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The advent of microfluidic and microfabrication technologies provides vast opportunities for the rational
design of colloidal materials and interfaces. However, the development of microscale lab-on-a-chip
solutions is greatly limited by the lack of flexible control and intensive process kinetics. The integration
of acoustics and microfluidics provides tremendous opportunities to manipulate fluids for the
spatiotemporal control of engineering applications. In this perspective, we discuss the utility of acoustic
microfluidics as an emerging tool for colloidal materials and interface engineering. We outline the
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underlying principles involved in acoustic microfluidics, assess the achievements and shortcomings of
efforts so far in the field, and then highlight the bottlenecks that hinder the practical implementations of
DOI: 10.1039/d2ma00590e acoustic microfluidics from the viewpoints of both academic and industrial applications. We further

provide our perspectives toward future research to develop advanced materials and interface systems
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1. Introduction

The advent of microfluidics in the 1990s has led to significant
achievements and outstanding performance characteristics that
range from colloidal materials development and interface engi-
neering applications.! By virtue of its unique merits in terms of
ease-of-use, low-cost, portability, scalability, and automation,
microfluidics has demonstrated effectiveness and improve-
ments over conventional benchmark methods.”” Although
considerable progress has been achieved, the low Reynolds
number at the microscale means that microfluidic devices face
the critical challenge of process intensification inside the
microchannels, which greatly limits their applicability.®™*°

To overcome this problem, researchers have developed
many passive strategies that rely on the optimization of channel
geometries and device configurations.'" However, these strate-
gies are not only short of flexible control but lack intensive
process kinetics within a short-range proximity.'*** Alterna-
tively, active strategies that rely on an external energy supply
such as acoustics, optics, magnetics, electrics, and heat have
emerged. Among them, acoustics-driven microfluidics presents
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attractive features of precise positioning, high tunability, deep
penetration, and good biocompatibility, which provide tremen-
dous opportunities to manipulate fluids for the spatiotemporal
control of engineering applications.

This perspective review assesses the promise of acoustic
microfluidics for colloidal materials and interface engineering
(Fig. 1). We outline the principles underlying acoustic actua-
tion, summarize the successes and failures of past efforts,
highlight the current bottlenecks hindering practical imple-
mentations, and finally provide ideas to inspire future research
in this field.

2. Working principles

Conventional microfluidic strategies are largely affected by the
strong capillary forces and high surface tension in microscale
channels, leading to critical challenges for both colloidal
materials development and interface engineering applications.
The introduction of acoustics enables microfluidic devices to
generate acoustic streaming for manipulating liquid precisely
and efficiently with controllable reaction and interaction
kinetics, providing promising potential for chemical and bio-
medical engineering.'* According to different driving modes,
acoustic microfluidics can be classified into two main groups:
bulk acoustic wave (BAW) microfluidics and surface acoustic
wave (SAW) microfluidics (Fig. 2).

BAW devices function through the propagation of acoustic
waves in the direction perpendicular to the surface of the
piezoelectric materials (mostly lead zirconate titanate, quartz,
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Fig. 1 Acoustic microfluidics for colloidal materials and interface engi-
neering enabled by the functions of mixing, separation, concentration,
sorting, trapping, and patterning. Reproduced with permissions from
ref. 24, 32, 38, 48 and 50-57, respectively.

and aluminum nitride). BAW microfluidics that usually work
under a frequency of several hertz to a few hundred kilohertz
can be further divided into microsolid-driven microfluidics and
microbubble-driven microfluidics (Fig. 2a). Microsolid-driven
microfluidics relies on the oscillation of solid microstructures
(mostly triangular objects) inside the microchannels upon acous-
tic actuation, which can induce a pair of counter-rotating vortices
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around each solid object.">™” Such a microstreaming phenom-
enon enables the facilitation of mass transfer for meeting the
specific needs of process intensification at the microscale. The
reaction and interaction kinetics regulated by the oscillation
amplitude can be adjusted flexibly using the power feature (such
as voltage, frequency, and waveform) and microsolid properties
(such as the tip angle, number, size, and pattern).'” Similarly,
microbubble-driven microfluidics rely on the oscillation of micro-
bubbles that are formed by trapping air pockets in specially
designed microchannels with unique cavities or grooves. The
strong liquid circulation around microbubbles that is induced by
acoustic streaming enables rapid and significant process intensi-
fication. It is noted that the resonant frequencies for actuating
the microbubbles are directly related to their sizes, providing
enough flexibility in adjusting the performance metrics.

SAW devices function through the propagation of acoustic
waves in the direction along the surface of the piezoelectric
materials (mostly lithium niobate and lithium tantalate) with
patterned interdigital transducers (IDTs). Upon actuation of the
IDTs, the generated SAW can radiate into the fluid at the
Rayleigh angle (0g), giving rise to acoustic streaming. SAW
microfluidics, which usually work under a frequency from
several hertz to a few hundred megahertz, can be broadly
divided further into straight IDTs-driven microfluidics, focused
IDTs-driven microfluidics, and slanted IDTs-driven microflui-
dics (Fig. 2b)."® Straight IDTs-driven microfluidics rely on
equal-length straight metal bars (IDT fingers) that are alter-
nately connected on either end. When placing a droplet or
microchannel in the wave-propagation path, the SAW energy
can induce a strong disturbance in the liquid for process
intensification. The reaction and interaction kinetics can be
adjusted flexibly via the applied voltage and frequency, size

b SAW device configurations
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Fig. 2 Typical configurations of acoustic microfluidic devices. (a) BAW device configurations with microsolid-driven mode (top) and microbubble-
driven mode (bottom); and (b) SAW device configurations with straight IDTs-driven mode (top), focused IDTs-driven mode (bottom-left), and slanted

IDTs-driven mode (bottom-right).
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dimensions and location of droplets/microchannels, as well as
the configuration of the IDTs. Compared with straight IDTs-
driven microfluidics, focused IDTs-driven microfluidics usually
rely on curved concentric fingers to generate a stronger SAW
energy for intensifying mass transfer. The process kinetics can
be controlled well by adjusting a series of design configura-
tions, such as the focal length, degree of arc, finger width, and
number of finger pairs. Comparatively, slanted IDTs-driven
microfluidics rely on variation of the finger spacing across
the transducer width, which enables broad-band frequency
excitation for more flexible operations.'®>°

3. Colloidal materials development

By virtue of its unique features, such as rapid reaction kinetics,
intensive mixing, high integration, and good flexibility, acous-
tic microfluidics has already demonstrated great potential for
the rational design and controllable synthesis of functional
micro-/nanomaterials.> Compared with conventional passive
microreactors, acoustics-integrated active microreactors not only
enable flexible control but also greatly shorten the mixing distance
and simplify the microchannel geometries.*” So far, different kinds
of organic materials (such as chitosan,® PLGA,>* MXene,?
MOFs,” liposomes,** polyvinyl alcohol,*® and proteins®?), inorganic
materials (such as Au nanoparticles,”® Ag nanoparticles,’® ZnO
nanorods,**> and MoS, quantum dots®®), as well as their hybrid
materials have been created from BAW and SAW microfluidic
reactors (Fig. 3).>* For example, in organic systems, MOFs, including
HKUST-1 and Fe-MIL-88B, can be synthesized within 5 min via a
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Fig. 3 Examples of acoustic microfluidics for colloidal materials development.
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SAW platform due to fast convective transport.”” PLGA-PEG nano-
particles of 57.4 nm and liposomes of 73.1 nm have been synthe-
sized using a BAW device.** Uniform protein crystallization with a
60% size difference drop compared with passive mixing has been
realized by the SAW device.” In inorganic systems, ZnO nanorods of
3 pm length and 200 nm diameter were synthesized inside the glass
capillary using a BAW platform.*” Ag nanoparticles with a size of
40-90 nm were synthesized via a SAW device.** MoS, quantum dots
with a size of 8.25 nm and considerably higher yields compared
with conventional methods were synthesized using a SAW device.*
In all, the main effect of acoustic microfluidics, regardless of
whether BAW or SAW devices, in the synthesis process is to strongly
disturb the flow field and enhance mass transfer. Because of such a
process intensification ability, acoustic microfluidics can show a
better performance than conventional methods in the synthesis of
materials.

In spite of the great achievements that have been made,
certain problems remain facing acoustic microfluidics for colloi-
dal materials development. Firstly, compared with conventional
microreactors, the flexibility and efficiency of acoustic microreac-
tors have been validated. However, the introduction of acoustics
requires the support of affiliated equipment, such as function
generators and amplifiers, which will certainly compromise to
some extent the portability of microreactor devices. Secondly, the
feasibility of acoustic microreactors for the synthesis of organic
and inorganic micro-/nanomaterials has been demonstrated.
However, systematic investigation of the effect of the reactor
operation parameters on the physicochemical properties (such as
size, shape, and composition) towards the development of an on-
chip material library is still lacking. Thirdly, although numerous

Mixture > Ag-NPs

(b) Bubble-driven

microreactors for liposome production. (c) Focused SAW microreactor for the synthesis of protein crystals. (d) Sharp-edge acoustic microreactors for
the synthesis of a ZnO nanorod array inside a glass capillary. (e) Focused SAW device for the synthesis of Ag nanoparticles. (f) Focused SAW device for the
synthesis of MoS, quantum dots. Reproduced with permissions from ref. 24, 27, 30, 33, 35 and 36, respectively.
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studies have identified acoustics-driven intensive mixing inside
microchannels and sessile microdrops, the throughput and yield
capacity remain a significant challenge for acoustic microreac-
tors. The flow rates in continuous flow microchannels are usually
below tens of microliters per minute, while the volumes of the
microdrops are generally less than tens of microliters.

4. Interface engineering applications

The introduction of acoustics endows microfluidics with attrac-
tive features in terms of precise positioning, flexible control,
intensive interactions, and good biocompatibility, which offer
great opportunities for advanced interface engineering applica-
tions. Compared with conventional microfluidic chips, acoustic
microfluidic devices enable the manipulation of particulate
objects in a dynamic, predetermined, and controllable manner
through acoustic streaming and an acoustic radiation force. So
far, a series of BAW- and SAW-based interface engineering
solutions have been developed for robust mixing, separation,
concentration, sorting, trapping, patterning, etc. (Fig. 4).*
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The intrinsic advanced functions make acoustic microfluidics
possible for benefiting diverse application fields such as
biosensing,**** nanomedicine,® drug delivery,* cell lysis,*
bioliquefaction,” enzyme bioassays,*® batteries,** tissue engineer-
ing,* and cell/spheroid/organoid manipulation*®*° (Fig. 5). In spite
of its apparent effectiveness, many aspects of acoustic microfluidics
in interface engineering applications have still not been explored.
Firstly, the engineering applicability of acoustic microfluidics has
already been verified with extensive experimental observations.
However, considering the complexity of acoustic effects in fluidic
the underlying physics and working mecha-
nisms are still not clear enough. Secondly, acoustic microfluidics
has successfully demonstrated robust size-based separation and
concentration capabilities from nanoscale proteins to microscale
cells and milliscale organisms. However, the selective treatment of
similar-sized or molecular-sized objects remains an unmet need.
Thirdly, due to the actions of acoustic streaming and acoustic
radiation forces, acoustic microfluidics can precisely position parti-
culates in a preconceived way at the microscale. Despite the
successes achieved at microscopic interfaces, high throughput

environments,

Interface applications: liquid biopsy, environment

nterface applications: bioanalysis, quantum computmg

f Patterning

N ———————————

nterface applications: drug screen, tissue engineering

Fig. 4 Typical functions of acoustic microfluidics for functional interface applications. (a) Mixing that is accomplished by acoustic streaming for making
reagents interact intensively inside microchannels or microdroplets. (b) Separation that is induced by acoustic streaming or an acoustic radiation force for
differentiating particles of different sizes. (c) A concentration that is primarily achieved using an acoustic radiation force for relocating particles to the
centers. (d) Sorting that is performed using an acoustic radiation force for screening particles of interest. (e) Trapping that is associated with acoustic
streaming or an acoustic radiation force for the fine manipulation of particles and biological objects. (f) Patterning that is achieved primarily using an
acoustic radiation force for arranging particles in a specific matrix.
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Fig. 5 Examples of acoustic microfluidics for interface engineering applications. (a) Straight IDTs-driven separation and analysis of biomarkers. (b) Straight
IDTs for protein drug encapsulation and delivery. (c) Sharp-edge acoustic device for enzyme-linked immunosorbent assay. (d) Sharp-edge acoustic device
for cell lysis applications. (e) Slanted IDTs as a lens-free detection platform. (f) Sharp-edge-driven acoustic device for sputum liquefaction. (g) Straight IDTs
for cell manipulation. (h) Straight IDTs for cell assembly. Reproduced with permissions from ref. 38—-43, 48 and 49, respectively.

manipulation remains a challenging issue. Fourthly, high-power
acoustic energy is essential for promoting mixing and facilitating
the manipulation of particles and droplets at liquid interfaces.
However, significant heat may be produced, which not only affects
the sound velocity but also the interface actions, especially for
applied biological systems.

5. Technological bottlenecks

As a new technology, there is no doubt that acoustic micro-
fluidics has outperformed the conventional materials develop-
ment and interface application technologies in many aspects. In
particular, acoustics not only enables microfluidics to achieve a
better performance than existing approaches but also enables
process intensification and flexible control to be performed that
were not previously available. During the development of
applied acoustic microfluidic technology, several technological
bottlenecks have gradually been identified, even though they are
not yet widely considered by academic and industrial societies.

The fabrication of acoustic microfluidic devices relies largely on
photolithography in a cleanroom environment and mold replication
techniques, which not only require skilled personnel and specia-
lized instruments but also need tedious and lab-intensive protocols
(e.g:, spin-coating, baking, ultraviolet exposure, rinsing, etc.). These
constraints to some extent limit the production efficiency and lead
to rising costs. 3D printing represents an emerging and revolution-
ary technology for microfluidics and lab-on-a-chip
applications.*® Combined with the portable and versatile 3D print-
ing platform, accelerating the translation of acoustic microfluidics
to industrial practice will become possible.

Traditional materials used for BAW and SAW microfluidic
devices usually include silicon, glass, lithium niobate, and poly-

novel

dimethylsiloxane. Silicon, glass, and lithium niobate substrates
possess high chemical robustness but require complicated and
expensive fabrication procedures, while the polydimethylsiloxane

992 | Mater. Adv, 2023, 4, 988-994

polymer cannot endure high temperatures and pressures and may
also suffer from severe swelling upon exposure to organic
solvents.”” Therefore, it remains imperative to find more robust
materials that can meet industrial demands.

The format of acoustic microchips generally consists of a
single device coupled with an acoustic signal generation system
(including a function generator, amplifier, transducer, etc.).
Most of the currently developed acoustic microchips only put
the focus on the demonstration of a single chip for colloidal
materials and interface engineering. Although acoustic micro-
fluidics has the potential for parallelization and automation of
procedures for high-throughput processing, its scalability has
rarely been examined. In addition, considering limitations in
multiple individual instruments for acoustic control and heat
generation during acoustic excitation, integrated open-source
systems and advanced heat management solutions should be
configured for practical implementation.

Acoustic microfluidics is drawing particular interest due to its
desirable mixing, separation, concentration, sorting, trapping, and
patterning functions. It is noteworthy that acoustic microfluidic
devices have already demonstrated substantial efficacy through
intensifying the reaction and interaction kinetics in certain
chemical and biomedical engineering fields. However, it is noted
that the application range of acoustic microfluidics remains
limited and the industrialization process has lagged significantly
behind the research output. To broaden and accelerate the global
use of acoustic microfluidics, the close collaboration of profes-
sionals from different disciplines is pivotal and necessary.

6. Future perspectives and
conclusions

The past decade has witnessed significant progress in the
research and development of acoustic microfluidics. A number

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of BAW- and SAW-driven devices have been developed so far for
use in the fields of colloidal materials development and inter-
face engineering applications. It can be expected that acoustic
microfluidics will merge with a myriad of science/engineering
fields that will benefit each other in the future. For example,
materials science can grow much faster through acoustic
microfluidics as the time for material synthesis can be greatly
reduced with the prominent mass transfer; 3D printing pro-
vides a straightforward and economic approach to fabricating
acoustic microfluidic devices, which will promote scientific
research and industrial production; biomaterials derived from
acoustic microfluidics offer the fascinating potential for point-
of-care biosensing and drug delivery applications. With the
fusion of acoustic microfluidics and diversified disciplines,
more possibilities will be opened up and a bright future is
surely anticipated.

Overall, owing to its unique and superior features, especially
in terms of flexible control, precise positioning, and deep
penetration, acoustics assists microfluidics in being a versatile
tool to advance on-chip research and solve unmet practical
needs. However, the successful utilization of acoustic micro-
fluidics in practical materials, biology, electronics, and energy
fields is still in its infancy and demands continuous effort from
both academic and industrial communities. It is anticipated
that with emerging technologies in microfabrication, acoustics
in combination with microfluidics will provide unprecedented
opportunities for revolutionizing conventional practices and
expanding the body of knowledge in the field.
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