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(57) Abstract: The present invention relates to the
manipulation and, more particularly, to the sorting
of particles. Still more particularly, the present in-
vention relates to the use of acoustic waves, in-
cluding surface acoustic waves, for the manipula-
tion and sorting of particles. In an example, the
present invention may be used for the sorting of
cells. In an aspect of the invention, there is
provided a device for manipulating a particle in a
fluid suspension, the device comprising: (a) a sub-
strate having a surface; (b) an acoustic source con-
figured to generate and deliver an acoustic wave
within a region of the substrate surface; and (¢) a
pillar disposed on the surface of the substrate and
the pillar is configured to receive a channel, the
channel contigured to receive the fluid suspension,
wherein the acoustic wave delivered within the re-
gion of the substrate surface is delivered to the flu-
id suspension in the channel through the pillar. A
method using the device of the invention is also
disclosed.
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PARTICLE MANIPULATION

The present invention relates to the manipulation and, more particularly, to the sorting of
particles. Still more particularly, the present invention relates to the use of acoustic waves,
including surface acoustic waves, for the manipulation and sorting of particles. In an

example, the present invention may be used for the sorting of cells.

Separation of microscopic particles and droplets is an essential technique for various
biological research and medical applications. For example, separation and enrichment of
low concentration microbes from complex biological samples is of great importance for
accurate and rapid medical diagnosis. In recent years, the rapidly growing field of cell
therapy also has a high demand in simple and efficient cell separation techniques that can
speed up the collection of desired stem cells from complex samples.' Microfluidics enables
precise manipulation of biological cells, and has been innovating diverse approaches for
particle separation, such as dielectrophoresis,z’ * inertial focusing,® ° magnetophoresis,s' ¢
optical tweezingg'9 and acoustophoresis.10 Among these techniques, acoustophoresis has
been widely exploited to manipulate cells and particles thanks to its low power
consumption and good biocompatibility. The acoustic radiation pressure exerts on particles
suspended in fluids when they are exposed to an acoustic wave.!* The correlation of the
acoustic radiation force with size, density and compressibility of the particles enables

12-14

selective separation of particles according to their physical properties, which offers a

biocompatible and label-free separation approach for various biomedical applications.

Two major types of acoustic wave, bulk acoustic wave (BAW) and surface acoustic wave
(SAW), have been used for particle manipulation in microfluidics. The BAW-based
acoustofluidic device is typically built by irreversibly bonding piezoelectric ceramics (e.g.
lead zirconate titanate) onto microfluidic channels made of silicon or glass with good

15,16 Compared to the BAW-based acoustofluidics, the use of

acoustic reflection property.
SAW transducer offers several advantages. First, the SAW transducer is compatible with soft
polymer materials that have been widely used to fabricate low cost microfluidic devices.
Second, the SAW transducer is fabricated by depositing interdigital electrodes (IDE or IDT)

on a piezoelectric substrate. Its resonance frequency is determined based on the

1
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dimensions of these electrodes, which could easily produce high frequency acoustic wave
up to GHz,'” however unachievable using BAW transducers. The use of high frequency SAW
enables manipulation of micron-sized particles via a travelling acoustic field rather than a

18-20

standing acoustic field employed in conventional acoustofluidic devices.” *". Compared to

d,21'24 there is no

the displacement limit of one quarter of the wavelength in a standing fiel
inherent limit in the particle displacement driven by a travelling SAW (TSAW), which is an

advantage of separation using TSAW.

In practical biomedical applications, especially when dealing with bio-hazardous materials, it
is highly desired to discard components that have direct contact with biological samples
after use. Ideally, the microfluidic channel devices for biological sample loading are
disposable for a single use to avoid cross-contamination between different samples; while
the more expensive and sophisticated actuators for sample processing are reusable.
However, in most of the current SAW-based acoustofluidic systems, the microfluidic channel

13,20, 2527 The whole

devices are still irreversibly bonded onto the SAW transducers.
acoustofluidic system including both the channel device and SAW transducer is relatively

expensive so that it cannot be afforded for single use.

The listing or discussion of an apparently prior-published document in this specification
should not necessarily be taken as an acknowledgement that the document is part of the

state of the art or is common general knowledge.

Any document referred to herein is hereby incorporated by reference in its entirety.

The present invention relates to an improved method and device for particle sorting,
manipulation, and characterization that would be useful for numerous applications. In an
embodiment, the present invention includes the concentration, focusing, and/or

characterisation of particles such as cells and/or microorganisms.

In particular, the present invention is an detachable microfluidic apparatus for manipulating
particles using surface acoustic waves (SAWSs). This microfluidic apparatus includes a

disposable microfluidic channel device and a reusable SAW transducer device. The channel
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device, used for particle sample loading, can be reversibly attached onto the SAW
transducer via micron-sized pillar on the bottom of the channel device. The SAWs radiated
into the upper channel device via the pillar can manipulate the flow-through particles in a
noncontact manner. Once the manipulation of the introduced sample is complete, the
channel device can be directly detached from the SAW transducer and discarded without

washing process.

Components in biomedical analysis tools that have direct contact with biological samples
especially bio-hazardous materials are ideally to be discarded after use for preventing cross-
contamination. Conventional acoustofluidic device is typically a monolithic integration that
permanently bonds acoustic transducers with microfluidic channels, which however cannot
be afforded for single use. Here, we demonstrate a detachable acoustofluidic system
consisting of a disposable channel device and a reusable acoustic transducer for non-contact
particle manipulation via a single travelling surface acoustic wave (TSAW). The channel
device can be placed onto the SAW transducer using naked eyes with a high tolerance in
alignment, which largely simplifies the system operation. A micro-structured pillar slightly
large than the channel area beneath the channel device is in direct contact with the bottom
SAW transducer to guide the wave propagation into the fluid channel for particle
manipulation. We have demonstrated the separation of 10 um and 15 um particles at high
separation efficiency above 98% in a 49.5 MHz TSAW using the developed detachable
acoustofluidic system. Its disposability and ease of assembly could enable a broad use of the
developed non-contact particle manipulation technique in practical biomedical applications

related to sample preparation.

In a first aspect of the present invention, there is provided a device for manipulating a
particle in a fluid suspension, the device comprising: (a) a substrate having a surface; (b) an
acoustic source configured to generate and deliver an acoustic wave within a region of the
substrate surface; and (c) the surface of the substrate is configured to receive a pillar and
the pillar is configured to receive a channel, the channel configured to receive the fluid
suspension, wherein the acoustic wave delivered within the region of the substrate surface

is delivered to the fluid suspension in the channel through the pillar.
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In a second aspect of the present invention, there is provided device for manipulating a
particle in a fluid suspension, the device comprising: (a) a substrate having a surface; (b) an
acoustic source configured to generate and deliver an acoustic wave within a region of the
substrate surface; (c) a channel configured to receive the fluid suspension; and (d) a pillar
disposed between the surface of the substrate and the channel, wherein the acoustic wave
delivered within the region of the substrate surface is delivered to the fluid suspension in

the channel through the pillar.

Advantageously, acoustic waves transmitted into the channel through the substrate and
piliar are at least sufficient to affect the fluid suspension within the channel, and in some
embaodiments such that sorting of particles or other species in the fluid suspension is able to
accur. In one set of embodiments, there may be three, four, five, or more outlet channels,
and in some embodiments the sorting of particles into the two or more outlet channels may
he controlled by controlling the surface acoustic waves, e.g., by applying suitable voltages to
the piezoelectric substrate. Advantageously, the pillar acts as a waveguide to localise the

acoustic field in the liguids for particle manipulation.

By “pillar”, it is meant to refer to any suitable support member or structure or post
intermediate the substrate and the channel that supports or hold up the channel. In this
specification, the words “pillar” and “micro-pillar” may be used interchangeably. Preferably,
the pillar may be a vertical support or column. Preferably, the pillar is configured to be

detachably attached to the surface of the substrate.

By “detachably attached”, it is meant to refer to any bonding between the pillar and the
channel that may be easily removed. The attachment or adhesion may be carried out by any
suitable technique known to the skilled person. Any acoustic coupling gel (e.g. the gel used
for ultrasound imaging) may be used to enhance the wave transmission at the interface

between the pillar and the channel, and the fluid suspension.

Advantageously, the device of the present invention allows a user to reuse the particle
manipulation device without having to dispose the substrate and the acoustic source. In

particular, the acoustic source and the substrate is reuseable. The pillar of the present
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invention may either be fabricated on the surface of the substrate or on the bottom of a
channel or channel device, i.e. the pillar may be detachably attached to either the surface of
the substrate or the channel. Fabrication of the pillar on the surface of the piezoelectric
substrate or on the bottom of the channel as part of a channel device may be carried out by

using any photolithography or 3D printing technigques or any other suitable techniques.

In the embodiment where the pillar is detachably attached to the channel device, the
reuseable part of the device may be the substrate, which includes the substrate comprising
the pillar and the acoustic source in the form of a SAW transducer. Any channel or channel
device for receiving a fluid suspension may then be detachably attached to the pillar for
carrying out the particle manipulation method. Once the method has been carried out, the
channel or channel device is removed and disposed, leaving behind the substrate
(comprising the pillar and the acoustic source) for use with another fresh particle
manipulation method. A fresh or new channel device may then be used for the next particle
manipulation / sorting exercise by detachably attaching or adhering a new channel to the

pillar associated with the substrate and the SAW transducer.

In the alternative embodiment where the pillar is fabricated with the channel, the reuseable
part of the device is the substrate comprising the substrate and the acoustic source. The
substrate is configured then to receive the pillar which is attached to the channel. After use,
the pillar with the channel is detachably removed from the surface of the substrate and the
pillar with the channel is disposed. A fresh channel with a pillar may then be attached to the

surface of the substrate for carrying out another particle manipulation method.

Preferably, the pillar forms a wall or part of a wall of the channel.

Preferably, the pillar is made of a material suitable for conducting an acoustic wave, i.e. any
suitable material that has good acoustic transmission properties. Preferably, the material is
any one selected from the group comprising: glass, polymethylmethacrylate (PMMA), and
polycarbonate (PC). In an embodiment, the pillar and channel are made of the same

material.
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Preferably, the width of the pillar is between 5 pum to 500 um.

In an embodiment, the device comprises a plurality of pillars that are equally spaced apart.

Alternatively, the plurality of pillars may be arranged in any arbitrary pattern.

Preferably, the substrate is a piezoelectric substrate. The piezoelectric substrate is any
piezoelectric material selected from the group comprising: lithium niobate, lithium tantalite,

and lanthanum gallium silicate.

Preferably, the acoustic source is an interdigital transducer and the acoustic wave may be a
single travelling surface acoustic wave or a combination of multiple travelling surface

acoustic waves.

Any suitable technigue may be used fo create the travelling surface acoustic wave. For
example, the surface acoustic wave may be created by a generator attached to the surface
of the microfluidic channel. In certain embodiments, the surface acoustic wave is created by
using an interdigitated electrode or transducer able o convert electrical signals into
acoustic wave able to travel along the surface of the substrate, and in some cases, the
frequency of the surface acoustic wave may be controlled by controlling the spacing of the

finger repeat distance of the interdigitated electrode or transducer.

By “interdigital transducer {IDTY” or “interdigital electrode {IDE}", it is meant to refer to any
one, twa, or more electrodes containing a plurality of "fingers" extending away from the
electrode, wherein at least some of the fingers are interdigitated. In an embodiment,
particularly when the pieroelectric substrate is lithium niobate, there are about 20 to 100
finger pairs in the elactrode. The fingers may be of any length, and may independentily have
the same or different lengths. The fingers may be spaced on the transducer regularly or
irregularly. in some cases, the fingers may be substantially paraliel, although in other
embadiments they need not be substantially parallel. In an embodiment, the present 1DT
comprises a plurality of concentric circular arcs having a tapered end that is directed

towards the microfluidic channel. The tapered end forms the beam aperture. The angle
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subtended at the center of the concentric circular arcs of the IDT may be about 5 to 80

degrees, Preferably, in an embodiment, the angle is about 26 degrees.

The DT may be supplied with any suitable AC supply known to the skilled person. The
acoustic energy is maximized at the resonance frequency that is determined by the

dimensions of the electrode fingers, size and spacing.

The surface acoustic waves can be formed on a piezoslectric substrate or other material
that may be coupled to a microfluidic substrate at specific locations, e.g., at locations within
the microfluidic substrate where sorting is to take place. Suitable voltages {e.g., sinusoidal or
other pericdically varving voltages) are applied to the piezoelectric substrate, which
converts the electrical signals into mechanical vibrations, Le., surface acoustic waves or
sound. The sound is then coupled o the microfiuidic subsirate, e.g., from the surface of the
material. in the microfluidic substrate, the vibrations pass into liguid within microfluidic
channelis in the microfluidic substrate, which give rise to internal streaming within the fluid
and acoustic radiation that directly exerts a force on particles exposed to the acoustic field.
Thus, by controlling the applied voltage, streaming within the microfluidic channel, as weli
as the acoustic radiation force on particles, may be controlled, which may be used to direct
or sort particles within the microfluidic channel, e.g., to particular regions within the
microfluidic substrate. The travelling surface acoustic wave may induce two acoustic effects
- an acoustic streaming and an acoustic radiation. In addition to acoustic radiation, acoustic
streaming may also be dominant if a suitable power is supplied to the ID7 in the microfiuidic
device. Advantageously, acoustic streaming may also provide useful cell manipulation

capability to the microfiuidic device.

Advantageously, the present invention reguires only one DT to generate the travelling
surface acoustic wave placed adjacent the microfluidic channel to deliver the wave

transverse the flow of the fluid suspension in the channel.

The piezoelectric substrate may be activated by any suitable electronic input signal or
voltage to the piezoelectric substrate {or portion thereof). For example, the input signal may

he one in which a periodically varving signal is used, e.g., 1o create corresponding acoustic
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waves., For instance, the signals may be sine waves, sguare waves, sawtooth waves,
triangular waves, or the iike. The frequency may be for example, between about 50 Hz and
about 100 KHz, between about 100 Hz and about 2 kHz, between about 100 Hz and about
1,000 Hz, between about 1,000 Hz and about 10,000 Hz, between about 10,000 Hz and
about 100,000 Hz, or the like, and/or combinations thereof. In some cases, the frequency
may be at least about 50 Hz, at least about 100 Hz, at least about 300 Hz, at least about
1,000 Hz, at least about 3,000 Hz, at least about 10,000 Hz, at least about 30,000 Hz, atleast
about 100,000 Hz, at least about 300,000 Hz, at least about 1 MHz, at least about 3 MiHz, at
least about 10 MHz, at least about 30 MHz, at least about 100 MHz, at least about 300 MHz,
or at least about 1 GHz or more in some embodiments. In certain instances, the freguency
may be no more than about 1 GHz, no more than about 300 MHz, no more than about 100
MHz, no more than about 30 MHz, no more than about 10 MHz, no more than about 3 MHz,
no mora than about 1 MHz, no more than about 300,000 Hz, no more than about 100,000
Hz, no more than about 30,000 Hz, no more than about 18,000 Hz, no more than about
3,000 Hz, no more than about 1,000 Hz, no more than about 300 Hz, no more than about
100 Hz, or the like. In a preferred embodiment, the frequency of the travelling surface

acoustic wave is greater than 50 MHz.

Preferably, the surface acoustic wave of the present invention has an average frequency of
between 1 MHz and 1000 MHz. More preferably, the frequency is above 50 MHz to
effectively manipulate particles on the order of a few microns. The frequency may vary
during use of the microfluidic device. In particular, the spacing between adjacent electrode

fingers can gradually change to have a wider working frequency range.

The (DT may be positioned on the piezoelectric substrate {or other suitable material} such
that acoustic waves produced by the DT are divected at a region of acoustic coupling
between the piszoelectric substrate and the microfluidic channel. This region may also be

referred to as the sorting/manipulation region.

In an embodiment, the IDT and the microfluidic channel shares the same substrate. The IDT
is fabricated by depositing metallic electrodes on the piezoelectric substrate; the

microfluidic channel may be an open layer with concave channel. By bonding this open layer

8
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onto the piezoelectric substrate, it can close the open channel and form a closed
microfluidic channel. As the acoustic beam may not have uniform width along the wave
propagation. So the distance from the IDT to the channel is also critical to ensure a highly

confined sound beam in the channel region.

The channel, or channel device, may be made from any suitable material. The channel and
the pillar and the substrate may be made from the same material, or the material for each
component may be different. For example, the channel may be made from PDMS.
Preferably, the channel is a microchannel having a cross-sectional diameter of less than
Imm. The cross-section of the channel may be a rectangle. Preferably, the channel having
at least one inlet for receiving the fluid suspension and at least one outlet for discharging
the fluid suspension. In alternative embodiments, there may be any suitable number of
inlets and outlets. The channel or channel device may be supported by any means (e.g.

support structures) on the substrate and / or the pillar.

By “channel”, it is meant to refer to any feature on or in {or defined) in the substrate that at
least partially directs flow of the fluid. The channel can have any cross-sectional shape
{circular, oval, triangular, irregular, sguare or rectangular, or the like} and can be covered or
uncovered. in embodiments where it is completely covered, at least one portion of the
channei can have a cross-section that is completely enclosed, or the entire channel may be
completely enclosed along its entire length with the exception of its inlet{s} and/or outlet{s}.
A channel may also have an aspect ratio {length to average cross sectional dimension} of at
least 2: 1, more typically at least 3: 1, 5: 1, 10: 1, 15: 1, 20: 1, or more. An apen channel
generally will include characteristics that facilitate control over fluid transport, eg.,
structural characteristics {an  elongated indentation} and/or physical or chemical
characteristics {hydrophobicity vs. hydrophilicity} or other characteristics that can exert a
force {e.g., a containing force} on a fluid. The fluid within the channel may partially or
completely fill the channel. In some cases where an open channel is used, the fluid may be
held within the channel, for example, using surface tension {i.e., a concave or convex
meniscus). By “channel device”, it is meant to include any device comprising the channel. it
also includes, the channel itself comprising any inlets and outlets. in the present invention,

Eii

the terms “channel” and "microfluidic channel” may be used interchangeably.
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The channel may be of any size, for example, having a largest dimension perpendicular to
fluid flow of less than about 5 mim or 2 mm, or less than about 1 mm, or less than about 500
microns, less than about 200 microns, less than about 100 microns, less than about 60
microns, less than about 50 microns, less than about 40 microns, less than about 30
microns, less than about 25 microns, less than about 10 microns, less than about 3 microns,
less than about 1 micron, less than about 300 nm, less than about 100 nm, less than about
30 nm, or less than about 10 nm. In a preferred embodiment, the width of the microfluidic
channel is about between 10 um and 1000 pm, and the height of the channelis about 1 pm
to 100 um. in some cases the dimensions of the channel may be chosen such that fluid is
able to freely flow through the article or substrate. The dimensions of the channel may also
he chosen, for example, to allow a certain volumetric or linear flowrate of fluid in the
channei, Of course, the number of channels and the shape of the channels can be varied by
any method known to those of ordinary skill in the art. In some cases, more than one
channel or capillary may be used. For example, two or more channels may be used, where
they are positioned inside each other, positioned adjacent to each other, positioned to

intersect with each other, etc.

The wall of the microfluidic channel wall may be of any thickness. In order to minimize the
sound attenuation, the channel wall in contact with the pillar should be as thin as possible.
The wall may be as thin as 5 um to 100 um. This wall thickness refers to the thickness of the
material that separates the fluid confined in the channel from the air. Ideally, this wall
should be as thin as possible to minimize the wave attenuation. In reality, this wall thickness
is from 5-100 um, considering the wave attenuation, fabrication feasibility, and sealability of

the channel.

Preferably, the particle is less than 50 um in size.

Preferably, the particle is any particle selected from the group: organic particles, inorganic

particles, biological cells, and microorganisms. The cells may either be labelled or not prior

to sorting/manipulation.

10
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ili

By “cell”, it is meant to refer to its ordinary meaning as used in binlogy. The cell may be any
celi or cell type. For example, the cell may be a bacterium or other single-cell organism, a
plant cell, or an animal cell. If the cell is a single-cell organism, then the cell may be, for
example, 3 protozoan, a trypanosome, an amoeba, a veast cell, algae, etc. If the cell is an
animal cell, the cell may be, for example, an invertebrate cell {e.g., a cell from a fruit fly), a
fish cell {e.g., a zebrafish cell), an amphibian cell {e.g., a frog cell), a reptile cell, a bird cell, or
a mammalian cell such as a primate cell, a bovine cell, a horse cell, a porcine cell, a goat cell,
a dog cell, a cat cell, or a cell from a rodent such as a rat or a mouse. If the cell is from a
multiceliular organism, the cell may be from any part of the organism. For instange, if the
cell is from an animal, the cell may be a cardiac cell, a fibroblast, a keratinocyte, a
heptaocyte, a chondracyte, a neural cell, a osteccyte, a muscle cell, a blood cell, an
endothelial cell, an immune cell {e.g.,, a T-cell, a B-cell, a macrophage, a neutrophil, a
basophil, a mast cell, an eosinophil), a stem cell, etc. In some cases, the cell may be a

genetically engineered cell. In certain embodiments, the cell may be a Chinese hamster

ovarian ("CHQO"} cellor a 373 cell.

In a third aspect of the present invention, there is provided a method for manipulating a
particle in a fluid suspension, the method comprising: (a) providing a substrate having a
surface; (b) providing an acoustic source; (c) providing a pillar disposed on the surface of the
substrate, the pillar configured to receive a channel and the channel configured to receive
the fluid suspension; and (d) manipulating the particle in the channel by using the acoustic
source to generate and deliver an acoustic wave to the fluid suspension in the channel

through the substrate and pillar.

Preferably, the pillar is configured to be detachably attached to the surface of the substrate.

Preferably, the pillar forms a wall or part of a wall of the channel.

Preferably, the pillar is made of a material suitable for conducting an acoustic wave. In an
embodiment, the pillar is made of a material that is any one selected from the group
comprising: glass, polymethylmethacrylate (PMMA), and polycarbonate (PC). In an

embodiment, the pillar and channel are made of the same material.

11
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Preferably, the width of the pillar is between 5 pm to 500 um. In addition, the height of the

pillar may be 5 um to 100 um.

In an embodiment, there are a plurality of pillars that are equally spaced apart supporting

the channel.

Preferably, the substrate is a piezoelectric substrate. The piezoelectric substrate is any
piezoelectric material selected from the group comprising: lithium niobate, lithium tantalite,

and lanthanum gallium silicate.

Preferably, the acoustic source is an interdigital transducer and the acoustic wave is a single
travelling surface acoustic wave or a combination of multiple travelling surface acoustic

waves.

The channel may be made from any suitable material. Preferably, the channel is a

microchannel having a cross-sectional diameter of less than 1mm.

Preferably, the surface acoustic wave has an average frequency of between 1 MHz and 1000

MHz.

Preferably, the channel has at least one inlet for receiving the fluid suspension and at least

one outlet for discharging the fluid suspension.

Preferably, the particle is less than 50 um in size.

Preferably, the particles comprises any particles selected from the group: organic particles,

inorganic particles, biological cells, and microorganisms.

The key advantage/improvement over existing state-of-the-art methods is that the channel
of the present invention device is made of cheap polymer material for sample loading can

be effortlessly detached from the SAW transducer after completing the particle

12
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manipulation. As such, the processed samples are physically separated from the SAW
transducer to avoid cross-contamination or cumbersome washing procedure. The use of
micro-pillars for the introduction of SAWs into the channel devices can also minimize the

acoustic attenuation before reaching the fluids for particle manipulation.

In order that the present invention may be fully understood and readily put into practical
effect, there shall now be described by way of non-limitative examples only preferred
embodiments of the present invention, the description being with reference to the

accompanying illustrative figures.

In the Figures:

Figure 1: Operating principle and design of the detachable acoustofluidic system. (a) A
PDMS channel and a thin PDMS layer with a micro-pillar and supports are separately
fabricated using a standard soft-lithography method. (b) The PDMS channel and micro-pillar
layer are bonded after plasma treatment to form the disposable PDMS channel device. (c)
The disposable channel device is placed on the SAW transducer, which is a piezoelectric
substrate patterned with interdigital electrodes (IDE or IDT). After usage, the channel device
can be effortlessly detached and discarded; while the SAW transducer can be reused. (d)
Photograph of the detachable acoustofluidic system. A coin is placed between the

disposable channel device and the reusable SAW transducer.

Figure 2: (a) Schematic illustration of the wave propagation from the SAW transducer to the
fluid channel. TSAW is stimulated when applying an AC signal on the IDT deposited on the
LiNbO3 (LN) substrate. The micro-pillar beneath the channel directs the TSAW through the
fluid channel for particle manipulation, which can minimize the attenuation along the
LN/PDMS interface. (b) Numerical simulation of the wave propagation on the cross-section

of the detachable acoustofluidic system.

Figure 3: Responses of differently sized particles in the disposable channel device exposed
to TSAW fields with different frequencies. Suspension containing 15 pm, 10 um, 7 um and 5

pum particles is introduced to the disposable channel and placed on the SAW transduces with
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resonant frequency of 24.7 MHz (a, d), 49.5 MHz (b, e) and 99.0 MHz (c, f). (d-f) show the
final particle positions after turning on the TSAW for 13 seconds. All the four kinds of
particles show no obvious deflection in the 24.75 MHz TSAW field (d), the 15 um particles
are noticeably deflected in 49.5 MHz field (e), while both the 10 um particles and 15 pm
particles are deflected in the 99.0 MHz field (f). To better visualize the different responses in
each frequency mode, two of the 15 um particles (yellow circled) and the 10 pum particles
(red circled) are labeled the position before (a-c) and after (d-f) turning on the TSAW. The
AC signal applied on the IDT is 10.2 Vpp, generating the TSAW along the z-axis downward.
The scale bar is 200 um.

Figure 4: Deflection of 10 pm and 15 pm particles in the disposable channel at varying
orientations with respect to the IDT (a and d: 0°; b and e: 10°; c and f: 25°). The 400 pm wide
channel is on the top of the 600 um wide micro-pillar. In all the three orientations, the 10
pum particles are unresponsive while the 15 pum particles are deflected to the channel wall
within a similar time duration by the 49.5 MHz TSAW at 5.0 Vpp. (d-f) show the final particle
positions after turning on the TSAW for 12 seconds. This uncompromised particle deflection
indicates a high tolerance in the alignment of the channel device with respect to the SAW

transducer. The scale bar is 200 um.

Figure 5: Size-based separation of 10 pm and 15 pm particles using the detachable
acoustofluidic system. (a) Schematic of the experimental setup. The mixed sample
suspension and the buffer sheath flow are injected into the inlet | at a flow rate of 5 pl/min
and the inlet Il at a flow rate of 8 pl/min, respectively. The AC signal applied on the IDT is
22.0 Vpp, generating the 49.5 MHz TSAW along the z-axis downward. (b and c) are time-
lapsed images showing the trajectories of the two particles. (b) The 10 um and 15 pm
particles at the inlet junction are hydrodynamically confined near one of the channel walls
by the faster sheath flow. (c) After flowing through the 49.5 MHz TSAW field, the 15 um
particles are deflected to the outlet Il and the 10 um particles exit from the outlet |. The

scale bar is 200 um.

14



10

15

20

25

30

WO 2017/176211 PCT/SG2017/050192

Figure 6: Correlation between the input voltage applied on the IDT and the separation
performance: the percentage of 15 um particles deflected to the outlet Il upon the total 15
um particles through the channel (separation efficiency), the percentage of 10 um particles
upon the total number of particles collected in the outlet | (purity I) and the percentage of

15 pum particles upon the total number of particles collected in the outlet Il (purity ).

Figure 7: Size-based bandpass filtration of micron-sized particles in a detachable
acoustofluidic system. (a) Schematic layout of the bandpass filter with a localized SAW field
in the channel device. An example of bandpass filtration is shown in (b) and (c). All the three
particle dimensions (8, 10.2 and 11.8 um) flow into the waste outlet in the absence of the
SAW field (b). When a 68.28 MHz SAW field is introduced into the fluids through a micro-
pillar, only the 10.2 pum is transferred laterally into the target outlet and the smaller/larger

particles still flow into the waste outlet (c).

Figure 8: Acoustic properties based particles separation in a detachable acoustofluidic
system. (a) Schematic of the acoustophoretic microfluidic system for particle separation. (b)
In the 45.52 MHz TSAW field, the 15 pum PS particles are translated into the upper outlet
while the 15 pm PMMA particles keep flowing into the lower outlet. (c) In contrast to the
condition in (b), in the 56.57 MHz TSAW field the 15 um PMMA particles are translated to

the upper outlet.

Figure 9: Acoustic-based microfluidic fluorescence-activated cell sorter (UFACS). (a)
Schematic representation and working principle of the proposed WFACS system. (b)
Photograph of the uFACS prototype system. (c) Demonstration of the FACS-based sorting of
fluorescent and nonfluorescent microbeads. The micro-pillar enables the localization of
acoustic field for high-accurate single particle sorting. This image is obtained by superposing

sequential images of the FACS process.

Figure 10: A schematic diagram illustrating particle trapping in a localized standing acoustic

waves via micro-pillar array.
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Figure 11: A schematic diagram illustrating sheathless particle focusing using two oppositely

placed micro-pillars.

Figure 12: A schematic diagram illustrating sheathless particle sorting using three-pillar

arrangement.

Figure 13: A schematic diagram showing the device of the present invention in operation.

We present a detachable acoustofluidic system for size-based, acoustic properties based
and fluorescence activated continuous particle separation using high frequency TSAW fields.
Instead of concentrating particles in periodic pressure nodal positions in a standing field,
particles exposed to the travelling field could be constantly displaced in the direction of
wave propagation without any inherent limit. Additionally, a micro-structured pillar slightly
wider than the microfluidic channel for sample loading is introduced beneath the channel
device. The use of this micro-structured pillar ensures a full coverage of the travelling field in
the channel region while minimizing the contact area between the channel device and the
SAW transducer to reduce wave attenuation. To operate the particle manipulation and
separation using the developed detachable acoustofluidic system, a channel device made of
polydimethylsiloxane (PDMS) is directly placed onto the SAW transducer with a high
tolerance in alignment and orientation. Our system can be easily assembled using naked
eyes without the aid of any special tools. After the completion of the particle manipulation,
the PDMS channel device can be easily peeled off and discarded because of its relatively low
cost; while the SAW transducer can be recycled for future use. We investigate the
displacement of particles with varying sizes and acoustic properties (sound speed and
density) exposed to TSAWSs at different frequencies, aiming to correlate the acoustic
frequency with the size of particles that could be effectively manipulated in a TSAW field
and to determine the distinct responses of particles made of different materials in the same
traveling acoustic field. We also demonstrate the functionality of the developed detachable
acoustofluidic system by separating differently sized polystyrene particles using TSAWs with
a high separation efficiency of 98%. We also demonstrate the separation of particles with

different acoustic properties and fluorescence activated particle sorting. This detachable
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acoustofluidic system provides a simple and cost effective solution for particle and cell

separation in practical biomedical applications.

An embodiment of the detachable acoustofluidic system of the present invention is
depicted in Fig. 1. The system consists of a disposable PDMS channel device 30 and a
reusable SAW transducer 15 . The PDMS channel device 30 is fabricated by bonding the two
parts together (Fig. 1a): a top part with cavities to define the channel features and a bottom
layer with micron-sized structures to transmit the acoustic field and support the device. The
reusable SAW transducer 15 is fabricated by depositing IDT on a lithium niobate (LiNbOs,
LN) piezoelectric substrate 10 (Fig. 1b). The PDMS channel 30 is plugged with inlet and
outlet tubes, and then placed on the SAW transducer 15 without any equipment-assisted
alignment. Acoustic wave generated by the SAW transducer transmits through the micro-
pillar 25 into the channel 30 and thus manipulates particles exposed to the acoustic field.
After the completion of the manipulation process, the channel device 30 can be easily
peeled off and discarded to prevent cross-contamination, while the SAW transducer 15 left
for reuse (Fig. 1c). Fig. 1d shows the fabricated PDMS channel device and SAW transducer to
form the detachable acoustofluidic system. Fig. 2a shows a cross-section of the device
having the substrate, micro-pillar attached to the substrate, and a channel attached to the

channel.

In particular, Fig. 2a shows a device 5 that is suitable for manipulating a particle in a fluid
suspension. Such particles may be any particle that is small, or nano in size. Examples
include organic particles, inorganic particles, biological cells, microorganisms and the like.

Such particles may be less than 50 um in size.

The device 5 comprises or includes a substrate 10 having a surface. In various embodiments,
the material of the substrate 10 may be LiNbQOs. As shown in the figure, the substrate may
take any form but typically a flat structure having surfaces on which to support the various
other components of the device 5. In various embodiments, the device 5 comprises an
acoustic source 15 that is configured to generate and deliver an acoustic wave 20 within a
region A of the substrate surface. Said region A may span across the surface of the substrate

10. In various embodiments, the acoustic source 15 may be an interdigital transducer and

17



10

15

20

25

30

WO 2017/176211 PCT/SG2017/050192

the acoustic wave 20 is a single travelling surface acoustic wave (SAW) or a combination of
multiple travelling surface acoustic waves. In various embodiments, the surface acoustic
wave has an average frequency of between 1 MHz and 1000 MHz. On the surface of the
substrate 10, there is placed a pillar 25 that is configured to receive or support a channel 30.
It is the channel 30 that receives the fluid suspension or has the fluid suspension slowing in
it, said fluid suspension contains the particles that are to be manipulated. The acoustic wave
20 that is delivered or that is travelled through or within the region A of the surface of the
substrate 10 is then delivered or travels to the fluid suspension in the channel 30 through

the pillar 5. The arrows in Figure 2a show the path taken by the acoustic wave 20.

In the description here, the channel 30 may also be described as an “upper fluid channel”,
and it may be part of a larger network of channels that receives or transports the fluid
suspension. The particles contained in the fluid suspension are manipulated. The channel 30
is a microchannel having a cross-sectional diameter of less than 1mm. The channel 30 may
be in fluid communication or connected to at least one inlet for receiving the fluid
suspension and at least one outlet for discharging the fluid suspension. There may be more

than one outlet for transporting the sorted particles.

By “manipulated” or “manipulation”, it is meant to refer to any type of guide, influence or
control to the particles by the action of the acoustic wave 20. An example of such an

application may be in cell sorting.

Returning to the device 5, the pillar 25 (also described as a “micro-pillar” here) may be
configured to be detachably attached to the surface of the substrate 10. Advantageously,
the substrate 10 containing the acoustic source 15 may be reused by removing the pillar 25
and channel 30 after each use of the device. Alternatively, the channel 30 may be removed

from the pillar 25 and a new channel 30 may be applied to it after each use.

As can be seen in the figure and described in detail below, the pillar 25 may be integral with
the channel 30 such that it may form a wall or part of a wall of the channel 30. Here, the
pillar 25 forms the base or bottom floor of the channel 30. Naturally, the pillar 25 is made of

a material suitable for conducting the acoustic wave 20. Non-limiting examples include
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glass, polymethylmethacrylate (PMMA), and polycarbonate (PC). In various embodiments,
the pillar 25 and channel 30 are made of the same material. Further, the substrate 10, pillar
25 and channel 30 may be made of the same material. Or, they could be made out of
different materials. The channel 30 may be made of PDMS and, as described here, may also

be known at the PDMS channel device 30.

In various embodiments, the substrate 10 may be made from any piezoelectric material.
Non-limiting examples include lithium niobate, lithium tantalite, and lanthanum gallium

silicate.

As shown in the figure, the width of the channel 30 is wider than the pillar 25 such that
portions of the channel 30 overhang the pillar 25. The pillar 25 may take the form of any
shape, e.g. any suitable block. In various embodiments, a length of or the width of the pillar
may be between 5 um to 500 um. As such, a length of or the width of the channel 30 which

is sitting on the pillar 25 is wider than that of the pillar 25.

In other embodiments, there may be more than one pillar 25. There could a plurality of
pillars 25 placed under or supporting a channel 30 within the width of the channel 30 where

these pillars 25 are equally spaced apart.

Fig. 2a illustrates the process that the wave generated by the SAW transducer transmits into
the upper fluid channel. When the IDT is excited by an AC signal at its resonant frequency,
the piezoelectric effect can convert the applied AC electric field to propagating mechanical
vibration, which is the generation process of a single TSAW. When the TSAW comes into
contact with the PDMS micro-pillar on the top of the SAW transducer, it partially radiates
into the PDMS at a Rayleigh angle, Oppys = arcsin (cppys/cry), where cppys and ¢y are
respectively, the speed of sound in the PDMS and LN. In the system described here, with
¢y = 3978 m/s and cpppis = 1019 m/s, O ppps = 14.8°. The acoustic wave further travels
toward the interface between the PDMS and fluid confined in the microfluidic channel, and
refracts into the fluid at an angle, O,4¢er = arcsin (sin Oppys * Cwater/Croms) =
arcsin(cyqter/CLn)- With civ = 3978 m/s and cuater = 1495 m/s, O water = 22.1°. A particle

suspended in the fluid is subjected to an acoustic radiation force when exposed to the TSAW
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field.™ This radiation force is along the direction of wave propagation, and thus has
both horizontal and vertical components. The horizontal component deflects the
particle laterally across the channel. Based on the difference in the degree of lateral
deflection of particles with varying properties, the TSAW has been used to separate
particles of different sizes,’® and demonstrated for a submicron resolution.?® The vertical
component tends to levitate the particle toward the roof of the channel with a slower fluid
velocity, which allows the particle to be exposed to the TSAW field for a longer period of

time.

A finite element method (FEM) based numerical simulation was conducted via COMSOL

Multiphysics 4.3 (www.comsol.com) to study the propagation of TSAW into the disposable

PDMS channel. Since both of the IDT aperture and the channel length are large enough to
ensure a uniform TSAW field along the longitude direction, a two-dimensional (2D)
modeling of the device cross-section can represent the generation and propagation process
of the TSAW field. The wave propagation in the piezoelectric substrate is governed by the
Maxwell’s equations for electric field and the stress-strain equations for mechanical
motion;?® % while the acoustic field in the fluid and PDMS domain is governed by the
Helmholtz wave equation.30 Fig. 2b shows the numerical simulation of the TSAW
propagation along the LN surface and partial transmission through the micro-pillar into the
fluid with a 5.0 Vpp AC signal applied on the IDT. The Rayleigh angles at the LN/PDMS and

PDMS/fluid interfaces calculated in the simulation are, respectively, 8,4ty = 18°~22° and

Oppus = 15°~16°, which are in considerable agreement with the theoretical values.

In addition to the above, Fig. 13 shows a perspective view of the device comprising the
reusable substrate (i.e. the substrate comprising the pillar and the acoustic source in the
form of a SAW transducer), and the disposable channel which the pillar is configured to
receive. As such, as shown in this figure, the channel may be adhered to the pillar by any
means such as the channel is easily removable and may be disposed after each use. A fresh
or new channel device may then be used for the next particle manipulation / sorting
exercise by adhering the new channel to the pillar associated with the substrate and the

SAW transducer.
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EXAMPLE

Materials and methods

1. Fabrication of disposable PDMS channel device

The disposable channel device consists of two parts: a top layer with channel-feature
cavities and a bottom layer with a micro-pillar and supporting structures. The two parts
were produced using a standard soft lithography technique based on a 25 um thick layer of
SU-8 photoresist (SU-8 25, MicroChem Corp., Newton, USA) micro-structures on silicon
wafers. To fabricate the top layer, a degassed mixture of PDMS pre-polymer and curing
agent (Sylgard184 Silicone Elastomer Kit, Dow Corning Corp., Freeland, USA) with a weight
ratio of 10:1 was poured on the mold and cured at 75 °C for 2 hours. The channel is 7 mm
long and 400 um wide. To obtain the bottom layer, the same PDMS mixture was spin-coated
on another pre-fabricated SU-8 mold to form a 50 um layer with 25 pum thick micro-pillar
and supporting structures at the bottom. The micro-pillar for guiding the wave transmission
into the fluid is 6.3 mm long and 600 pum wide. The PDMS was cured at 75 °C for 2 hours.
Then the top part with channel patterns was demolded and punched holes for inlets and
outlets. After an air plasma treatment for 150 seconds at 18 W, the top layer was brought
into firm contact with the bottom layer which had not been demolded and then heated at
95 °C for 15 minutes. Prior to the permanent bonding, the top layer was aligned with the
bottom layer using a 6 DOF micro-positioning system under a high magnification
camera (AM4115TL, AnMo Electronics Corporation, Taiwan), which ensured that the
400 pum wide channel was right on the top of the 600 um wide micro-pillar. After cooling
down, the bonded PDMS channel was peeled off from the micro-pillar mold and ready for

use.

2. Fabrication of reusable SAW transducer

The reusable SAW transducer was fabricated by depositing IDT on a LN piezoelectric
substrate with a lift-off technique. Briefly, a layer of Cr (5 nm) and a layer of Pt (80 nm) were

sequently deposited on a 500 um thick 128° rotated Y-cut X-propagating LN substrate with a
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1.4 um thick pre-patterned photoresist layer (AZ 5214, MicroChemicals, Germany) using an
electron beam evaporator. Then the substrate was sonicated in acetone to wash away the
undesired metallic region. The IDT has 20 electrode finger pairs with 160/87/80/70/40 pm
finger pitch to stimulate equivalent wavelength TSAW. AC sinusoidal signals at
corresponding resonance frequencies about 24.7/45.5/49.5/56.6/99.0 MHz were applied on

the IDT to generate TSAW fields during the experiments.

3. Setup of fluidic system

In the study of particle deflections in TSAW fields at different frequencies, as well as the
study of the alignment tolerance, the suspensions containing differently sized polystyrene
particles were slowly injected into the disposable channels with syringe. Then the inlet and
outlet tubes were blocked to minimize the fluid flow in the channels. In the size based
particle separation experiments, the flow rates of the sample flow and the sheath flow
were, respectively, 5 pl/min and 8 pl/min, driven by two separate syringe pumps (KD
Scientific, USA). In the single IDT actuated bandpass filtration experiment, the flow rates of
the sample flow and the upper and the lower sheath flows were, respectively, 2 pl/min, 4
pl/min and 1.5 pl/min. In the acoustic properties based particle separation experiments, the
flow rates of the sample flow and the upper and the lower sheath flows were, respectively,
1 pl/min, 4 pl/min and 1.5 pl/min. In the fluorescence activated particles sorting experiment,
the flow rates of the sample flow, the upper and the lower sheath flows were, respectively,

0.2 pl/min, 0.5 pl/min and 0.1 pl/min.

4. Evaluation of particle separation

During the separation experiments, the bifurcation area of the outlets was monitored under
a high-speed camera (Photron Inc., USA) at a frame rate of 4000 fps. The particle separation
process was captured for 1 second randomly during the separation experiments, generating
4000 consecutive images in each video with about 20-30 particles flowing through the
channel. The numbers of differently sized particles into different outlets were counted in

multiple videos to calculate the separation efficiency and the purity of separated samples.
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Results and discussion

1. Particle deflection in TSAW fields

Deflection experiments were conducted under a series of different frequencies to find an
appropriate frequency for separating several certain differently sized particles. The aqueous
suspension containing particles with diameters of 5 um, 7 pum, 10 um and 15 pm was
injected and kept in a minimized fluid flow in the disposable channel device placed on the
SAW transducers with resonance frequencies at 24.7 MHz, 49.5 MHz and 99.0 MHz (Figs. 3a-
3c). The sinusoidal signal at respective resonance frequency was turned on for 13 seconds
and the final positions of the tracked particles are shown in Figs. 3d-3f. For a low frequency
at 24.7 MHz (Figs. 3a and 3d), none of the four kinds of particles was deflected to the
channel wall on the opposite side of the TSAW source, which implies that the radiation force
at 24.7 MHz was not strong enough to manipulate particles exposed to the TSAW field. For a
higher frequency at 49.5 MHz (Figs. 3b and 3e), only 15 pum particles were effectively
deflected to the channel wall. The 10 um particles were very slightly displaced, however
could not reach the channel wall. The 5 um and 7 um particles were not deflected at all. For
an even higher frequency at 99.0 MHz, both the 15 um and 10 um particles were rapidly
deflected to the channel wall. The 7 um particles were deflected slightly and could not reach
the channel wall, similar to the 10 um particles in the 49.5 MHz TSAW field. The 5 um
particles showed no deflection. We found that nontrivial particle deflection only occurs for
particles above a cutoff size at a given TSAW frequency. This cutoff particle size could be
determined by a dimensionless factor, x=k-r, where r is the radius of the particle,

k=27f/c, such that f is the wave frequency and c, is the speed of sound in the fluid.

Table 1 summarizes the X factor values for the four particles at the three different TSAW

frequencies in our experiments.

Table 1. x factor values against frequency f and particle diameter d

Frequency f(MHz) Particle size d = 2r (um)

15 10 7 5
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247 0.78 0.52 0.36 0.26
49.5 1.56 1.04 0.73 0.52
99.0 3.12 2.08 1.46 1.04

The experimental observation reveals that the threshold value of the X factor is between
1.46 and 1.56. This critical value is attributed to the fact that anisotropic acoustic scattering
dramatically increases when the « factor is beyond a certain value so that a nontrivial net
force is exerted on the particle in the direction of wave propagation. This cutoff particle size
for effective deflection is useful to remarkably improve the resolution of size-based particle
separation. For example, by choosing the cutoff size between the diameters of two
particles, it has been demonstrated to separate 3.2 um particles from 3.0 um particles,
yielding a separation resolution as low as 0.2 um.zo Since the cutoff particle size in the 49.5
MHz TSAW is between 10 pm and 15 um, we decided to separate the 10 pm and 15 pm
particles in the 49.5 MHz TSAW.

2. Alignment tolerance in system assembly

The major merit of the detachable acoustofluidic system is that the channel device for
sample loading can be physically separated from the sample manipulation device to avoid
cross-contamination. Ideally, the TSAW should be perpendicular to the flow direction to
minimize the particle deflection required for efficient particle separation. But precise
alignment is not a critical step in the assembly process of our system. Therefore, another
merit for users to operate this system is that the disposable channel device can be easily
placed on the SAW transducer with naked-eye precision in the absence of any equipment

assistance.

To demonstrate the high tolerance in alignment and orientation of the channel placement,
the disposable channel containing 10 um and 15 pum particle suspension in a minimized flow
condition was differently placed on the 49.5 MHz SAW transducer. We applied a low input

signal voltage at 5.0 Vpp to make the deflection process to be observable. Figs. 4a and 4d
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show the ideal placement of the channel device on the SAW transducer in which the TSAW
is perpendicular to the flow direction. As discussed previously, only the 15 um particles
were selectively deflected to the opposite channel wall within 12 seconds in the 49.5 MHz
TSAW. The channel device was then rotated 10° in the clockwise direction (Figs. 4b and 4e),
all the 15 pum particles were also deflected to the opposite wall within 12 seconds. When the
channel was placed at an angle of 25° with respect to the SAW transducer (Figs. 4c and 4f), a
complete deflection of the 15 um particles to the opposite wall within 12 seconds was
consistently observed. This high tolerance in alignment can be understood by the fact that
the TSAW is unidirectionally moving particles in the wave propagation rather than moving
particles to periodic pressure nodal or anti-nodal positions in which the channel alignment is

critical.

3. Size-based particle separation in the detachable acoustofluidic system

We further demonstrated the separation of 10 um and 15 pum polystyrene particles in a 49.5
MHz TSAW, as illustrated in Fig. 5a. Fig. 5a shows a top view of the device 5. Here, it can be
seen that the device 5 comprises the substrate 10. The acoustic source 15 generates and
deliver the acoustic wave (TSAW) across the surface of the substrate 10. The channel 30 sits
on the pillar 25. The acoustic wave 20 (shown in arrows) is delivered through or within the
surface of the substrate 10 is then delivered or travels to the fluid suspension in the channel
30 through the pillar 25. Here, there are additional supports 35 for supporting the inlets 40
and outlets 45 that are connected or in fluid communication with the channel 30. Here,
there are 2 inlets 40 and 2 outlets 45. The portion B is expanded in Fig. 5b, while the portion
C is expanded in Fig. 5c. It can be seen how the particles suspended in the fluid that is
travelling from B to C in the channel 30 are being manipulated. The larger sized particles 50
are being directed or pushed to a side of the channel 30 and they exit in the lower outlet 45
rather than the upper one exited by the smaller sized particles 55. The particles in the fluid
suspension travelling along the channel 30 exposed to the acoustic wave are being

manipulated through the substrate 10 and pillar 25.

The mixed particle sample was introduced to a disposable channel device via inlet | at a flow

rate of 5 pl/min. Inlet Il receives a sheath flow. In other embodiments, there may be 2 inlets
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for fluid suspension while a third inlet receives a sheath flow. The two types of particles
were confined in the region near the channel wall closer to the TSAW source by a sheath
flow at a rate of 8 pl/min as shown in Fig. 5b. The confined particles flowed through a ~6.3
mm long TSAW field transmitted via the micro-pillar beneath the channel. As observed in
Fig. 3, the cutoff particle size in the 49.5 MHz TSAW is between 10 um and 15 um, therefore
the 15 um particles were effectively deflected to the opposite channel wall and flowed into
outlet Il; while the 10 pum particles followed the fluid streamline and flowed into outlet | as

shown in Fig. 5c.

Separation experiments with the same flow condition at varying input voltages were
conducted to evaluate the correlation between the separation performance and the
strength of the TSAW field, as shown in Fig. 6. The trajectories of all the particles at the
outlet junction were tracked using a high-speed camera. Separation efficiency is defined as
the percentage of 15 um particles deflected to the outlet Il upon the total 15 um particles
flowing through the channel. When the input voltage was lower than 15.4 Vpp, no 15 pm
particles could be effectively deflected and all of them flowed into the outlet | following the
streamline. As the input voltage further increases, the separation efficiency noticeably
increases. When the input voltage was above 22.0 Vpp, a high efficiency above 98% could
be achieved. Purity | and Il are defined as the percentage of 10 um and 15 um particles upon
the total number of particles collected in the outlet | and Il, respectively. Once the input
voltage was above 15.4 Vpp, the 15 um particles were gradually depleted from the original
mixed particle sample. Thus, Purity | also increases with the input voltage and reaches 99%
above 22.0 Vpp. Purity Il always stays at a high value above 99% once the input voltage was
above 15.4 Vpp. But the 15 pm particles collected in the outlet Il were only above 98%
recovered from the original mixture at an applied voltage above 22.0 Vpp, as indicated by

the separation efficiency.

4, Single actuator bandpass microparticle filtration in the detachable acoustofluidic

system

Using the localized acoustic field in microchannels introduced by micro-pillars beneath the

channel, we have realized a single SAW actuated bandpass filter that can selectively sort out
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particles with dimensions between smaller and larger diameter populations (Fig. 7a). The
device 5 shown in Fig. 7a is similar to the device 5 shown in Fig. 5 and described earlier.
Here, there are 3 inlets with one target outlet for guiding the manipulated particles of
interest (target) and one waste outlet to discard the unwanted fluid and/or particles. This
bandpass filter takes advantage of the sharply nonlinear force scaling in the regime where
the particle diameter is on the order of the wavelength or larger. We have demonstrated
the bandpass filtration using different sets of mixed particle populations. For example, this
bandpass filter can efficiently separate 10.2 um particles out of 8.0 um and 11.8 um ones

(Fig. 7b and 7c).

5. Acoustic properties based particle separation in the detachable acoustofluidic

system

We further demonstrated acoustic properties based particle separation in the detachable
acoustofluidic system. A schematic of the device is shown in the Fig. 8a, the particles with
same size (15 um) but made of different materials (PS and PMMA) in the sample flow are
bounded by two sheath flows and are focused into the lower (non-sorted) outlet without
the application of TSAW. Once an AC signal is applied to the IDTs, the TSAW generated by
the transducer couples into the microchannel via a micro-pillar beneath the channel, which
subsequently act to translate the desired particle population into different outlets. In Fig. 8,
it can be seen that the acoustic source 15 (IDT) may run a length of the channel 30 with the

pillar 25 supporting beneath the channel 30.

To demonstrate the effective separation according to the difference in particle’s acoustic
properties, we utilize our acoustophoretic microfluidic system to separate 15 pm PS
(fluorescent) and 15 pm PMMA (plain) particles in a 45.52 MHz TSAW field, corresponding
to k =1.43, at which the ARF imparted on PS particles is maximized relative to that on PMMA
ones. With an applied power of 50 mW, the PS particles were selectively translated to outlet
A in the direction of wave propagation (farther from the IDTs), while the PMMA particles
still exited the sorting region via outlet B, as shown in Fig. 8b. Similarly, the PMMA particles
can be selectively translated at k value conditions that maximize the force imparted on

them relative to those of PS. Accordingly, we performed the selective PMMA particle
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separation in a 56.57 MHz TSAW field, corresponding to k = 1.78 at an applied power of 48

mW, as shown in Fig. 8c.

6. Fluorescence activated cell sorting in the detachable acoustofluidic system

We have also developed a benchtop-scale microfluidic fluorescence-activated cell sorting
(LFACS) system consisting of a fluorescence detection system and an acoustic single cell
level sorting chip. Fig. 9a shows the schematic representation and working principle of the
KUFACS system. When a single target cell with fluorescent labels passes through the laser line,
the emitted fluorescence light is transmitted back and reflected by a dichroic beam splitter
(DBS) to a photomultiplier tube (PMT) via a bandpass optical filter. The signal detected by
PMT then activates the acoustic cell-sorting chip to generate a pulse of focused surface
acoustic wave (FSAW) beam that can rapidly deflect the detected target cell to the
collection outlet. The cell sorting process can be visualized through the CCD camera. Fig. 9b
shows the photograph of the developed UFACS prototype system. In the sorting chip, the
micro-pillar structure beneath the channel can direct SAWs from the piezoelectric substrate
(i.e. acoustic generator) to the microfluidic channel, which enables the localization of
acoustic field in a microscale region to implement single particle level sorting. In particular,
this working scheme allows a detachable acoustofluidic sorting, in which the microfluidic
channel device for sample loading is disposable for single use and the SAW transducers for
sample manipulation are reusable. Fig. 9¢c shows an example of the FACS-based sorting of

fluorescent and nonfluorescent microbeads using a detachable acoustofluidic sorting device.

7. Arbitrary particles trapping in the detachable acoustofluidic system with micro-pillar

array or any arbitrary patterns

Another embodiment of the present acoustofluidic system is depicted in Fig. 10. Particles
suspended in the chamber can be trapped in arbitrary positions (known as “pressure nodes”)
where the pre-patterned micro-pillar are located. The chamber 60 may be surrounded by an
acoustic source 15 on all sides. The chamber 60 as shown in the figure has 4 sides, hence an
acoustic source 15 is position adjacent each side of the chamber 60. The chamber 60 may be

in fluid communication with an inlet and an outlet. The two-dimensional standing surface
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acoustic waves on the substrate surface transmit through the micro-pillars 25 and form
localized standing acoustic field in the liquids above the micro-pillar patterns. Fig. 10b shows
a side view so that each pillar 25 below the chamber 60 may be shown. The technique of
trapping particles or cells in predefined position is of importance for single cell analysis and

cell-cell interaction research.

Another embodiment of the present acoustofluidic system is depicted in Fig. 11. Particle
focusing into a tightly confined stream is needed in various microfluidic applications for
example single cell analysis and cell sorting. It is typically implemented by faster sheath
flows to hydrodynamically focus the particle stream, which complicate the fluid control and
consume extra buffer solutions. The embodiment in Fig. 11 shows a sheathless particle
focusing approach by introduction two micro-pillars disposed between the surface of the
substrate and the channel. Each of the two micro-pillars only partially covers the channel
width, which localize the travelling SAW within the region where the pillar and the channel
overlaps. The localized acoustic field repels flow-through particles toward the edge of the
pillar that is away from the SAW source. Therefore, two oppositely placed pillars, each of
which covers half of the channel width, can result in a highly confined particle stream along

the centerline of the channel, as shown in Fig. 11.

Fig. 12 shows yet another embodiment of the detachable acoustofluidic system of the
present invention. As discussed previously, particle focusing is usually a necessary step prior
to particle sorting, aiming to produce a confined and deterministic particle flow into the
sorting region. The enbodiment in Fig. 12 combines the sheathless particle focusing
described in Fig. 11 and a standing SAW-based particle sorting unit downstream, which
provides a new solution of sheathless particle sorting. The preferred frequency of
generating the travelling SAW for sheathless particle focusing should ensure all the flow-
through particles to be effectively focused. The standing SAW field is introduced to the
fluidic channel via a third micro-pillar that fully covers the channel width. The preferred
frequency of generating the standing SAW for particle sorting should cause distinct lateral
movements of particles with different properties, which is the key to implement an efficient

particle sorting.
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Conclusion

We present a detachable acoustofluidic system consisting of a disposable PDMS channel
device and a reusable SAW transducer for size-based, acoustic properties based and
fluorescence activated continuous particle separation via a TSAW field. The channel device
for sample loading can be reversibly attached on the SAW transducer for non-contact
particle manipulation. The placement of the channel device on the SAW transducer can be
implemented using naked eyes without the aid of any special alignment tools. The high
tolerance in alignment has been demonstrated by an uncompromised particle deflection
toward one of the channel walls even with an imposed 25° angle between the channel and
the SAW transducer. The easy assembly of the system brings a great convenience for users
to oper ate this system. Various deflection experiments under different frequency TSAW
fields have found that effective particle manipulation only occurs for particles above a cutoff
size, which could be determined by a dimensionless factor, k = anr/cf. We have
demonstrated an efficient separation with efficiency above 98% of 10 pm and 15 pm
particles in a 49.5 MHz TSAW with a cutoff particle size in-between. Moreover, we have
demonstrated acoustic properties based separation of same-sized particles in a continuous
flow. By introducing different arrangments of the micro-pillars, it is able to produce various
particle manipulations, for example localized particle patterning, sheathless particle
focusing, and sheathless particle sorting. The developed detachable acoustofluidic system is
greatly useful in practical biomedical applications, where the cheap channel device in direct
contact with biological samples can be discarded to avoid cross-contamination while the

elaborated SAW transducer can be reused to minimize the cost.

Whilst there has been described in the foregoing description preferred embodiments of the
present invention, it will be understood by those skilled in the technology concerned that
many variations or modifications in details of design or construction may be made without

departing from the present invention.
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Claims

1. A device for manipulating a particle in a fluid suspension, the device comprising:

(a) a substrate having a surface;

(b) an acoustic source configured to generate and deliver an acoustic wave
within a region of the substrate surface; and

(c) the surface of the substrate is configured to receive a pillar and the pillar is
configured to receive a channel, the channel configured to receive the fluid
suspension,

wherein the acoustic wave delivered within the region of the substrate surface is

delivered to the fluid suspension in the channel through the pillar.

2. The device according to claim 1, wherein the pillar is configured to be detachably

attached to the surface of the substrate.

3. The device according to any one of claims 1 or 2, wherein the pillar forms a wall or

part of a wall of the channel.

4. The device according to any one of the preceding claims, wherein the pillar is made

of a material suitable for conducting an acoustic wave.

5. The device according to claim 4, wherein the material is any one selected from the

group comprising: glass, polymethylmethacrylate (PMMA), and polycarbonate (PC).

6. The device according to any one of the preceding claims, wherein the pillar and

channel are made of the same material.

7. The device according to any one of the preceding claims, wherein the width of the

pillar is between 5 pm to 500 pm.

8. The device according to any one of the preceding claims, further comprising a

plurality of pillars that are equally spaced apart.
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9. The device according to any one of the preceding claims, wherein the substrate is a

piezoelectric substrate.

10. The device according to claim 9, wherein the piezoelectric substrate is any
piezoelectric material selected from the group comprising: lithium niobate, lithium tantalite,

and lanthanum gallium silicate.

11. The device according to any one of the preceding claims, wherein the acoustic
source is an interdigital transducer and the acoustic wave is a single travelling surface

acoustic wave or a combination of multiple travelling surface acoustic waves.

12. The device according to any one of the preceding claims, wherein the channel is a

microchannel having a cross-sectional diameter of less than 1mm.

13. The device according to any one of the preceding claims, wherein the surface

acoustic wave has an average frequency of between 1 MHz and 1000 MHz.

14. The device according to any one of the preceding claims, wherein the channel having
at least one inlet for receiving the fluid suspension and at least one outlet for discharging

the fluid suspension.

15. The device according to any one of the preceding claims, wherein the particle is less

than 50 um in size.

16. The device according to any one of the preceding claims, wherein the particles
comprises any particles selected from the group: organic particles, inorganic particles,

biological cells, and microorganisms.

17. A method for manipulating a particle in a fluid suspension, the method comprising:
(a) providing a substrate having a surface;
(b) providing an acoustic source;
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(c) providing a pillar disposed on the surface of the substrate, the pillar
configured to receive a channel and the channel configured to receive the
fluid suspension; and

(d) manipulating the particle in the channel by using the acoustic source to

generate and deliver an acoustic wave to the fluid suspension in the channel through

the substrate and pillar.

18. The method according to claim 17, wherein the pillar is configured to be detachably

attached to the surface of the substrate.

19. The method according to any one of claims 17 or 18, wherein the pillar forms a wall

or part of a wall of the channel.

20. The method according to any one of claims 17 to 19, wherein the pillar is made of a

material suitable for conducting an acoustic wave.

21. The method according to claim 20, wherein the material is any one selected from the

group comprising: glass, polymethylmethacrylate (PMMA), and polycarbonate (PC).

22. The method according to any one of claims 17 to 21, wherein the pillar and channel

are made of the same material.

23. The method according to any one of claims 17 to 22, wherein the width of the pillar

is between 5 um to 500 um and the height of the pillar is between 5 um to 100 um.

24, The method according to any one of claims 17 to 23, further comprising a plurality of

pillars that are equally spaced apart.

25. The method according to any one of claims 17 to 24, wherein the substrate is a

piezoelectric substrate.
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26. The method according to claim 25, wherein the piezoelectric substrate is any
piezoelectric material selected from the group comprising: lithium niobate, lithium tantalite,

and lanthanum gallium silicate.

27. The method according to any one of claims 17 to 26, wherein the acoustic source is
an interdigital transducer and the acoustic wave is a single travelling surface acoustic wave

or a combination of multiple travelling surface acoustic waves.

28. The method according to any one of claims 17 to 27, wherein the channel is a

microchannel having a cross-sectional diameter of less than 1 mm.

29. The method according to any one of claims 17 to 28, wherein the surface acoustic

wave has an average frequency of between 1 MHz and 1000 MHz.

30. The method according to any one of claims 17 to 29, wherein the channel having at
least one inlet for receiving the fluid suspension and at least one outlet for discharging the

fluid suspension.

31. The method according to any one of claims 17 to 30, wherein the particle is less than

50 pm in size.

32. The method according to any one of claims 17 to 31, wherein the particles comprises
any particles selected from the group: organic particles, inorganic particles, biological cells,

and microorganisms.

33. A device for manipulating a particle in a fluid suspension, the device comprising:
(a) a substrate having a surface;
(b) an acoustic source configured to generate and deliver an acoustic wave
within a region of the substrate surface;
(c) a channel configured to receive the fluid suspension; and

(d) a pillar disposed between the surface of the substrate and the channel,
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wherein the acoustic wave delivered within the region of the substrate surface is

delivered to the fluid suspension in the channel through the pillar.

34, A device for manipulating a particle in a fluid suspension substantially as herein
described with reference to any one of the examples or to any one of the accompanying

drawings.
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