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Abstract

Male infertility is a global reproductive issue, several clinical approaches have been developed
to tackle it, but their effectiveness is limited by the labour-intensive and time-consuming sperm
selection procedures used. Here, we present an automated, acoustic based continuous-flow
method capable of selecting high quality sperm with considerably improved motility and DNA
integrity compared to the initial raw bull semen. The acoustic field translates larger sperm and
guides highly motile sperm across the channel width. The result is the selection of sperm with
over 50% and 60% improvement in vitality and progressive motility and more than 38%
improvement in DNA integrity, respectively, while providing a clinically relevant volume and
selected sperm number for the performance of In Vitro Fertilisation (IVF) and intracytoplasmic
sperm injection (ICSI) by selecting over 60,000 sperm in under an hour.

Introduction
Infertility is a significant global health issue that affects ~70 million couples worldwide!-?. The
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total fertility rate has reduced significantly over the past 50 years, particularly in European
Union and developed countries including Japan, the United States, Canada and Australia, with
one out of each six couples experiencing infertility worldwide?>. Male factor infertility is solely
responsible for ~30% of the cases, with a combination of male and female factors contributing
to 50% of the cases in total*. Multiple factors contribute to this rising trend of male infertility,
including genetic mutations due to the modern life style, sexually transmitted and infectious
diseases, and cancer’. Over the past 40 years, Assisted Reproductive Technologies (ART) have
been developed to assist infertility® by specifically addressing issues arising from poor sperm

quality’.

ART includes intrauterine insemination (IUI), In Vitro Fertilization (IVF), and
intracytoplasmic sperm injection (ICSIT)*. In IUI, the method closest to the natural fertilization,

a selected population of sperm is directly introduced higher into the female reproductive tract,
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making the fertilisation process a shorter race for sperm®. IUI is a suitable treatment for, males
with relatively high concentration of motile sperm and females with normal and healthy
fallopian tubes?®. To increase the chance of fertilisation, [IVF and ICSI have also been introduced
as the more invasive methods, in which fertilization (i.e. fusion of sperm and egg) happens ex
vivo to produce the embryo, and then after ~5 days of incubation to ensure blastocyst formation,
the embryo is placed into the uterus®. IVF involves combining the egg with a drop of selected
sperm in vitro (30 pL with ~50,000 selected sperm), while in ICSI, an individual sperm is
selected and injected directly into the egg!®. In all of these ART methods, the quality of the
selected sperm is critical to the success rate of assisted reproduction and the subsequent health
of the offspring!!. Currently, ART success rate has plateaued at ~33% due to highly manual
and subjective sperm selection practices in different clinics, mainly focusing on sperm motility
as the selection criterion®!%!3, Whilst to develop an optimal selection strategy, all the
established metrics of sperm quality (vitality, motility, morphology, and DNA integrity) should

be considered.

Conventional sperm selection methods in clinics include the use of the swim-up technique and
density gradient centrifugation, both of which select sperm based on their swimming
characteristics'4. In swim-up, motile sperm swim from a sedimented raw semen sample into a
fresh layer of media while dead cell and debris remain behind'*. In the density gradient method,
motile sperm are aided by centrifugation to leave the seminal plasma (leaving dead cells and
debris behind) and penetrate a discontinuous gradient of density to form a soft pellet in the last
layer'>. While both of these methods provide pre-screening only based on motility, they also
suffer from other limitations such as low throughput (particularly in the case of semen samples
with considerably low sperm concentrations)'4, generation of reactive oxygen species,
(particularly due to centrifugation), and damage to sperm DNA!6. Moreover, in case of ICSI,
which is the most invasive but also the most successful and common clinical treatment method,
the selection process is routinely followed by human intervention to manually select the sperm
with the most normal morphology. This amounts to an expensive, time-consuming, and

subjective process resulting in suboptimal pregnancy outcome?!”.

Microfluidics enables fluidic environment to be precisely controlled and manipulated at
submillimetre scales, offering the possibility of simplifying and improving medical and
biological practices'®2°. With respect to infertility, microfluidics has been used to develop
technologies for diagnosis?'~23, for the fundamental understanding of sperm motion?+2¢, and

for high-quality sperm selection?’2°. Passive and active mechanisms have been used in these
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sorting platforms to select sperm based on their motility!®!-27:30 response t, flow353,c5oms;
chemical gradient®® and/or an applied electric field**. More recently In passive strategies, the
microchannel geometry provides swimming pathways to select motile sperm by closely
mimicking the natural in vivo microenvironment!?. However, several factors have limited
translation and clinical adoption of these passive microfluidic technologies, these include the
complexity of their operation and lack of sufficient throughput, while other factors such as the
intensive fabrication processes and structural irregularities have also limited mass production
for commercialization®>. In active mechanisms, sperm are selected based on their surface
charges, ability to cross and swim against laminar flow streamlines, or response to a
chemoattractant®3. Active sorting strategies provide flexibility in operation?3 and enable a wider
range of selection based criteria such as surface charge3°, but they still suffer from blockage

issues for continuous operation to achieve the required throughput.

External force fields such as optical’’38, magnetic®**!, dielectrophoretic*?> and acoustic fields*
have been applied in microfluidic platforms to achieve high-throughput sorting. With each of
these methods featuring advantages in terms of throughput and sample properties, acoustic
methods are particularly suitable for biological sorting applications as they can provide precise
spatial control of living organism without damaging either the cell membrane or intercellular
DNA structure when operated at low intensity**. Bulk acoustic wave (BAW)*¢ and surface
acoustic wave (SAW)*#8 are the two acoustic actuation methods most commonly employed

in microfluidic devices. In BAW a compressional wave is generated in the bulk of a
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piezoelectric ceramic which is typically bonded to the underside of the microfluidic chip.
Operation is usually at a frequency that matches the resonant mode of the fluidic volume, hence
a standing wave field is generated within the fluid*. More recently, bulk acoustic wave has
been used to isolate low number of sperm cells from female DNA by Xu. et al>°. However, in
BAW, the constraint of operation at a fluid resonance limits the range of acoustic fields which
can be produced, and in addition, the relatively low excitation frequency ranges (0.1-10 MHz)

in BAW restricts the working power range for cell manipulation applications®'.

In SAW, the acoustic wave propagates along the surface of the piezoelectric material, after
generation by a series of interdigital transducers (IDT) patterned on a piezoelectric substrate.
The operating frequency in SAW actuation is chosen such that the vibration from each finger
pair in the IDT constructively interferes. Most of the power is confined within one wavelength
distance vertically from the substrate®?. Compared with BAW, SAW can operate at a wider

frequency range (20-150 MHz) by simply changing the arrangement of interdigital
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transducers>?, while acoustic fields can be produced in arbitrary locations and orientations.With s, ses;
respect to microfluidic channels (with no restriction to excitation of fluid mode resonances)>.
Using the freedom in sound field design offered by SAW actuation, Collins et al.>> developed
a virtual deterministic lateral displacement (vDLD) method for continuous size-based
separation of microparticles, in which the IDTs are orientated at an angle to the microfluidic
channel, and the resulting SAW laterally displaces particles across the channel

deterministically based on their size.

In this work, we utilise the principle of the vDLD approach, and apply it to the sorting of bull
sperm from raw semen specimens. Whilst previously a high degree of size-based sorting
accuracy was demonstrated (for example removing 6um particles from 7um)>>, the bull sperm
sample is relatively homogenous in size, motile and non-spherical. Through studying the
interaction of the surface acoustic generate sound field with the sperm cells, and the alignment
of the swimming motion that this causes, we demonstrate that the sorting is mostly due to the
degree of motility of the individual sperm cells. To demonstrate the performance of the device
to select high-quality sperm, the quality of selected sperm from the device are evaluated in
terms of concentration, vitality, motility, morphology and DNA integrity and compared with

the quality of sperm in the initial raw sample.

System Principle

The principle of operation of the vDLD system? is that suspended cells (sperm, somatic cells
and debris in the sample) are laterally displaced across the width of a microfluidic channel by
a distance determined by their size. The term virtual refers to the lateral displacement occurring
due to the application of a sound field rather than due to physical obstructions. Hydrodynamic
focussing is used to introduce the cells into the sound field along the edge of the channel, where
the laminar flow is slowest (Fig. 1a). The sound field acts oblique with respect to the flow to
deflect the cells across flow streamlines. The interplay between acoustic forces and drag causes
two distinct outcomes determined by the cell size that enable sorting. Firstly, the drag may be
sufficient to overcome the acoustic forces meaning that the cell will travel through the
forcefield along a single streamline. The second is that the acoustic forces are large enough to
capture the cell in the sound field, against the drag force. In this second outcome, as the sound
field is orientated at an angle to the flow, the cell is trapped in the acoustic node or antinode,

and migrates across the width of the channel (Fig. 1). In doing so, the cell will enter faster
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moving parts of the laminar flow field, increasing the drag forces, until drag domjnates @i ;o i,
pulls the cell out of the sound field. In addition, as a by-product of generating acoustic field, a
time-averaged dielectrophoretic field also plays a role in the sorting procedure. Moreover,
dielectrophoretic effects, as shown in previous research?, can also contribute to selection
sperm based on their viability. However, as was discussed for a similar set up>?, the height of
chamber (/) relative to the vertical component of the standing wave in the fluid (4,) will decide

which force is dominant in sorting and acoustic force becomes dominant when 4 >3/21,,, which

is analogous with our set up. Therefore, the device mainly relies on the applied sound field to

separate sperm.

Considering the cell as a spherical particle in a standing wave field (as exists above the IDTs),

the maximum acoustic radiation force, F 5, is determined by volume, given by:

7TPZVC:Bf 5pc—2pf Pe

22 2pc+pr By
where P is the acoustic pressure amplitude, which varies across the IDT finger pairs, , A is the

max _
Faco - _(

wavelength, p, and p. are the density of the fluid and cells, B and S are the compressibility
of the cell and fluid medium, and V. is the cell volume. Whilst Stokes drag is proportional to
radius, given by

Fp=6nrnv

where r is the particle radius (or the cell radius in our case), 1) is the fluid viscosity, and v is the

differential velocity between particle and medium. Hence, for a smaller cell the drag will
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dominate and for a larger cell acoustic radiation is more significant. With the cut off between
“smaller” and “larger” being determined by a balance of the applied acoustic power and the

flow rate.

Whilst the physics for spherical inert particles and cells is established, in this work the objects
which require sorting are non-spherical and motile (motile sperm out of non-motile and/or dead
sperm, somatic cells, and debris). The structure of a sperm cell can be divided into three parts:
the head, midpiece and tail. Based on the volume and density difference, each part can be
expected to be subjected to different magnitude of acoustic radiation force. The bull sperm
used in these experiments have a head volume of ~95 pm?3, a midpiece volume of ~19 um? and
a tail volume of ~9 pm?3 6. Since the bull sperm head has the largest portion of the total volume,

acoustic radiation force exerted on the head will be much larger compared with the other parts.
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For the case of dead immotile sperm, the result is that the vDLD accurately sorts based, on Head <5 re5;

size, even for subtle size difference (within 1 um) as shown in ESIT Movie. S1.

However, for a swimming sperm (both live and motile sperm), motility plays a dominant role
in the sorting process. We observe that the usually random nature of the swimming motion (in
bulk fluid) is rotationally aligned by the acoustic trap because of the nonlinear acoustic
radiation torque experienced by non-spherical particles in an ultrasonic field*’, causing directed
swimming. The result is a sort based on swimming process, as will be characterised

experimentally and presented in Fig. 1.

Methodology
Device fabrication
The microfluidic device comprises a PDMS layer with patterned microchannels bonded onto a

lithium niobate (LN) substrate which is patterned with IDTs. First, a single set of IDTs with 16
finger pairs were patterned on a 0.5 mm thick, double side polished 128° Y-cut, X-propagating
LN substrate using E-beam thermal evaporation. The IDTs were fabricated by coating 10 nm
of Titanium (adhesive layer), 250 nm of gold (anti-corrosion and conductive layer) and 5 nm
of chromium (adhesive layer) on the LN substrate, followed by lift off to produce the required
finger patterns. Once patterned, the LN substrate was then uniformly coated with 400 nm of
Si0; to prevent direct contact between cells and the electrodes, and to promote adhesion to the
PDMS layer. The 25 um high microchannels were cast in PDMS (SYLGARD® 184, Dow
Corning, with 1:5 mixing ratio of curing agent and polymer) using established soft lithography
techniques. The 1:5 mixing ratio of curing agent and polymer was used to increase the stiffness
of the PDMS device to prevent device deformation under SAW actuation and allow for clear
visualization of the selection process. The silicon wafer mold was prepared using the Bosch
process deep reactive ion etching (Oxford Instruments PLASMALAB100ICP380), and then a
C4F8 hydrophobic layer was applied for enhancing the removal of PDMS. Once cast and
removed from the mold, the PDMS layer was then bonded to the LN substrate, to complete the
device geometry, using an air plasma (Harrick Plasma PDC-32G, Ithaca, NY, 1000 mTorr,
18 W).

Sperm preparation
Bull semen straws were purchased from ABS Global Australia and stored in liquid nitrogen.

Before the experiment, the specimens were thawed in a 37 °C water bath for one minute and

extracted from the straw using an artificial insemination syringe. Live and dead sperm in the
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sample were then labelled with green and red fluorescence, respectively, using LIVE/DEADC VL0
sperm viability kit (ThermoFisher).

Buffer preparation

The base buffer solution used in this experiment consists of HEPES (4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid) (21 mM), NaCl (117 mM), KCL (5.3 mM),
CaCl, (2.3 mM), MgSO, (0.8 mM), Na,HPO,-2H,0 (0.8 mM), D-Glucose (5.5 mM), Phenol

Red (0.03 mM), NaHCO;(4 mM), Na Pyruvate (0.33 mM), and Na Lactate (21.4 mM).
Additionally, Img/mL of PVA (Poly(vinyl alcohol)) is added to the base buffer to prevent
sperm cells from sticking to the channel. The pH of the final solution was then adjusted to 7.4

using 1 M NaOH solution. The buffer was stored at 4 °C and used within two weeks.

Experimental procedure
The microfluidic device was mounted on a customized microscope stage, consisting of a 3D

printed platform for stabilisation and a cooling system for maintaining the fluid temperature in
the microchannel. The cooling system consisted of a Peltier cooler directly in contact with the
SAW chip, a temperature sensor, and a heat sink to monitor the temperature and overcome the
significant heating effect caused by SAW (especially at higher applied power). Two syringe
pumps (KD Scientific Legato 210, Holliston, MA, USA) were then used to introduce the sperm
sample and buffer on-chip at the flow rates of 0.2 pLL/min and 1 uL/min, respectively. Using a
power signal generator (BelektroniG F20 Power Saw, Freital, Germany), the standing surface

acoustic field was then generated by applying a sinusoidal voltage signal at a resonant
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frequency of 19.3 MHz across the IDTs. The input power, measured using a power meter
(Rhode & Schwarz NRP18S-25 Power sensor, Munich, Germany), and reported as the SAW
actuation power. For SAW actuation power of 1W and 2W the actual power converted to SAW
was estimated using S11 to be 0.836W and 1.672W, respectively. An upright fluorescence
microscope (Olympus BX43, Tokyo, Japan) equipped with a 5-MP C-mount PixeLink camera
(PL-B872CU, Ottawa, Canada) was used to image the selection process using a 20x%
magnification objective at 14 frames per second. After running the device for 50 min, samples
extracted from each of the device outlets were analyzed to evaluate sperm concentration,

vitality, motility, morphology and DNA integrity as compared with the initial raw sample.

Concentration and vitality analysis
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To quantify sperm concentration and vitality, live and dead sperm in the sample were staitigd s s
with SYBR14 and Propidium Iodide (LIVE/DEAD™ Sperm Viability Kit, ThermoFisher),
respectively. Briefly, 5 uL of 50-fold diluted SYBR14 in DMSO and 5 pL of Propidium Iodide
were added to 250 pL of the sperm sample, and the sample was incubated at 37 °C for 10 min
to complete the staining. After the experiment, the initial raw sample and extracted cells from
each of the outlets were each loaded into a haemocytometer (Paul Marienfeld Gmbh & Co.
KG, Germany), and 20x magnification images were captured in bright field (total sperm
concentration), green fluorescence (live sperm) and red fluorescence (dead sperm) for

evaluating sperm concentration and vitality (ratio of live sperm to total sperm concentration).

Motility analysis

To quantify sperm motility, an image sequence of live sperm in the haemocytometer was
recorded for at least 10 seconds and then processed using the OpenCASA plugin in Imagel.
Sperm motility parameters were calculated as curvilinear velocity (VCL), average path velocity
(VAP), straight line velocity (VSL), beat cross frequency (BCF), lateral head displacement
(ALH) and linearity (LIN)!3-3, For statistical analysis, data were processed in Prism Graphpad.
T test with Welch’s correction was used to analyse statistical significance, and when applicable

P<0.05 was considered as significant.

Morphology analysis
Sperm morphology was assessed using Haematoxylin (Sigma-Aldrich) and Eosin (Sigma-

Aldrich). A smear of sample (20uL) was prepared on a glass slide by putting another glass
slide in contact with the aliquot of sample and drawing it along the edge. The smear slide was
then dried in air, and sperm were fixed by applying 4% PFA (paraformaldehyde, Sigma-
Aldrich) for 10 minutes. The smear slide was then stained with pre-filtered Harris

Haematoxylin  solution containing Ci6H1404(8.4mM),C,HsOH(343mM)  KAI(SO4),
(105.4mM), NalO3(2.6mM) and CH3COOH (349.4mM) for 13 minutes to stain the nucleus,
and then treated with Scott’s Tap water consisting of NaHCO3(42mM) and MgS0,4(166mM)
for 1 minute. Eosin containing C,oH¢BrsNa;0s5 (2.9 mM) and C;Hs0H (2.78 mM), was then
applied for 5 min to stain cytoplasm. After each step, the smear slide was washed in water at

least twice and then air-dried before observation. An inverted microscope (Nikon Eclipse Ts2,

Tokyo, Japan) equipped with a CCD microscope camera (INFINITY3-3UR, Lumenera) was
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used to capture 40x magnification images which were then processed in ImageJ.to evalGate s i

sperm morphology (head length and head width).

DNA analysis
Sperm chromatin dispersion test (SCD) was used for sperm DNA analysis, using SpermFunc

® DNATf(BRED Life Science Technology Inc, Shenzhen, China). The reagents were incubated
for 20 minutes at 80 °C and 37 °C for at least 5 minutes before use, and then mixed with the
sperm sample (concentration of 5-10x10°® sperm per millilitre). 30 pL of the sample was then
dispensed on a slide pre-coated with agarose and incubated at 4 °C for 5 minutes to solidify.
The slide was then immersed in solution A (HCI based acid solution) for 7 minutes, solution B
(lysing solution) for 25 minutes, and then washed with DI water for 5 minutes. After
dehydration in increasing concentration of ethanol (70%, 90%, 100%; each for 2 minutes), the
slide was air-dried, and stained with Wright’s staining solution for 30 minutes. A minimum of
100 sperm per sample were then evaluated under 40x magnification using an inverted
fluorescent microscope (Nikon Eclipse Ts2, Tokyo, Japan) equipped with a CCD colour
camera (INFINITY3-3UR, Lumenera). Sperm with halo thickness, B, less than 1/3 of the
smallest dimension of the head, A, was regarded as sperm with DNA fragmentation’®, and at

least 100 sperm were evaluated to quantify the DNA fragmentation index (%DFI).

Results and Discussion
The acoustofluidic sperm selection device comprises of a PDMS microfluidic channel aligned
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on top of a SAW chip (Fig. 1a). Raw semen specimen was introduced on-chip at the flow rate
of 0.1 uL/min from one of the inlets, while pure buffer at the flow rate of 1 uL/min (injected
from the other inlet) was used to confine the main sample stream within a one third of the
microchannel width. The device enabled high-throughput isolation of live motile sperm from
the raw semen sample using an acoustic field applied at a 30° angle to the flow direction. Since
both forces are differently correlated with the cell size, the interplay between acoustic forces,
caused by the applied standing surface acoustic waves (SSAW), and viscous drag pushes the
cells laterally across the microchannel based on their size (Fig. 1b). With the application of
SSAW at 19.28 MHz and 1-2W, the acoustic radiation force was large enough to overcome the
drag and guide the motile sperm to swim across the microchannel width, while somatic cells
and other debris followed the mainstream, enabling a continuous, high-throughput, and size-

dependent selective process for isolating motile sperm.
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In addition to enabling a size-dependant selection process, the applied SSAW field aligh$’ o\ Cooner;
the cells and provides virtual pathways to facilitate the selection of highly motile sperm.
Fig. 1c shows the distribution of dead sperm over the IDTs in the absence of flow within the
device, demonstrating alignment of dead cells parallel to the IDTs under SSAW actuation at
19.28 MHz and 1 W (see ESIT Movie. S2). For cells exposed to the SSAW field, the size-
dependant acoustic radiation force (acting perpendicular to the IDTs) pushed the cells from
pressure antinodes located over the IDTs to pressure nodes to trap the cells in acoustic force
minima in between the IDTs. The nonlinear acoustic radiation torque, as demonstrated for
non-spherical particles in an ultrasonic field*’, also contributes to align the cell along these
pathways and direct the swimming direction. In case of live motile sperm, this alignment
provided virtual navigation pathways for sperm by suppressing their random swimming
trajectories in all directions into directed trajectories parallel to the IDTs (Fig. 1d, see ESIf
Movie. S3). Cho et al.3! demonstrated a device to sort sperm based on their ability to cross
laminar flow streamlines in a similar design. However, in that device, the selection process
solely relied on sperm motility, with motile sperm at the lower level next to the wall never
leaving the boundary to cross the streamlines, resulting in a relatively low throughput. Our
controlled experiments in the absence of an applied acoustic field (i.e. absence of virtual
swimming pathways to direct motile cells) also demonstrated that majority of sperm in the
initial raw sample simply flow the main stream and discarded, with only 0.5% of sperm
exhibiting sufficient motility to leave the main stream and swim across the channel
(unguided by the acoustic field) to be retrieved from the selected cell outlet (see ESIT Fig.
S1).

Fig. le shows a sequence of images for an individual motile sperm in response to SSAW
actuation. The results demonstrate that acoustic forces transfer the cell to pressure nodes and
also reorient the sperm parallel to the IDTs. While subjected to the SSAW field, the larger
sperm head experiences larger acoustic forces than the sperm tail and quickly aligns with the
pressure nodes (in ~0.12 s) while it takes longer for the sperm tail to align (>0.17 s).
Alignment with pressure nodes and reorientation parallel to the IDTs both contribute to
amplify the lateral displacement of motile sperm and facilitate the selection of highly motile

sperm, as they swim along the pressure nodes.

10
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Figure 1. Acoustic-based microfluidic sperm selection device. (a) Schematic view of the device where
motile and morphologically normal sperm are laterally displaced and separated from other cells and debris.
(b) Acoustic forces overcome the viscous drag to transfer the sperm laterally across the microchannel width.
(c) Random distribution of dead sperm over the IDTs without the application of SAW (SAW OFF, left) and
alignment of the cells along the pressure nodes with the application of SAW (SAW ON, right). (d)
Trajectories of randomly swimming and directed sperm in the absence (SAW OFF, left) and presence of
an applied acoustic field (SAW ONN, right), respectively. (e) Reorientation and alignment of individual
sperm along the pressure nodes in between the IDTs under an applied acoustic field (applied at t=0 s).

To ensure biocompatibility, sperm concentration and vitality were quantified for both the
initial raw sample and cells collected from the device outlets (both outlets combined) under
SSAW actuations at 0, 1, and 2 W, at 19.28 MHz (Fig. 2). The initial raw sample was mixed
with the buffer with a 10:1 mixing ratio to resemble the dilution of sample in the device. As
shown in Fig. 2a, sperm concentration in the initial raw sample was 7.07+5.02 million per
millilitre (M/mL) and remained almost the same for samples collected from the device outlets
in the absence of an applied acoustic field (0 W, cells were only exposed to shear flow) and
after acoustic excitations at 1 W and 2 W (corresponding concentrations of 8.32+5.33 M/mL
and 7.85+4.52 M/mL). Similarly, percentage vitality of sperm in the raw sample (33+6%)
was almost identical to the percentage vitality of cells collected from the device regardless of
the applied power (33+6% at 0 W, 34+2% at 1 W, and 354+2% at 2 W). The results confirm
that neither the flow nor the applied acoustic fields induce cell lysis, blockage or other

potential harmful effects to sperm, providing a biocompatible approach for sperm selection.
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Figure 2. Biocompatibility of the acoustofluidic sperm selection approach. (a) Concentration and (b)
vitality of sperm after SAW exposure at 19.28 MHz for 15 min as a function of applied power (n=3). Values
are reported as mean + s.d.

Fig. 3 shows selected sperm concentration, vitality and progressive motility in comparison
with the initial raw semen sample and the discarded subpopulation of sperm that remained in
the mainstream (not deflected by the SSAW field and retrieved from the discarded cell
outlet). Compared with biocompatibility analysis experiments, the experiment duration was
extended to 50 min in sperm selection experiments to allow for the collection of ~30 pL of
sample from each of the outlets, containing enough number of sperm for subsequent quality
analysis. From the initial raw sample with an average concentration of 100 M/mL, ignoring
the presence of cell clusters in the cell groups, on average 2% of the total sperm population
retrieved out of the raw sample with corresponding selected sperm concentration of

2.04 M/mL (with 136 M/mL and 3 M/mL as the maximum sperm concentrations in the initial
raw sample and selected cells, respectively). Considering the initial raw sample concentration
of ~100 M/mL and the 5pL of the raw sample processed on-chip during the 50 min device
operation, the device processed ~140 sperm per second — a high-throughput for a microfluidic
sperm selection technology. Despite of certain number of cell loss due to stiction and lysis,
more than 60,000 sperm were collected in the 30 uL of selected sample, sufficient for the
performance of droplet-based IVF (requiring ~50,000 sperm) and ICSI (requiring only one
sperm)'?. Fig. 3b shows the percentage vitality of selected sperm in comparison with the raw
sample and discarded population. The selected sperm population demonstrated 50%
improvement in vitality when compared with the raw sample, with corresponding vitality of

45% and 30%, respectively. The vitality of discarded cell was 37%, slightly higher than the

12


https://doi.org/10.1039/d0lc00457j

Page 13 of 19

Published on 12 October 2020. Downloaded on 10/18/2020 3:58:26 AM.

Lab on a Chip

initial raw sample. This increase in discarded cell vitality is possibly attributed to the lysisséf coones;
dead sperm with broken membranes when subjected to the acoustic force (see ESIT Movie
S2). The extended experiment duration may also contribute to this phenomenon, and to the
slightly lower vitality values reported in Fig. 3b for the initial raw sample compared to bio-

compatibility results in Fig. 2b.
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Figure 3. Sperm quality analysis. (a) Sperm concentration, (b) vitality, and (c) progressive motility for

selected sperm compared with the initial raw sample and discarded sperm (cells not affected by the SSAW

field and remained in the mainstream). Values are reported as mean + s.d. for 3 independent experiments.
Sperm progressive motility, indicating sperm that are mostly swimming in straight lines or
large circles, is one of the key parameters influencing the fertilization rate in assisted
reproduction®. The progressive motility results in Fig. 3¢ demonstrate that the selected sperm
population exhibit a considerably higher percentage of progressively motile sperm (83%) than
both the initial raw sample (52%) and discarded subpopulation of sperm (36%). The applied
SSAW field guides sperm with highly progressive motility out of the main flow stream to be
retrieved from the selected cell outlet, while less motile cells and larger debris follow the main
flow stream to be collected from the discarded cell outlet. These findings clearly indicate a
process that selects for sperm with highly progressive motility in addition to size, as the applied
acoustic force alone is not sufficient to push less motile and larger cells out of the main flow

stream.

For control experiments in the absence of SAW actuation (see ESIt Fig. S1), the average
concentration of sperm retrieved from the selected cell outlet was less than 0.6 M/ml (Fig.
Sla) — only a quarter of the average concentration of selected cells under SAW actuation

(Fig. 3a). Moreover, in the absence of an applied acoustic field, vitality and progressive

13
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motility of selected sperm were comparable with the initial raw semen sample and,the, ;39 b0l coo450
discarded subpopulation of sperm that remained in the mainstream (Fig. S1b,c), essentially
rendering the selection process solely based on sperm motility insufficient to improve sperm
quality. The results from the control experiments better highlight the key role of SAW
actuation in the selection process achieved here.

Fig. 4 details the motility parameters for selected sperm and discarded cells as compared with
the initial raw sample. The results indicate that the acoustofluidic device selected faster sperm
with significantly higher values of VCL, VAP, and VSL as compared with the initial raw
sample and discarded population. Specifically, selected sperm from the device exhibited 64%,
78% and 55% increase in VCL (from 31 pm/s to 51 pm/s), VAP (from 23 um/s to 41 pm/s)
and VSL (from 22 pm/s to 34 um/s), respectively, compared to the initial raw sample (P<0.05
in all cases), while immotile and relatively slow sperm were collected in the discarded sample
(with VCL of 25 um/s, VAP of 14 um/s and VSL of 12 um/s). Moreover, LIN, ALH and BCF
were increased by 8.1% (P=0.18, not statistically significant), 32.3% (P=0.22, not statistically
significant) and 11.1% (P<0.05) for selected sperm as compared with the raw sample (See ESIf
Table. S1). The results demonstrate that selected sperm swim straighter and faster by beating
at larger flagellar wave amplitude and frequency (larger and faster oscillation of head). Selected
sperm from controlled experiments, in the absence of an applied acoustic field, demonstrated
a slight but insignificant increase in sperm motility parameters compared to the initial raw
semen sample and the discarded subpopulation of sperm that remained in the mainstream (see
ESIT Fig. S2). The results indicate that a separation strategy solely based on sperm motility is

incapable of selecting sperm with considerably improved quality.
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Figure 4. Sperm motility analysis. (a) Curvilinear velocity (VCL), (b) average path velocity (VAP), (c)
straight line velocity (VSL), (d) linearity (LIN), (e) lateral head displacement (ALH), and (f) beat cross
frequency (BCF) for selected sperm as compared with the raw sperm sample and discarded sperm. Values
are reported as mean * s.d. for 3 independent experiments where over 100 sperm where analysed in each
experiment, *P<0.05, **P<0.01 and ***P<0.001.

Sperm head morphology is an excellent marker of other sperm defects, including DNA damage

due to non-orthodox DNA configurations®!, that significantly influence the choice of treatment

in ART and subsequent embryo implantation and pregnancy rates®?%3, Bull sperm head

morphology was assessed using haematoxylin-eosin staining, as shown in Fig. 5a-c. Despite a

slight increase in head length and width (less than 1 um), selected sperm demonstrated similar

head morphology as compared with the initial raw sample and discarded cells, all within the

range for morphologically normal sperm head (head length of 7-9 um and width of 4-6 pm)%4.

Morphologically homogeneous quality of bull sperm in the initial raw sample mainly led to

this comparable sperm head morphology characteristics, while the device was still capable of

distinguishing small size differences between live and dead sperm (See ESI§ Movie. S1). Due
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to this similarity in size, sperm cells were subjected to similar drag and acoustic forees, tHiS 5 orer;

allowing sperm motility to play the main role in the selection process.
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Figure 5. Sperm morphology and DNA integrity analysis. Sperm (a) head length and (b) head width for
selected sperm as compared with the initial raw sample and discarded cells. (c) A representative image of
sperm after staining with Haematoxylin and Eosin for morphological analysis. (d) DNA fragmentation
index (DFI) of selected sperm and discarded cells in comparison with the raw sample. P values were
determined using one-way ANOVA between B/A values from the SCD test, *P<0.05, **P<0.01. (e) A
representative image of sperm with intact and damaged DNA from sperm chromatin dispersion test. Values
are reported as mean =+ s.d. for 3 independent experiments. Scale bars represent 10pm.

DNA integrity is an important indicator of sperm quality, significantly influencing the

reproductive outcome and fertilization rate’. Sperm DNA damage is associated with low

pregnancy rate, pregnancy loss in both IVF and ICSI, and de novo mutations in the offspring®.

Sperm chromatin dispersion (SCD) test was used to assess DNA integrity (Fig. 5e), by

quantifying the percentage of DNA fragmentation index (%DFI) as a measure of DNA strand

breaks>®. The %DFI results in Fig. 5d demonstrate a significant improvement in selected sperm

DNA integrity compared to the initial raw sample. Specifically, the %DFI was 60.6 in the initial
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raw sample and improved by 38 to 37.3 for selected sperm. By collecting sperm, yyith, iitact 5 res
DNA from the raw sample, the %DFI for discarded cells was 70.9 as expected. These finding
indicate that the device select sperm with considerably higher DNA integrity.

Conclusions

We present an automated acoustofluidic approach for high-throughput isolation of sperm with
normal head morphology and high DNA integrity from raw semen samples, processing ~140
sperm per second and selecting over 60,000 high-quality sperm in under 50 min. The device
enables isolation of sperm from raw semen in a continuous-flow system by applying an
acoustic field at 30° angle to the flow direction to laterally deflect sperm based on their size
and motility. The device select sperm with over 50% and 60% improvement in vitality and
progressive motility in 50 min, respectively, while providing clinically relevant volume and
selected sperm number for the performance of IVF and ICSI (over 60,000 selected sperm in
30 pL). Selected sperm swim straighter and 64% faster by beating at larger flagellar wave
amplitude and frequency, leading to improved fertilization rate in assisted reproduction.
Moreover, sperm selected from the device show more than 38% improvement in DNA integrity.
Taken together, our acoustofluidic sperm selection approach provides new opportunities to

select sperm for assisted reproduction with the potential to improve fertilization outcome.
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