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The increasing infertility rate has become a worrying global challenge in recent years. According to the
report of the World Health Organization, the male factor is responsible for over half of infertility cases,
which includes the lack of desirable characteristics in sperm motility, morphology, and DNA integrity.
In recent years, it has been shown that clinical methods including density gradient centrifugation cause
damage to sperm DNA and besides being invasive, they are costly and time-consuming. In contrast,
microfluidics has been used as a promising and non-invasive approach to manipulate biological cells.
Here, by using the microvortices created by the oscillation of the bubbles caused by the bulk acoustic
waves, we were able to trap sperms with less motility. In contrast, the highly motile sperms overcame
the force of the microvortices and were guided to the outlet pool by following the channel boundaries.
As aresult, over 50% and 44% improvement in sperm progressive motility and viability, respectively,
as well as 40% improvement in DNA integrity, were observed in the analysis of sperms retrieved from
the output pool. In addition to being fast and non-invasive, the proposed device benefits from an easy
method for sperms retrieval and does not require any preprocessing of the raw sperm sample.
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The increase in the rate of infertility, especially the malefactor which is responsible for 50% of infertility cases,
has caused a significant increase in psychological distress among couples"2. Various male factors can lead
to infertility, the most important of which are low sperm concentration, low sperm motility, and abnormal
morphology’. In the past decades, assisted reproductive technology (ART) has provided several clinical methods,
including intrauterine insemination (IUI)*, in-vitro fertilization (IVF)®, and intra-cytoplasmic sperm injection
(ICSI)®. In the IUI, the sperm sample is placed directly in the uterus®. In the IVE which is the most common
method, the egg is removed from the follicle and fertilized in a petri dish by mixing it with a sperm sample, and
then the fertilized egg is transferred to the uterus®. In the ICSI, a specific sperm is injected directly into the egg’s
cytoplasm, which is the most invasive procedure®.

Isolation of sperms with favorable characteristics for use in ART is very critical and will lead to an increase in
fertility likelihood’. There are two common separation methods. The swim-up separation method is based on the
sperm’s ability to swim to the top of the medium inside a vial held at a 45-degree angle®. Another method is the
density gradient centrifugation (DGC), which uses the density difference between abnormal and normal sperms
to collect live and normal sperms at the bottom of the vial®. Despite being effective, these techniques can have
potentially destructive effects on sperms such as DNA fragmentation and production of reactive oxygen species
(ROS)*1. Also practically, they are time-consuming and labor-intensive as well as being prone to personnel
error which can ultimately lower the success rate of the treatment procedure!'!. On the contrary, microfluidic
devices have provided more promising capabilities than these conventional methods in isolating sperms with
enhanced motility'?, morphology'?, and DNA integrity'*!*for downstream fertility procedures. Also, compared
to conventional methods, microfluidics requires less semen sample volume, it is more sensitive while being less
expensive, and offers parallel sample processing resulting in higher throughput!.

Generally, sperm separation is performed in two ways, one inspired by the physiology of the female
reproductive tract (FRT)'¢and the other by using unnatural external forces!”!%. The methods inspired by the
nature include active and passive mechanisms which can separate sperms based on motility!*?°, chemotaxis?!,
thermotaxis??, and rheotaxis?*?%. Active mechanisms are based on surface charge?’, the ability to swim against a
laminar flow?’, the response to a chemical substance?!, and thermal gradient?. Although active sorting provides
flexibility in operation?, it has some limitations in terms of parallelization of the scheme to achieve the desired
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throughput. In passive mechanisms, the geometry of microchannels is inspired by the shape of the natural in
vivo environment of the FRT?’, however, they lack sufficient throughput!!.

Sperm separation by optical methods?’, dielectrophoresis®®, magnetic forces?’, and acoustic waves!®*%are
grouped as the modalities using external forces, which have a higher throughput capacity for sorting!!. Among
the external forces, low-intensity acoustic waves are very suitable for biological separations due to the fact that
they do not damage the cell membrane and DNA integrity®!. Thus, two forces that are more commonly used in
microfluidic devices are surface acoustic waves (SAW)*>**and bulk acoustic waves (BAW )34,

The SAW is produced by interdigital transducers (IDT) that are patterned on a piezoelectric substrate and
emit acoustic waves at the surface of the substrate. They can be operated in different frequency ranges between
20 and 150 MHz by changing the design of the IDT*. Gai et al. have isolated sperms with high DNA integrity
by applying SAW angled at 30 degrees with respect to the fluid flow direction in order to sort sperms based on
motility, size, and non-sphericality of the head"!. Conversely, BAW can be used with a much lower frequency
ranging from 0.1 to 10 MHz*’, where acoustic waves are produced by using piezoelectric ceramics in full contact
with the microfluidic chip substrate. In contrast to SAW, it is very easy to use and cost-effective without complex
fabrication. Also, in sorting by SAW, only cells near the bottom surface of the channel can be controlled, while
BAW propagates in the volume and provides the ability to manipulate a larger number of cells. Recently, Xu et
al. have successfully separated sperms from female DNA by using BAW?8. In another study, Wan et al. were able
to successfully extract sperm cells from forensic mock samples using bubble-based acoustic filtration®”. The
bubbles trapped in the sidewall structures were oscillated by using the BAW and disturbed the smooth flow of
the liquid, causing the formation of two microvortices around each bubble by virtue of acoustic streaming®.

Horseshoe structures were first proposed by Ahmed et al. to make a mixer*!. Then Yazdi et al. used it
for bacterial aggregation and biofilm formation®2. The concept was later utilized for sequential trapping and
transporting microparticles®, and simultaneous rotation of large cells*%. Though useful, the uncontrollability of
the bubble and its expansion over time has been observed in our initial experiment (See supplementary Fig. S2
online) and reported in some earlier studies*!~*?, which can interfere with the experiment and cause less effective
performance, especially for trapping.

In this paper, we presented a novel acoustofluidic device based on the bubble oscillation created by BAW for
isolating highly motile sperms with high DNA integrity. To avoid bubble uncontrollable growth, we blocked the
same horseshoe structure presented by Ahmed et al*. so that the bubble falls inside a closed chamber and is
well controlled. That combines the advantages of solid structures and oscillating microbubbles, demonstrating
enhanced acoustic streaming at low input power, to overcome the limitations of each approach and enable
practical applications®®. This device works only based on the swimming velocity of sperm and its inherent
behavior, and it was carefully designed to allow for output sperms retrieval. The function of microvortices and
their location around the structure were simulated using COMSOL Multiphysics software. The motility, viability,
and integrity of DNA were evaluated for the output sperms population. Also, this acoustofluidic chip does not
need any initial preparation of the sample and in less than 10 min outputs adequate sperm count for extraction.

18,30

Materials and methods

Device fabrication

The microfluidic chip was fabricated from polydimethylsiloxane (PDMS) using a standard soft lithography
approach. First, a chromium glass was spun coated with S1813 photoresist (Shipley, Marlborough, MA, USA),
after that, soft baked at 110 °C for 1 min. Next, the target pattern was transferred to the coated glass using direct
laser lithography (upg101, Heidelberg Instruments, Germany), creating a very sharp-edged photomask. After
development and etch, this photomask was then employed to define a pattern on a silicon mold that had been
pre-coated with negative SU-8 photoresist (MicroChem, Newton, MA, USA).

To fabricate the chip from the mold, the PDMS polymer was combined with its corresponding curing agent
in a ratio of 10:1 (Sylgard 184 silicone elastomer kit, Dow Corning, MI, USA), and after degassing in a vacuum
chamber, it was slowly poured over the silicon mold and thermally cured at 75 °C for 20 min. Then the cured
PDMS was slowly peeled off and the inlet/outlet of the chip was punched and carefully washed using acetone
and isopropyl alcohol (IPA). Then the PDMS layer together with a clean glass slide was placed in the reactive
ion etching chamber (RIE270, Yarnikan Saleh, Tehran, Iran) and was exposed for 45 s to oxygen plasma with a
power of 25 W. The PDMS layer was then bonded onto the glass slide as the substrate and kept at 80 °C for 15 min
to enhance the bonding strength. A piezoelectric transducer (PZT, FT-12 T-18.5E, Yuansheng Electronics Co.
Ltd., China) of 21 mm radius and 1 mm thickness was attached to the glass slide adjacent to the PDMS structure
using epoxy resin (Fig. 1a).

Chip and sample preparation

After bonding the chip, it was stored in a container filled with deionized (DI) water for 48 h so that the entire
channel was filled with water but no longer as it would lead to the release of air trapped inside the horseshoe
structures and as a result, we were no longer able to observe the microvortices at the specified frequency.

Raw human semen was procured from Sara Infertility Treatment Centre (Tehran, Iran). Informed consent
was obtained from all participants. All experiments were performed in accordance with relevant guidelines,
and regulations, and all experimental protocols were approved by University of Tehran. Prior to experimental
characterizations, the microfluidic channels were filled with modified human tubal fluid (mHTE, Arina Rayan,
Tehran, Iran) mixed with bovine serum albumin (BSA) with a final concentration of 5 mg/ml to prevent the
adhesion of sperms to the channels. Using a micropipette, 20 pl of the inlet medium quickly was replaced with
the human sperm sample. The flow was quickly stabilized and the sperms employed their inherent swimming
and boundary-following behaviors to move forward along the channel. Before each experiment, raw sperm
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Fig. 1. (a) Picture of the entire device illustrating the PZT assembled on the glass slide next to the microfluidic
chip. (b) Schematic of the microfluidic chip. (c) Enclosed horseshoe structures are located between a series

of parallel channels for guiding motile sperms. Also, the main channel is located between the two groups

of parallel channels at each end of the chip. (d) Generated microvortices in the vicinity of the horseshoe
structures as a result of bubble oscillation. The wall thickness around the enclosed horseshoe structure is 30
pm.

characteristics including, concentration, viability, DNA fragmentation index (DFI), and motility were evaluated.
Note that this method does not require any initial processing of the sperm sample like centrifugation or swim-up
for instance, therefore it minimizes the damage to the sperms as well as it reduces the total time of the process.

Video recording and data analysis

Footage of sperm navigating through the chip was recorded by a Nikon Eclipse TS100 inverted microscope
equipped with a Basler acA800-510uc camera at a rate of 100 fps. The trajectories of motile sperms were analyzed
using an open-source computer-aided sperm analysis (OpenCASA) module within the ImageJ software. The
parameters of Sperm motility parameters, such as straight-line velocity (VSL), linear curve velocity (VCL),
average path velocity (VAP), linearity (LIN), and straightness (STR), were calculated from three separate trials
to ensure the reliability of the data obtained. Statistical analysis was conducted using the student’s ¢-test, with a
significance level of P <0.05.

Sperm DNA fragmentation assay

The assessment of sperm DNA integrity before and after separation was conducted using the sperm chromatin
dispersion (SCD) assay (IVFCo, Tehran, Iran). SCD represents an indirect methodology for evaluating sperm
DNA fragmentation. To start, the agarose gel was heated in boiling water for 10 min, followed by incubation at 37
°C for 5 min. Sperm samples were thoroughly blended with the agarose gel, and this mixture was evenly spread
onto a glass slide, which was then covered with a coverslip. The slide was refrigerated at 4 °C for 5 min to allow
the gel to set, after which the coverslip was carefully removed. Acid-unwinding solution (Solution A) was applied
to the slide and incubated at room temperature for 7 min. Next, lysing solution (Solution B) was introduced
and allowed to incubate for 15 min at room temperature. The slide was rinsed thoroughly with deionized water.
Following the rinse, the sample underwent a gradual dehydration process using 70%, 90%, and absolute ethanol
(Merck, Germany), each applied for 2 min. The sample was left to air-dry at room temperature before staining.
Finally, the stained sample on the glass slide was analyzed under a microscope, where 100 sperm were counted
to determine the DNA fragmentation index (DFI). Sperm cells exhibiting larger or medium-sized halos were
classified as having intact DNA, whereas those with smaller halos or no halos were deemed to have fragmented
DNA. This experiment was conducted with three distinct samples. (See supplementary Fig. S3 online)

Sperm vitality assay and concentration

To distinguish between live and dead sperm cells, the viability test by eosin-nigrosin staining (IVFCo, Tehran,
Iran) was performed. Nigrosin creates a dark background to enhance clarity in visualization, while eosin affects
only dead cells and renders them red. For this purpose, sperm sample was collected at the outlet, and was mixed
with nigrosin and eosin at a ratio of 2:1:1 and left to sit at room temperature for 2 min. A thin layer of the mixture
was applied onto a glass slide and 100 sperms were counted under the microscope to assess the viability.
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To count the sperms, 20 ul of the sperm sample with 380 pl of diluting fluid solution (containing sodium
bicarbonate) was mixed and loaded on a Neubauer chamber, then covered by a coverslip. Finally, the counted
number was multiplied by 100,000 to get the sperm count in millions per millilitre.

Simulation
Finite element method using COMSOL Multiphysics v6.2 software was used to examine the time averaged
streaming velocity field of microvortices, which was modeled through the pressure acoustics, the thermoviscous
acoustics, and the laminar flow interface modules.

The investigation of the equations governing acoustic streaming induced by oscillating acoustic sources
in a confined chamber has been the subject of thorough research?®-%®. Within this framework, we focus on a
homogeneous isotropic fluid, and the equations governing continuity and momentum for the fluid flow can be
expressed as follows?:

dp
9P LT () = 1
5+ V- (pu) =0 (1)
ou 9 1
p(ﬁ—&-qu):—Vp—&-uV u—&-(u;,—&-%u)VVw:O (2)

where u indicates the velocity field, p is the density of the fluid, p is the dynamic viscosity, p is the pressure,
t is the time, and jyrepresent the bulk viscosity coefficient of the fluid. The presented model investigates the
two-dimensional acoustic microvortices formed inside the microfluidic channel filled with water. The channel
contains a single horseshoe structure positioned at the middle of the channel. The generation of acoustic
streaming within the device is attributed to an acoustic body force, which is produced as a result of nonlinearities
present in the Navier-Stokes equation®. The acoustic body force, denoted F,., can be expressed as follows:

Faco = -V <P ()Ua(:o/l)aco> =0 (3)

where the angle brackets denote the time-average of the parameters involved. To accurately capture the boundary
layers oscillation by viscosity and thermal effects, as well as the acoustic body force, a refined mesh is required
near the boundaries of the structure, and the thermoviscous acoustic model is employed.

The microvortices in question are generated through a nonlinear acoustic phenomenon known as acoustic
streaming®!. In mathematical terms, when considering the linearized first-order acoustic field of the Navier-
Stokes equation,

p(u-Vu) ==V, + V- u(Vu+ (Vu)h) 4)

the resulting acoustic streaming field can be described as the time-averaged second-order field within the
perturbation theory. Within the acoustic microvortices, the streaming effect is generated by nonlinear
contributions near the boundaries of horseshoe structures inside the microfluidic channel.

The acoustic streaming domain coupling multiphysics feature is utilized to compute and apply the acoustic
domain force to the laminar flow interface. This feature establishes a coupling between the thermoviscous
acoustics frequency domain interface and the laminar flow interface. However, the complementary acoustic
streaming boundary coupling, which is available for pressure acoustics and thermoviscous acoustics, is not
employed in this particular setup as its contributions are considered negligible. The inclusion of the acoustic
streaming boundary coupling would be only necessary when it is to accurately describe the resulting steady fluid
flow.

Results and discussion

Chip design and sorting mechanism

Our microfluidic device was designed such that the flow rate was stable and zero, so no rheotaxis-based behavior
was observed. Sperms were injected using a micropipette into the 6 mm-diameter inlet pool (Fig. 1b). The live
motile sperms swam through the parallel channels (Fig. 1¢) and shortly arrived in the main channel, where the
separation mechanism initiated. Consequently, dead and non-motile sperms remained in the inlet pool and did
not enter the main channel.

In the main channel, there are 5 identical rows of parallel channels each including 5 horseshoe structures in
arow (Fig. 1¢c). Here, we proposed an enclosed horseshoe structure with a bubble trapped inside With improved
stability compared to not enclosed bubbles (Fig. 1d). The total length of the chip is 1 cm, the width is 2.3 mm,
including 460 pm for each row in the main channel and the height is 90 um. Horseshoe structures are 180, 120,
and 90 um in length, width, and height, respectively, and are aligned in a row with an equal distance of 250 um.
At the end of the main channel, there are parallel channels with 130 pm width to guide the separated sperms
into the outlet pool, which is also punched with a 6 mm hole so for the separated sperms to be extracted easily
using a micropipette.

After the channels were filled with the sperm medium, the PZT was supplied with a voltage of 20 V), at the
frequency of 164 kHz. The generated acoustic wave caused the bubbles trapped inside the enclosed horseshoe
structures to oscillate and hence, to create microvortices in the surrounding fluid, known as acoustic streaming®’.
Exciting the bubble at its resonance frequency maximizes the efficiency of acoustic streaming. The resonance
frequency can be approximated through the Rayleigh-Plesset equation®>%3:.
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fO = Qﬁlrb \/ % (5)

where 7, is the radius of the bubble, v is the polytropic exponent, py denotes the ambient pressure and p
is the density of the liquid. After this estimation, the resonance frequency is experimentally determined by
sweeping the frequency range around the estimated frequency (for more information refer to the supplementary
information ST1). The voltage value was discovered by comparing experimental results to achieve an optimal
separation with high efficiency, which will be explained later.

The sperms that were able to reach the main channel act in two ways; some that never left the boundary of
the main channel and preserved their boundary-following behavior, and the rest that came into the middle of
the channel and consequently were trapped inside the microvortices. Among the trapped ones, some can reach
to the peripheral microvortices, i.e., those having a high swimming velocity and being very motile, were able to
escape the microvortices and migrate toward the channel sidewalls and eventually find a path to the exit (see
supplementary video SV1 online). These behaviors are correlated with the higher DNA integrity of the very
motile sperms compared to the rest®. On the contrary, less motile sperms were never able to overcome the
microvortex force and were remained trapped (see supplementary video SV2 online).

Streaming flow simulation

Figure 2a illustrates the pressure field resulting from an actuation frequency of 164 kHz and an actuation
displacement of 100 nm. Given that the amplitude of oscillation is relatively small, a perturbation expansion
can be employed to describe the fluid flow components, such as density, pressure, and velocity, in the following

manner”:

p=pot+prtp2t--- (6)
pP=po+pr+prt--- (7)
U=up+us+--- (8)

The equations represented by (1) and (2) can be written in terms of static, first-order, and second-order quantities
denoted by subscripts 0, 1, and 2, respectively. The higher-order terms which are not explicitly provided, can be
safely ignored when calculating the first-order acoustic field and second-order acoustic streaming field. This is
justified by their extremely small magnitudes, as confirmed by previous research?®.

The steady acoustic streaming flow is computed using the previously solved acoustic fields. The generation of
the streaming flow is attributed to the presence of an acoustic body force, F,., (Eq. (5)), in the proximity of the
boundaries of the horseshoe structure. This effect is incorporated using the acoustic streaming domain coupling
feature. The resulting velocity field is shown in Fig. 2b in a logarithmic scale to accurately represent the complex
and fast flow around the horseshoe structure. The horseshoe structure creates two strong microvortices in both
the front and in the rear parts. This simulation serves as a demonstration of how an acoustic field can induce a
steady fluid flow in confined microfluidic systems. In Fig. 2c, sperm cells were stained using fluorescence dye
for better visualization and the formation of microvortices is evident, which can effectively trap the sperms
(see supplementary video SV3 online). The simulation results are in good agreement with the experimental
observations (see supplementary video SV4 online).

Experimental results
After the injection, live and motile sperms quickly started swimming inside the parallel channels and by
following the sidewalls, reached the main channel (see supplementary video SV5 online). This kind of design
also helps to ensure that debris and residual components in the sample, such as white blood cells or dead sperms,
do not enter the main channel. As shown in Fig. 3, the main channel was filled up after around three minutes. It is
worth emphasizing that at the same time of the sperm injection, the PZT was also turned on so to emit the BAW.
Besides sperm swimming velocity, sperm cells were also affected by two forces, the drag force and the
radiation force. The drag force caused by the acoustic streaming can be calculated using the Stokes’ drag®:

Fdrag =—6m HTele (9)

where p is the viscosity of the fluid, 7. is the radius of the sperm, and v.is the relative velocity of the fluid and
sperms. The acoustic radiation force that results from the scattering of the BAW by the oscillating bubble affects
the particles located in the acoustic field as following*:

Fog=—7rd (2—1?) Re [fi"p*V p] — poRe[f2"u*V u]) (10)

where kjand p ( are the compressibility and density of the fluid, respectively. f; and f; prefactors are dependent
on fluid and cell characteristics, for more information refer to the supporting information ST3.

In general, small particles such as sperms are more affected by the drag force and thus pushed out to the
edge of the microvortices (for more information see supplementary information ST4)%. In this way, each
sperm has the opportunity to use its inherent swimming velocity to escape the microvortices and swim towards
the channel wall, and used their boundary-following behavior to the exit. In contrast, sperms that have a low
motility stay trapped in the microvortices. Therefore, sperm motility is the critical factor in this sorting process.
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Fig. 2. (a) Acoustic pressure field in the microfluidic channel. (b) Steady streaming flow in the microfluidic
channel driven by the acoustic source shows four vortices. (c) Experimental observation of vortices around
the horseshoe structure (see supplementary information ST2). The highlighted green shows number of sperms
inside the vortex that are stained with a fluorescent dye.

The trajectories of the highly motile sperms being able to escape the microvortices and also the trajectories of the
trapped sperms with less motility are shown in Fig. 4a and b, respectively.

First, we repeated the tests in triplicate at each voltage of 10, 15, 20, and 25 V},, and a constant frequency
of 164 kHz, which was the resonance frequency of the bubble and it was obtained through experimental trials.
We analyzed the average swimming velocity and the concentration of sperms in the outlet pool and compared
against the raw sample (see Table 1).
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Fig. 3. The images above show a section of the guidelines, taken before and three minutes after the injection
of sperms.

a) [

b)

Fig. 4. The sperm trajectories with varying levels of motility in the vicinity of the generated microvortices. (a)
Highly motile sperms after reaching the periphery of the vortices were able to escape and swim towards the
channel wall. (b) The less motile sperms, trapped in the vortices rotating in a circular path with a velocity close
to that of the vortices.

VSL (um/s) 235 293 37.1 48.2 56.2
VCL (pm/s) 73.2 | 89.9 98.2 1045 |144.8
VAP (um/s) 43.9 |50.4 50.5 58.3 75.5
LIN (%) 30.3 | 352 342 37 31.58
STR (%) 563 | 60 571 | 657 5821
Concentration (M/ml) | 50 1.22 0.17 |0.11 0.028

Table 1. The average sperm kinematic parameters including straight-line velocity (VSL), curvilinear velocity
(VCL), average path velocity (VAP), linearity (LIN), and straightness (STR) were calculated by openCASA. The
average sperm concentration was also characterized using a Neubauer counting chamber.
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Figure 5 shows the motility parameters calculated for the isolated sperms at different voltages compared
against the raw sperm. The data clearly shows the monotonic increase of VSL, VAP, and VCL versus voltage.
LIN, STR are also increased compared to the raw sample, however there is a relative decrease at 25 Vpp, which
can be due to the increase in VAP and VCL as they have the opposite relationship. So, this is another reason for
choosing 20 Vpp as the optimal voltage.

Figure 6a displays the exact same area of the outlet pool 8 min after the raw sample injection, at different
excitation voltages. Figure 6b shows the quantitative values of sperm concentration versus excitation voltage.
Though less number of sperms entering the outlet pool at higher voltages, they have superior swimming velocity
parameters as listed in Table 1; Fig. 5. Considering the trade-off between concentration and motility of sperms
collected in the outlet pool, the voltage of 20 V), was selected as the optimal performance point of the device.
Besides sperm motility, sperm count is also a determining factor in a successful IVF process, and therefore it
was considered for the selection of the optimal voltage. All experiments to measure vitality parameters and DNA
fragmentation were performed at this excitation voltage.

Figure 7a shows the vitality for the isolated sperms versus the raw sperms. Based on the sperm vitality assay,
nearly all the sperms collected in the outlet pool were viable (see supplementary video SV6 online). Figure 7b
represents the sperms DNA fragmentation index (%DFI) for the isolated sperm versus the raw semen. The
DNA fragmentation index (DFI) assesses sperm DNA integrity by measuring the percentage of sperms with
fragmented DNA. The accepted threshold is 15-30% of DNA damage for a successful pregnancy, and values
beyond 30% are considered to have poor integrity™.

DNA integrity is an important and fundamental factor for fertility and for achieving the desired result from
IVF methods!®. Sperm with a high DNA integrity index will have a high chance of successful fertilization®®*".
As seen in Fig. 7b for the isolated sperms, the DFI was 22 +1.5%, which is an obvious enhanced compared to
the initial raw sample with a DFI of 63 +7.5%. The results show that no damage was done to the sperm during
the separation process, and they will improve the quality necessary for use in artificial insemination and fertility
operations.

From the 20 pL of the initial raw sample with an average concentration of 50 Million/ml, in less than 10 min,
this device can retrieve around 5500 motile sperms in 50 pl of the extracted volume from the outlet pool. This is
sufficient for IVF methods that need somewhere around 2000 to 10,000 sperms>®. Also, is very easy to operate
compared to other devices and methods that have been built and carried out so far specifically for the motile
sperms retrieval.
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Fig. 5. Sperm kinematic parameters including (a) average path velocity (VAP), (b) straight-line velocity (VSL),
(c) curvilinear velocity (VCL), (d) linearity (LIN), and (e) straightness (STR) for populations trapped in output
pool compared to raw semen. Values are reported as mean =+ standard deviation (n=3), *P <0.05. The p-value
is reported for the parameters at the optimal voltage versus the parameters of the raw sample.
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Fig. 6. (a) Population of isolated sperms in the outlet pool for different excitation voltages. The images were
captured 8 min following the raw sample injection. (b) The concentration of sperms population in the outlet
pool versus different voltages for an initial sample with a concentration of 50 Million/ml.

a) b)
120 70 'il Raw .

Outlet .

100 60
80 R
40

60
30
40 »
20 10
0 0

Vitality (%) DFI (%)

Fig. 7. (a) Vitality and (b) DNA fragmentation index (DFI) of the isolated sperms in the outlet pool compared
with the raw sperms. Values are reported as mean + standard deviation (n=3), *P<0.05.

Conclusions

In this paper, we presented an acoustofluidic device to isolate highly motile sperms based on their swimming
capability. It was shown that the highly motile sperms can overcome the force of the microvortices generated by
the bubble oscillation and escape towards the outlet using their boundary-following behavior, which has been
shown that nearly correlates with their superior DNA integrity. This device can isolate over 11,000 sperms in
the total volume of the outlet pool with progressive motility and high DNA integrity in less than 10 min. Per
the vitality tests and the DNA fragmentation assays, no damage seen as a result of acoustics manipulation of the
sperms during the screening. The proposed device resulted in about 40% improvement in DNA integrity and
about 50% and 44% improvements in progressive motility and viability, respectively.

Data availability
All data generated or analyzed during this study are available from the corresponding author on reasonable

request. For more information see the supplementary information.
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