to release the oocytes into the liquid. Once completed,
the oocytes were then transferred to the prepared HTF drops
and returned to the incubator for further utilization.

Particle image velocimetry (PIV)

In this study, the streamlines of droplet particles were traced
using the particle image velocimetry (PIV) technique. The
aggregation process of the particles was recorded by an
inverted microscope. Cross-correlation algorithm was applied
to obtain the acoustic streaming velocity by calculating the
displacement of the particles in a certain time. Typically, PIV
analysis involves five main steps: image pre-processing,
image analysis, calibration, post-processing, and image plot.
All the image processing procedure was performed using the
PIVlab 2.62 plug-in (R2021b) in MATLAB 9.11.%%%°

Firstly, the contrast limited adaptive histogram
equalization (CLAHE) method was developed to remove the
background. During the PIV setting, FFT window
deformation was applied to analyze the transient behavior of
the particles. Employing interrogation areas of uniform size,
this method results in information loss with each particle
displacement, which can be mitigated by the increasing
amount of background noise in the correlation matrix.
Calibration was performed by entering the image scale and
the time interval between images to determine the particle
motion velocity. Post-processing of PIV data was generally
required to obtain reliable results. An elementary approach
to filter outliers in PIVlab was to choose limits for acceptable
velocities, which were determined by changing the mean
velocity and standard deviation of velocity. Employing local
median filtering by adjusting its values was a technique for
smoothing PIV data, effectively reducing noise. Finally, plot
functions were used to generate instantaneous velocity vector
plots, velocity field maps, and streamline maps.*'

Design of the concentration system

The SAW device was fixed on an inverted microscope (Zeiss
observer Z1, Zeiss, Germany), with a high-speed camera
(C13440, Hamamatsu, China) to visualize and record the
movement of particles and cells. RF signal generator (RIGOL
DG4162, RIGOL, China) supplied AC signals at a frequency of
5.287 MHz to establish the acoustic field in the LiNbO;
substrate. We utilized a high-frequency amplifier (ZHL-1-2W
+, Mini-Circuits, USA) to amplify the AC signal applied to the
driving electrodes for higher electric field strength.
Additionally, the actuation signal was monitored by a digital
oscilloscope (Tektronix 4104, Tektronix, China).

Fig. 1(b) shows the simulation results of acoustic waves
propagating on the lithium niobate (LN) substrate by
software COMSOL Multiphysics (version 5.4).*> The
interfinger was consistent with the experimental IDT
parameters, the frequency was set at 5.287 MHz, and the

Lab Chip, 2024, 24, 5113-5123 | 5115
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Fig. 1 (a) Schematic illustration of the acoustofluidic concentration
device. The SAWs are generated by IDTs. The sperm were
concentrated around the oocyte in the center of the acoustic vortices.
(b) Numerical simulation of the acoustic vibration. (c) The vibration

amplitude in the piezoelectric lithium niobate substrate was
characterized by LDV.
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logarithm was 10 pairs. These results elaborate that the
acoustic vibration amplitude propagating on the piezoelectric
LN substrate was 1.53 nm. The experimental vibration
amplitude was characterized wusing a laser Doppler
vibrometer (UHF-120, Polytec, Germany) as shown in
Fig. 1(c). The acoustic vibration amplitude at an input
electronic power of 900 mW was consistent with the
simulation result.

In acoustofluidic systems, the diameter of a 1 pL droplet
deposited on the substrate measures approximately 2 mm,
with its distance from the IDT about 2 mm. A portion of the
droplet comes under the influence of the surface acoustic
waves (SAWs) generated by the IDT. The imbalance of
acoustic energy within the droplet due to this interaction
leads to rotational acoustic streaming (Fig. S17).

Fluorescent staining for sperm viability

To evaluate the concentration of live and dead sperm near
the oocyte before and after acoustic streaming, we utilized a
combination of phosphate buffered solution (PBS) (C01-
01003, Bioss Antibodies, china), calcein-AM (22002, AAT
Bioquest, USA), and propidium iodide (PI) (MKCC9922,
Sigma-Aldrich, USA) to stain the sperm solution. Calcein-AM
is a nonfluorescent, hydrophobic compound that easily
permeates intact live cells. The hydrolysis of calcein-AM by
intracellular esterases produces calcein, a strongly green
fluorescent compound that is well-retained in the -cell
cytoplasm.** PI enters late apoptotic and necrotic cells,
passes through the disrupted nuclear membrane and
intercalates into DNA, causing red fluorescence in the
nucleus.** The density of the calcein-AM was 50 pL mL™",
and PI was 80 uL mL™". The staining solution (10 pL) was

5116 | Lab Chip, 2024, 24, 5113-5123
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added to diluted sperm suspension (100 pL), and 10 min
incubation in an incubator at 37 °C with 5% CO, in the dark
environment was conducted. An inverted fluorescence
microscope was applied to record the enrichment process in
real-time at a speed of 4 frames per s.

Sperm motility estimation after acoustic enrichment

Computer-assisted semen analysis (CASA) was used to
analyze the effect of acoustic treatment on sperm motility.*’
The samples were placed on a sperm counting plate (ML-
CASA 20, Mailang, China), and analyzed with the Suiplus-SSA
CASA system (Suiplus, China). Sperm samples were collected
from the left epididymis of three mice. Each experiment was
replicated three times using one mouse for consistency. Each
specimen was evaluated for at least 100 total sperm across
three fields, and the sperm parameters including curvilinear
velocity (VCL), sperm progressive motility (PR) (%), sperm
motility (progressive and non-progressive motility) (PR + NP)
(%), and progressive sperm number were determined.

Oocyte viability test after acoustic enrichment

Trypan blue (15250061, Gibco, America) was applied to
estimate the safety of the acoustic enrichment. In each
experiment, ten oocytes were subjected to acoustic treatment
for 5 min at an input electronic power of 900 mW, repeated
three times. Then, trypan blue was used to detect oocyte
viability and membrane integrity. The oocytes were incubated
in 0.4% of trypan blue for 5 min at room temperature (26 +
1 °C) and then washed in saline. Trypan blue stains dead
oocytes with a distinctive blue colour when observed under
a microscope, while viable oocytes appear unstained.*®

Sperm DNA fragmentation analysis after acoustic enrichment

The sperm chromatin structure assay (SCSA) was employed
for sperm DNA integrity analysis using an Acridine Orange
Stain Kit (SpermFunc® SCSA, BRED Life Science Technology
Inc, China).*” A flow cytometer (Beckman CytoFLEX S,
Beckman, America) with a 488 nm luminescence was applied

to statistically detect the sperm chromatin structure,
analyzing 10000 sperm per sample for conclusive
assessment.

Statistical analysis

All the experiments in the manuscript were repeated three
times. Statistical analyses were performed using PRISM
software (GraphPad Software Inc, USA), with all plots
presented as mean + SEM (the standard error of the mean).
The Schapiro-Wilk (K-W) method was used to test the
normality of measurement data. The Student's ¢-test was
employed to compare the experiment group with acoustic
treatment and the control group without acoustic treatment.
Statistical significance was taken as *p < 0.05, **p < 0.01,
*E¥p < 0.001.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Enrichment of particle concentration induced by SAW

The device was mounted on the stage of a microscope to
record the particle enrichment process. A 1 uL droplet of PS
particles was asymmetrically deposited on the LiNbO;
substrate, at the boundary of the SAW aperture using a
micropipette (Eppendorf, Hamburg, Germany). A continuous
AC signal was produced by a RF signal generator.

In this work, the droplet was intentionally placed
asymmetrically along one side of the SAW propagation
pathway such that it only experienced the radiation across a
partial asymmetrical fraction in the whole acoustic field.
Fig. 2 and Movie S11 show the behavior of 5 um particles
within the droplet by asymmetric SAW-induced acoustic
streaming as individual image frames acquired by
microscopy at different times. At first, in Fig. 2(a), in the
absence of acoustic power, the particles were uniformly
dispersed within the droplet. When 2 W input electronic
power was applied to the IDT, a single vortex acoustic
streaming was generated, along with the hydrodynamic
viscous force, which was able to enrich particles in the center
of the droplet as shown in Fig. 2(a). After 29 s acoustic
treatment, a decrease in particle spread diameter from 2 mm
to 0.8 mm, indicating that the particles were concentrated at
the center of the droplet approximately 6-fold.

The trajectory of particles was recorded by a high-speed
camera mounted in the microscope and the acoustic streaming
of the droplet was analyzed by PIVlab 2.62 software. Fig. 2(b)
shows the velocity streaming lines of particle concentration
towards the droplet center, which were performed on the
experimental data by tracking particles at the eighth-second

@

Fig. 2

Average normalized
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segment of the video. All the particles would eventually move
toward the center of the droplet in spiral traces by acoustic
streaming and finally enriched in the center (Fig. 2(a)).

The impact of the input power on the enrichment of the
PS particles was shown in Fig. 2(c). Thirty seconds after the
acoustic treatment, the average normalized mean gray values
(MGVs) of the PS particles within an enriched region of the
droplet were analyzed to evaluate the enrichment efficiency.
An approximately twofold increase in enrichment rate was
observed as the input power increased from 500 mW to
2000 mW. This trend highlights the enhanced efficiency of
PS particle enrichment with increasing input power.

Acoustic trapping fluorescent particles induced by secondary
ARF

To simulate the behavior of sperm around oocyte under the
influence of SAWs, we employed fluorescent particles with
different sizes for concentration in vitro.

This process was investigated by observing the behavior of
red fluorescent particles (1 um) and green fluorescent particles
(75 pm) in the acoustic field (Fig. 3 and Movie S2t) recorded by
the inverted fluorescence microscope. Fig. 3(a) shows that in the
absence of the acoustic field, the particles dispersed randomly in
the droplet. With an input power of 900 mW, the small particles
(1 um) moved around and eventually were enriched at the
surface of the large particles (75 um). The particle concentration
effect could also be verified by calculating the MGVs around the
large particles' surface. The particle concentration increased
along with time as more small fluorescent particles contributed
to higher average gray values around the large particle in
Fig. 3(e). The 1 um particles were attracted to the surface of 75

1.004
~ 0.981
5 0.96:
20941 _a— 500 mW
O —a— 900 mW
S 0921 —a— 1400 mW

0.90] —=2000mW

0.88

0 5 10 15 20 25 30
Time (s)

(a) Concentration process of the 5 um particles during acoustic treatment. (b) Flow velocity profile of particle concentration during

acoustic treatment. (c) Analysis of the effect of input power on the particle enrichment.
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Fig. 3 Enrichment process of different sizes of fluorescent particles (1 um and 75 um). The red fluorescence corresponds to 1 um particles, while
the green fluorescence is associated with 75 um particles. (a) Before applying electronic power to the IDT. (b) Formation of particle clusters after
10 s actuation, (c) 13 s actuation, and (d) 18 s actuation. (e) Mean gray values variation curves in the process of enrichment.

um particles due to gravitational forces between them. This
attraction may be attributed to the short distance between the
particles and the high concentration of particles in an acoustic
field during the enrichment process, leading to the emergence
of an additional force known as the secondary ARF between
particles.

Acoustic enrichment of sperm

We used 1 pL of sperm suspension to obtain a small amount
of sperm condition. The enrichment process was driven by a

t=20 s

t=0s

Fig. 4

continuous SAW, which was recorded by a high-speed camera
mounted in an inverted microscope. A circle with a diameter
of 0.5 mm in the center of the droplet was chosen as the area
of interest to estimate the enrichment quality. Different input
power (360 mW, 510 mW, 900 mW) were employed to
investigate their impact on the sperm enrichment process.
Fig. 4(a-d) depicts the enrichment effect under the influence
of 900 mW input power for one minute. Images were selected
every 20 s to calculate their MGVs from the experiment
videos. The gray value of the sperm sample decreased over
time indicating the occurrence of sperm enrichment. In

]
~—

—8—360mW
= 1.02 1 —0—510mW
& e 900MW

w2
> 0.99 -
@)
p=
=
8 0.96-
=
-
Z 0.93 1

0.904

0 20 40 60
Time (s)

(a) Sperm enrichment process before applying power to the IDT. (b) Sperm clusters formed after 20 s actuation, (c) 40 s actuation, and (d)

60 s actuation. (e) The variations in normalized mean gray values variation curves during a one-minute continuous ultrasound excitation at
different input power (360 mW, 510 mW, 900 mW). Video samples are taken and recorded every 10 s.
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Fig. 4(e), the normalized MGVs decreased with the increased
input power, suggesting enhanced sperm enrichment at
higher power levels.

The higher density of sperm heads leads to a greater
gravitational force,*® causing them to sediment more readily,
which poses a challenge in the enrichment of sperm.
Compared to accumulating PS microparticles, we extended
the duration of acoustic treatment to efficiently accumulate
the sperm. It has been demonstrated that enrichment of
sperm was achieved within 1 min. Consequently, in order to
obtain better fertilization results, in the subsequent
experiments involving fertilization between sperm and the
oocyte, an acoustic input power of 900 mW was employed.

Acoustic enhancement the success rate of IVF

Based on PS particle and sperm enrichment results, we
proceeded to investigate the enrichment and fertilization of
sperm around oocytes in vitro. To mimic an extreme fertilization
condition with moderate oligozoospermia, we deposited a 1 pL
diluted sperm suspension through a micropipette on the LN
substrate beyond the axis of SAW propagation. Approximately
8000 sperm were used in the experiment, and they were not
subjected to selection. For each experiment, a single cumulus-
oocyte complex was aspirated into a micropipette and
introduced into the sperm sample. This limited sperm and
oocyte condition was applied to investigate the possibility of
fertilization based on acoustic technique in an extreme
environment. The acoustic input electronic power was 900 mW
based on the particle and sperm enrichment experimental
results with a duration of 5 min.

To reduce polyspermic fertilization, we implemented three
strategies in our experiment. Firstly, drawing inspiration
from Li's research,” we intentionally maintained a notably
lower sperm-to-oocyte ratio of approximately 8 x 10°: 1 during
IVF, significantly deviating from the conventional IVF range
(5 x 10°-10 x 10°:1).”° This adjustment aimed to reduce the
likelihood of multiple sperm penetrating a single oocyte,
thereby minimizing polyspermic fertilization.”® Secondly, we
utilized fresh oocytes for their zona pellucida and oocyte
membrane block functionality. These natural defenses serve
as effective barriers against multiple sperm entry, further
lowering the risk of polyspermic fertilization.’>>® Finally, we
retained the cumulus cells surrounding the oocytes. The
presence of these cells acts as an additional physical barrier,
further restricting sperm access to the oocyte and
contributing to a decreased occurrence of polyspermic
fertilization.”® Together, these strategies worked in concert to
significantly reduce the likelihood of polyspermic fertilization
in our experiments.

The process of enrichment under a persistent
ultrasonic excitation was observed through microscopy, as
depicted in Fig. 5. Movie S3f shows the trajectory of
sperm around the oocyte by asymmetric SAW-induced
acoustic streaming. After 5 min of acoustic treatment, the
majority of the sperm were enriched on the surface of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Fertilization process of sperm and oocyte before applying
power to the IDT. (b) Sperm clusters formed after 64 s actuation, (c)
163 s actuation, and (d) 291 s actuation.

oocyte, which increased the opportunities for sperm to
collide with the oocyte and may induce a higher
fertilization rate.

To evaluate the concentration of the live and dead sperm
around the oocyte before and after streaming, fluorescently
staining and real-time recording were conducted. Calcein-AM
and PI were utilized to indicate the live and dead sperm. A
non-fluorescent PS particle with a diameter of 100 um was
utilized to indicate the oocyte. Fig. S2+ demonstrates that the

(b)

4-cell 8-cell

Fig. 6 Fertilization and embryo development after acoustic
manipulation. (a) Second polar body, (b) 2-cell, (c) 4-cell, and (d) 8-cell
formed after 36 h of acoustic treatment.
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Fig. 7 Evaluation of the fertilization and embryo development process of the control group and acoustic enrichment group of (a) the fertilization,
(b) the second polar body, (c) the 2-cell embryo, (d) the 4-cell embryo, (e) the 8-cell embryo.

majority of the sperm accumulated on the oocyte surface was
live sperm (green fluorescence).

The IVF experiment was conducted three times with 15
oocytes for each trial to investigate its fertilization with/
without the acoustic treatment. The control group underwent
all the procedures and parameters as same as the acoustic
treated group except for the acoustic enrichment. After
acoustic treatment, in order to facilitate cell culture, the
sperm and oocyte mixed solution was moved to HTF solution
and subsequently placed in an incubator for further
cultivation. After 12 h, the presence of a second polar body
was observed in both the experimental and control groups,
signifying the successful fertilization of a subset of oocytes.
In the acoustic treatment group, embryos progressed to
2-cell, 4-cell, and 8-cell stages within 36 h, as depicted in
Fig. 6. The progression of embryo development demonstrates
the potential of acoustic enrichment in facilitating successful
fertilization and subsequent healthy embryo formation.

Fig. 7(a) shows that 48.5 + 11.6% of the oocytes exhibited
successful fertilization at 12 h post-acoustic enrichment and
a higher fertilization ratio of 98.0 + 2.0% was obtained at
36 h. While for the control group without acoustic
enrichment, a 39.5 + 14.4% fertilization ratio was observed
at 12 h, which grew to 69.5 = 13.4% at 36 h. The
fertilization ratio of the treatment group was significantly
higher than that of the control group at 24 h.
Fig. 7(c and d) demonstrates significantly higher
fertilization rates for two-cell and four-cell embryos in the
treatment group compared to the control group at 16 h.
Ultimately, at 36 h post-acoustic treatment, 57.4% of
multiple-cell embryos were successfully developed, which is
2-fold than the control group. In Fig. 7(b), for the acoustic
enrichment, the second polar body ratio decreased as early
as 16 h. An increasing number of fertilized oocytes
progressed into multiple-cell embryos over time, resulting in

5120 | Lab Chip, 2024, 24, 5113-5123

the two-cell and four-cell embryo ratio reducing with a
subsequent rise in the eight-cell embryo ratio. This is
consistent with the second polar body ratio curve (Fig. 7(b)).
In Fig. 7(c and d), two-cell and four-cell embryos appeared
earlier than the control group at 16 h, and in Fig. 7(e),
eight-cell embryos appeared at 20 h post-acoustic
enrichment. This suggests that acoustic enrichment may
have the ability to enhance the development of multiple-cell

embryos. These phenomena indicate that acoustic
o Control
(a) o Acoustic enrichment  (b)
2501 * QD Kk
— 200- o
£ 1504 f
S 100
>
501
0.
©)
80+ *
° =
3 601 3 201
SRS & 5 9 ;,o
(a9} o E
Z 401 ° £El ® oo
. 5 2101 b
& 201 D
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Fig. 8 The sperm motility estimation post-acoustic treatment involves
the evaluation of (a) the curvilinear swimming velocity (VCL), (b)
progressive motility (PR) (%), (c) sperm motility (PR + NP) (%), (d)
progressive sperm number.
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enrichment could significantly improve the fertilization rate
and promote embryo development.

At an extreme condition with short amounts of sperm and
oocyte, the SAWs realized effective sperm enrichment
encompassing a single oocyte, which raised the collision
probability between the sperm and the oocyte. The increased
presence of 2-cell, 4-cell, and 8-cell states further confirm its
fertilization ability with few sperm. These findings confirm
that SAW is capable of enhancing fertilization outcomes for
moderate oligozoospermia. Moreover, this further validates
the potential of acoustic waves as a non-invasiveness and
non-destructive method for IVF applications in the future.

Safety of sperm and oocytes after acoustic treatment

To further detect the quality of the fertilized sperm and
oocytes, sperm  motility estimation, sperm  DNA
fragmentation test and oocyte viability examination were
conducted post-acoustic enrichment.

For sperm motility evaluation, important
parameters such as VCL (sperm instantaneous swimming
velocity along its trajectory), PR (%), PR + NP (%) and
progressive sperm number were significantly improved by
acoustic treatment (Fig. 8), indicating that ultrasound
exposure was capable of enhancing sperm motility. This
phenomenon is highly consistent with the results of the most

several

View Article Online

Paper

recent literature.>® These confirmed that the quality of sperm
after acoustic enrichment was not altered. Instead, the sperm
motility was significantly improved.

Sperm chromatin structure analysis was also conducted
post-acoustic enrichment to assess whether the acoustic
treatment induced DNA fragmentation. These abnormal
protein-DNA complexes allow greater access of acridine
orange dye (AO) to sperm DNA thus producing a high DNA
Stainable (green fluorescence) fraction (HDS). The SCSA
utilizes the metachromatic properties of the fluorescent stain
AO, and the shift from green fluorescence (double-stranded,
native DNA) to red fluorescence (single-stranded, denatured
DNA). The DFI and HDS of the acoustic-enriched sperm did
not show a significant difference compared to the control
group, which means the acoustic enrichment didn't induce
significant additional DNA fragmentation (Fig. 9(a and c)).

Viability assessments in Fig. 9(b and d) show that the
control and the acoustic enrichment groups maintained their
viability more than 70%. No significant difference in viability
was found between the acoustic enrichment and control
groups. These results further confirmed the enriched sperm
were live, motile and healthy. Moreover, all the oocytes in the
experiments remained alive post-acoustic enrichment, which
provided an embryo developmental potential. During the
long-term embryo observation, the number of the multiple-
cell embryos increased over time, and more than 30% of
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Fig. 9 The sperm DNA structure analysis post-acoustic enrichment. (a) the DFl and HDS of the control group without acoustic enrichment, (b) the
sperm viability of the control group without acoustic enrichment, (c) the DFI and HDS post-acoustic enrichment, (d) the sperm viability post-

acoustic enrichment.
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fertilized oocytes developed into healthy 8-cell embryos,
furtherly confirming the safety of acoustic enrichment.

Furthermore, to ensure that the temperature elevation of
the device did not affect the viability of the cells, we
measured the temperature change of droplet in real-time
using an infrared camera (InfRec R300SR, Nippon Avionics,
Japan). Fig. S37 shows the variation of the temperature of the
droplet over time. With an input power of 900 mW, the
device reached the maximum temperature of about 30.2 °C
within 300 s, which may not cause side effects of oocyte
viability. These results confirm the safety and
biocompatibility of this device.

Conclusions

In summary, we present a novel approach to improve in vitro
fertilization using acoustic streaming and secondary ARF
induced by SAW. Our SAW device exhibits an asymmetric
distribution of the acoustic energy within the droplet on the
substrate. Under the influence of the SAW, the particle
concentration in a 1 pL droplet was increased by
approximately 6-fold. The tracking of the particle's motion
confirmed their vortex-like movement toward the center
under acoustic streaming. The 1 pm fluorescent particles
within the droplet were attracted to the 75 pum fluorescent
particles due to secondary ARF, resulting in their enrichment
on the surface of the larger particles.

We introduce an acoustofluidic enrichment method to
enrich sperm toward the oocyte surface. This method aims
to improve fertilization efficiency at a limited condition,
such as moderate oligozoospermia with relatively slow
motility and immobility.  Post-acoustic  enrichment,
ultrasound significantly improved sperm motility and did
not obviously induce additional DNA fragmentation.
Moreover, oocytes remained viable and healthy after 5 min
acoustic enrichment. The fertilization ratio of the acoustic
enrichment group was significantly higher than the control
group at 24 h. Multiple-cell embryos appeared earlier than
in the control group. These results demonstrate that
acoustic enrichment enables to result in a higher
fertilization rate and promote embryo development in a
biocompatibility manner. In comparison to alternative
fertilization methods, our device offers simplicity in design
and operation, ease of control, cost-effectiveness, high
biocompatibility, and the ability to handle moderate
oligozoospermia.
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