Inviscid fluid
A fluid that has a viscosity
of zero.
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Acoustofluidic devices'~* combine acoustic waves with
fluid dynamics to serve various applications in biomed-
icine*, including the manipulation of cells and particles
for single-cell and single-molecule analysis, the isolation
of bioparticles for point-of-care diagnostics, the auto-
mation of workflows in life science laboratories and the
positioning of cells for tissue engineering. By coupling
acoustic waves with fluids to generate acoustic radiation
forces and acoustic streaming, acoustofluidic technolo-
gies offer a contact-free method for manipulating parti-
cles and actuating fluids. Acoustic diffraction, reflection
and interference can be exploited to create well-defined
pressure distributions, in turn enabling precise particle
and fluid manipulation. Owing to the tuneable nature of
acoustic waves and the wide range of operating frequen-
cies used (kilohertz to gigahertz), acoustofluidic tech-
nologies can directly manipulate particles ranging from
tens of nanometres to several millimetres in length. The
applied acoustic powers are typically in the same range
as those used in ultrasound imaging, allowing acousto-
fluidic devices to manipulate nanoscale bioparticles, cells
and small organisms in a highly biocompatible manner.

Acoustic radiation forces. Fundamentally, acoustic waves
can exert acoustic radiation forces (F;) upon expo-
sed objects. The force originates from scattering and

!, Feiyan Cai(®?®, James Friend

548 Martin Wiklund@®°>™

Abstract | Acoustofluidic technologies utilize acoustic waves to manipulate fluids and particles
within fluids, allin a contact-free and biocompatible manner. Over the past decade, acoustofluidic
technologies have enabled new capabilities in biomedical applications ranging from the precise
patterning of heterogeneous cells for tissue engineering to the automated isolation of extracellular
vesicles from biofluids for rapid, point-of-care diagnostics. In this Primer, we explain the underlying
physical principles governing the design and operation of acoustofluidic technologies and
describe the various implementations that have been developed for biomedical applications.

We aim to demystify the rapidly growing field of acoustofluidics and provide a unified perspective
that will allow end users to choose the acoustofluidic technology that is best suited for their
research needs. The experimental set-ups for each type of acoustofluidic device are discussed
along with their advantages and limitations. In addition, we review typical types of data that are
obtained from acoustofluidic experiments and describe how to model different forces acting

on particles within an acoustofluidic device. We also discuss data reproducibility and the need

to establish standards for the deposition of data sets within the field. Finally, we provide our
perspective on how to optimize device performance and discuss areas of future development.

absorption that transfers linear momentum from the
acoustic field to the object’*. Based on the stress tensor
proposed by Brillouin’ and far-field scattering theory,
the force can be expressed as the integral of the time-
averaged stress tensor for the total sound field over
a closed equilibrium surface s that contains the object
of interest, Fy= —95 I1 - ds. Specifically,

Fo=-¢ [%<p2>—&<lvlz>]1+po<vv> ds, (1)
s 2p0c0 2

where §€ represents the surface integral, the area dif-
ferential ds=nds is directed away from the object, I is
the unit tensor and the angle brackets denote averag-
ing over the sound wave period>”*!°"*. The quantities
p, and ¢, are the density and the sound speed in the fluid.
p and v are, respectively, the total acoustic pressure and
velocity that arise from the sum of waves incident on the
object and scattered by it.

In principle, Eq. 1 can be used to analyse the acoustic
radiation forces from arbitrary acoustic fields upon par-
ticles of arbitrary shape in an inviscid fluid. Absorption in
both the object and the adjacent media can also play an
important role on the force'*""” and even on torques'*-*".
In lossy media, Eq. 1 is still a good approximation when

NATURE REVIEWS |

| Article citation ID: (2022) 2:30


http://orcid.org/0000-0001-7408-2393
http://orcid.org/0000-0002-1652-7996
http://orcid.org/0000-0003-0416-2165
http://orcid.org/0000-0002-3247-1945
mailto:fy.cai@siat.ac.cn
mailto:jfriend@ucsd.edu
mailto:martin.wiklund@biox.kth.se
mailto:tony.huang@duke.edu
https://doi.org/10.1038/s43586-022-00109-7
https://doi.org/10.1038/s43586-022-00109-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s43586-022-00109-7&domain=pdf

Author addresses

!Department of Mechanical Engineering and Materials Science, Duke University,

Durham, NC, USA.

?Paul C. Lauterbur Research Centre for Biomedical Imaging, Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences, Shenzhen, Guangdong, China.
3Center for Medical Device Engineering and Biomechanics, Department of Mechanical
and Aerospace Engineering, Jacobs School of Engineering, University of California San

Diego, LaJolla, CA, USA.

*Department of Surgery, School of Medicine, University of California San Diego,

LaJolla, CA, USA.

’Department of Applied Physics, Royal Institute of Technology, Stockholm, Sweden.

Rayleigh particle

A particle that has a radius
that is much smaller than the
acoustic wavelength.

Standing wave

A stationary wave formed

by the superposition of
counterpropagating travelling
waves, which are commonly
formed by the use of opposing
transducers or reflective
surfaces.

Zero mean mass flux
The absence of mass flow.

Zero Lagrangian mean
The Lagrangian specification
of fluid flow states that the
observer follows individual
fluid parcels through time.

Eulerian mean

The Eulerian specification
of fluid flow states that the
observer follows a specific
location in space through
which the fluid flows as time
passes.

the thicknesses of the thermal or viscous boundary layers
— layers of fluid near a channel wall in which the effects
of heat or viscosity, respectively, cannot be neglected” —
are small and the acoustic streaming is weak'>*%. A similar
approach works for determining the torque*->.

The challenge in evaluating the above expression
lies in the calculation of the scattered acoustic field. The
multipole expansion method has long been used to cal-
culate the forces upon spherical or cylindrical particles
in symmetrical (planar, spherical and so on) fields'**-*,
which can effectively uncover the mechanism of the
momentum transfer between the field and the parti-
cles”"”. Recently, the angular spectrum method has been
used to calculate forces upon particles in holographi-
cally produced fields'**. For more complex cases, such
as particles with arbitrary shape or in a closed chamber,
numerical simulations based on the finite difference
method®, the Boltzmann lattice method*, the boundary
element method™ and the finite element method (espe-
cially via commercial software COMSOL Multiphysics)**
have been proposed to determine the forces on the par-
ticles. These numerical methods are usually time and
resource intensive when used for three-dimensional
(3D) analyses, but they are indeed indispensable tools
to understand resonance and force distribution in the
whole acoustofluidic device.

If there are multiple particles in the field, the acoustic
radiation force exerted on one given particle involves
the acoustic interaction force from multiple scattering
events from other particles. This force can also be eval-
uated by using Eq. 1, where the incident field in this case
is the sum of the external field and the scattered fields
from the other particles™ . The multipole expansion
method combined with the translational addition
theorem can effectively deal with this problem™.

For acoustofluidics in biomedical applications, the
manipulated objects are typically much smaller than
the acoustic wavelength. For example, the radius a of a
cell is usually in the range of 5-15 pm, whereas the wave-
length A of a 10 MHz acoustic wave in water at room tem-
perature is approximately 150 um. They can be modelled
as a Rayleigh particle (a <), where the scattering field
is dominated by the monopole and dipole®. Gor’kov
derived a simple formula to describe the forces acting on a
Rayleigh particle in the situation where the wave field has
a standing wave feature or, in general, has a strong spatial
gradient of acoustic wave energies™. The force is formed
in terms of the spatial gradient of the force potential:

F=-VU, (2)

where the Gor’kov force potential U is given by:

ana® 1 2 3Po 2
U= Y =, — (v I7) ) 3
3 12P065<pm> f2 4 < > ()
where
2 2(p. -p,)
CoP, P~ Py
fi=l-5 = — 4)

P, 2.+p

Here p and ¢, are the density and the longitudinal wave
Velocigy of the material used in the particle; f, and f, are,
respectively, two acoustic strength parameters associated
with the sphere’s monopolar and dipolar modes; and
@ii) and (v, |*) are the time-averaged acoustic potential
and kinetic energy of the incident field at the position of
the particle, respectively.

Note that the force produced upon an object in a
plane standing wave (usually named gradient force) is
proportional to a’, whereas the force exerted by a plane
travelling wave (often called scattering force) is pro-
portional to a° in the Rayleigh approximation*. Thus,
the forces exerted on a Rayleigh particle by an arbitrary
wave field are dominated by the gradient force unless
the wave field has a weak or no spatial gradient of wave
energies'**!. As the size of particle decreases especially
to the nanoscale, viscous and thermo-viscous effects on
the acoustic radiation force need to be considered as the
boundary layer thickness becomes comparable with
the size of particle'*”'. Significant corrections appear for
particles with a density differing greatly from the sur-
rounding liquid*"***. The Gor’kov potential can still be
a useful approach for determining the trapping force on
particles beyond the Rayleigh approximation as long as
the material properties of the object are not significantly
different from those of the host fluid, such as in the case
of cells in aqueous solution*.

Acoustic streaming. Acoustic streaming is a non-linear
phenomenon that arises from attenuation of an acous-
tic wave in or adjacent to a viscous fluid medium®.
Streaming is often measured via particle image veloci-
metry. An important part of understanding and using
streaming is its analysis, which has long been a challenge'.
The approaches presented in the classic literature*-*’
are often difficult to apply to modern acoustofluidics
because the frequencies are higher and the length scales
are far smaller today, although new approaches may
help*. There are also many terms unfamiliar to a new
reader. Westervelt’s paradox™ is an example: placing
a vibrating piston at one end of an open tube to cause
planar acoustic waves to propagate along its length pro-
duces a zero mean mass flux and a zero Lagrangian mean
of the velocity, yet the Eulerian mean of the velocity flow
field is not zero and is oriented towards the piston.
Stokes’ drift™" is the difference between the Eulerian
and Lagrangian means of the velocity. There is the
hydrodynamic Reynolds number, Repdr0=(p ud)lwis
one of several different acoustic Reynolds numbers™,
Re, = (ﬁ/(x)[(ulw)/coz], and the streaming Reynolds
number’, Re, = [p, (1, +vu,)*]/(wy), each of which
is useful in different contexts; u, and u, refer to the

2| Article citation ID:

(2022) 2:30

www.nature.com/nrmp



hydrodynamic and acoustic particle velocities, respectively,
p; is the fluid density, w is the angular frequency, p is
the dynamic viscosity, p is the attentuation coefficient of
acoustic wave in fluid, and a is the attenuation coefficient
of SAW or other propagating wave in substrate. The first
of these Reynolds numbers is nearly ubiquitous, used in
most fluid mechanics phenomena; the acoustic Reynolds
number is typically used to characterize the fluid in
sound propagation problems, such as noise generation;
and the last is the most useful to predict flow behaviour
in the presence of acoustic waves. There are also named
acoustic streaming phenomena: Eckart when the longi-
tudinal propagation of sound itself in the fluid bulk is
attenuated and gives rise to flow", Schlichting when it is
driven by shear in the viscous boundary layer next to a
solid surface® (sometimes referred to as microstream-
ing) and Rayleigh when it appears in the bulk due to
coupling with Schlichting streaming™. In reality, most
systems are a complex combination of these, with per-
haps other phenomena thrown in****, making analysis
and design difficult. Additionally, microscale to nano-
scale fluidics is usually assumed to be incompressible,
but with acoustic waves sufficient to generate acoustic
forces or streaming, compressibility must be included,
even when the acoustic Mach number u,/c is very small,
where ¢, is the speed of sound and u, is the particle (or
vibration) velocity'. Even if u,/c,=0.001 in water for an
acoustic wave, a shock will appear 6 mm from the source.

Combined effect on particles. Particles in acoustofluid-
ics generally experience acoustic radiation forces (Fy),
drag forces due to the acoustic streaming (F,;), gravity,
buoyancy and other driving forces, such as external
fluid flow-induced drag force™, and other field-induced
forces™ (for example, the dielectrophoretic force”** or
optical force®*®). These latter forces are referred to as
other forces (F,). Thus, the total force (F,) exerted on
the particles can be written as:

F=Fy+F+F, (5)

When these forces on the particles are balanced (F,=0),
the suspended particles in acoustofluidics can be trapped.
With careful design, the particles may be trapped even
when F, #0 (REF®). If the other driving forces vanish
and the bioparticle (such as a cell, which typically has a
very similar density as the suspension medium) is sus-
pended in liquid, the gravitational and buoyancy forces
have similar magnitudes but opposite directions and
are almost balanced. Thus, the behaviour of particles
in acoustofluidics can be characterized by F, and F,,.
As F, is proportional to the volume of the suspended
particle, whereas F, scales with its radius, the former
dominates for larger particles and the latter for smaller
particles®~*. The critical radius a_for which a particle’s
motion crosses over from being streaming-dominated
(if smaller than a) to radiation-dominated (if larger
than a) is a function of the acoustic wavelength, the
intensity of the acoustic field and the viscous boundary
layer®>*. For a 2 MHz standing wave parallel to a planar
microchannel wall in water at room temperature, the vis-
cous boundary layer of water is approximately 0.4 pm;
the corresponding a_ of polystyrene particles has been

determined to be around 0.7 um (REF.%). Consequently,
most biological cells (with radii larger than 1 pm) are
dominated by F, and nanoscale bioparticles, such as
extracellular vesicles, are dominated by F,.. As a result,
various acoustofluidic approaches have been developed
which utilize acoustic radiation forces, acoustic stream-
ing or their combination to manipulate target particles
for a wide range of biomedical applications.

Overview. In this Primer, we seek to provide an over-
view of acoustofluidic technologies and show that
although there are multiple strategies for implementing
acoustofluidics in biomedical applications, they are all
based on similar underlying principles. We hope to pro-
vide a unified perspective that will allow end users to
choose the acoustofluidic technology that is best suited
for their research needs. We have broadly categorized
existing acoustofluidic technologies into two categories:
bulk acoustic wave (BAW) devices and surface acoustic
wave (SAW) devices. We describe the instrumentation
and experimental designs used in typical acoustofluidic
experiments (Experimentation), present representative
examples of the data generated in conjunction with
acoustofluidic devices (Results) and describe the key
application areas in which acoustofluidic devices are
most commonly used (Applications). We also discuss
the reproducibility in the performance of acoustofluidic
devices across different laboratories (Reproducibility
and data deposition), review the current limitations
of acoustofluidic technologies and give suggestions
for optimizing device performance (Limitations and
optimizations). Finally, we provide our perspective on
future development of acoustofluidic technologies and
potential new applications (Outlook).

Experimentation

In this section, we provide basic information needed for
two main categories of acoustofluidic experiments: BAW
and SAW acoustofluidics. These two different technolo-
gies are categorized according to the acoustic wave prop-
agating in the acoustofluidic chamber. Throughout this
Primer, the term chamber refers to the fluid compart-
ment where the liquid sample is placed. Various cham-
ber types, including open chambers (exposed to air),
closed chambers (entirely enclosed and sealed from the
surrounding environment) and microfluidic channels
(open or enclosed chambers with micron-sized dimen-
sions that fluid can flow through) are utilized in acoust-
ofluidic devices. We describe the common components
and layout in both the BAW and SAW set-ups. Then,
we show the specific transducers and modes used in
BAW and SAW devices, respectively. Owing to the vari-
ety of implementations of acoustofluidic technologies,
we focus on essential features that are shared between
set-ups and point out key differences.

A standard acoustofluidic set-up includes an acoust-
ofluidic device, a sample chamber, a function generator
and a power amplifier (FIC. 1a). The acoustofluidic device
generates acoustic waves to manipulate the particle and
fluid in an adjacent chamber. The core component of
the acoustofluidic device is the acoustic wave trans-
ducer. The transducer is usually made of piezoelectric
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Fig. 1| Typical configurations of acoustofluidic devices. a | Standard
experimental set-up for an acoustofluidic device. A function generator and
optional amplifier are connected to an acoustic transducer to generate
acoustic waves. Operation of the acoustofluidic device is typically viewed
through an objective lens and camera of a benchtop microscope. The
acoustofluidic device can be classified as a bulk acoustic wave (BAW) device
(parts b—d) or surface acoustic wave (SAW) device (parts e-g) depending on
characteristics of the acoustic transducer. b| BAW acoustofluidic device. The
standing wave is formed within the sample chamber, which can contain a
single pressure node or multiple pressure nodes. ¢ | Holographic BAW
acoustofluidic device. The hologram placed in front of the path acoustic
transmission modulates the acoustic wave to form complex, customizable
pressure distributions within the sample chamber. d | BAW acoustofluidic
device containing a multi-element array of transducers. Each element of the
array can be individually addressed, enabling formation of complex,
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time-varying acoustic fields. e | SAW acoustofluidic device employing a
single pair of interdigital transducers (IDTs). SAW propagates along the
surface of the substrate and can be coupled to a sample chamber (as shown)
or liquid droplet to enable fluid and particle manipulation. f | Holographic
SAW acoustofluidic device. The holographic IDT is capable of generating
complex, customizable pressure distributions within a Petri dish (as shown)
or sample chamber. g| SAW acoustofluidic device containing a multi-element
array of transducers. Each transducer operates at an independent frequency,
enabling formation of complex, time-varying acoustic fields. Particles can be
translated along the directions of vector ep or eq by tuning the phase
difference between the transducers in the pth or gth pair. A permanent or
disposable sample chamber can be coupled to the substrate to enable
particle manipulation within the chamber. PDMS, polydimethylsiloxane.
Part e reprinted with permission from REF.”**, ACS. Parts f and g reprinted
from REF.*”, CC BY-NC (https://creativecommons.org/licenses/by-nc/4.0/).

Q factor

Shorthand for the quality
factor, a parameter that
quantifies the damping

at each resonance frequency.

materials, which can convert electrical signals to acous-
tic signals or vice versa. The excited electrical signal for
the transducer is generated with a function generator
and can be amplified with a power amplifier when
requiring greater acoustic pressures. A microscope
and camera are sometimes used to observe the manip-
ulation of fluids and particles within the chamber.
Depending on the acoustic wave generation and prop-
agation characteristics, the transducer is categorized
as a BAW transducer or SAW transducer, whereas the
corresponding set-up is named BAW acoustofluidics or
SAW acoustofluidics.

In practice, the acoustic transducer is a critical com-
ponent. It determines the operating frequency, intensity
and distribution of the acoustic field incident into the
fluid chamber. The structure and acoustic properties of
the chamber need to be carefully chosen, as the chamber
forms an acoustic cavity, and its walls will reflect, refract
or absorb the acoustic wave depending on the design.
Typically, acoustofluidic devices are operated in a reso-
nant state with a high quality factor (Q or Q factor) to
minimize power consumption and produce enhanced
acoustic fields*”. The field formed inside the chamber
generates acoustic radiation forces on the particles within
and acoustic streaming, which drives flow within the
chamber. In combination with other forces that are often
of comparable magnitude — gravity, buoyancy, drag
forces, van der Waals, electrostatics and so on — efficient

acoustic manipulation of the particles and liquid in the
chamber can be achieved.

BAW acoustofluidics. A typical BAW acoustofluidic
device is shown in FIG. 1b. The bulk acoustic trans-
ducer is the core component, which is often made of
(hard) lead zirconate titanate (PZT) polarized ceramic
plates sandwiched by metal electrodes. The polari-
zation and electric field are typically (but not always)
along the thickness direction, enabling the formation
of thickness-mode vibrations at discrete resonances in
the transducer. The operating frequency range of this
type of PZT source is typically 20kHz-10 MHz, and PZT
does produce hysteresis®, in turn producing heating
and loss intrinsic to the material® at about 0.5% of the
total energy transduced in modern hard PZT materials.
Above about 10 MHz, PZT tends to produce heat owing
to conduction losses from elemental lead present along
the grain boundaries of the ceramic material”. Single-
crystal piezoelectric media, such as lithium niobate and
langasite, can be used in bulk devices to expand the fre-
quency range to 10 MHz-10 GHz or more”. The elec-
trical characteristics of the transducer and acoustic field
pattern are preferably tested before use with an imped-
ance or network analyser. The analyser is attached to
the transducer’s input in place of a signal generator and
amplifier to measure its resonance and anti-resonance
frequencies for a given resonance mode”. Several
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Time-reversal principle

A signal processing technique
that can be used to focus
acoustic waves to a specific
location.

Rayleigh (surface) wave

A flexural wave isolated to

a surface. Typically generated
for acoustofluidics using an
interdigital electrode deposited
upon a piezoelectric substrate.

modes may be independently measured if they are
to be used’*””. A laser Doppler vibrometer can be used to
obtain the wave pattern on the surface of the transducer
or chamber’. A hydrophone can be used to scan the field
pattern inside the chamber”’; at small scales (<1 mm),
fibre optic hydrophones are useful”®. Each hydrophone
design has unique detection properties, with upper and
lower detection limits that vary depending on where the
acoustic source is with respect to the hydrophone.

The fluidic chamber is also important as its walls
reflect, refract or absorb the incident acoustic waves®*.
Standing waves are commonly used in BAW acoustoflu-
idics and can be formed as the result of acoustic waves
reflected from the chamber wall. The acoustic properties
and geometry of the chamber influence the field pat-
tern’>®. Both acoustically hard material (such as sili-
con, glass and metal, whose acoustic impedance is high
relative to water) and acoustically soft material (such as
polydimethylsiloxane (PDMS) and polymethyl meth-
acrylate (PMMA), whose acoustic impedance is close to
water) have been used to produce the chamber through
microfabrication techniques, such as etching, machin-
ing and thermal bonding®*-*>. When the chamber is
formed from hard material, standing waves are ideally
formed at frequencies where an integer multiple of one
half the acoustic wavelength matches a given dimension
of the chamber®**. In reality, the resonance of the pie-
zoelectric transducer and the characteristics of the fluid
also influence the standing wave pattern’>*. Driven by a
single acoustic source, the standing wave field pattern is
defined by the geometry of the chamber for a given reso-
nance frequency’>*¥. Alternatively, standing waves may
be formed from interference between travelling waves
provided by two or more acoustic sources®, and the
pattern formed from it depends upon the sources’ fre-
quency, phase and amplitude®. With appropriate design,
these devices can effectively pattern particles and cells,
but are generally unable to provide selective trapping of
individual particles.

To realize more precise particle manipulation, an
effective and economical means to shape the field is
adding an acoustic artificial structure (such as lenses”,
holograms’” and metasurfaces’) on the surface of the
transducer. As shown in FIC. 1, these artificial structures
can modify the output of a single transducer to gener-
ate a high-fidelity acoustic field as desired”, providing
unique features such as sub-wavelength-scale amplitude
control®” and complex beam patterns®***. These shaped
fields can then realize sub-wavelength particle manipu-
lation”* and 3D single-particle manipulation®. These
artificially designed structures offer two key advantages:
the simplification of the driving electronics, only requir-
ing a single channel, and an increased phase fidelity lim-
ited only by the resolution of the machined structure”.
Thus, acoustic artificial structures simplify miniaturi-
zation and integration of these devices into practical
applications.

Acoustic transducer arrays have also been used to
dynamically manipulate particles (FIG. 1d). The ele-
ments in these arrays are individually driven to create
arbitrary and dynamically tuneable wavefronts via
superposition’”. Taking advantage of their fast update

rate, transducer array-based acoustofluidic devices
can generate multiple traps via time multiplexing or
quickly relocate a single trap occupied by a particle,
with a velocity up to several metres per second”'*.
Remarkably, a self-navigated 3D manipulation of par-
ticles in complex media has been realized based on a
256-element ultrasonic matrix array combined with
a time-reversal principle’. Recently, a dynamic spatial
ultrasound modulator based on digitally generated
microbubbles on a complementary metal oxide-
semiconductor chip surface has been proposed for
dynamic manipulation of particles'”" while reducing
the complexity of the driving system, a fascinating
approach.

SAW acoustofluidics. A typical SAW acoustofluidic
device is shown in FIG. 1e. SAW resonators convert an
electrical signal provided by a signal generator and
amplifier into vibration that propagates across the sur-
face of a piezoelectric material. The speed of the Rayleigh
(surface) wave is generally much less than the bulk waves
that might propagate in the piezoelectric material, con-
fining the SAW to within four or five wavelengths of the
surface. This mode of propagation uses only a portion of
the piezoelectric material to produce the transformation
of electrical to mechanical energy, unlike BAW devices.
However, the acoustic energy is confined in SAW
devices such that mounting does not produce losses.
When brought into contact with a fluid present on the
surface, a portion of the SAW is converted to sound
that propagates in the fluid'”. This sound produces the
acoustic pressure and streaming responsible for many of
the phenomena in SAW acoustofluidics'*>'*. In prac-
tice, the geometry and acoustic properties of the cham-
ber and the acoustic properties — density, speed of
sound and viscosity — of the liquid loaded on the sur-
face influence the SAW properties'®. All piezoelectric
materials are anisotropic, and the anisotropy is vitally
important in SAW generation'®: for example, in the
128YX cut of lithium niobate, the SAW is ten times
weaker along the y axis than the x axis.

The SAW resonators, formed by interdigital trans-
ducers (IDTs) present on a piezoelectric substrate,
are the key component of the SAW acoustofluidic
instrument. The IDT is made by a set of metallic fin-
gers connected to a common electrode — a bus bar
— interdigitated with a second set of metallic fingers
attached to a second bus bar, all directly deposited onto
the piezoelectric layer by standard lithographic tech-
niques'*>'?”. The structure of the IDT determines the
frequency, bandwidth and directivity of the generated
SAW'%, By changing the number, spacing and aperture
(overlapping length) of the metallic fingers, the charac-
ter of the resulting SAW can be changed'®. For example,
straight IDTs can generate a SAW that propagates with
a laterally Gaussian distribution, focused IDTs consist
of pairs of annular electrodes that can form a spatially
focal point, whereas slanted-finger IDTs can vary the
SAW distribution in space'®. The piezoelectric layer is
typically a single-crystal bulk lithium niobate substrate,
langasite or a polycrystalline zinc oxide thin film depos-
ited on a non-piezoelectric substrate (such as silicon
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Lamb wave

A flexural wave in a structure
that has a wavelength at or less
than two times the thickness of
the structure. Typically appears
in surface acoustic wave (SAW)
devices in the piezoelectric
media when the resonance
frequency is too low to isolate
the wave to the surface.

Pressure nodes
Minimum pressure locations.

Pressure antinodes
Maximum pressure locations.

Mie particles
Particles of about the same
size as the acoustic wavelength.

Acoustic levitation

The use of the acoustic
radiation force to counteract
gravity and suspend a particle
in air.

and silicon dioxide)''’. In the latter case, the substrate
thickness is usually designed to be substantially larger
than the SAW wavelength to avoid wave leakage and
reflection through the thickness of the substrate, forcing
a high frequency to be used as the lower limit to avoid
energy loss into the substrate. In the past, 10-1,000 MHz
has been used for SAW acoustofluidics'”. However, in
a vast majority of this past work, the substrate has been
lithium niobate 500 um thick; below 40 MHz the wave
is not isolated to the surface and instead propagates as
a bulk Lamb wave. Lamb waves are otherwise similar to
SAWS, and such waves have been used for fluid manipu-
lation, as have bulk and mixed-mode waves’®'!'. The
laser Doppler vibrometer can be used to obtain the SAW
pattern on the substrate'*.

Standing SAWs are typical in acoustofluidics. Similar
to BAW acoustofluidics, a pair of IDTs in opposition
or an IDT and an opposing reflector can form 1D
standing SAWSs in the substrate, whereas two pairs of
IDTs arranged orthogonally can produce 2D standing
SAWSs'2, These standing waves can be coupled into a
microfluidic chamber to enable the manipulation of lig-
uids and particles within. Recently, more complex SAW
fields have been achieved by altering the IDT shape.
For example, as shown in FIC. 1, a single spiralling IDT
encodes the phase of the field similar to a hologram,
which enables the generation of the targeted acoustical
vortex'"’. FIGURE 1g shows multiple paired IDT structures
evenly distributed around the coordinate origin, which
are capable of dynamically reshaping SAW wave fields
to provide desired pressure distributions and facilitate
dynamic and programmable particle manipulation''.
The anisotropy of the substrate makes arbitrary planar
SAW propagation difficult without careful selection of
the substrate cut'”*. A complex spiral IDT on an optimal
152YX cut of lithium niobate produces uniform SAWs
for cell separation in blood'**.

The size and physical properties of the chamber also
influence the propagation and pattern of SAWs. If the
fluid present on the substrate is thinner than the vis-
cous boundary layer (8 = ../21,/w, which is about 500 nm
in water with kinematic viscosity v,=~ 10" °m”s™" at
f=(1/2m), w =1 MHz (REF'")), no sound propagates into
the fluid and the fluid behaves according to the propaga-
tion of the SAW''%. If the fluid is thicker than this depth
yet is smaller than the wavelength of sound in the fluid
at the frequency of operation, sound enters the fluid to
produce a 2D planar sound field''*'*’. When the height
of the chamber is larger than the wavelength of sound in
the fluid, the SAW produces a longitudinal sound wave
that propagates into the bulk from the fluid-substrate
interface at the Rayleigh angle'*>'". Viscous attenua-
tion of this sound produces acoustic streaming, and,
depending on the attenuation length of the SAW in
the substrate and the sound in the fluid'”', a standing
acoustic wave and fluid flow from acoustic streaming
may appear in the fluid. In addition, the shape and the
position of the chamber can also influence the symme-
try of the field'*. Similar to the BAW devices, both rigid
materials (such as silicon and glass) and soft and lossy
materials (such as PDMS) have been used to make the
chamber in SAW devices'*>'*. In general, the chamber

in SAW devices tends to be smaller than BAW-based
devices and fabricated using standard microfabrication
techniques'”’.

Results

All variants of acoustofluidics, including BAW acoust-
ofluidics and SAW acoustofluidics, share the common
ability to manipulate particles (such as cells) and/or
actuate fluid through the use of acoustic radiation forces
and/or drag forces due to acoustic streaming®. In this
section, we discuss some typical results from using
acoustic radiation forces and acoustic streaming.

Acoustic radiation forces. When the acoustic radia-
tion force is dominant in acoustofluidics, the gradient
field-induced gradient force is generally responsible
for acoustic trapping. For Rayleigh particles, the force
potential is governed by a contrast factor that is a func-
tion of the relative density and compressibility between
the particles and host fluid based on Gor’kov’s formula
shown in Eq. 3. Standing wave-based BAW acoustoflu-
idics and SAW acoustofluidics have been widely used
to collectively trap relatively dense and stiff particles
at pressure nodes and relatively light and soft particles at
pressure antinodes''>'* (FIG. 2a). Note that for small heavy
particles in a viscous liquid, the thermo-viscous effects
can significantly influence the trapping force’s ampli-
tude and direction®. Mie particles can also be trapped
at particular locations in an acoustic standing wave, but
these locations cannot be determined using Gor’kov’s
theory and need to be specially analysed'**. The Mie par-
ticles may be acoustically trapped at a pressure node,
an antinode or even a midpoint between these points
owing to the finite size scattering effect'*"'*. Recently,
resonant artificial structure-induced gradient fields have
been utilized to trap particles. These resonant fields are
usually more localized than the standing waves, and thus
can generate large gradient forces to trap smaller parti-
cles?*'?. It is possible to calculate the acoustic radiation
force acting on particles near a pressure node, enabling
researchers to design acoustofluidic trapping devices for
a range of bioparticles depending on their mechanical
properties (FIG. 2b).

Selective trapping of single particles is critical in acou-
stofluidics. As an alternative to standing acoustic wave
collective trapping, acoustic vortices have been proposed
to achieve selective trapping of individual Rayleigh or
Mie particles'*"*'. Helical waves spin around a central
axis, creating a central pressure node surrounded by a
ring of high pressure; particles such as cells can trapped
at the node and translated without altering their viability,
enabling a highly biocompatible, contactless method for
cell manipulation*"'**,

Other forces also need to be considered for the 3D
stable trapping of dense particles. For bioparticles in
liquid, acoustic radiation forces can oppose gravity or
buoyancy by increasing the acoustic power'*. Particles
trapped in air employ acoustic levitation; the acoustic
radiation forces used in this approach need to coun-
teract gravity and suspend objects'**'*’; and there is
near-field"*° and far-field"** acoustic levitation, the latter
of which is more widely known but less powerful.

6 | Article citation ID:

(2022) 2:30

www.nature.com/nrmp



Dynamic gradient field

A field in which the acoustic
gradient force changes

with time.

a Trapping oo
op view

O HY @

Side view v

& @O £ {I)
O l

z ‘Cell/particle

€ Separation

Sheath —— ¢

090 ®g o oo ©
Sample ——» [ - /,/OQO/ °

Sheath ——.

e Sortin
9 y
[
o o~
= o & Ny
T T e ® [ o——
el
Q
wv
3
O Fluorescent cells Travelling wave beam
—g_ e o o
E—0o o ® o o o
(%2
Laser Standing wave beam

(-»

50 e
40+
Z 30
o
3 20 —e
£ 109 Pressure node e
< O
z ~109 . 10.0um
g 204 7.00um
< 304 —417um
-40-| 0.87um
S —— \ w
-0.2 -0.1 0.0 0.1 0.2
Distance from a pressure node (1)
d
300
E 200
=2
> 100

_——

T T T T 1
0 1,000 2,000 3,000 4,000

X (um)
‘ WBCs RBCs Platelets — Exosomes
f 84.0-
—— Sorted particle
83.6-{|— SAW pulse
3 83.2
&L
2 82.8-
2
Sl I L L L
£
82.0 | I I I I
81.67 T T T T 1
0 5 10 15 20 25
Time (ms)

Fig. 2 | Representative acoustofluidics results based on acoustic radiation forces. a | Acoustic radiation force can be
used to trap particles at pressure nodes and antinodes, depending on their mechanical properties. b | Acoustic radiation
force distribution acting on polystyrene particles of different diameters within an acoustic wave. ¢ | Acoustic radiation
force-based separation of flowing particles based on differences in their physical properties. d | Simulation results
showing trajectories of various bioparticles in a tilted-angle acoustic field. Diameter, density and compressibility of
bioparticles are critical physical parameters that govern their trajectories. e | With integration of an optical detection unit,
acoustic radiation force can be used to selectively sort particles of interest. Both standing wave and travelling wave beams
have been employed for sorting of particles in continuous flow. f| Experimental results showing standing wave-based
sorting of 10 um polystyrene particles. Every dip in optical intensity (black) indicates a particle passing through the sorting
collection outlet. Pulse signalis also plotted (red), showing that each intensity dip exactly follows a signal pulse. RBC, red
blood cell; SAW, surface acoustic wave; WBC, white blood cell; X, horizonal distance travelled along microchannel;

Y, vertical migration distance. Part b reprinted with permission from REF.**2, RSC. Part d reprinted with permission from
REF.”°, PNAS. Part f reprinted with permission from REF.*?, RSC.

Intuitively, plane travelling wave-induced scattering
forces could be responsible for transporting particles
over long distances, as these forces are oriented along the
net momentumss direction'”’. However, for Rayleigh par-
ticles, the amplitude of the force is too small to achieve
particle transport'*'*’. Nevertheless, Mie particles have
been successfully transported in the travelling SAW
direction over long distances owing to the enhanced
force at the resonant frequency'**. Another kind of scat-
tering force has been proposed that can pull particles
towards the source, acting as a tractor beam®'*. Certain
approaches have been theoretically proposed to achieve
this phenomenon, such as the use of Bessel beams with
a specific conic angle, such that the majority of inci-
dent momentum is scattered in the forward direction
resulting in nearby objects moving backwards towards

the acoustic source®**'"!. The experimental realization
of this long-range pulling force in acoustofluidics is
underway.

Another method to acoustically transport particles is
by using a dynamic gradient field. The dynamic standing
wave can be created by using a pair of opposing trans-
ducers, so that the sum of two independent travelling
waves generated by the transducers forms the standing
wave'*, Using such a standing wave allows the nodal
positions of the field to be changed by varying the rela-
tive phase or frequency of the two transducers; thus,
trapped particles can be subsequently moved'**'*.
Noting that, transportation can be driven over long dis-
tances by continuously adjusting the relative phase of
each independent transducer'*. Similarly, 2D standing
wave-based transportation can also be realized by using
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two pairs of orthogonal transducers'*>'**!*. 3D trans-
portation can be achieved by using a dynamic acous-
tic hologram with a transducer array”-'*. In addition,
resonant-based artificial structures — for example,
phononic crystals or resonant channels — can also be
used to transport particles by switching the resonant
frequency””*'*,

It is possible to separate heterogeneous particle sus-
pensions using acoustic radiation forces based on their
size and material properties. This is because the acoustic
radiation force is strongly dependent on the incident and
scattering acoustic fields around the particle, whereas
the scattering field itself depends on the particles’ size,
relative density and compressibility'*>. Combined with
the liquid flow-induced drag force on particles, stand-
ing wave field-based BAW and SAW acoustofluidics
have been widely used to separate particles based on
their size'”’, density’* and compressibility'*. Often,
owing to the different acoustic forces produced on the
particles, a separation may be produced from the dif-
ference in time required for the particles to migrate to
the pressure nodes or antinodes. Recently, tilted-angle
standing SAW's have been proposed to separate particles
(FIG. 2¢). The fluid flow direction is not parallel to the
standing SAW propagation, thus the maximum separa-
tion distance is not limited to a quarter of the acoustic
wavelength. This configuration strongly increases the
separation efficiency and sensitivity using SAW*. The
physical properties of the particles and the operational
parameters of the acoustofluidic device (including fre-
quency, vibration amplitude and flow rate) can be used
to simulate the trajectories of different bioparticles in
the acoustic field (FIC. 2d). These simulations can be used
to predict the final vertical migration distance of the
bioparticles and are critical in the design of the micro-
channel. An alternative approach to separate particles is
using travelling waves, as the acoustic scattering force at
resonant frequency can be greatly enhanced, whereas the
resonant frequency is dependent on the acoustic prop-
erties of the particles*®'*". In addition to continuous
separation, optical detection units have been integrated
with acoustofluidic devices to enable selective sorting
of flowing particles'”'~'>* (FIC. 2¢). In these approaches,
optical feedback — such as the detection of a fluorescent
signal — is used to trigger downstream transducers,
which can be actuated to form a transient acoustic wave
and selectively push individual cells or particles to a sep-
arate collection outlet (FIG. 2f). Both travelling wave'** and
standing wave'*>'** approaches have been implemented
as the sorting mechanism for acoustofluidic particle
sorting.

Acoustic streaming. Rayleigh SAW has long been used
to collect’™ and concentrate'*>'> particles via acoustic
streaming in channels at megahertz'*> and gigahertz'**
frequencies (FIG. 3a,b), in porous hydrophobic polymer
media®’ (FIG. 3¢) and in sessile droplets (FIC. 3d); there
have also been observations of rare poloidal flow induced
by Lamb waves for particle trapping'*'. Nanoparticles
have also been weakly manipulated in air using SAWs,
including cigarette smoke'** and carbon nanotubes'”.
The extraction of carbon nanotubes from bundles and

subsequent patterning relies on the extreme acceleration
of the piezoelectric lithium niobate substrate surface and
the electric field present on the bare substrate’s surface.

Acoustic streaming provides a simple means to
transport particles by inducing flow in the surrounding
fluid, whether within recirculation cells from an induced
standing wave'®, along the entire length of the channel
through streaming flow and laterally through acoustic
forces in a trapezoidal channel'® or in racetrack designs
with'** and without'® serpentine flow resistance. Particle
transport towards concentration, sorting and separation
within enclosed sessile droplets has also been accom-
plished, with'>> or without''® transport of the droplet
itself. Transporting particles in porous media is very dif-
ficult, especially when the pores are submicron or when
the pores exist in live tissue. Acoustic streaming has
been instrumental in facilitating the rapid transport of
live stem cells into implantable scaffolds for tissue engi-
neering'”, the delivery of medication and functionalized
particles for medical use in tissues'* and the elimination
of Li* ion depletion regions during the charging of lith-
ium ion and lithium metal batteries within the separa-
tor, producing a means to enable rapidly rechargeable
lithium metal batteries'**. Bulk acoustic streaming from
a thickness-mode device has been used to perform par-
ticle and cell separation, showing that the separation was
enhanced by direct acoustic forces'®.

BAW devices have also been popular for acoustic
streaming; however, researchers must overcome diffi-
culties associated with integrating bulk piezoelectric
materials into the fabrication workflows for microfluidic
to nanofluidic devices'*. There are reports of 2.13 MHz
bulk streaming in well trays used to agglomerate cells
via streaming for tissue engineering and cancer tri-
als, with methods to avoid adversely affecting the cell
integrity'®. A gigahertz-order bulk wave device was
devised to drive acoustic streaming responsible for par-
ticle collection, alongside a method for particle image
velocimetry of the streaming to even the nanoscale'**.
We also expect to see a growing number of applications
for acoustic streaming-based particle manipulation in
biomedical applications beyond the traditional trapping
and transport concepts, such as work in which oocytes
are denuded without contact'®".

One may combine acoustic streaming with direct
acoustic forces and other forces to transport and pat-
tern particles. For example, acoustic streaming has been
combined with both magnetic'® forces and dielectro-
phoretic®® forces to perform high-throughput sepa-
ration of bioparticles based not only on differences in
their physical properties but also on their magnetic and
dielectrophoretic properties.

In sessile drops, SAWSs have been used to transport,
split, recombine and mix microscale droplets'*"** and
change their shape'*>'”" at will, hinting at the underlying
combination of streaming and acoustic radiation forces
present on the fluid interface. The shear produced by
streaming has been used to examine the character-
istics of von Willebrand fibres responsible for clotting
in blood'®, and to enhance mixing at small scales for
bioassays'”'. Generally, however, acoustic streaming is
weak, producing only enough force to overcome modest
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Fig. 3 | Representative acoustofluidics results based on acoustic streaming. a | Acoustic streaming may be used to
segregate particles by forming regions of large shear, such as near a fluidic channel wall with an acoustic beam propagating
normal to the wall. b| A similar approach may be used to form three-dimensional (3D) vortices, in this case using gigahertz-
order ultrasound (scale bar: 200 um). ¢ | Acoustic streaming may also be used to pass particles through complex porous —
even hydrophobic — media (scale bar: 100 um). d | Surface acoustic wave (SAW) may be used to induce particle collection
along a substrate and to form non-linear, dynamic patterning and concentration within a sessile droplet. Depending on
initial size of the droplet and applied power, four distinct particle patterns can be observed (each pattern type denoted

by a different colour). Transition boundaries between the various particle patterning regimes indicated (). e | Acoustic
streaming may also be formed around encapsulated gas bubbles to pump fluids and produce particle separations.

f| Fluids may be ejected with angular and droplet size control using SAW and thickness-mode devices via acoustic
streaming and acoustic radiation pressure. BE, bottom electrode; IDT, interdigital transducer; TE, top electrode. Part a
reprinted with permission from REF.***, ACS. Part b adapted from REF.**°, CC BY-NC-ND (http://creativecommons.org/
licenses/by-nc-nd/4.0/). Part ¢ reprinted with permission from REF.**, Elsevier. Part d reprinted with permission from REF.*%,
APS Physics. Part e reprinted with permission from REF.***, RSC. Part f reprinted with permission from REF.>*, APS Physics.

(~10kPa) head pressures — a pressure in opposition to  against even very large (>1 MPa) pressures. In nano-slit
the desired flow — and relegating its use to racetrack  channels, this has been shown to produce rapid fluid
designs when enclosed'**'*>. Some researchers have used ~ flow and the ability to transport, split, merge, and mix
bubbles'”>"'”° to enhance the acoustic streaming (FIG. e}, 2001l droplets of water'”.

with a small, high-shear recirculation cell designed to

laterally transport and segregate particles based upon  Applications

their size. This acoustic streaming method also pumps  In this section, we discuss multiple areas of research
the fluid forward in the channel. Sessile drops may also ~ where acoustofluidic technologies have made critical
simply be ejected with control over their angle and  advances in life science research and biomedical applica-
the size of the ejected droplets™ (FIG. 3). Others have  tions. Whereas initial demonstrations of acoustofluidic
used sharp structures'””'”%, around which the acoustic ~ technologies were often proof-of-concept demonstra-
streaming flow is especially rapid. A recently discovered  tions, technological advances over the past decade
variation on acoustic streaming, acousto-geometric have enabled acoustofluidic technologies to be actively
streaming™, relies instead upon the coupling between  utilized as a tool for biomedical applications. Here, we
the primary acoustic field and the deformation of the  discuss the advantages of using acoustofluidic technol-
channel boundary to produce fluid flow at 6mms™  ogies to address challenges in applications ranging from
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single-cell analysis to point-of-care diagnostics and pro-
vide readers with an overview of key areas of research in
which acoustofluidic technologies have made a lasting
impact.

Single-cell analysis. One of the primary applications of
acoustofluidic technologies has been their integration
with microfluidic platforms to provide a greater degree
of control over the cellular microenvironment. For
example, various acoustofluidic techniques have been
developed to manipulate cells within a microfluidic
chamber!?!1»16180.181 "enabling researchers to control the
spacing between cells, which influences both cell-cell
contact processes, such as adherent junctions, as well as
chemical signalling. Owing to the label-free, contactless
and biocompatible nature, acoustofluidic techniques are
often preferred because they do not require pre-labelling
of the cells, can trap or manipulate cells over an extended
duration without altering cell properties and are not reli-
ant on the optical, magnetic or electrical properties of
the cells or liquid media.

Initial demonstrations of the potential of acousto-
fluidic technologies to improve control over the cellular
microenvironment utilized standing waves generated by
BAW devices to trap microparticles and create dynamic
microparticle arrays. This standing wave approach was
used to develop a practical system for acoustofluidic
cell trapping within a microfluidic perfusion system'®.
This system was capable of trapping neural stem cells
and yeast cells while they were perfused by cell cul-
ture medium at a flow rate of 1 plmin'. Furthermore,
together with a contemporary study by Hultstrom
etal.'®, these studies helped establish the biocompatible
nature of acoustofluidic trapping by demonstrating the
viability of various cell types manipulated for up to 1h
or even more in the acoustic trap. These initial devices
showed the ability to trap cells within acoustofluidic
platforms and paved the way for more advanced devices
for single-cell analysis.

Using orthogonal IDTs, several approaches for cre-
ating 2D arrays of trapping nodes within microfluidic
chambers were demonstrated soon after. Initial imple-
mentations of these standing SAW devices demonstrated
the static trapping of clusters of cells into predefined
patterns within the microchannel''?. Chirped IDTs —
which allow for the excitation of multiple frequencies
— have shown the ability to dynamically manipulate
microparticles and cells within the microfluidic cham-
ber'”. The power density required for this device was
10,000,000 times less than that of optical tweezers, which
contributed to its biocompatible nature. This approach
was utilized to conduct cell-cell interaction studies by
carefully tuning the spacing between neighbouring
cells'®. By applying a pulsed radio-frequency signal,
cells could be pushed towards the nearest pressure node
in a stepwise manner, enabling tuning of the intercellu-
lar distance (FIC. 4a). This acoustofluidic approach was
used to quantitatively study contact-based intercellular
communication between both homotypic and hetero-
typic cells by visualizing the distance-dependent transfer
of fluorescent dye between cells. However, in the pre-
viously mentioned approaches for creating 2D arrays

of acoustic trapping nodes, owing to the working fre-
quencies used (10-50 MHz), cells tend to become
trapped in aggregates rather than individual cells. A key
breakthrough was made by using higher working fre-
quencies (100-230 MHz) to reduce the wavelength
of the acoustic field and size of the resulting trapping
nodes'. This approach enabled the generation of a 2D
array with one cell per acoustic well (FIG. 4b), which was
used to pattern individual red blood cells (RBCs) and
lymphocytes, as well as create a convenient approach
for conducting high-throughput screening of individual
RBC:s infected with Plasmodium falciparum, a parasite
that causes malaria in humans. Finally, by tuning the
phase angle of each individual IDT, 3D control of cells
within the microchannel of standing SAW devices was
demonstrated, enabling greater control over the cellular
microenvironment'®! (FIC. 4c).

As an alternative to standing SAW approaches,
focused Gaussian ultrasonic beams can also be used
to trap individual cells within microfluidic chambers*'.
However, many of these approaches require cells to be
dispersed on an acoustically transparent film, which
limits its cell culture applications. In open media, when
using a focused beam, cells will migrate towards pres-
sure nodes, which limits its ability for manipulation. To
overcome this limitation, several approaches utilizing
acoustical vortices, or helical acoustic waves, have been
developed, which enables selective trapping at the focal
position of the beam'**'*>. However, these approaches
require multiple transducers and complex electronics and
are typically not flat, limiting their ability to be used in
real-world applications. To circumvent these issues, pre-
cursor swirling Rayleigh waves were introduced, which
can be generated by a single spiralling IDT, which then
propagates through a liquid layer and can trap particles
located in a microchamber above'"* (FIC. 4d). This design
was first used to demonstrate the trapping and precise
translation of 30 um polystyrene microparticles. Another
scaled-down embodiment of acoustical vortex tweezers
enabled the selective manipulation of individual cells
within a microchannel'®. Further improvements to the
design of the acoustical vortex design enabled the selec-
tive manipulation of cells among a group of surround-
ing cells'*, a feat that cannot be achieved using standing
wave-based approaches. This platform can exert up to
200 pN on trapped cells and exhibit no impact on the
short-term or long-term viability of manipulated cells.
Acoustical vortex tweezers provide an excellent approach
for single-cell analysis applications that require precise,
selective control over the location of individual cells.

For applications requiring real-time measurements
of cells’ mechanical properties, the recently devel-
oped acoustic force spectroscopy platform provides
a convenient acoustofluidic platform for conducting
high-throughput measurements of individual cells'’.
Acoustic force spectroscopy requires cells to be initially
confined between a glass substrate and a tethered micro-
sphere. Using an integrated piezoelectric transducer,
an acoustic standing wave may be created such that the
pressure node is located above the tethered cells. When
the transducer is turned on, the beads migrate towards the
pressure node and pull the cell away from the substrate,
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Fig. 4 | Acoustofluidics for single-cell analysis. a | Acoustofluidic device set-up can be used to pair neighbouring cells.
By modulating the phase of applied acoustic waves, neighbouring cells can be brought into contact with one another,
enabling detailed studies into contact-based cell-cell communication (scale bar: 20 um). b | Standing wave acoustofluidic
device for creating flexible, grid-like patterns of single cells (scale bar: 30 um). c | Acoustofluidic device capable of
manipulating trapped cells in three dimensions. By precisely controlling amplitude of applied acoustic waves, vertical

position of trapped cells can be precisely controlled (scale bar: 20 um). d | A vortex beam-based acoustofluidic device for
selective manipulation of trapped cells. Unlike standing wave-based approaches, which cannot achieve selective control,
use of an acoustic vortex beam enables selective trapping and manipulation of individual cells within a microchamber
(scale bar: 600 um). IDT, interdigital transducer; PDMS, polydimethylsiloxane; SAW, surface acoustic wave. Part a adapted
with permission from REF.*%, PNAS. Part b image courtesy of D. Collins and A. Neld. Part c adapted with permission from

REF.**!, PNAS. Part d reprinted from REF.**%, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

allowing for the generation of well-controlled pulling
forces up to 500 pN. Using this approach, up to 50 sin-
gle cells can be measured in real time with a temporal
resolution of ~1 ps (REF.'*). This approach was used to
investigate the effects of various chemical treatments
on the mechanical properties of RBCs. The researchers
applied this platform to investigate the effect of extracel-
lular vesicles placed in the vicinity of the RBCs on their
mechanical properties and showed that the presence
of extracellular vesicles increased the deformability of
RBCs. Subsequent demonstrations of this technology
have shown its ability to measure T cell adhesion'®.
Through integration with an atomic force microscopy
probe, more sensitive measurements of the acousti-
cally driven vibration were made possible, enabling the
measurement of supracellular mechanical properties,
such as surface epithelial tension, effective viscosity and
intercellular adhesive forces in a multicellular system'®.

Acoustic force spectroscopy has been implemented
in single-molecule analysis applications to provide a
high-throughput, simple approach for measuring the
force profiles of individual molecules. The configu-
ration is similar to the configuration used to perform
single-cell analysis; however, molecules, rather than
cells, are tethered to the microparticle in the chamber.
By creating a standing acoustic wave within the cham-
ber, the microbead can pull the tethered molecule,
exerting well-controlled forces up to 350 pN (REF.""").
A transparent piezoelectric element is used, rather than
an opaque element, to allow transillumination of the
sample and improve the real-time tracking accuracy of
the beads, and the layer thickness is optimized to allow
for stronger forces along the bottom surface. This now
commercialized instrument (Q-Trap; LUMICKS) has
been used to measure DNA-protein binding, investi-
gate mechanisms of DNA repair and probe the real-time
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Iso-acoustic point

When particles or cells flow
through a liquid that has a
gradient in its acoustic
impedance, the iso-acoustic
point represents the location
where the acoustic contrast
between the particle/cell and
the surrounding liquid is zero.

Exosomes

Nanometre-sized extracellular
vesicles that contain molecular
cargo from their cell of origin.

formation of viruses. Owing to its simple device set-up
and high-throughput nature, acoustic force spectros-
copy can greatly expand the use of single-molecule
techniques in life science research and provide a more
rapid approach for conducting large-scale measurements
of individual cells or molecules.

To circumvent the need for sample preparation
in acoustic force spectroscopy, several label-free,
continuous-flow acoustofluidic technologies have also
been developed for measuring the mechanical proper-
ties of cells and model organisms. For example, a BAW
resonator was used to measure the acoustic properties
and phenotypic information of cells in a manner that
is independent of cell size'*. By flowing cells through
a BAW resonator that contained a medium with a gra-
dient in its acoustic contrast, cells could be pushed
to an iso-acoustic point. Based on the location of the
iso-acoustic point of a particular type of cell, its acous-
tic impedance can be extrapolated and measured. This
tool enables researchers to measure phenotypic infor-
mation about cells in a manner that is independent
of their size. BAW resonators have also been used to
measure the compressibility of model organisms such
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as Caenorhabditis elegans'”. By tracking the trajectory
of the C. elegans towards the nodal line, the compressi-
bility of the worm can be measured. This biocompatible
acoustofluidic platform holds promise for measuring the
compressibility of other non-spherical biological model
organisms and pathogens.

Diagnostics and liquid biopsies. The isolation of circu-
lating biomarkers from biofluids is critical to the devel-
opment of highly sensitive diagnostic techniques'*
(FIG. 5a). For example, in cancer diagnostics, the isolation
of circulating tumour cells (CTCs) from whole blood
has been identified as a non-invasive approach for the
detection of early-stage cancers'". Similarly, exosomes
have been identified in biofluids as promising circu-
lating biomarkers for the diagnosis of cancers, neuro-
degenerative diseases, liver disease and gastrointestinal
diseases'””. However, challenges associated with the iso-
lation of these circulating biomarkers have thus far pre-
vented their widespread clinical use and, in many cases,
the promise of developing non-invasive liquid biopsies
remains elusive. Owing to their ability to separate parti-
cles based on differences in multiple physical properties,
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including size, density and compressibility, acoustoflu-
idic techniques have shown great promise in isolating
circulating biomarkers and represent a powerful toolset
in helping unlock the clinical utility of the liquid biopsy.

Numerous approaches have been developed for the
isolation of CTCs using acoustofluidics. One of the first
proof-of-principle devices was demonstrated for isolat-
ing rare cancer cells using a bulk acoustic standing wave
device (FIG. 5b) to separate prostate cancer cells from
white blood cells (WBCs) based primarily on differ-
ences in their size'”®. Under this configuration, the larger
cancer cells experience a larger acoustic radiation force
and are pushed to the centre outlet of the channel, align-
ing with the pressure node, whereas the smaller cancer
cells do not experience enough force and remain in the
side outlets. Cancer cell recovery ranged from 72.5% to
93.9% whereas the purity ranged from 79.6% to 99.7%
at a throughput of 70 plmin~'. As an alternative acou-
stofluidic technique for isolating CTCs, a tilted-angle
standing SAW device was employed to separate CTCs
from peripheral WBCs'””. Unlike traditional standing
SAW devices, which can only move cells or bioparticles
a distance that is equal to a quarter of the wavelength
of the acoustic waves, the tilted-angle design enabled
cells and particles to travel across multiple nodal lines,
leading to separation distances approximately three
times larger than the acoustic wavelength (FIC. 5c). As
aresult, CTCs could be separated from WBCs at a flow
rate of 20 plmin™', with recovery rates ranging from
83% to 96% and a WBC removal rate of approximately
90%. Later, this tilted-angle design was improved upon
through the use of a PDMS-glass hybrid channel,
which led to increased acoustic energy within the chan-
nel and enabled CTCs to be isolated at throughputs of
125 ulmin" (REF'*).

In addition to separating CTCs at the microscale,
acoustofluidic separation technologies have been imple-
mented at the nanoscale to separate exosomes, which
range in diameter from 30 to 150 nm, from various
biofluids. Owing to their small size, traditional meth-
ods for isolating exosomes, such as ultracentrifuga-
tion, suffer from drawbacks such as lengthy processing
times, low yields, low purities and low biocompatibility.
Acoustofluidic technologies present an opportunity to
isolate exosomes in a point-of-care fashion in as little as
10 min. One of the first demonstrations of acoustofluidic
technologies to filter extracellular vesicles was the use
of a standing SAW design to purify nanoscale vesicles
(<200nm) from cell culture media'”. Later, a tilted-angle
SAW device was implemented to isolate exosomes from
whole blood, removing >99.999% of blood cells*®. This
acoustofluidic platform was later implemented to iso-
late exosomes from whole blood to assess their utility
as a biomarker for traumatic brain injury*'. An opti-
mized design was also used to isolate exosomes from
saliva?®. The acoustofluidic platform exhibited a yield
of exosomal small RNA that was 15 times greater
than traditional ultracentrifugation. In addition to
SAW-based approaches, seed particle-enabled acous-
tic trapping has also been used for isolating exosomes
from biofluids®**-*°. In these devices, preloaded seed
microparticles are placed into an acoustic standing

wave; as nanoparticles pass through the active acoustic
region, scattered sound interaction enables them to be
trapped within the microchannel (FIG. 5d). This tech-
nique typically allows for higher throughput than purely
SAW-based mechanisms; however, seed microparticles
are included in the isolated preparations. The protein
content of extracellular vesicles isolated via acoustic
trapping has been shown to be similar to extracellular
vesicles isolated via ultracentrifugation. Furthermore,
vesicles can be isolated directly from cell culture con-
ditioned media, urine and blood plasma samples at
flow rates of 15 plmin', demonstrating the powerful
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potential of this platform in liquid biopsy applications™”.

Automation. Many procedures in life science research
laboratories, such as the pipetting of liquids and the for-
mulation of buffers and reagents, are manual processes
that require trained technicians and are prone to oper-
ator error. One of the primary applications of acousto-
fluidic devices has been the automation of workflows in
biological and biomedical laboratories. For example, the
recently developed platform known as digital acousto-
fluidics is a contact-free liquid handling technology that
enables the manipulation of liquid droplets with volumes
from 1nl to 100 pl along any planar axis via acoustic
streaming-induced hydrodynamic traps®”’ (FIC. 62). These
droplets, which float on top of a layer of oil, are not prone
to cross-contamination as is the case for traditional
dielectrophoretic-based droplet handling mechanisms
and can be merged, split and translated along any arbi-
trary path within the device. In addition to automated
liquid handling, various acoustofluidic devices have
been developed to automate the selection and sorting
of cell populations. Both SAW'*"*** devices and BAW*”
devices have demonstrated the ability to sort cell pop-
ulations based on detection of target fluorescence sig-
nals (FIC. 6b). These strategies have also been adopted
to enable the sorting of model organisms, such
as C. elegans’’. Another key function of acoustofluidic
devices has been their ability to mix fluids within
microfluidic devices (FIG. 6¢). Owing to the small chan-
nel dimensions and resulting low Reynolds numbers,
fluid flow within microfluidic channels is often laminar,
making it difficult to effectively mix fluids*''. Various
acoustofluidic approaches, including oscillating struc-
tures'”’, oscillating microbubbles*? and induced fluid
streaming’"’, have been implemented to controllably
mix fluids within microfluidic devices. Acoustofluidics
can also provide a high degree of automation in the con-
centration of analytes within small fluid volumes*'*-*'¢
(FIG. 6d). SAW-based**** and BAW-based?'° streaming
have been used to concentrate nanometre-sized particles
for signal enhancement and analyte enrichment.

3D culture and tissue engineering. Acoustofluidics has
increasingly been applied to the field of tissue engineer-
ing to pattern cells and assemble organoids for funda-
mental biological research?”. Initially, these devices
utilized standing acoustic waves to agglomerate cells
and form size-controllable organoid structures®® (FIC. 7).
By coating a multiwell plate with a protein-repellent
amphiphilic polymer coating and mounting it to a BAW
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transducer to create a standing wave within each cham-
ber, highly homogeneous multicellular tumour spheroids
were generated at the centre of 100 microwells**. A high-
throughput, SAW-based approach was implemented for
the generation of tumour spheroids®”. A standing SAW
with 12,000 pressure nodes was formed underneath a
PDMS microchannel with 60 parallel channels; when
the acoustic waves were turned on, cells in the channel
aggregated at each of the pressure nodes, enabling the
rapid formation of ~12,000 spheroids per chamber. In
addition to the generation of spheroids, acoustofluidic
devices can be used for the formation of patterned cell
fibres. Both BAW?** and SAW?*! approaches have been
implemented to pattern cells within a hydrogel using a
standing acoustic wave. Upon curing of the hydrogel,
fibrous cellular structures that resemble natural tissue
structures, such as anisotropic muscle tissue**’, have
been demonstrated. A hybrid SAW and BAW approach
has been used to create more complex, functional col-
lateral cylindroids for ischaemia therapy’>. A PDMS
chamber containing cells in a hydrogel was placed on top
of a SAW substrate and acoustic coupling layer; a stand-
ing SAW was created within the coupling layer, which

was transmitted to the PDMS chamber in the form of a
BAW. The reflection of the BAW from the top cover glass
on the chamber enabled the formation of a 3D acous-
tic field to pattern multiple cell types. Although this
approach enabled the fabrication of 3D structures, the
patterns that could be generated were still limited to
periodical structures owing to the nature of the stand-
ing waves. Newly developed acoustofluidic technologies,
such as the integration of acoustic holograms, have been
developed for the formation of arbitrary, complex cell
patterns within hydrogels'*******". Here, acoustic holo-
grams are used to create complex streaming patterns
within the hydrogel, which can be utilized to bring cells
to the image place and form arbitrary, predefined shapes
and patterns. Holographic approaches hold great promise
for the fabrication of biomimetic tissues, which require
non-symmetrically shaped cell assemblies.

Reproducibility and data deposition

Although it is relatively straightforward to set up
and operate an acoustofluidic system, reproducing
data is still a challenge. Many acoustofluidic systems
are designed for producing 1D acoustic fields inside
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microscaled fluid channels. However, suppressing effects
from resonances in the other dimensions is difficult and
must be taken into consideration®”. For this reason, even
repeating experiments in the same system is a challenge;
for example, if a BAW-type piezoelectric transducer is
positioned or aligned differently onto a microfluidic
chip between different experiments, or if the droplet
volume changes in a droplet-based SAW system. One
simple strategy to improve robustness and, in turn, data
reproducibility is to design acoustofluidic devices that
are as simple as possible”. On the other hand, advanced
life science applications may demand complex designs
and devices. Therefore, when modelling and designing
a robust acoustofluidic device in general, it is recom-
mended to include a full-system approach including
all materials and three dimensions as well as the pie-
zoelectric transducer”. But it can also be important to
study individual parts of the system, for example, when
selecting the thickness and material of the coupling
layer between a transducer and a microfluidic device”,
a minor yet important detail that is often omitted both
in the design process and in practical laboratory work.
Of particular interest for future BAW-based designs
is thin-film BAW technology, which has the poten-
tial to significantly improve reproducibility because,
unlike traditional BAW devices, the performance of the
device is not reliant on the resonance properties of the
transducer itself***.

2D
|

In the early days of acoustofluidics, manual calibra-
tion was often needed before starting any experiment;
for example, by manually fine-tuning the actuation fre-
quency and voltage until finding a suitable resonance
frequency and particle manipulation effect. Later,
semi-automated procedures for selecting an optimal
actuation frequency have been demonstrated, including
automatic frequency tracking® and frequency modula-
tion'** methods. More recently, efforts have been made
in using polymer materials as a replacement for the
traditional supporting structures around a fluid chan-
nel made in hard materials such as silicon and glass.
To get a polymer-based acoustofluidic system to work
properly, careful modelling of acoustic resonances in
three dimensions and in the whole system is needed
in the design procedure®. Here, an interesting option is
to exploit asymmetrical architecture and actuation for
improved performance in both polymer devices® as well
as traditional glass—silicon devices™'. But for any choice
of system design, it is crucial to know the acoustical and
mechanical properties of all materials used in the device,
including the sample being manipulated. Often, material
properties are either unknown or not accurately quanti-
fied, and sometimes depending on external parameters
that may vary during an experiment. This is particularly
true in biomedical applications using complex fluid
samples containing bioparticles and various chemi-
cals. Furthermore, cells typically have heterogeneous
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Fig. 7| Acoustofluidics for tissue engineering. a| Acoustic standing waves
can be used to rapidly form size-controllable cell clusters, representing a
simple approach for the fabrication of cell spheroids and organoids (scale bar:
20um). b | Standing waves can also be used to pattern cells and form
one-dimensional (1D) tissue fibres (scale bars: 50um). ¢ | Orthogonal standing
waves can be used to pattern cells in two dimensions, enabling fabrication of
complex cellular geometries that incorporate multiple cell types. Here,
patterned cell-hydrogel constructs were transplanted into living mice. This
3D image of fluorescently labelled blood vessels was taken 1 week after

transplantation. The yellow asterisks indicate host blood vessels that had
infiltrated into the transplant (scale bar: 50 um). d | Acoustic holograms have
been used to create arbitrarily shaped acoustic fields, which can be used to
trap cells in complex geometries that are required for formation of biomimetic
tissue structures (scale bar: 5mm; inset scale bar: 500 um). Part a reprinted with
permission from REF.?*%, RSC. Part b reprinted from REF.**/, CC BY-NC (https://
creativecommons.org/licenses/by-nc/4.0/). Part c reprinted from REF.?*%, CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part d reprinted from
REF?%, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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mechanical properties within a cell population
these properties also depend on the cellular state
Another challenge is to predict the acoustic effects of
various concentrations of cells, particles and chemicals
in a fluid sample*”.

A possible route for improving the reproducibility
in acoustofluidics is to integrate the piezoelectric trans-
ducer in the device, instead of having the transducer and
the device as separate units. In many cases it is conven-
ient to be able to disassemble the device, but this often
comes at the cost of robustness. For example, a simple
and robust device was recently demonstrated where the
manipulation principle was based on surface displace-
ment of resonance modes in the piezoelectric layer that
was coupled into the fluid layer in direct contact with the
piezoelectric layer. With this device, the particle manip-
ulation function was not even affected by the introduc-
tion of a large gas pocket into the fluid sample, because
the manipulation principle was not based on lateral reso-
nances in the fluid chamber but, rather, the bulk modes
of the transducer*".

In the acoustofluidic community, there are no estab-
lished standards or routines for deposition of data sets
and other additional information of interest. Typically,
information regarding the operating frequency (kilo-
hertz to gigahertz), operating power (1-500 mW),
duration of applied acoustic waves (seconds to minutes)
and throughput (1 nlmin~'-100 mImin™") is reported in
acoustofluidics publications; however, a lack of stand-
ardization has contributed to difficulties when trying to
compare results between different acoustofluidic tech-
nologies. Although this is well established in some fields,
such as in proteomics and genomics, it is up to the com-
munity to agree on what type of raw data and algorithms
used should be openly available for validation and fur-
ther analysis. One recommendation is to include detailed
experimental protocols (see Supplementary Box 1) and
upload programming code, algorithms and data sets of
interest to a cloud-based repository. Transducer charac-
terization data, for example electrical impedance spectra,
to facilitate more detailed evaluations and comparisons
of different types of transducers and their operating fre-
quencies should also be included. The electrical imped-
ance spectra of a transducer can be obtained using
commercially available network analysers.

Limitations and optimizations

It is important to optimize the actuation frequency and
voltage, as well as selecting proper geometries and mate-
rial properties in the modelling process of the device. It
is also important to choose which parameters should be
prioritized in the optimization — for example, whether
the power consumption or manipulation flexibility is the
most important factor. Minimizing power consumption
is typically done by maximizing the quality factor of the
acoustic resonance®. On the other hand, this leads to
limitations in frequency choice and, in turn, versatility
and flexibility of the acoustic manipulation. In lower
quality factor devices, several resonance modes in a
fluid channel — in different directions — can be excited
simultaneously with a single frequency, given that their
resonance frequency spectra overlap. For example,

orthogonal resonances can be simultaneously excited
in a microchannel with a square-shaped cross section
to enable 2D acoustic focusing of sub-micrometre
particles”. Another interesting approach is to use
thin-film BAW transducers in acoustofluidics, with the
advantage of being able to build devices that are insen-
sitive to the Q factor and resonance properties of the
transducer’”.

It is also possible to excite acoustofluidic systems
with dynamic and/or multiple frequencies. Depending
on the rate of frequency change, the result is either a
resonance built up from the average of the single fre-
quency resonances or a dynamically varying resonance.
The former method — fast frequency modulation — has
been used for stabilizing resonances and suppressing
spurious modes'*, fine-tuning the pressure node posi-
tion in a microchannel by rapid mode switching”® and
improving the roundness and uniformity of spheroids in
3D cell cultures®®. The latter method — slow frequency
modulation — has been used for flow-free transport of
particles in a fluid channel'** and for stimulating a cell
aggregate by oscillatory fluid shear stresses*”’. These
actuation strategies can be combined with frequency
tracking methods where the electrical impedance spec-
trum is continuously monitored during actuation, which
makes it possible to dynamically optimize the actuation
frequency””. This is particularly important for robust
long-term operation.

As briefly mentioned in the previous section, acous-
tic streaming causes a limitation in how small objects
can be efficiently manipulated by acoustofluidic meth-
ods. Several methods have been suggested and demon-
strated for reducing the influence of acoustic streaming
on the manipulation performance of particles in the
sub-micrometre regime. Examples include the use of
larger seed particles that attract sub-micrometre par-
ticles by acoustic interaction forces*”, the use of 2D
acoustophoresis in channels with square cross sections,
suppressing acoustic streaming by shape-optimized
channels*® and suppressing acoustic streaming using
acoustic impedance gradients®**. There is also the
opportunity to explore the constraint of fluid volumes by
the use of extremely small enclosed fluidic channels and
other forms of acoustically driven flow besides acoustic
streaming™.

In biomedical applications, temperature effects are
important to control. High Q factor devices are advan-
tageous as they typically produce very little heat. On
the other hand, low and medium Q factor devices may
produce significant heat that needs to be controlled.
This is particularly true for devices including layers of
polymers, PDMS, glue and other acoustically lossy mate-
rials. Even if a temperature increase is not a problem
from an application point of view, it is still important
to control the temperature as it affects the sound veloc-
ity and, in turn, the resonance condition. Various heat
management methods in acoustofluidics have been pre-
sented”'***, including the indirect frequency tracking
method™.

A question that is often asked is whether acous-
tic manipulation and trapping is harmful to biologi-
cal cells. There are two obvious ways to harm cells by
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Acoustic cavitation

The growth and collapse
of microbubbles under the
influence of an acoustic
field in liquids.

ultrasound acoustics: either by heat caused by ultra-
sound or by acoustic cavitation. Heat can indeed be gen-
erated in any acoustofluidic device, but heat can also
be limited and controlled in various ways as discussed
above. Cavitation, on the other hand, is more difficult
to both measure and control, but is rarely present at the
frequencies and energy densities used in most acousto-
fluidic systems*****. In addition, in standing wave-based
acoustofluidic devices, even if cavitation should be pres-
ent cells are physically protected from the cavitation
bubbles as cells are typically driven to pressure nodes
whereas cavitation bubbles are typically formed in
pressure antinodes™*. Finally, it should be noted that
in acoustofluidic cell handling devices, acoustic stream-
ing rarely has magnitudes capable of creating cell damage
due to shear stresses. For example, acoustic streaming
velocities were 120 pm s~ at maximum in a 2.5 MHz
standing wave acoustic field with 1 MPa pressure
amplitude, without causing any observable cell damage
or stress*”.

Outlook

Much progress has been made in the development
of acoustofluidic technologies over the past decade.
Acoustofluidic devices are now being employed in
many application areas including single-cell analysis,
laboratory automation, point-of-care diagnostics, 3D
cell culture, tissue engineering, cell and gene therapy,
biophysical measurements, drug delivery and biosens-
ing. Although these application areas are extensive and
diverse, there are still many challenges in the devel-
opment of acoustofluidic technologies that need to
be addressed in order to unlock the full potential of
acoustofluidics in biomedical applications.

One of the primary obstacles preventing the wide-
spread use of acoustofluidic technologies in biomedical
applications has been a lack of focus placed on proto-
type development. The acoustofluidic technologies that
have been developed thus far have largely been special-
ized instruments that require highly skilled operators.
This has made it difficult to translate the use of acou-
stofluidic technologies outside specialized laboratories.
Furthermore, demonstration of acoustofluidic capabil-
ities often requires the use of external equipment, such
as syringe pumps, function generators and amplifiers,
which are not available to many biomedical research
laboratories. Over the next decade, it is critically impor-
tant for acoustofluidic technologies to be developed
into all-in-one prototypes that do not require external
equipment or a high degree of user skill or training.
Although recent efforts have led to the commerciali-
zation of some acoustofluidic technologies — such as
the z-Movi by LUMICKS for performing acoustic force
spectroscopy measurements, the ekko technology plat-
form by FloDesign Sonics for the processing of cells in
cell and gene therapy manufacturing and the Attune
Flow Cytometers by Thermo Fisher Scientific that
acoustically focus cells prior to analysis — commercial
development is still in its infancy. The current state of
acoustofluidics research is in many ways analogous to
the early development of commercial 3D printing tech-
nologies, where initial research efforts were conducted

by various, specialized laboratories focusing on different
approaches. Another avenue that will lead to the rapid
adoption of acoustofluidic technologies is the integration
with existing tools for biomedical research laboratories,
such as the recent demonstration of acoustic tweezers
that operate within Petri dishes*”’. Additionally, recent
development efforts have focused on open source devel-
opment**, which has made acoustofluidic technologies
more widely accessible to biomedical research laborato-
ries. Overall, now that many of the key functionalities
of acoustofluidic technologies have been successfully
demonstrated, we expect that commercialization efforts
and prototype development will rapidly follow in the
coming decade.

Another key challenge in acoustofluidic research
has been a lack of standardized methods to characterize
the influence of acoustic waves on cells and organisms.
Although multiple laboratories have demonstrated the
broad biocompatibility of acoustofluidic technologies
on cells”*>****" and organisms™', these evaluations have
been highly specialized, making it difficult for biomedi-
cal researchers to know a priori the influence of a given
acoustofluidic technology on their cell or organism of
interest. As such, a larger focus needs to be placed on
standardizing the characterization of the biological effects
of acoustics at specific frequencies and powers in order
to assure biomedical researchers that the technology is
compatible with their research goals.

There are several challenges for the future in acoust-
ofluidics in terms of optimizing devices and methods.
One challenge is to increase the level of automation
and, in turn, robustness in acoustofluidics. This can be
accomplished by more advanced actuation methods
including tailored frequency modulation and frequency
tracking methods, but also by whole system modelling
when designing new devices. It is also important to
combine and integrate acoustofluidic technology with
other methods such as sensor and analysis technologies.
Another challenge is to improve methods for nanopar-
ticle manipulation for handling of bacteria, viruses and
exosomes. This can be explored by various suggested
methods?™**#%%, where some ideas are still only pre-
sented theoretically or numerically***. Heat management
methods need further attention**, as well as additional
studies of acoustic streaming in three dimensions and in
various fluids, geometries and frequency regimes. New
device materials should be further explored, including
polymer-based materials and, possibly, hybrid materi-
als with tailored acoustic properties. Here, asymmet-
rical architecture and actuation strategies have shown
great promise. Novel transducer technologies applied to
acoustofluidics are interesting, such as thin-film trans-
ducers®*. Finally, of high relevance in biomedical appli-
cations is to further study biological effects triggered by
acoustic actuation at the microscopic and nanoscopic
length scales and at various time scales. For example,
most studies so far have focused on demonstrating that
the ultrasound used in acoustofluidic devices does not
cause any noticeable effects on biological cells. However,
there may be several advantageous effects of ultrasound
exposure at the cellular and molecular level yet to be
explored and demonstrated.
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Although the use of acoustofluidics has expanded into
multiple fields of research in biology and medicine, there
are still many emerging areas where acoustofluidics can
play a major role. Take, for example, the recent demon-
strations of in vivo acoustic manipulation®”. Although
not considered a traditional application of acoustofluidics,
the manipulation of biological objects within living tissue
is in many ways similar to the manipulation of objects
within microfluidic devices. Owing to their non-invasive
nature and ability to penetrate deep into tissue, acoustic
waves hold great potential as a non-surgical alternative

for moving objects, such as kidney stones or robotic cam-

eras, within the human body. In addition to contact-free
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