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W8 COMSOL

COMSOL Multiphysics® is an integrated software environment for creating physics-
based models and simulation apps. A particular strength is its ability to account for
coupled or multiphysics phenomena. Add-on products expand the simulation
platform for electrical, mechanical, fluid flow, and chemical applications. Interfacing
tools enable the integration of COMSOL Multiphysics® simulations with all major
technical computing and CAD tools on the CAE market. Simulation experts rely on
the COMSOL Server™ product to deploy apps to their design teams, manufacturing
departments, test laboratories, and customers throughout the world. Stop by our
booth during the poster session to learn more about the COMSOL software.

Links

COMSOL.com

COMSOL 5.2, Acoustics Module, Release Highlights
COMSOL Multiphysics, Acoustics Module
Acoustics Module Specification Chart

Follow the COMSOL Blogs



http://www.comsol.com/
http://www.comsol.com/release/5.2/acoustics-module
http://www.comsol.com/acoustics-module
http://www.comsol.com/products/specifications/acoustics
http://www.comsol.com/products/specifications/acoustics
http://www.comsol.com/blogs
http://www.comsol.com/blogs
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BelektroniG presents its High-End solution for driving surface acoustic wave (SAW)
actuators or resonant devices. SAW actuators allow creating forces inside
microfluidic systems e.g. droplet movement, mixing and pumping, cell sorting and
even fluid atomization. On the other hand SAW actuators require special high-
frequency electronics to be used. The BelektroniG Power SAW Generator integrates
all required functionality for an easy access to acoustofluidic experiments. Main
features are a network analyzer mode to detect and characterize connected SAW
actuators, an automatic scanning mode, a multichannel output with adjustable
phases for experiments with standing waves, as well as pulse modes and trigger in-
Joutputs. The Power SAW Generator comes with a convenient PC-Software allowing
an easy access to all the functions and also to monitor your experiment and record
data. BelektroniG will show some live experiments at its exhibition table.

Links
BelektroniG website
BelektroniG Power SAW Generators



https://www.belektronig.de/index.php/en/
https://www.belektronig.de/index.php/en/
https://www.belektronig.de/index.php/en/
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
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AcouSort

AcouSort AB develops continuous flow-based microfluidic systems for cell/particle
separation, enrichment and handling technology. The core technology relies on
acoustic standing wave forces integrated in microfluidic systems, which enable
sorting and rapid processing of cell samples. AcouSort develops proprietary
bioanalytical and clinical applications based on acoustophoresis and can also offer
custom-developed acoustophoresis applications. The AcouTrap system is a new
product that integrates acoustic cell trapping with a 96-well pipetting robot. This
stand-alone system can be used to trap and hold cells, bacteria or microparticles
while performing washing, enrichment, staining or other protocols.

Link
WWwWw.acousort.com
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Introduction

Surface acoustic waves (SAWs) are versatile waves for the actuation of fluids at micrometric scales.
In the literature, it has been shown that these waves can be used to displace, divide, merge and
atomize sessile droplets, but also actuate fluids embedded in microchannels, manipulate collectively
particles or sort them depending on their acoustic properties (see [1,2,3] for a review). The major
advantages of SAW-based actuators compared to bulk acoustical transducers or other techniques are
(i) the wide range of possibilities offered for microfluidic actuation, (ii) the compactness of the system
and its easy integration in a lab on a chip, (iii) the simple fabrication with standard metal sputtering,
photolithography and etching processes and (iv) the possibility to generate waves at frequencies ranging
from a few MHz to a few GHz, thus allowing to manipulate fluids and particles from sub-micron to
millimeter scales.

a) b)

Figure 1: (a) Interdigitated trans-
ducers array used for the design of a
SAW-based multifunction platform.
(b) Single spiraling transducer en-
abling the synthesis of swirling sur-
face acoustic wave.

Nevertheless, there are still some limitations for the development of a SAW-based microfluidic
toolbox. First, most operations performed with SAWs require a specific design of the wave generation
system, the so-called InterDigitated Transducers (IDTs). This limits the use of SAW actuators to
one specific task. Second, there are still some operations which cannot be performed with the current
systems such as the 3D selective manipulation of a single particle, independently of its neighbors.
Indeed, in the case of acoustical tweezers based on standing waves, all particles with similar properties
contained in a cavity are trapped either in the nodes or in the antinodes depending on their density
and compressibility contrast with the surrounding medium. They will then move collectively when
the standing wave nodes and antinodes are moved.

In this presentation, we will first show that it is possible to design a multifunction platform based
on an IDT Array (IDTA), which enables to perform all the operations described in the literature.
Second, we will demonstrate the possibilities offered by a new kind of surfaces acoustic waves named
swirling SAWs for 3D selective particles trapping. We will finally show that swirling SAWs can be
either synthesized with the IDTA or with a single IDT with a spiraling design, which opens prospects
for submicron particles trapping.

Interdigitated transducers array and inverse filter for a multifunction platform
An IDT array based on a set of 32 IDTs was designed (see Fig. 1a) to create a versatile SAW-based
microfluidic toolbox [4]. Each IDT is positioned along the wave surface around a central zone (called


http://films-lab.univ-lille1.fr/michael

Figure 2: (a) Swirling SAW generated at the surface of a X-cut Niobate Lithium substrate and measured
with a laser interferometer. (b) 30 microns particles initially randomly distributed in a microfluidic chamber
and moved with the swirling SAW-based tweezer to form a prescribed pattern.

the acoustic scene) where we want to synthesize a prescribed acoustic field. The wave surface is not
circular owing to the anisotropy of the piezoelectric X-cut Niobate Lithium substrate used to generate
the wave. The wavelength of each IDT is adapted to each crystallographic direction since the wave
speed depends on the direction of the wave vector. Each IDT is independently controlled with a
programmable electronics (a FPGA) and the inverse filter technique is used to determine which signal
imposing to each transducer to synthesize a targeted wavefield. With this system, we demonstrated
in [5], that it is possible to synthesize any surface wave compatible with the wave equation in the
substrate. As a proof of concept, we also showed that it is possible to move, divide, fusion and
atomize droplets with a unique system [5].

Swirling SAWs and selective tweezers

We further demonstrated that is possible to generate a new kind of SAWs with this system named
swirling SAWSs (see Fig. 2b), which can be used as precursor wave to synthesize acoustical vortices
(also named Bessel beams), in the bulk of a liquid sample [4,6]. It was shown recently that such
acoustical vortices are particularly well suited for the 3D trapping of individual particles with the
radiation pressure, thus enabling the design of selective single beam acoustical tweezers [7]. Contrary
to plane standing waves, acoustical vortices are indeed highly focalized waves, which create a strong
localized trap at the center of the beam. With the IDTA, the swirling SAWs can be synthesized at
different positions of the acoustical scene [6], thus enabling digital control of the trap position in the
X and Y directions. But trapping in the third direction (orthogonal to the substrate) is also possible
by taming the degeneracy of the swirling wave from the anisotropic piezoelectric substrate to the
isotropic liquid [6].

Generating swirling SAWs with a single spiraling IDT

The IDT array is an extremely versatile toolbox, which enables selective particle trapping with swirling
SAWs in addition to the other operations demonstrated in the literature. Nevertheless it remains
limited to frequency under 100 MHz, since no FPGA can be found at higher frequencies. Moreover,
the price of programmable electronics becomes prohibitive at high frequency. We showed recently that
it is possible to synthesize swirling SAWs (and thus to trap and move particles) by using a single IDT
with a specific spiraling design (See Fig. 1b). With this system we demonstrated selective particle
trapping of 30 microns polystyrene particles in a microfluidic chamber (see Fig. 2b).

Conclusion

In this presentation, we will first demonstrate the possibilities offered by a multifunction platform
based on a 32 IDTs array and the inverse filter technique to perform not only previous operations
demonstrated in the literature but also the 3D selective particle trapping, with a new kind of surface
acoustic waves named swirling SAWs. Then we will show that such selective tweezers can also be
obtained with a single spiraling IDT.
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Introduction
In this talk we will present unusual phenomena occurring in microfluidic devices and trees, linked to bubble
vibrations.

Vibrations and streaming around bubble pairs in flat microchannels

First, we will present the vibration mode of bubbles flattened in microfluidic channel. Bubbles exhibit
parametric shape modes that we can carefully investigate under ultrasound. A strong associated streaming
occurs near vibrating bubbles, especially when bubbles are close to each other. This streaming would prove
helpful to mix liquids. See Fig. 1 for an illustration of the streaming around two bubbles.

Figure 1: Streaming around two
bubbles in flat microfluidic
channels

200 pm

Acoustic microswimmers

Acoustic microswimmers present great potential for microfluidic applications and targeted drug delivery.
Here we introduce the concept of armoured microbubbles. Contained within the size range of 10-20
micrometers, they are made by three-dimensional microfabrication and each consist of a spherical capsule
with an opening, which captures a bubble inside when submerged, see Fig 2a. In this armour the bubbles can
last for hours even under forced oscillations. We found that the acoustic resonance of the armoured
microbubble is dictated by capillary forces and not by gas volume, and its measurement agrees with a
theoretical calculation. A strong propulsive jet reaching up to 100 mm/s is observed in the fluid near the
armour opening, see figure 2b. This is steady streaming caused by the non-linear response of the fluid, which
we can predict. This jet is the basis for self-propulsion, or for pumping fluid around when the armoured
bubble is attached to a substrate. A collection of armoured microbubbles can be fabricated and used inside
microchannels for efficient mixing. Complex armour shapes, containing multiple bubbles, can also be
created. A direct application of this is for multi-directional microswimmers, where each bubble has a
different resonance frequency, which can be excited by scanning frequencies with a broadband acoustic
source.



(a)

Figure 2: Acoustic microswimmer (a) SEM image of an armour protecting bubbles against dissolution, but letting the
interface vibrate; (b) streamlines generated by the vibrating; (c) theoretical prediction.

Nucleation, vibration and growth of bubbles in *organic™ tree channels

We will present our investigations on the nucleation of bubbles in natural micro-vessels, tree vessels, by
showing experiments on wood and on leaves. Such explosive bubbles occur by cavitation, since the liquid
sap in trees is under extreme negative pressure. They emit a characteristic sound and then form the start of an
emboly that can affect the hydraulic circulation of sap, see figure 3.

Figure 3: Bubble developing in wood conduits. The scale bar is 100 micrometers.

Conclusion

We are looking forward to presenting this work for the international acoustofluidics community at
Acoustofluidics 2016 at DTU, Kongens Lyngby, Denmark on 22 - 23 September 2016 !
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Introduction

Over the last decades, several techniques have been developed to apply forces to biomolecules and to
concomitantly detect their deformation, including optical tweezers, magnetic tweezers and scanning force
microscopy [1]. We have recently developed another approach, Acoustic Force Spectroscopy (AFS), that
makes use of acoustic forces to manipulate molecules [2]. In this presentation we will give an overview of
the approach and discuss recent developments [3] and applications.

AFS

In AFS (Fig. 1), a standing acoustic wave is applied to a glass flow cell using a piezo element [2].
Micrometer-sized particles, such as polystyrene microspheres, with different density and acoustic properties
as the water surrounding them will be pushed to the nodes of these standing waves. When the microspheres
are tethered to the glass walls of the flow cell using a DNA molecule or a protein, well-controlled forces can
be applied to the tethered molecules. The position of the microspheres can be tracked in three dimensions
and in this way, the mechanical properties of DNA can be studied or the energetics of antigen-antibody
interactions. The key advantage of AFS is that it is a highly parallel approach allowing simultaneous
detection and manipulation of many biomolecules in one field of view at the same time. Another advantage
is that the forces are applied by a piezo element driven by a standard function generator, that can be
controlled at will and instantaneously.

New developments

Since our original publication [2] we have implemented several technical improvements to AFS that make
the technique applicable to a wider range of applications. First, we now use transparent piezo elements,
which allows implementation in a trans-illuminated bright-field microscope, substantially improving optical
performance and improving compatibility with existing microscopes. Furthermore, we have developed a
model to calculate forces in the sample, in order to optimize the dimensions of our acoustic flow cells. In
addition, we discovered that a superposition of two standing waves can be applied, which allows
modification of the force profile, for example to generate a more constant force. This allows transformation
of AFS from a distance clamp to a force clamp by a simple electronic switch. Finally, we show that AFS is,
in principle, compatible with high NA water or oil immersion objectives. This comes, however at the price of
less high forces due to leakage of acoustic energy out of the resonator.

Conclusion

AFS is a promising new technique to apply forces to single-molecules. Many applications can be envisioned,
including force-induced protein unfolding and cell mechanics. AFS's key advantage is its ability to measure
many tethers simultaneously, greatly improving experimental throughput. Furthermore, it is a compact
system that can be implemented in most microscopes, and it is relatively affordable. Commercial versions
are available from Vrije Universiteit spin-off company LUMICKS B.V.
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Figure 1: (A) Schematic of
Acoustic Force Spectroscopy.
Left: optical layout; right: flow
cell equipped with piezo element
that acts as a resonator for
ultrasound waves. (B) Left:
photograph of an actual resonator
/ flow cell. Quarter (US) shown
for size comparison. Right:
bright-field microscope view of
many surface-tethered micro-
spheres actuated by acoustic
forces. (C) Cartoon of acoustic
force-induced protein unfolding
event. Force can be regulated by
the amplitude of the acoustic
waves, the position of the
microscopheres in X, Y, and Z
can be measured using bright-
field microscopy.
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Introduction

Acoustophoresis, where flow and acoustic fields are used to separate suspended objects, is getting
increasingly more attention for cell and bacteria-handling applications relating to medicine and biology.
Major benefits are flexibility in design, gentleness to cells and that relatively large forces can be exerted on
suspended objects enabling processing of several milliliters of sample per minute [1-3].

Two important features limit acoustophoresis. First, the strong size dependency hampers separation of cells
based on the underlying properties density and compressibility. Second, the presence of acoustic streaming
leads to a smallest size of objects that can be manipulated by primary radiation forces. To address these
problems, in addition to our general curiosity, we have started to explore the action of acoustic fields on
fluids of inhomogeneous acoustic properties. The work that | will present is primarily experimental, but,
spurred by our observations, an interesting theoretical framework is evolving [4].

In brief, we show that cells and liquids re-organize themselves in a systematic way when exposed to an
acoustic standing wave, and this enables size-insensitive phenotype-specific separation of cells based on
their acoustic properties. Further we have found that acoustic streaming in the bulk can be reduced thousand-
fold by the stabilizing forces that arise in liquids of inhomogeneous acoustic properties.

Principle of Iso-acousic focusing (1AF)

In 1AF, cells are deflected sideways by a half-wavelength resonant acoustic pressure field oriented
orthogonal to the flow, in a laminar flow microchannel. Cells suspended in a standard cell-culture medium
are injected near both side walls of the channel and cell-free liquid of higher acoustic impedance Zq is
injected in a central inlet to occupy the central part of the flow. The flow velocity of the channel is tailored
such that an acoustic impedance gradient forms by way of molecular diffusion. Because the acoustic
radiation force F.,4 is governed by the difference in mass density p and adiabatic compressibility k between
the cell and the surrounding medium, there exists a medium condition for which the acoustic contrast ® and
force Fyq are zero, and thus the acoustically induced sideways velocity u,4 vanishes. This condition we refer
to as the iso-acoustic point (IAP). To a good approximation the IAP is the location at which Z.4 equals the
effective acoustic impedance Z, of the cell[5].

Cells initially injected near a wall will migrate toward the channel center due to a positive acoustic contrast,
(Fig. 1a). Upon traversing up the impedance gradient of the medium, the acoustic contrast eventually
becomes zero at the IAP, preventing the cell from moving any further. If the cell instead starts out in the
channel center, it will move out towards the walls, down the impedance gradient, until reaching the same
IAP. At the end of the microfluidic channel, the sideways position of individual cells can be recorded and
then translated to an effective cell acoustic impedance, since Z = Zneq at the IAP, (Fig. 1b).

a High impedance medium + dextran dye

wezoelectric transducer
To central inlet

To side inlet

Acoustic impedance

Cells in - Cancer cell @
regular : _ Medium  Cell Lymphocyre &
medium Imaging region  profile locations b Neutrophil

Figure 1: Schematic of (a) the system and (b) the principle of IAP-based, and thus size-insensitive, cell separation.
Cells flow through a channel and a sound field pushes them sideways into media of gradually increasing density. Near
the end, the sideways position of each cell depends on its phenotype-specific acoustic impedance. Fig. (a) is from [5].


http://bme.lth.se/staff/augustsson-per/per-augustsson/

Results

To understand to what extent acoustic impedance can discriminate cells from mixed populations, we
analyzed MCF7 breast cancer cells, primary human monocytes, lymphocytes and neutrophils purified from
whole blood via negative selection (Fig. 2a). Lymphocytes (red) and monocytes (blue) have partly
overlapping acoustic impedance distributions, whereas neutrophils (green) have substantially higher acoustic
impedance. The results suggest that neutrophils can be distinguished from lymphocytes and monocytes
purely based on their location in an acoustic impedance gradient. Since lymphocytes and monocytes have
substantlally different sizes (~7.5 pm and ~9.0 um, respectively but similar acoustic impedance (~1.69 MPa
s m?), whereas neutrophlls and monocytes have similar sizes (~9.0 um) but differing acoustic impedances
(~1.73 MPa s m™ and ~1.69 MPa s m™, respectively), these results clearly illustrate the size-independence of
the IAF method. Notably, MCF7 cancer cells have lower acoustic impedance than all the investigated
leukocytes which holds promise for efficient isolation of circulating tumor cells from liquid biopsies from
cancer patients.

To highlight how acoustic properties combined with optical measurements can form a two-parameter
classification analogous to flow cytometry, without using cell type-specific labels, we point to the scatter plot
and the associated distributions in Fig. 3 of the effective acoustic impedance vs the total cell fluorescence
intensity. Even though the total intensity is not a true measure of cell volume, the scatter plot allows us to
distinguish monocytes from lymphocytes based on an optical measurement, while the assessment of the
effective acoustic impedance enables identification of neutrophils.
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Figure 2: (a) Scatter plots containing 9050 data points of subsequent measurements of pre-enriched monocytes (blue),
lymphocytes (red) and neutrophils (green). Labels s1 to s12 indicate the order of the sample analysis. (b) Scatter plots
of the measured effective acoustic impedance vs fluorescence intensity of pre-enriched monocytes, lymphocytes and
neutrophils (gray) from a second donor, and the distributions of (c) the effective acoustic impedance and (d)
fluorescence intensity. (Data is from [5]).

Conclusion

Our results show that, in IAF, stratified liquids and suspended cells arrange themselves in a way that can be
predicted from their effective acoustic impedances. This rearrangement and process is analogous to another
well-established equilibrium method, density gradient centrifugation, but IAF has the benefit of being
straightforwardly implemented in microfluidic systems. The precise spatiotemporal control offered by
microfluidics leads us to envision that the IAF method can be developed into a tunable cell profiling method
as well as a new tool for size-insensitive label-free cell separation.
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Introduction

In the presence of boundaries, standing acoustic waves are known to generate acoustic streaming due
to viscous effects. When two orthogonal standing acoustic waves at a same frequency are emitted in a
plane parallel to such boundary, we have predicted that the presence of a phase lag leads to interference
terms and consequently to some component of the vorticity of the streaming velocity normal to the
boundary. Using a microfluidic device associating a PDMS cavity and a LiNbOgs substrate emitting
surface acoustic waves at 37 MHz seeded with micron size particles as tracers, we could indeed observe
such vortices forming a pattern with alternate clockwise and anti-clockwise rotation. In addition,
we uncovered complex 3D trajectories between levitation planes that built normal to the channel
plane. Since our aim was to manipulate fluids and particles at small scale, we developed a theoretical
framework including radiation, streaming forces and torques to mimic the observed velocities and
trajectories.

Prediction

In 1958 [1], Nyborg published its calculation of the streaming velocity near a rigid wall oriented along
the direction of a standing wave, as is the case in Kundt’s tube experiment. He found alternate positive
and then negative limiting velocities, ¢.e. at a distance corresponding to the viscous boundary layer
thickness d, every quarter of a wavelength. We show here that when two such perpendicular waves
are emitted from two pairs of sources, as sketched in Fig. 1a, with some phase lag ¢, the presence of
interference terms leads to elliptical trajectories of the fluid particles, and therefore to vorticity of the
velocity field in a direction perpendicular to the walls. We illustrate this phenomenon on Fig. 1b were
we have represented the velocity field obtained from our calculations in the xy plane, according to the
approach proposed in ref.[2].

Materials and methods

To test this prediction, we have built an experimental cell adapted from a previous design developed
for acoustic tweezers[3]. A X-cut LiNbOs wafer was assembled to a PDMS cavity (1 mmx1mm and
approx. 110 wm high) into which the liquid was introduced. For the experiment, sound was emitted
from four interdigitated structures arranged as a square and excited at a same frequency of 37 MHz
(see Fig. 1a). Due to the anisotropy of the sound velocities of the material, the pitches of the IDT's
pairs 2-4 along ey (crystal Y-axis) and 1-3 along ey (crystal Z-axis) were made to be 100.0 pm and
94.5 pm in order to resonate at the same frequency. The top part of the acoustic cavity was made of
a glass coverslip to create a high acoustic impedance interface.

For each experiment, water plus 1-um polystyrene microbeads used as tracers were introduced into
the cavity through a microchannel. The cross-standing waves were then obtained from 4 synchronized
AC generators which excited surface acoustic waves which further leaked into the acoustic cavity. The
velocity measurements were then performed using a high speed camera at some given altitude in the
channel since while, due to the nature of the sources, a standing wave with several pressure nodes and
antinodes built in the channel height.

Results and interpretation

Fig. 1c shows some typical trajectories of the fluid obtained from PTV when the phase lag ¢ between
S3-S1 and S2-5S4 is equal to /2. We observe a pattern of 4 vortices with alternate left-right vorticity
in each unit cell of dimensions Ay x Ay. This corresponds to a period of the vortices that is twice that
of the acoustic standing wave. We also compare in Fig. 1d and le the velocity profiles obtained along
the two directions indicated by the purple and red stripes of Fig. 1¢ with our model. Provided the
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Figure 1: (a) Scheme of interferences of two orthogonal waves with some phase lag . (b) Prediction for
velocity field in the zy plane at a distance form the rigid walls which is a multiple of A,/2. (¢) Measured velocity
field obtained from particle tracking. The wavelengths are respectively Ay = 100.0 pm and Ay = 94.5 um. (d)
Velocity profile following the purple stripe shown on (c), with dy in abscissa the distance. Black circles correspond
to the velocity /| perpendicular to z-axis and red crosses to the norm of the 2D velocity ||u’||. The blue line

is a fit assuming a streaming velocity of 53 um.s~!. (e) Same as (d) along the red stripe oriented at -45° from
z-axis with dy, the distance. u/| represents the component of the velocity projected on an axis at +45° from
T-axis.

velocity scale for the acoustic streaming is of order of 53um.s™!, which is typical of our experiments,
we obtain an excellent agreement, even if the data are slightly biased due to some additional large
scale streaming that developed in the experimental cell, perpendicular to the the xy direction.

Conclusion

We have proven theoretically and experimentally the possibility of creating vortices from acoustic
streaming in a high frequency microfluidic device using surface acoustic waves as sources. They differ
from the usually observed vortices since their vorticity is perpendicular to the wall from which they
originate. Due to this property, they open to a whole set of new possibilities, including fluid mixing,
or orienting. From a theoretical point of view, they constitute a modern extension of the pioneering
work by Wang et al. on the acoustic rotation of spherical objects[4].

This work received support from European Community’s Seventh Framework Programme (FP7,/2007-
2013) ERC Grant Agreement Bubbleboost no. 614655.
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Introduction

Acoustic fields offer a versatile and non-contact method widely used for particle and cell manipulation.
Excitation is usually achieved through resonance of the fluid body using bulk acoustic waves, or resonance of
certain modes in the substrate causing surface acoustic waves (SAW). In order to generate an ultrasonic
standing wave using SAW, two counter propagating travelling waves are usually used, in this work, we make
show that over the width of a wide channel, such an approach actually gives rise to a sound field which is
dominated by travelling wave effects at each edge and a standing field at the center, due to the leaky way in
which energy is lost from the substrate into the fluid. We show that using that this feature of the field can be
used to achieve deterministic particle sorting, in which particles are migrated by the travelling wave into certain
size dependent locations within the standing wave field. Unlike other acoustic sorting systems [1-3], the end
location of each particle size is stable rather than time of exposure dependent, as it is a balance of travelling
and standing wave forces. In this way 5.1 um, 6.1 um and 7.0 um are accurately sorted.

The System and Operating Principle

Figure 1 shows a schematic of the system, it can be seen that a set of IDTs is positioned on either side of the
channel. Due to the coupling of energy from the substrate to the fluid, the strength of the surface acoustic wave
diminishes as it propagates from the IDT, as such at the edges of the channel, where the path length is
considerable further for one IDT than the other, there is an imbalance in amplitude, and as such, if the width
is substantial then there will be a region near the channel edges in which the behavior is dominated by the
travelling wave from the nearest IDT set. Whilst in the middle of the channel, the path length and so amplitudes
are approximately equal, so a standing wave will be created.

Figure 1: (a) a schematic of the

b system, particles are introduces at
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To demonstrate the effect of the forces generated in this hybrid travelling and standing wave field, a simplified
system has been modelled numerically. In the model, two counter propagating travelling waves are produced
at each end of the model and attenuated as per the leaking of energy into the fluid in a SAW system, which has
been characterized as 9.24 Agayw - Nepers/m [4]. The forces acting on a particle located within this field is
then calculated numerically [5]. Figure 2 shows the forces acting on a particle in a purely travelling wave, and
a pure standing wave, and compares this with a hybrid field. As the forces arising in a travelling wave are
related to the radius to the sixth power, whilst those in a pure standing wave are to the third power, the relative
strength of forces differs based on particle size. As such, when a hybrid field exists the location at which the
force becomes zero, as the particle migrates inwards from the edge of the channel, differs as a function of size.
Once these region is reached, however, the particles location is stable, so the time of exposure does not play a
role in the particle sorting. This means that it is expected that particles of different sizes will emerge along
different streamlines from the field, and that even whist still within the field, these streamlines should be
parallel to the direction of fluid flow (indicating a stable location ahs been reached), this latter feature differs
from other particle sorting systems presented in the literature.
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Figure 2: (a) the force due to a
pure travelling wave, and that due
to a pure standing wave (b) are
well known. However, when a
hybrid field exists displaying
components of both in spatially
varying proportions, the force
field also displays a mixture of
characteristics (c). The first point
at which the force becomes zero,
as labelled, represents a stable end
location for the particle, it will not
migrate further across the channel
width. By plotting each successive
minima in the force for different
particle sizes it can be seen that
the location of the zero crossing is
size dependent (d).

Figure 3 shows the trajectory of different particle sizes as they migrate (left to right) through the sound field,
it can be seen that in each case a stable location is reached after which the trajectory is parallel to the flow
direction. When particles of different sizes are passed through the system highly specific size-based sorting is
achieved as these stable locations are size dependent.

a

Conclusion

Particle Size (um!

Figure 3: (a-c) the trajectories of 5.1,
6.1 and 7.0 um particles are shown as
they flow through the force field from
left to right. The trajectories are
characterized by a migration inwards
in the travelling wave dominated part
of the field, to a stable end location in
the standing wave dominated part of
the field in which they move through
the field along fluid streamlines with
no further lateral deviation. When a
mixed population is passed through
the system the difference in the end
locations are clearly seen (d), and
accurate sorting can be achieved
between 6.1 and 7.0 um particles (e).

Through the accurate description of the sound field generated by two IDTs, a scenario which is nominally
termed a standing surface acoustic wave, we have shown that the field is more complex consisting of travelling
and standing wave effects. This complexity gives rise to the possibility of deterministic sorting based on size,
with lateral migration to stable end locations dictated by particle size.

References (Times New Roman 10 pt)

[1] D. J. Collins, T. Alan, and A. Neild. Lab on a chip 14, 1595-1603 (2014).
[2] G. Destgeer, B. H. Ha, J. H. Jung, and H. J. Sung. Lab on a chip 14, 4665-4672 (2014).

[3] X. Ding, S. C. Lin, M. I. Lapsley, S. Li, X. Guo, C. Y. Chan,

Lab on a chip 12, 4228-4231 (2012).

I. K. Chiang, L. Wang, J. P. McCoy, and T. J. Huang.

[4] S. Shiokawa, Y. Matsui, and T. Ueda T. Proceedings Ultrasonics Symposium, IEEE 641, 643-646 (1989).
[5] J. Dual, P. Hahn, I. Leibacher, D. Moller, T. Schwarz, and J. Wang. Lab on a chip 12, 4010-4021 (2012).



Acaustﬂﬂl.;idics
- . 2016

Multi-purpose SAW-based device for comprehensive cell behavior
studies

Christine Faust!, Erik Angermann?, Andreas Winkler!, and Hagen Schmidt?

'SAWLab Saxony, Leibniz FW Dresden, Dresden, Germany
E-mail: c.faust@ifw-dresden.de, URL: http://www.sawlab-saxony.de/

Introduction

The use of surface acoustic waves (SAW) in microfluidics has become a powerful tool for the manipulation of
fluids (e.g. mixing and pumping) as well as for manipulation of particles and cells (e.g. focusing and trapping)
in fluidic systems [1]. When using a symmetric array of opposing interdigital transducers (IDT) a standing
wave field in a fluid is generated with nodal points at half wavelength. There cells can be trapped, while culture
medium can flow through the chamber preventing a critical shortage of nutrients [2]. By altering the phase of
the excited SAWSs the position of the nodal points (and by this the position of the cells) can be changed within
the acoustic path inside the microfluidic chamber [3]. At the same time, the SAW-induced pressure waves
generate streaming of the fluid which causes mixing and the development of a concentration gradient if
different fluids are used.

The objective of the experimental work presented here is the SAW-controlled manipulation and placement of
cells and other specimens within a well-defined gradient field of active agents in a microfluidic chamber. We
introduce a SAW-based microfluidic device which enables the adjustment of concentration gradients, the
trapping of cells and their defined movement via phase shift of the opposing SAW to expose the cells to
different concentrations of nutrient substances, active agents and analytic solutions. The successful application
of such a device is a major goal in cell analytics and biological research.

With the described SAW-device we successfully isolated cells of Saccharomyces cerevisiae out of a flow of
culture medium, exposed them to different concentrations within a gradient field of methylene blue and
nutrient solution by defined shifting of the nodal points and were able to perform an online live-dead-staining.

Results

With the presented setup it was possible to trap cells out of a flow of nutrient solution and to hold them at a
specific position independent of flow conditions inside the chamber. At the same time the device enabled the
movement of the cell pattern around the microchamber by phase-shifting of the driver signals fed to the IDT
pairs to expose the trapped cells to different concentrations of a specific substance as depicted in Fig. 1.
Trapped cells were observed during alteration of medium and a long-term observation allowed to document
the process of dying of a cell due to a long exposure to methylene blue (Fig. 1). Using staining times that cause
no cell death, a classical live-dead-differentiation was performed.

Figure 1: Cells of Saccharomyces
cerevisiae trapped in the SAW induced
pressure field in the microfluidic
chamber. Caused by the height of the
~ chamber the trapping occurs in a stack
of several planes. The enlarged
t, =0 min viewing traced the focused cells over
J time when exposed to methylene blue
», o B i solution. The arrow indicates a cell
S L S whose process of death was monitored.
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One of the benefits of the device is its independency of a certain concentration of cells. Especially for low cell
densities the trapping allows to get enough cells for statistic reliable analysis without long enrichment steps.

The trapping of cells has been successfully executed over a wide range of flow rates and acoustic energies
enabling the use of a parameter set according to a specific task: Low acoustic power levels combined with low
flow rates are an ideal combination for long term cell observation, as the acting forces on the cells are so low
that they do not influence the cells and the slight flow of culture medium provides fresh nutrients to the cells
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and removes waste products. When applying higher energies naturally there are higher forces acting on the
cells which can be used to figure out effective physical properties of cells.

Experiment

All experiments were conducted with a setup as depicted in Fig. 2. IDTs consisting of 5 nm Ti and 295 nm
highly-textured Al with a wavelength of A2=150 um were patterned on a 128°YX-LiNbOs substrate with a
propagation direction of 0°, 54° and 90° with regard to the crystallographic X-direction, as for these directions
Rayleigh type waves undergo no beam steering. The aperture of the IDTs was 2 mm and the overlap of the
SAW paths defined the manipulation area of 2 mm x 2 mm. For the experiments only the IDTs in X-direction
and X+90° were used. The different phase velocities in X and X+90°-direction resulted in frequencies for
Rayleigh wave excitation of about 24.3 MHz and 25.8 MHz, respectively. The electrical characterization by
network analyzer (Agilent 5071C, Agilent Technologies) showed an Si: of 0.2 for the X-direction as well as
for the X+90°-direction when using a matching circuit [4].

The surface of the SAW-chips was passivated with a 1 um thick layer of sputtered SiO; to prevent electrode
corrosion and to ensure biocompatibility of the device.

A microfluidic chamber made of Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, mixing ratio 1:10)
via replica molding was mounted to the SAW-chip surface by UV-ozone activation of PDMS and chip surface,
manual alignment and subsequent curing at 80°C for 30 min. The area of the PDMS-chamber was 3 mm x
3 mm, which was larger than the overlapping area of crossing SAW paths to prevent unpredictable influences
of chamber walls on the wave field. Fluidic connection was achieved by punching holes in the PDMS and
tubing with syringe pump (neMESYS, cetoni GmbH) or waste outlet.

The organism used in these studies was baker’s yeast Saccharomyces cerevisiae cultivated in minimal medium
consisting of 20 g/l glucose and 9 g/l NaCl dissolved in water. The online staining was performed with
methylene blue (0.05 % in water).

Pre-cultured (overnight) yeast cells were diluted in fresh medium to get a cell density of around 107 cells per
liter and injected in the microfluidic chamber via a syringe pump with a flow rate of 0,5 pl/s. Once the chamber
was filled with cell containing medium, the IDTs were activated by about 100 mW for each IDT (PowerSAW,
BelektroniG GmbH) to trap the cells at the nodal points. When a sufficient number of cells was trapped, the
cell containing medium flow was stopped and changed to culture medium. At the same time the flow of staining
solution was started so that the sum of both inflows result again in a flow rate of 0.5 pl/s.

The trapped cells were now moved by shifting the phase of SAWSs around in the chamber to expose them to
different concentrations of culture medium and staining solution. The observation of the cells was done with
a digital microscope (Keyence VHX2000).

Figure 2: Experimental setup
with SAW-induced gradient of
two different fluids dyed with
red or yellow ink for better
visualization.

Conclusion

With the introduced SAW-device we performed a two dimensional trapping of yeast cells as well as a defined
movement of the trapped cells in the manipulation area. By using different inflow solutions the acoustic
streaming force generated a gradient which allows us to expose the cells to different concentrations of a
staining solution and observe their reaction. The device offers high functionality and indicates a promising
path forward to a broad range in cell research.
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Introduction

Acoustofluidics systems, driven by surface acoustic waves (SAWSs), are receiving a growing interest
due to their abilities to manipulate particles and liquids in a controlled manner [1]. In such systems,
the acoustic radiation force is often responsible for the motion of suspended particles. However, the
exact oscillatory acoustic fields and the resulting radiation-force-driven particle motion are usually
unknown, especially the motion perpendicular to the actuated substrate which is typically parallel
to the direction of observation. In this work we present full three-dimensional measurements of mi-
croparticle acoustophoresis in PDMS microchannels driven by standing SAWs. The aim is to validate
and improve our existing numerical model [2] and to investigate the role of microchannel height. The
model agrees qualitatively well with the measurements of radiation-dominated 5- and 8-pum particles,
both for different substrate displacement node positions, microchannel widths, and for thin and thick
PDMS wall widths. We confirm that our model includes the most relevant elements for understanding
radiation-dominated particle manipulation via SAWs.

Experiments

The experimental system is shown in Fig. 1. It consists of a liquid-filled PDMS microchannel bonded on
a lithium niobate (LiNbO3) piezoelectric substrate acoustically-actuated by two interdigital transduc-
ers (IDTs). When acoustically actuated, the IDTs create two counter-propagating SAWs (or Rayleigh
waves) which result in a standing SAW of wavelength A = 600 pm at the substrate/microchannel
interface. The standing SAW propagates into the microchannel liquid and creates an oscillating pres-
sure field which generates a steady acoustic streaming field as well as an acoustic radiation force on
suspended particles. Microchannels of cross-sections 600 x 125 um? and 310 x 94 um? were studied. To
investigate the effect of wall thickness, we examined microchannels of different PDMS wall widths W
(300 um and 5 mm). The PDMS top wall thickness H was in all cases 5 mm or more. The actuation
was done at frequencies f ~ 6 MHz and peak-peak voltages Upp ~ 40 V.

We studied 5- and 8-pum fluorescent polystyrene particles in a 20:80 w/w glycerol-water mixture
and we recorded the three-dimensional particle motion using the General Defocusing Particle Tracking
(GDPT) [3]. The measured sedimentation rates of the suspended particles were less than 0.1 pm/s,
which is negligible in comparison with the acoustically-driven velocities of around 10-30 pum/s. In
order to obtain several particle trajectories while maintaining a low particle concentration (to neglect
particle interactions), we used a fully automated acquisition system similar to the work by Augustsson
et al. [4]. The measurement volume covered the entire microchannel cross-section along 1.4 mm.

(@) (b) IDTs poms (&) PDMS

PDMS /WindOW\ w W ‘H
z h
\ VWA= J—»yl W\
microchannel Substrate microchannel Substrate SAW

Top view Cross-section view

IDTs

Figure 1: (a) Standing SAW microchip. Schematic of (b) the top view and (c) the cross-section view.

Results

A small representation of the results is shown in Fig. 2 and 3. All figures show the motion of 5-um
particles in the yz-cross-section and the first result to report is the translational invariance of the yz-
motion along the z-direction. It is thus reasonable to compare to our 2D FEM model of the particle



Experiments Numerical predictions

Figure 2: 5-pum particle trajectories in the cross-section in a microchannel of width w = 600 wm, height
h =125 um, and thick wall width W = 5 mm. The velocity magnitude u,, is shown as colors. Panels (a) and
(b) each show more than 900 experimental trajectories measured using the GDPT technique for 3D particle
tracking [3], while panels (¢) and (d) show the numerical FEM predictions for pure radiation-force-dominated
single-particle motion [2]. Note that the velocity magnitudes cannot be compared between experiments and
numerics as the substrate actuation velocity wpg is not known experimentally.

Figure 3: 5-um particle tra- (@) Experiment (b)  Numerical prediction
jectories with velocity magni-

tude wu,, as colors in a mi-

crochannel of width w =

310 um, height h = 94 um, and

thin wall width W = 300 wm. T it - e .
A total of 2376 experimental

trajectories are displayed.

motion in the yz-cross-section [2]. Furthermore, the motion is clearly dominated by the radiation
force and 8-pm particles show same behavior (velocity amplitude scales as expected with particle size
squared). Figure 2 shows the results for a microchannel of cross-section 600 x 125 um? and thick walls
W = 5 mm, while Figure 3 shows the results for a microchannel of cross-section 310 x 94 pum? and
thin walls W = 300 um. In both cases, the model match the experiment qualitatively quite well. This
is despite the fact that the model assumes the PDMS wall width to be larger than 2 mm and that
no waves can enter the channel through the PDMS walls (for more details see [5]). As expected from
the damping of the SAW by the PDMS walls, experimentally we have larger particle velocities for
the 300-um channel with thin walls compared to the 600-um channel with thick walls. The velocity
amplitude of the numerical prediction in Fig. 3 cannot be compared to the ones in Fig. 2.

The dashed red lines indicate the approximate vertical z-position of the horizontal antifocus zy-
plane from which the particles are pushed away vertically. Comparing experiments with numerics, the
z-position of the antifocus plane differ ~ 20 % for the 600-pum-wide channel and match well for the 300-
um-wide channel. Clearly the z-position of the antifocus plane depends on the height-to-wavelength
aspect ratio h/A\ (as h decreases for A = 600 pum, the z-position of the antifocus plane decreases
too). Using numerical predictions to increase h, we observe that the z-position of the antifocus plane
increases as well and as h reaches ~ 175 um, a set of a new focus plane and antifocus plane appears.

Conclusions

We present three-dimensional measurements of particles undergoing radiation-dominated single-particle
acoustophoresis in a PDMS microchannel acoustically actuated by a standing SAW. The numerical
predictions agree qualitatively well with the measurements for channels of different widths, heights,
and wall widths. Furthermore, we show that the vertical position of horizontal focus- and antifocus
planes depends on the channel height-to-wavelength aspect ratio. Further work will outline the exact
radiation-dominated vertical focusing conditions as well as focus on the role of acoustic streaming.
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Introduction

Manipulation of micron-scale objects is a common goal of microfluidic systems, in which particles and cells
are redirected, concentrated or sorted for a variety of diagnostic and biomedical research purposes. Acoustic
forces have demonstrated the ability to perform these manipulations in a non-contact, biocompatible and on-
demand manner, though have typically been limited to ~10 um scale objects with the application of pure
travelling or standing acoustic waves. Many next-generation processes, however, including those using
exosomes to catalytic nanoparticles, require the ability to reliably manipulate objects on a smaller scale.
While often treated as a side-effect and safely ignored in many systems, acoustic streaming has the ability to
help circumvent these size limitations when explicitly utilized. In this work we use highly focused surface
acoustic waves (SAW) and the resulting strong combined acoustic streaming and acoustic radiation force to
demonstrate both static and continuous manipulation of particle diameters between 300-2000 nm.

System principles

Particle manipulation in an acoustofluidic system is influenced by the combined and competing influences of
acoustic forces, arising from directional scattering and radiation pressure and fluid drag that resists the
translation of these particles through a viscous fluid. Acoustic streaming, resulting from the attenuation and
transfer of acoustic energy into bulk fluid motion in the direction of a propagating plane wave, influences
particle motion by perturbing the fluid flow profile and thus redirecting entrained particles. Because the
magnitude of the fluid drag arising from streaming is usually secondary to the primary acoustic forces and a
lateral, continuous flow component, and because the streaming field is oriented non-uniformly across
microfluidic channels, acoustic streaming is often either a secondary consideration, a nuisance, or ignored
entirely. The effects of acoustic streaming that usually hinder particle manipulation [2], however can be
nullified; Antfolk et al. recently cleverly generated circular rather than periodic streamlines to focus sub-
micron particles in a standing wave node [3], though this methodology necessitates the use of phase-synced
transducers and is effective over only a single half-wavelength. In contrast, in this work we explicitly
maximize the effects of acoustic streaming to achieve rapid particle concentration through the imposition of
a highly focused acoustic field generated by surface acoustics waves (SAW). SAW is a developing
microfluidic actuation technology that permits the generation of acoustic fields in defined channel regions by
applying an AC signal to interdigital transducers (IDTs) patterned on a piezoelectric substrate. Utilizing a
focusing IDT structure, acoustic beams on the order of ~10’s of microns can be generated [4]; because
streaming is generated by body force gradients, streaming velocities are maximized in the case of a focused
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Figure 1: Particle manipulation with highly focused acoustic fields driven by SAW. (a) Mechanism of particle
aggregation, where particles are differentially deflected into inner streamlines by the acoustic radiation force at the edge
of the acoustic beam. (b) 1 um (black) and 2 um (white) particles aggregate (top image — inset shows position of IDTs
relative to channel) in vortex focal points on either side of the maximum displacement regions (bottom image). (c) The
particle dimensions that can be manipulated are a function of the beam width (and therefore force gradient), here
showing the aggregation of 500 nm, 300 nm but not 100 nm particles, in line with the predictions in (d) for the 636
MHz device used. (d) Shows the simulated critical diameter (d:) for a given channel height, above which the acoustic
radiation pressure overcomes counteracting drag forces. Scale bars are 100 um. Adapted from figures in [1].
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transducer that generates large substrate displacement gradients. Moreover, these large gradients are also
ideal for particle manipulation, where a suspended particle denser than the surrounding medium will translate
from regions of high acoustic energy density to a lower density one. The manipulation principle is shown in
Figure 1la, where a suspended particle is displaced relative to the fluid streamlines arising from acoustic
streaming by the acoustic force potential gradient on either side of the focused beam. Importantly, particles
are concentrated from a fluid volume whose length scale spans multiple acoustic wavelengths (indeed it
extends to infinity in a static flow condition).

Figure 2: Continuous particle
focusing. (a-c) A continuous
solution of 500 nm particles is
focused through the application of
a focused 636 MHz SAW normal
to the channel (top images).
Observed particle trajectories
correspond the simulated
streamlines  (bottom images).
Scale bars are 100 pm.

Results and discussion

In line with the concept diagram in Figure 1a, Figure 1b shows the aggregation of 1 pum (black) and 2 pum
particles (white) in the inner streamlines near the focused acoustic beam (inset in Figure 1b shows the
location of the SAW IDTs relative to the channel). Owing to the larger acoustic forces imparted on the larger
2 um particles, these are preferentially focused in the innermost streamlines of the rapidly rotating vortices,
here in a 20 um high channel. Figure 2c demonstrates the limits of size-based concentration, using a 636
MHz, 6 pum transducer with a 14 pum terminal aperture, 500 nm and 300 nm but not 100 nm particles are
concentrated (here in a 10 um high channel). This corresponds to simulation results in Figure 2d, where
particles are acoustically focused only where the acoustic radiation force exceeds that of counteracting fluid
drag, especially in the lateral y-direction; only particles larger than the predicted critical diameter d. are
dominated by the acoustic radiation force and successfully concentrated. See ref. [1] for more information on
the setup of the boundary conditions and acoustic forces necessary to simulate acoustic forces and coupled
acoustic streaming.

Streaming-influenced particle manipulation is also feasible in the presence of a continuous lateral flow,
which produces an asymmetric flow profile on either side of the focused beam. In typical SAW-based
separation, streaming is a secondary effect that has insubstantial effects on particle motion, where the lateral
flow velocity is orders of magnitude greater than that of the streaming induced one [4, 5]. However, by
utilizing streaming-maximizing focused SAW devices and substantial applied power densities, streaming
velocities can approach those of microfluidic channel flow to generate vortical behavior that extends the
channel width even with the application of a lateral flow. While the resulting streamlines in this case are not
all closed, where continuity requires a path from the channel entrance to its exit, this sets up an interesting
case where the incoming streamlines are all focused and pass through the same focused acoustic beam region
at sufficient applied power. The resulting effect is that incoming particles are all exposed to similar acoustic
forces regardless of their starting positions. Figure 2(a-c) shows the resulting focusing behavior in a
continuous flow at 63, 126 and 251 mW (from left to right, respectively, with a lateral flow rate of 0.4
pl/min) and the corresponding simulation results (bottom images) that show the development of force-
equalizing and focusing vortices at sufficient levels of applied power. In the near term we will explore and
characterize this focusing behavior.

Conclusion

While acoustic fields, and travelling plane wave ones in particular, have had difficulty manipulating sub-
micron particles, we show that the coopting of acoustic streaming effects that are usually ignored or avoided
can result in concentration and focusing of particles with diameters on the order of 100’s of nanometers. This
is performed with a highly focused, high frequency SAW device, which maximizes both the magnitude of
acoustic streaming velocities and the acoustic radiation force at the edges of the focused acoustic field. These
combined effects serve to convectively transport and aggregate suspended sub-micron objects over distances
much greater than the acoustic wavelength for consistent manipulation by the acoustic radiation force,
resulting in concentration or particle focusing in static or continuous flow conditions. Given its tunable, low-
clogging risk nature compared to hydrodynamic methods, this method is ideally suited to many emerging
applications that require the manipulation of sub-micron specimens.
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Introduction

Extracellular vesicles (ECVs) are sub-micron membrane particles released by cells in response to stress,
activation and apoptosis. Circulating ECVs have been shown to reflect pathobiological processes, e.g.
various forms of cardiovascular disease, and are believed to be a source of clinically useful biomarkers.
ECVs are typically isolated from blood using a series of centrifugation steps, suspected to affect ECV
integrity and create experimental artefacts [1]. Acoustic seed trapping of ECVs was recently shown as an
alternative technique [2]. In this work we compare the ECV proteome in a set of clinically relevant samples
prepared either by acoustic trapping or a standard centrifugation technique. We show that the proteomic
profiles of ECVs isolated by acoustic trapping and standard centrifugation are highly similar and that the
ECV proteome of myocardial infarction patients are enriched in proteins linked to known cardiovascular
disease pathways, supporting the notion that ECVs are a useful source of blood biomarkers.

Method

We isolated ECVs from healthy controls and ST-elevation myocardial infarction (STEMI) patients (n=10 in
each group) using either acoustic trapping or centrifugation. Platelet free plasma (PFP) was prepared by
centrifugation of whole blood twice at 1600xg for 15 minutes. For acoustic trapping, an AcouTrap system
from AcouSort AB was used see figure 1. It combines an XYZ- pipetting stage with an acoustic trapping
unit based on a 2 x 0.2 mm” glass capillary and a 4 MHz Pz26 transducer. Polystyrene seed particles (12 pm
diameter) were trapped after which 150 pl of PFP diluted 1:2 with PBS was aspirated at 30 pl/min. The
ECVs were trapped in the seed cluster, washed with PBS and released in 30 pl of PBS. For isolation of
ECVs by standard centrifugation, PFP was spun at 20000xg for 1 hour. Isolated ECVs were lysed in RIPA
buffer, the extracted proteins were digested using trypsin and finally subjected to proteomic profiling by
label-free nano LC-MS/MS. The analysis was performed on a Orbitrap Fusion Mass Spectrometer equipped
with an Easy n-LC 1000 pump. MS/MS spectra were searched using the SEQUEST HT search engine in the
Proteome Discoverer Software v 1.4 using the UniProt Human Database (June 2015 release). Label-free
quantification was performed with MaxQuant Software v 1.5.2.8. Protein annotation and enrichment analysis
was performed using Panther Classification System (http://pantherdb.org) and DAVID system (Database for
Annotation, Visualization and Integrated Discovery).

Results

We identified 251 and 280 “core” proteins in ECVs prepared by standard centrifugation from controls and
STEMI patients, respectively. The corresponding number of proteins detected in the trapped samples was
242 and 250. 75% of these of proteins overlapped between the four groups, see figure 2. Functional
classification of ECV proteins using gene ontology analysis revealed an enrichment of biological process
annotatlons such as blood coagulation (36 protelns p<Ix107?), inflammatory response (80 proteins, p <
1x107%), cell adhesion (37 proteins, p < 1x10”) and lipid transport (22 proteins, p < 1x10™'"). 13 proteins
were detected only in trapped samples and 69 were found exclusively in samples prepared by centrifugation,
while 80 % of the proteins were detected with both preparation techniques. Membrane associated proteins
were overrepresented in centrifuged ECV samples relative to trapped samples (6 % vs. 3 %), while the
proportion of extracellular proteins was slightly higher in trapped samples compared to centrifuged samples
(34 % vs. 30 %). With regards to biological processes and molecular functions there was no difference
between the ECV preparation methods. Proteins enriched in centrifuged samples included several
apolipoproteins, whereas numerous immunoglobulins were enriched in trapped samples.
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Figure 1: The AcouTrap (AcouSort AB, Lund, Sweden) Figure 2: Venn diagram of the “core” proteins detected in
was used for trapping, washing and dispensing at least 50% of the samples from the four different ECV
extracellular vesicles from plasma samples. The sample groups.

instrument consists of a robotic stage that couples a 96-

well plate to an acoustic trapping chip. Two syringe

pumps and three valves are used to dispense and aspirate

samples between different wells. The instrument is fully

automated and is controlled through user-defined scripts

in a LabVIEW program.

24 proteins were found to be differentially expressed in STEMI versus control samples, of which 8 were
found significant with both isolation techniques, 10 were found significant only with trapping and 6 were
found significant exclusively in centrifuged samples, see figure 3. The majority of these proteins e.g.
myoglobin, creatine kinase M-type, zyxin and actin, have previously been linked to cardiovascular disease,
but their association with ECVs has not been shown before.
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Figure 3: Protein log, fold changes (on the x axis) and the corresponding adjusted log;o p-values (on the y axis) are
summarized in volcano plots for ECV samples isolated by acoustic trapping or differential centrifugation. The dots
marked in red represent a p-value lower than 0.05 and an absolute log, fold change higher than 0.5.

Conclusion

The proteomic profiles of ECVs isolated by acoustic trapping and standard centrifugation were highly
similar, and there was an enrichment of proteins related to coagulation and inflammation, consistent with
previous reports on ECV biology. There was an overrepresentation of proteins with known links to
cardiovascular disease among differentially expressed proteins in STEMI patients, supporting the notion that
ECVs are a source of blood biomarkers.
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Introduction

Previously, we have shown the potential of long-term tissue development with an acoustofluidic perfusion
bioreactor [1]. In the present research, we investigated the role of the acoustic environment in stimulating the
cells to developing hyaline-like cartilage. To this end, we create an acoustofluidic bioreactor to allow high
throughput tissue development with electronically modulated shear stresses. The system was used to develop
cartilaginous tissue following 21 days of levitated chondrogenic culture within a hypoxic environment (5%
CO2, 5% 0O, 37°C) in a humidified atmosphere. The driving parameters were also observed to influence the
tissue composition, which lead to characterization of the acoustic environment to determine its influence on
tissue development.

Device Fabrication

Layered resonators were fabricated by coupling piezoelectric transducers (PZ26) to 1.0 mm thick glass slides,
which functioned as the carrier and also reflector layers. Polycarbonate film functioned as a spacer material
and adhered to the carrier and reflector using poly(dimethyl siloxane) (PDMS). A numerical model was used
to validate the presence of the half-wave mode for the given resonator dimensions.

Bioreactor Culture

Primary human articular chondrocytes (HACs) were used in 21 day cultures within the bioreactor under
hypoxic conditions (5% CO,, 5% O,, and 37°C). The resulting tissue constructs were extracted from the
resonators and chemically fixed to section and staining for cartilage-specific markers, such as SOX9,
proteoglycans, and collagen type Il. The present results suggest changes in matrix composition as the sweep
time is increased, showing more cartilage-specific matrix production at 2 Hz relative to 50 Hz (Figure 1).
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Influence of Acoustic Radiation and Streaming Forces on Fluid Shear



Investigation of the cell response to different sweep rates was accomplished through time-lapse imaging of
levitating aggregates. From the time-lapse imaging, it was observed that the cells experience fluidic shear
stresses resulting from lateral oscillations which depend on the frequency sweep rate.

To further quantify the lateral displacement of the cells, murine chondrocytes (ATDC5) were used to form
aggregates at different driving parameters to determine the mechanical shear being applied onto the cells. The
mean lateral displacement of the cells was computed via image cross-correlation and inputted into a finite

element model to determine the fluid shear stress applied onto the cells.
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Figure 2: (A) The stress magnitude was quantified at different driving voltages and frequency sweeps at 2 Hz to show
the fluid shear applied onto the cells can be altered through the sweep range and driving frequency. (B) Fluid shear due
to streaming within the previous system and the present bioreactor. For the current bioreactor design, fluid shear
measurements were derived from visualizing 1 micron particles within the trap at the resonant frequency of the
resonator (fixed frequency), 100 kHz sweep at 12.5 and 50 Hz sweep rate. All data points were constructed from n =
3 (mean + SD), *P < 0.001, **P << 0.001

The shear magnitude was quantified at different driving forces to understand how the fluid shear changes with
the sweep rate, frequency sweep, and driving voltage (Figure 2A). The fluid shear magnitude decreased as the
frequency sweep range widen and as the driving voltage decreased. In addition to the lateral forces, the acoustic
environment was further characterized for fluid velocity from acoustic streaming. This was analyzed via micro-
particle image velocimetry, to show how streaming velocities change with the sweep rate and compared to
driving at a fixed frequency (Figure 2B). Due to limitations of the signal generator used, the acoustic streaming
velocities at 50 Hz and 12.5 Hz were compared. The velocity measurements between 12.5 Hz and 50 Hz were
assessed statistically to find no significant different. Additionally, these measurements were found to be
significantly more than the perfusion flow rate reported previously. To this extent, the fluid flow, whether due
to streaming or perfusion, may provide a complex signal to the cells in order to promote differentiation.

Conclusion

Present literature has shown how particles are influenced by the acoustic radiation and streaming forces,
including their effects on cell viability [1-4]. The present experimental results furthers these findings and show
that the mechanical environment within the resonator plays a crucial role in the development of robust hyaline-
like cartilage.
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Introduction

Caenorhabditis elegans (C. elegans) is a model organism for research in the field of molecular and
developmental biology. Microfluidic chips have improved the handling capabilities and have made high-
resolution imaging and fluorescent scanning of C. elegans possible. The controlled handling of C. elegans is
still a challenging task due to their active behaviour (swimming, bending and rolling) and special geometries,
cooling, gasses or anesthetics have been used for the necessary immobilization [1],[3]. Bulk acoustic wave
(BAW) acoustophoresis is proposed to be a new contactless handling tool for un-anesthetized C. elegans
with ultrasound. C. elegans can be immobilized by focussing them in the pressure nodal line of a standing
acoustic wave. Switching between two fluid resonance modes is used to sort C.elegans in separate outlets.
To understand the effect of the acoustic field on the C. elegans the compressibility is estimated by evaluating
C. elegans trajectories in the acoustic field and numerical simulations.

Experimental setup and simulation

The experimental setup shown in fig. 1(a) consists of a silicon/glass chip with microfluidic channels and a
high-speed camera. Syringe pumps are used to inject wildtype C. elegans in a M9 buffer carrier fluid into the
chip. For acoustophoresis, a piezoelectric transducer for the excitation of harmonic bulk acoustic waves is
glued to the back side of the device. The transducer is excited by a function generator and an amplifier at the
frequency of a fluid resonance inside the channel.

To understand the physical principles of the observed phenomena in the experiment, a device
characterization and a scattering simulation with the FEM software Comsol Multiphysics is conducted. For
the device characterization experiments with polystyrene particles of known material properties are used to
evaluate the pressure distribution in the channel [4]. The acoustic radiation force on a C. elegans model at
the experimentally evaluated pressure is extracted from time stepping the simulations in fig. 1(b) and (c).
Together with a simulated drag coefficient it is possible to simulate the trajectories for a C. elegans model. A
comparison of the simulated trajectories and an experimentally evaluated C. elegans trajectory allows to
estimate a speed of sound for the C. elegans of about 1460 m/s.
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Figure 1. Sketch of the experimental setup, the microfluidic device and the simulated device. In (a) the main channel has a depth of 90 um, a
length of >8 mm and a width of 700 um or 200 um. A piezoelectric transducer Pz26 (Ferroperm) is mounted to the back side of the chip. Part b)
shows the acoustic background field bordered by perfectly matched layers (PML) for A/2 = 700um around a cylindrically modelled C. elegans in the
pressure node. The scattered pressure field of the C. elegans model is shown in c).



Results

Immobilization of a C. elegans is shown in the image sequence from a high-speed recording in fig. 2. An adult
C. elegans flows in a bent state through the microfluidic chip. After a visual detection ultrasound is switched on
and the C. elegans is straightened and focussed in the middle of the channel. In this position e.g. a laser can
detect fluorescence along the length or a motion detection software can be used for a length measurement. After
a duration of 60 ms the ultrasound is switched off and the C. elegans bends again which shows its viability.
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Figure 2: Straightening and immobilization of an adult C. elegans for optical scanning purposes. a) No ultrasound, a
moving C. elegans flows with a speed of 25 mm/s. In b) and c) an excitation pulse at a frequency of 3.56 MHz at an
amplitude of 34.7 Vpp straightens the C. elegans in the pressure node of the half wavelength (A/2) fluid resonance mode
in the channel middle. The C. elegans is slowed down to 9 mm/s due to acoustic forces in x- direction. In d) the
negative control without ultrasound shows the bent C. elegans.

Sorting in fig. 3 is performed by switching between two fluid resonance modes and guiding the C. elegans
either in the middle outlet or in one of the remaining outlets of the trifurcation (outlet 1.1 or outlet 1.2).
Dependent on the size, the viability (image analysis) or a detected fluorescent threshold it is possible to sort
C. elegans into two categories.

a)
outlet 1.1

acoustic P

et 2
 forces outlet

)
i outlet 1.2

* y — Ne—
t=0ms A mode
b
) . - . ' outlet 1.1
“acoustic’ (/_,:;{_“—'—P L < _= outlet 2
forges g + » = outlet 1.2

ty: =90 ms A2 mode
X

Figure 3: Sorting of C. elegans with an average length of 350 um (L 3 stage) at a flow speed of 1.6 mm/s. (a)
Excitation at 2.165 MHz generates a A mode, which deflects C. elegans to the upper or bottom outlet. (b) In a next time
step, the piezoelectric transducer is excited at a frequency of 970 kHz ((A/2), C. elegans are moved to the channel
middle and are sorted to the outlet in the middle of the trifurcation. An amplitude of 25.3 Vpp is used. By switching
between the A- and A/2 resonance mode sorting in two different outlets becomes possible.

700 pm

Conclusion

The microfluidic handling tool BAW acoustophoresis enables immobilization and sorting of living C.
elegans. With this method contactless and un-anesthetized handling of C. elegans at low flow rates in wide
channels becomes possible. In the high kHz frequency range an acoustic actuation is harmless for living
organisms. Acoustophoresis is seen as a handling tool for biological researchers which is harmless, versatile
(immobilization and sorting), with a simple chip fabrication and is applicable for C. elegans in every stage of
its life cycle. Furthermore, new experimental ideas become possible, e.g. the evaluation of the strength of a
C. elegans (comparing simulation and experiment) or the imaging at low flow rates.
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SUMMARY

In this paper we demonstrate an improved tissue micro-engineering method producing 100 three-
dimensional (3D) HepG2 cell structures in parallel based on a combination of ultrasonic actuation and
polymer coating in a multi-well microplate made out of silicon and glass. By the use of a polymer
coating in the microplates, the method creates non-adherent tumor models of controlled size and shape
which introduces both a more flexible 3D culture system as well as improved quality of the 3D tumor
structures relative to previous studies [1]. It is also shown by puPIV that the polymer coating increases
the acoustic energy density in the microplate relative to previous studies [2].
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Figure 1: The silicon multi-well microplate etched

with 100 micro-wells (350 pm x 350 pm) (a) is
bonded to a glass plate and mounted on the round
piezo transducer (b) and actuated with an AC volt-
age. To produce micro-tumors, cells are seeded into
the wells and incubated in an in-house built temper-
ature control and incubator system (c). When ac-
tuated at the resonance frequency at 2.46 MHz, the
seeded cells in the micro-well are pushed towards the
center of each well by the ultrasonic radiation force

(d).

Motivation

Figure 2: Bright field microscopy images of the four
experimental combinations of HepG2 cells incubated
in a microplate; two days of passive (no ultrasound)
culture without coating (a), 24 hours active (ultra-
sound on) + 24 hours passive culture without coating
(b), 2 days of passive culture with coating (c) and
24 hours active + 24 hours passive culture with coat-
ing (d). The micro-wells are 350 ym wide and 4 out
100 wells are showed for each experimental case.

Tissue micro-engineering is important for modelling 3D biological structures in cellular and pharma-
ceutical research. Cells within tissue interact with other cells, the extracellular matrix and soluble
factors in a 3D communication network that governs cell behavior and tissue function [3]. The micro-
environment of 3D cultures is different from the one present in standard 2D cell cultures. Therefore,
3D culture methods can be used to bridge the gap between in vitro and in vivo models. 3D cul-
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ture methods are either anchorage-dependent (e.g., scaffolds) or anchorage-independent (e.g., hanging
drop, coatings) [4].

Spheroid fabrication

We have earlier demonstrated an anchorage-dependent ultrasonic 3D culture method for the produc-
tion of micro-tumors used for immunotherapy research [1] but in this paper we combine the method
with a protein repelling polymer coating (described in [5] and briefly below) that introduces more
flexibility and opens up new analysis approaches since the tumors are not anchored and can be ex-
tracted from the wells while retaining the compatibility with any type of optical microscopy. Briefly, a
layer of the polymer coating was distributed over the entire multi-well microplate before cell seeding.
The microplate is then coupled to the transducer which is driven at the resonance frequency inside an
in-house built incubator with a novel integrated temperature regulation system (Figure 1).

Protein repellent polymer coating

The protein repellent coating consists of a random copolymer of groups that both physically and
chemically binds to the silicon and glass bottom in the microplate. The polymer chains crosslink to
each other with strong silane couplings and the total polymer layer is approximately 30 nm thick [6].

Un-anchored spheroids

3D HepG2 tumors are successfully formed in the coated microplate after 24 hours of active culture
(ultrasound on) followed by 24 hours of passive culture (ultrasound off). We compare these results
with micro-tumors formed in an uncoated microplate (same culture scheme), two days of passive
culture in a coated microplate and two days of passive culture without coating (Figure 2).

uPIV analysis

To investigate the influence of the polymer coating on the acoustic properties of the microplate, uPIV
analysis was performed with 10 ym fluorescent beads during the initial aggregation with and without
coating in the same microplate. The results indicate that the acoustic energy density is higher with
the polymer coating than without (Figure 3).

Conclusion

We have found that the addition of a protein repellent polymer coating in our 3D-culture method pro-
duces un-anchored spheroids of higher quality within less time, compared to an ultrasonic 3D culture
without coating. Furthermore, the coated microplate generates higher acoustic energy density, which
is somewhat surprising since the polymer material is less suitable for supporting acoustic resonances
relative silicon and glass.
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Introduction

Miniaturization of fluid compartments in the form of liquid micro-droplets is important in diverse scientific
areas [1] such as chemical and biochemical analysis, protein crystallization and micro-reactor technology.
Many of these applications require high-throughput analyses of spatially addressable arrays of liquid droplets
over a range of timescales and chemical/physical environments. Typically, arrays of droplets with a uniform
size have been prepared by microfluidics, microfabrication, printing, and by application of electrical or
magnetic fields. The droplets are stabilized by immersion in an appropriate continuous phase (water droplets
in oil for example) or exposure on a dry surface, which lead to patterns of physically isolated droplets. On
the other hand, isolation of the droplets within the arrays is not compatible with dynamical interactions such
as triggering chemical signals between the droplets or enabling the droplets to communicate with and
respond to time-dependent changes in their external environment. To achieve these dynamical interactions,
new technologies are required that provide high-throughput production and organization of liquid micro-
droplets with similar polarity to the associated continuous phase, such as the formation and patterning of
water-rich droplets in a continuous aqueous phase. Such systems are characterized by a relatively low
surface tension between the droplets and continuous phase, and remain technically challenging.

Results and discussions

Figure 1: (a) Schematic representation
of the acoustic trapping device. (b,c)
Simulation of acoustic pressure
distribution (b) and Gor'kov potential
distribution (c) in the acoustic trapping
device as shown in (a); high pressure
(red), low pressure (blue). (d) 3D
confocal microscopy image of

0000000 f acoustically trapped droplets. (e,f)
0000000 Optical microscopy images of droplets
produced using the device at different
0000000 acoustic wavelength. Depending on
0000000 the wavelength, the centre-to-centre
0000000 spacings of the droplets were
0000000 determined by half of the acoustic
0000022 wavelength. Scale bars = 200 pm.

Here, we demonstrate the spontaneous assembly and spatial organization of water-rich molecularly crowded
micro-droplets to form 2D arrays in aqueous media. Droplet assembly is achieved by a spontaneous process
of complex coacervation [2], which is a liquid-liquid phase separation phenomenon driven by electrostatic
and entropic interactions usually between counter-charged polyelectrolytes. The resultant micron-sized
coacervate droplets comprise a dense, component-enriched viscoelastic phase, dispersed in a chemically
deficient aqueous continuous phase. Coacervate droplets have been used for storage of food additives, drug
delivery, protein purification, and more recently, exploited as membrane-free protocells [3] capable of
enhanced enzymatic activity, electric field-induced energization, and in vitro gene expression. Herein, we
show that the in situ generation of femtolitre-sized coacervate micro-droplets and their spatial organization
into 2D periodic lattices in water can be achieved without direct contact by acoustic trapping methods [4].
Acoustic radiation forces depend on the acoustic contrast generated by compositional differences between
media [5], and although acoustic beams and standing waves have been exploited for multi-dimensional



trapping, patterning and manipulation of micron-sized particles and intact cells, generating defect-free
uniform patterns with a single particle positioned at each acoustic pressure node has only been achieved at a
highly specific ratio of particle size to acoustic standing wavelength [6]. Significantly, acoustic trapping has
not been used to generate arrays of water-rich droplets dispersed in an aqueous medium, principally because
of the minimal acoustic contrast and low interfacial tension of the system.

Using an acoustic standing wave trap, we demonstrate the spontaneous assembly and organization of
droplets into defect-free arrays with controllable lattice spacing and droplet size (Figure 1). We show that
individual droplets of near uniform size, typically 50-100 um in diameter, are produced in the acoustic field
by in situ coalescence of primary droplets that aggregate specifically at the Gor'kov potential energy minima
(which correspond to acoustic pressure nodes) of the standing wave in the early stages of pattern formation.
Significantly, coalescence between the initially very small primary droplets can be curtailed by adjusting the
composition of the droplets such that localized aggregates of closely packed droplets are produced at each
node in the acoustic pressure field. The localized clusters exhibit collective responses to modulations in the
acoustic standing wave to produce arrays with reversible dynamical properties based on transformations in
droplet shape and exchange of matter between adjacent nodes in the acoustic field.

e Figure 2: (a) Fluorescence microscopy image
y showing three spatially positioned domains of

1 enzyme-containing droplet arrays with three
different enzymes (see arrows). (b) Fluorescence

microscopy image of an acoustically patterned 2D
array of enzyme-containing coacervate droplets
recorded 250 s after diffusion of the substrate along
the y direction (arrows). Scale bars = 100 pm. (c)
i ool E——— . Plots of changes in fluorescence mean intensity
O a0 a0k w040 associated with droplets along a single row aligned
d : parallel to the direction of diffusion (y axis). (d)
Fluorescence line intensity profiles recorded across a
row of droplets aligned along the direction of

a

time
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)
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Our methodology is applicable to a wide range of complex coacervate systems involving biomolecules
and synthetic polyelectrolytes. Moreover, periodic arrays of chemically encoded single droplets containing
sequestered dye molecules, proteins, enzymes, nanoparticles or microparticles can be readily produced in
situ during droplet assembly or partitioned into the patterned arrays post-assembly. By adjusting the ratio of
the chemical for the coacervate formation we demonstrate that acoustically patterned populations of
coacervate droplets containing different chemical information can be spatially positioned within the sample
chamber of the trapping device (Figure 2a). Finally, we show that it is possible to transit a reaction wave-
front through an array of acoustically trapped enzyme-containing coacervate micro-droplets by establishing
an appropriate chemical gradient within the sample chamber of the device (Figures 2b-e).

Conclusion

Our results indicate that structured acoustic radiation forces are a powerful, versatile and inexpensive tool to
manipulate the spatial assembly of uniform-sized coacervate micro-droplets in aqueous media to produce
functional water-based molecularly crowded liquid droplet periodic arrays comprising selective chemicals,
biomolecules and catalysts. Defect-free arrays of single coacervate droplets or droplet aggregates arranged in
2D lattices with controllable spacing, variable surface-attachment properties and reversible dynamical
behavior have been achieved by combining an ASW force field with in situ complex coacervation. The final
size of the droplets can be controlled by changes in the chemical concentrations or by quenching coalescence
of the primary droplets to produce 2D arrays with fixed spacing and geometry but variable droplet size. A
key advantage of the described methodology is associated with the high sequestration potential of the
molecularly crowded coacervate droplets, which enables the selective uptake and storage of a wide range of
functional components capable of operating in a continuous aqueous media, and it should be possible to
develop devices capable of sustaining chemical signals between the droplets as well as enabling spatial and
temporal responses to changing conditions in the external environment.
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Introduction

Droplet microfluidics provides a tool to create confined and discrete reaction chambers for biological and
chemical experiments at high throughput [1]. The method has attracted special interest for single-cell studies
since it is possible to encapsulate single cells inside droplets. This makes it possible to create more sensitive
analysis of cells since the results arise from a particular cell and is not the average response of thousands of
cells [2]. To miniaturize biological assays using droplets the same processes and steps performed in standard
protocols have to be integrated on microfluidic chips. Here, we present a method to concentrate particles in
droplets by combing acoustic particle focusing inside droplets with a trident shaped droplet split, and we
report ten times higher concentration of particles in the center daughter droplets compared with the side
daughter droplets when ultrasound is applied [3].

Experimental

An illustration of the developed concept for particle enrichment inside droplets and a photograph of the
fabricated acoustofluidic device are shown in figure 1. The microfluidic channels were wet-etched on a
silicon wafer and sealed by anodic bonding of a 1.1 mm thick glass lid. Aqueous droplets with polystyrene
microparticles (5 um) were generated in a continuous organic phase (olive oil). All liquid flows were
controlled by syringe pumps. A piezoelectric transducer was glued on the silicon side of the chip. To achieve
particle focusing inside the droplets the transducer was actuated with a frequency matched to create A/2-
resonance in the main channel. After the particle focusing step each droplet was split into three daughter
droplets in a trifurcation. The performance of the system was evaluated by measuring the concentration of
particles in the center and side daughter droplets using a Coulter Counter. To demonstrate the possibility to
manipulate cells inside droplets and show the suitability of the system for biological applications, red blood
cells were encapsulated and manipulated inside the droplets.

Droplet 2cm
generation

@ Droplet generation % @ @

@ Particle encapsulation  ———%~ — [ﬁ

® Acoustic fOCuSing 'Wat.er .°‘D C o ') C. o .3 6".0‘9
—

o Ultrasonic
@ Droplet splitting oil Flow transducer

Droplet split

Figure 1: Left: Illustration of the concept for acoustic particle enrichment inside droplets. Aqueous droplets containing
particles are generated. The applied acoustic field moves the particles to the pressure node in the center of the droplets,
and finally each droplet is split into three daughter droplets at a trifurcation. Right: Photograph of the microfluidic chip
for particle enrichment in droplets. Channel width x channel height 435 um x 165 pum.

Results

At A/2-resonance (1.8 MHz, 25 V) the particles inside the droplets were moved to the center of the
droplets. The droplets were transported downstream to a trifurcation where each droplet was split into three
daughter droplets with approximately the same size (25-28 nl). When ultrasound was applied the majority of
the particles were enriched in the center daughter droplets as seen in figure 2.
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Figure 2: Particle enrichment in
droplets. Without ultrasound (left
photograph) the particles are
positioned in the entire main
droplet resulting in particles in all
daughter droplets after the droplet
split. When ultrasound is applied
(right photograph) the particles
are directed to the center
daughter droplet during the
splitting step resulting in particle
enrichment.
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Randomly distributed particles Focused particles

The concentration of particles in the daughter droplets after the acoustic focusing step and the droplet split is
presented in figure 3. When ultrasound was applied the concentration of particles in the center daughter
droplets was more than ten times higher than in the side daughter droplets. In the control experiment without
ultrasound only a small concentration difference was observed between the center and side daughter droplets.

NRICHMENT Figure 3: Concentration of
5T particles with and  without
ultrasound during the droplet
split. Experiments were
performed three times (n=3) with
data acquisition in triplicates.
Error bars represent + standard
deviation.
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To investigate the possibility to use the described method for droplet based cell assays, red blood were
encapsulated inside the droplets. When ultrasound was applied to the system the cells were found to be
immediately moved to the center of the droplets, see figure 4.

Figure 4: Acoustic focusing of
red blood cells in droplets. At
application of ultrasound the cells
were positioned to the center of
the droplet (right photo). It was
also observed that the droplet
interface was slightly deformed
by the ultrasound.

150 micrometer Ultrasound on

150 micrometer Ultrasound off

, T————
Randomly distributed cells Focused cells

Conclusion

We have developed a method to enrich particles inside droplets by combining acoustic focusing with a

trident shaped droplet split. 89% of the particles were collected in the center daughter droplets when 2/3 of

the original droplet volume was removed. It was also shown that the method can be used to manipulate red

blood cells inside droplets. These results opens up for novel droplet based assays that are not possible to
perform today.
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Introduction

We present a silicon-glass droplet-based microfluidic system with integrated two-dimensional (2D)
acoustophoresis of microparticles (10 um) for improved particle positioning within spherical droplets. We
have previously reported on lateral positioning of microparticles inside large droplets (“plugs”) by one-
dimensional acoustophoresis [1]. In this paper, we implement 2D acoustophoresis [2, 3] of microparticles
prior to droplet generation as well as continuously throughout the whole system to increase the particle
centricity within small sub 100-micrometer-sized spherical droplets with as much as a factor of 4 compared
to an unactuated system.

Experimental

An overview of the droplet-based microfluidic system implementing dual transducer technology for 2D
acoustophoresis can be seen in fig. 1. The system consists of a silicon-glass chip fabricated in-house using
photolithography and dry-etching technology [4]. A channel with a rectangular cross-sectional design
enables independent acoustic focus control of both y- and z-direction by two different piezoelectric
transducers optimized for the resonance frequencies in each direction. The two ultrasound transducers which
are mounted to the chip with cyanoacrylate adhesive can be seen in fig. 1A (cf. PZT1 and PZT2). These
transducers are equipped with optimized aluminum matching layers making them efficient enough to be
driven purely by a function generator (10 V) without the need of an expensive RF amplifier. Moreover, the
transducers are equipped with metal-epoxy based backing layers enabling broadband frequency-modulation
actuation resulting in a more robust acoustophoretic function.

Figure 1: (A) Schematic drawing of the system. Here the two boxes PZT1 (fiesonance = 7.7 MHz, z-direction) and PZT2
(fresonance = 5.0 MHz, y-direction) indicate the position of the two piezoelectric ultrasonic transducers used for the 2D
acoustophoresis. To compensate for the small geometry variations the transducers are driven in frequency-modulation
mode (fiesonance £ 100 kHz @ 1 kHz) resulting in an approx. compensation ability of £ 3 pm. The boxes T1 and T2 mark
the positions of the two K-type thermocouples used to monitor the temperatures. (B) A high-speed microscope
photography showing a snapshot of the droplet formation process at the cross junction. Green arrows indicate the
direction of the continuous phase, fluorinated oil (Novec HFE-7500) with 2% Krytox pushed at a flow rate of 80 pl/min
(2x40 pl/min). The blue arrow indicates the direction of the dispersed phase, MQ-water with 0.1% Triton-X containing
microparticles (10 um polystyrene at a concentration of 2.3x10° particles/milliliter), pulled at a flow rate of 5 pl/min.
Inserts (C) and (D) showing the cross junction are frames taken from high-speed microscope videos acquired at 2000
frames per second showing unactuated operation and 2D acoustophoresis, respectively. The black arrows point out
typical results when encapsulating particles in spherical droplets with and without acoustophoresis. Unit is millimeter if
not explicitly stated otherwise.



Results and discussion
At high droplet generation rates (hundreds of Hz), spherical droplets are exiting the droplet generation cross
junction on a single line as can be seen in fig. 1B. The system can produce spherical droplets with volumes
as small as 215 pl + 22 pl (2 =74 um + 2 pm) at a rate as high as 298 Hz + 85 Hz. For the unactuated control
experiments (cf. fig. 1C) microparticles enters the cross junction almost randomly. However, with 2D
acoustophoresis (cf. fig. 1D) all particles in the dispersed phase are focused at the center of the channel in
both y- and z-direction before the droplet generator cross junction. Furthermore, since the spherical droplet
has a dimension comparable to the channel height there is a continuous acoustophoretic effect within the
droplet itself throughout the system. Typical results are indicated with black arrows in fig. 1C and 1D, i.e. for
the unactuated operation particles tends to be closer to the droplet boundary compared to 2D acoustophoresis
operation were particles tends to position themselves more centralized within the spherical droplet. We have
chosen to focus on single-particle encapsulation with the aim for single-cell analysis and we note that the
particle encapsulation process is stochastic for both unactuated operation and operation with 2D
acoustophoresis. An analysis of droplets containing single particles is shown in fig. 2. The complete 2D-
distribution of particles is depicted in fig. 1A and 1B which shows superposition of 1466 encapsulated single
particles. Here the blue dots represent individual positions of single particles for the two operational modes
(unactuated and 2D acoustophoresis). Using 2D acoustophoresis, 86% of the particles are focused to one of
three locations (cf. fig. 2B) within the spherical droplet. For the unactuated control the same number is 48%.
In particular, with 2D acoustophoresis the center location holds 44% of all particles compared to only 10%
for the unactuated control. A boxplot of all particle positions measured from the droplet center is shown in
fig. 2C. Similarly, the median particle distance from the droplet center is less for 2D acoustophoretic
operation compared to unactuated operation of the microfluidic system.

The acquired fourfold increase of particles located in the central part of the droplet when implementing
2D acoustophoresis is favorable for single-cell analysis, e.g. minimizing optical aberrations for particles
located close to the droplet boundary (cf. fig. 1C).
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Figure 2: Particle position for the two operational modes — unactuated and 2D acoustophoresis. Particle positions are
acquired approx. 500 um after the cross junction (cf. fig. 1) inside spherical droplets travelling with an estimated speed
of 12 mm/s. (A) Superposition of all particle positions (blue dots) for the two operational modes. The red circle
indicates the median particle distance from the droplet center. (B) Particle distribution divided into three regions here
marked with red. The central region covers 15% of the total area whereas the two peripheral ones cover 14% each of the
total area. The particle coverage percentages within the different regions are indicated by the red arrows with
corresponding values. (C) A boxplot (whiskers represent minimum and maximum values, median is indicated by the red
horizontal line in each box and outliers are indicated by red crosses) comparing relative particle position as a function of
distance from droplet center. Here 100% corresponds to a particle positioned at droplet boundary resulting in a distance
R (=droplet radius) from the droplet center and 0% indicates a particle positioned at the droplet center.

Conclusion

We have presented a silicon-glass two-phase droplet-based microfluidic system capable of producing sub
100-micrometer-sized spherical droplets at rates up to hundreds of droplets per second. Furthermore, we
have implemented 2D acoustophoresis of microparticles increasing the centricity of encapsulated particles by
as much as a factor of four making the system suitable for future single-cell analysis implementations.
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Introduction

The airway mucosa in the lung is composed of bronchial epithelial cells (BECs). The BECs create a
protective barrier between the body and the external environment, and together with underlying fibroblast
cells they maintain tissue homeostasis. Study of the mucosa is relevant in toxicology and drug screening [1]
targeting a variety of respiratory conditions including asthma.

The acoustofluidic device presented here facilitates a novel in vitro model of the mucosa by making it
possible to recreate the layered structure of two cell types found in the body. Non-contact acoustic trapping
in a capillary tube [2] was used to form adherent-sheets of BECs from a single cell suspension. Releasing the
BEC sheets on top of a confluent layer of fibroblasts enables the formation of a layered tissue construct
comprised of the two cell types.

Figure 1; Acoustofluidic device
for parallel cell-sheet generation.
Three capillaries with
piezoelectric elements are exited
using a sweep. The cell sheets are
formed close to the end of the
capillary and can be released on
top of structures of other cell
types to generate co-culture tissue
models.
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Results & Discussion

The capillary device (Figure 1) permitted parallel production of three cell sheets per run, and the formation of
adherens junctions between the trapped BECs (16HBE) was found to require two hours. During the
incubation a slow perfusion flow (2 pl/min) was used to provide fresh nutrients, and maintaining a steady
temperature of 37°C was found to be a critical for the adherens junctions to form. Due to the temperature
sensitivity of the cells and the low perfusion rate a minimal operation voltage could be used. These settings
were determined by evaluating cell-dissociation and viability after release from the acoustic trap.

In order to successfully co-culture BECs and fibroblasts as distinct cell layers it was found to be critically
important to enable the BECs to form adherens junctions with each other prior to co-culture with fibroblasts.
By contrast, direct deposition of BECs in suspension onto a confluent layer of fibroblasts did not allow the
formation of distinct layers as the different cell types would compete with each other for contact with the
culture well.



Figure 2: Cell culture on nanoporous membranes after epithelial cell sheet-formation in the acoustic trap. The
BEC sheet can be seen spreading out to cover the surface of the membrane over time, demonstrating both viability and
the absence of damage or contamination during extraction of the cells.

The design of the acoustic trap allows the cell sheets to be directly deposited onto nanoporous membranes
(Corning Transwells) for long-term culture (Figure 2). The subsequent culture was done both directly on the
nanoporous membranes and on top of confluent layers of fibroblasts. Locating the constructs on nanoporous
membranes enables a direct contact in vitro co-culture model where the epithelial barrier is polarized and can
be studied/stimulated from either side of the construct.

A primary advantage of this setup is the ability to gently extract the cell-sheets under laminar flow
conditions. The platform also presents a scalable approach to generate these sheets by actuating the
capillaries using a single source providing a frequency sweep and a single syringe pump utilizing a 10-port
selection valve to access the capillaries.

Conclusion

The acoustofluidic method of generating epithelial cell-sheets demonstrates the potential to improve current
in vitro models of the airway mucosa by placing epithelial cells in direct contact with fibroblasts. This allows
an integrated multilayered cellular structure which more closely resembles the in vivo architecture of the
airway. The resulting models may provide a useful tool for toxicological and pharmacological testing and
investigations into cell-to-cell communication.
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Introduction

In this work we present theoretical modeling to characterize the vibrational modes and the acoustic
fields in a small water-fllled glass capillary, see Fig. 1(a), which makes out a central part of a non-
contact acoustic trapping device [1, 2]. This trapping technology is becoming increasingly used in
microfluidic cell-handling [3-5], because its core component is a disposable, low-cost, and off-the-shelf
glass capillary acting as a resonator for standing-wave trapping. However, a complete understanding
of the combined acoustic field of fluid and solid, is lacking. We here provide a theoretical model of the
combined acoustic resonance modes in the cross section of the capillary, a model which could prove
useful in designing the next generation of acoustic trapping systems.

System

The acoustic trapping platform [1], sketched in Fig. 1, is composed of fluid-filled (water) cavity in a
capillary of (Pyrex-)glass of width W = 2000 pum, height H = 200 um, glass thickness Hy = 140 um,
and a few centimetres in length. The trap is actuated locally by a piezoelectric element with a
frequency of around f =4 MHz. At resonance, the acoustic field can effectively trap particles above
the piezoelectric actuator and retain them against the flow. However, because the volumes of the solid
and of the fluid are of comparable size, the vibrations in these two domains are impacting each other
to a great extent. This implies that to understand the acoustic field in the fluid, the full coupled
system must be understood. To investigate the resulting acoustic field, we calculate the combined
eigenmodes of the fluid and glass in the yz-cross section of the system.
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Figure 1: Sketch of the acoustic trapping device. (a) A section of the fluid-filled glass capillary. The capillary
is actuated locally by a piezoelectric element, typically around 1 mm in width. (b) Sketch of yz-cross section of
the capillary of width W = 2000 pm, height H = 200 pm, and glass thickness H, = 140 pm

Theory
The dynamics of the glass capillary is modeled by the elastic displacement u, stress o, density ps,
Youngs modulus F, Poissons ratio v, and angular eigenfrequency w

_pswzu: V.o, (1)

where o is given by,

)
14w

v
1-—2v

O

%(Vu +(Vu)b) + (V-w)]if, (2)

with I being the unit tensor. The dynamics of the fluid (water) is modeled by the acoustic pressure
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Figure 2: Eigenmodes of the system. The thumbnails below the respective plots denote the geometry used for
the specific calculation. In (c), the geometry used in the simulation is the cross section shown in the thumbnail
photograph of an actual capillary. The fluid pressure p and the magnitude |u| of the solid displacement are
represented by the rainbow and the heat color schemes, respectively. The magnitude of the displacement have
been exaggerated for clarity.

p, and density pr,

) w
Vip = —kfp, with k= —. (3)

Cf
At the solid-fluid boundaries, we impose continuous normal velocity —iwu - = v - n and continuous
stress o5 - n = —pn. For the fluid, the velocity is derived from the pressure as v = /;—;Vp. At the

glass-air boundary, we impose a no-stress condition os-n = 0. Eqs. (1)-(3), are implemented and
solved numerically in COMSOL Multiphysics v. 5.2.

Results and discussion

In Fig. 2 we show eigenmodes of the system at different eigenfrequencies fy. The fluid pressure p and
the magnitude |u| of the solid displacement are represented by the rainbow and the heat color schemes,
respectively. In Fig. 2(a), we plot the eigenmode most suited for acoustic trapping in the vicinity of
f ~ 4 MHz. Note that at this frequency the solid appears to support a large number of oscillation
wavelengths. In (b), at the much lower frequency of fy = 0.23 MHz, we find a more fundamental mode
of the system, which also exhibits a favourable pressure pattern with two perpendicular pressure nodes
aty=0and at z = %H . However, since this frequency is not a resonance frequency for the fluid alone,
it is doubtful that this mode can produce significant pressure amplitudes in the fluid when actuated.
To investigate the usual working mode around 4 MHz shown in (a), we have in (c) plotted the mode
found in COMSOL by importing the actual geometry from the shown photograph of the capillary cross
section. Though the change in geometry to slightly wavy in (c) is very small compared to the ideal
and straight capillary geometry in (a), the mode changes significantly. This change is most likely due
to the many wavelengths of the mode leading to an increased sensitivity to geometry perturbations.
In contrast to the variations in the high-frequency modes around 4 MHz for the geometries shown in
(a) and (c), the low-frequency modes from 0.1 - 0.5 MHz in the same geometries show much greater
resemblance (plots not shown). We therefore investigate more narrow capillary geometries, for which
the more stable fundamental modes also exists around 2 MHz instead of only the above mentioned
0.1-0.5 MHz. Altering the capillary slightly to H = 400 ym, Hy; = 280 pm, and W = 1000 pm, shows
promising results, see Fig. 2(d). With this geometry, an eigenmode composed of a one-wavelength solid
displacement field and a favourable pressure pattern appears at a frequency of fy = 2.1 MHz, which
is close to the simple standing half wave resonance of the fluid with frequency f = 55 = 1.87 MHz.

2H
Such a mode could make it very suitable for use in the next generation acoustic trapping platforms.
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Introduction

To explain recent experimental findings on relocation and stabilization of density gradients in acoustoflu-
idic devices [1, 2], we have developed a novel theory [3] for the acoustic force density acting on in-

homogeneous fluids on time scales that are slow compared to the acoustic oscillation period. Our

theory is an extension of fundamental work on the acoustic radiation force acting on particles [4-6]

or immiscible fluid interfaces [7, 8] to include fluids with a continuous spatial variation in density and

compressibility. A key prediction of our theory is that inhomogeneous configurations can be stabi-

lized in the presence of destabilizing forces due to gravity or acoustic streaming flows. Experimental

validation is obtained by confocal imaging of well-controlled inhomogeneous solutions of iodixanol in

water in the glass-silicon microchip shown in Fig. 1.

Motivation

Building on the discovery of acoustic stabilization of inhomogeneous fluids [1], iso-acoustic focusing has
been introduced as an equilibrium cell-handling method that overcomes the central issue of cell-size
dependency in acoustophoresis [2]. The method can be considered a microfluidic analog to density
gradient centrifugation, allowing spatial separation of different cell-types based on differences in their
acousto-mechanical properties independent on size. To advance this technology, and potentially open
up new routes to microscale handling of fluids and particles using acoustics, we here provide a theo-
retical explanation of the physics governing the acoustic forces acting on inhomogeneous fluids.

Theory

Briefly, we report here the general expression that we have derived for the force density fa. acting
on a fluid of inhomogeneous compressibility xg and density pg, dependent on the acoustic pressure py
and velocity v;. For the cross-sectional half-wave resonance with wavenumber k sketched in Fig. 1(c),

we further provide the simplified expression for the force density féé) in the experimentally relevant

and simplified case of a constant speed of sound ¢, and a weakly inhomogeneous density po(r) =

[1+ p(r)] p(()o), where p(r) is the relative deviation away from the reference density poo ,

1 1
foc = —jpﬂQVRO — 1]111]2Vp0, and féi) = — cos(2ky) ESC)) Ve, for |p| < 1. (1)

Here, Eég) is the time-averaged acoustic energy density of zeroth order in p. Using fé};) as a body force
in the Navier—Stokes equation coupled with the mass-continuity equation and the advection-diffusion
equation for the iodixanol concentration, we simulate numerically the slow-time-scale dynamics re-
sulting from the forces of gravity and acoustics.

Results

In Fig. 2 we compare the simulated and experimentally measured concentration fields after 17 s
retention time for three acoustic energy densities E,., showing that the acoustic force density can
stabilize a dense vertical fluid column against gravity, such that it broadens only by diffusion. Figure 3
shows time-resolved simulations obtained with F,. = 10 J/m? for (a) the stable initial configuration
with the denser fluid at the center, (b) the unstable initial configuration with the denser fluid at the
bottom, and (c) the unstable initial configuration with the denser fluid at the sides. While the stable
initial configuration evolves only by diffusion, the unstable initial configurations evolve by complex
advection patterns into essentially the same stable configuration with the denser fluid at the center.
This fluid relocation is in full qualitative agreement with previously published experiments [1, 2].


http://www.fysik.dtu.dk/microfluidics

(b) Cell

Silicon Glass

(c)

Piezo-ceramic
actuator

Air hacking\l

Figure 1:

inlet

\

Acoustic resonator  Cell

channel outlet

Trifurcation
inlet

\ /

/
N

I\

Priming
outlets

Central
flow inlet

Priming
inlet

Imaged
region

¢

*nggez

L

(a) Photo of the glass-silicon microchip in its holder with the piezo-transducer glued underneath.

(b) Photo of the microchip showing the trifurcation inlet to the left and the outlet to the right. (c) Sketch
of the microchannel cross section of width W = 375 pm and height H = 150 pm inside the microchip. The
initial iodixanol concentration at the trifurcation inlet is 36% in the center (white) and 10% at the sides

(black) leading to an inhomogeneous density po(r), compressibility ko(r), and dynamic viscosity 7o(7).

The

gravitational acceleration is g = —ge,. The fundamental half-wave acoustic pressure resonance is represented

by the blue sinusoidal curves. Adapted from Refs. [2, 3].

2.4 J/m? 15 J/m?

E,. =0.0J/m

Figure 2: Simulation (top) and experimental confo-
cal image (bottom) of the cross-sectional concentration
of iodixanol after 17 s retention time for three acous-
tic energy densities F,.. Initially, the denser fluores-
cently marked fluid (36% iodixanol, white) is in the cen-
ter and the less dense fluid (10% iodixanol, black) is at
the sides, see Fig. 1(c). The stable configurations con-
firm the observation in Ref. [2] that acoustic streaming
is suppressed in inhomogeneous fluids. All parameters
used in the simulation have been measured experimen-
tally leaving no free fitting parameters. Adapted from
Ref. [3].

Conclusion
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t=0.0s 0.1s 0.2s

Figure 3: Simulation for E,. = 10 J/m? of the time-
evolution of the iodixanol concentration profile in the
vertical yz plane symmetric around y = 0 (dashed line),
with only the left half —%W <y < 0 shown. Three dif-

ferent initial configurations of the dense (36% iodixanol,
white) and less dense (10% iodixanol, black) solution
give rise to different time evolutions. (a) A vertical slab
of the dense fluid in the center. (b) A horizontal slab of
the dense fluid at the bottom. (¢) Two vertical slabs of
the dense fluid at the sides. All configurations develop
towards a stable configuration with the dense fluid lo-
cated as a nearly vertical slab in the center in good
agreement with previous experimental observations [1,
2]. Adapted from Ref. [3].

Our theory for the acoustic force density acting on an inhomogeneous fluid [3] explains recent experi-
mental observations [1, 2], and agrees with our experimental validation without free parameters. The
theoretical understanding of forces acting on inhomogeneous fluids opens up new avenues for designing
acoustofluidic chips for microscale handling of fluids and particles.
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Introduction

The early detection of cancer is vital to providing life-saving, therapeutic intervention [1]. However, current
methods for detection (e.g., tissue biopsy, endoscopy and medical imaging) often suffer from low patient
compliance and an elevated risk of complications, especially in elderly patients. As such, many are looking
to “liquid biopsies” for clues into presence and status of cancer due to its minimal invasiveness and ability to
provide rich information about the native tumor. In such liquid biopsies, peripheral blood is drawn from for
detailed screenings of biomarkers via enumeration and analysis. A critical first step in performing these types
of analyses is the separation, enrichment and/or isolation of the target biomarkers (e.g., cells or proteins),
which can enable many diagnostic and therapeutic practices. In this presentation, we will provide an
overview of a variety of acoustofluidic strategies developed by our group that may advance some of these
processes. In particular, we will focus on the use of elastomeric particles in bioseparation assays. Further, we
will describe extensions of this work to include acoustofluidic systems for rare cell isolation and analysis.

Monodisperse elastomeric particles A
We have developed a facile method to synthesize large

volumes of elastomeric particles made from silicone gels \® o/ \ /

using a nucleation and growth process. Unlike cells and most N e R4

synthetic particles that focus to the pressure node(s) of a S e e 00000

standing wave (Fig. 1A), these particles display negative S oNe /" Flow Direction
acoustic contrast by focusing to the pressure antinodes (Fig. fe ! \

1B). We will show that these particles can be synthesized ! |

from a large variety of silicon alkoxide and alkoxysilane Bulk Acoustic Standing Waves

monomers for control over their chemical composition, and
thus, mechanical properties (e.g., bulk modulus and density). Teo | o Q%%)o\ T
Further, we can control the size of the particles from \ /@ \ /

hundreds of nanometers to several micrometers [2]. o \\(/
,/\\ // N
. . . . ’Q \, Vi \ . .
Cell sequestration with elastomeric particles PSRN SN Flow Direction
Using the silicone gel particles, we show that we can capture [ © | St / \

living mammalian cells and sequester those cells to the
pressure antinodes of a standing wave. This type of capture
and isolation may hold promise for on-chip staining, analysis ~ Figure 1. Particles with (A) positive acoustic
and potentially continuous sorting from cells without contrast and (B) negative acoustic contrast in
elastomeric particles bound to their surfaces for direct an acoustic standing wave. Image was
separation through positive or negative selection [3]. adapted from [4].

L

|
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Biomarker isolation with elastomeric particles . »

and elastin-like polypeptides r

Using the elastomeric particles described above, ELP(CGG: Ty g Above Tt
we have developed a method that enables the rapid o 100mW UV light E—

capture and isolation of small molecules from » .

blood for their off-chip quantification. First, we .

used thermally responsive polypeptides (namely, ) ) ) o )
elastin-like polypeptides (ELPs)) with binding Flgu.re 2.. Elastomerlf: particles are functloqallze.d with
ligands to capture biomarkers spiked in blood. el.astm-llke pollypeptldes (ELPs) fqr capturing biomarkers
Next, we added elastomeric particles with ELPs on  Via thermally induced co-aggregation of ELPs.



their surfaces to immobilize the captured biomarkers by increasing the temperature of the solution to co-
aggregate the tethered and untethered polypeptides. The blood sample containing the biomarker-particle
complexes was then diluted with warm buffer and injected into a microfluidic device supporting a half-
wavelength bulk acoustic standing wave. The biomarker-particle complexes migrated to the pressure
antinodes, whereas blood cells migrated to the pressure node, leading to a biased separation with efficiencies
exceeding 90%. The biomarker-particle complexes were then analyzed via flow cytometry, where we
achieved a detection limit of 0.75 nM for streptavidin in blood plasma. Finally, by reducing the temperature
of the solution, greater than 75% of the biomarkers were released from the particles.

Synthesis of magnetoelastomeric particles

Building off of the work in the above-described topics, we have developed a new class of magnetic and
elastomeric particles that exhibit positive magnetophoresis and negative acoustophoresis (i.e., negative
acoustic contrast) in aqueous suspensions. These particles are comprised of polydimethylsiloxane (PDMS)
with homogenously distributed Fe,O; nanoparticles. We show that we can synthesize these particles with
capillary microfluidics, thus rendering the particles monodisperse, and we show that we can modify the
surfaces of the particles for direct binding assays. Given their unique mechanical properties, we show these
particles can enable a new form of acoustomagnetic separation for various bioanalytical applications.

Acoustically enhanced magnetic separation of cancer cells from blood for on-chip templating

Beyond cell or biomarker separation, there is a growing need for templating cells or particles after separation
for automated analysis [5]. We have developed a set of microfluidic technologies that offer a unique set of
strategies to focus, sort and template cells in independent microfluidic modules. The first module exploits
ultrasonic standing waves to rapidly focus cells to the pressure node of a standing wave. The second module
contains an off-chip magnet to impose a non-uniform magnetic field to separate cells with magnetic labels
from unlabeled cells in a high throughput fashion via free-flow magnetophoresis. We show this module is
capable of separating particles with efficiencies exceeding 90% at rates up to 2,000 events/sec. The third
module uses a printed array of micromagnets to capture magnetically labeled cells into well-defined
compartments, enabling on-chip staining and single cell analysis. Overall, this platform may enable facile
processing of complex biological mixtures for direct single cell analysis.

Conclusion

Overall, we present a collection of microfluidic technologies designed to process complex biofluid mixtures
for downstream analysis. These technologies can operate in standalone formats, or can be adapted to operate
with established technologies, such as flow cytometry. A key advantage of these innovations is their ability
to process inhomogeneous samples (e.g., processed blood) in a rapid, and thus high throughput, fashion [6].
We show that they can process fluids at a variety of concentrations and flow rates, target cells with various
immunophenotypes and sort cells via positive (and potentially negative) selection. These technologies are
chip-based, fabricated using standard clean room equipment, towards a disposable clinical tool. With further
optimization in design and performance, these technologies might aid in the early detection, and potentially
treatment, of cancer and various other physical ailments.
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Introduction

Circulating tumor cells, shed from primary tumors and migrating into the blood are considered a major
cause of cancer metastasis. To detect these extremely rare CTCs (1 CTC in 10° blood cells), several groups
have been developing microfluidic devices for continuous flow-based CTC separation [1]. A practical
challenge of these systems is that the sorted cells should be collected for downstream analysis, which could
cause severe loss of target cells. Recently, we developed a microfluidic system for rare cell analysis,
combining an acoustofluidic chip for sample preconcentration and dielectrophoresis for subsequent single-
cell trapping (Fig. 1 and 2).

Figure 1: DEP trapping of DU145 cells (human prostate
cancer cell line) without preconcentration. A) Fluorescent
time lapse image of the microwell array during cell
trapping. Scale bar is 100 um. B) Cell trapping efficiency

Figure 2: DEP trapping of DU145 cells (human prostate
cancer cell line) after acoustophoresis preconcentration.
A) Fluorescent time lapse image of the microwell array
during cell trapping. Scale bar is 200 um. B) Cell trapping
efficiency depending on inflow rate into the

dependent on inflow rate in DEP chip alone. [2] epenc ] !
acoustophoresis chip while flow rate to the DEP trapping

chip was fixed at 4 uL/min. [2]

The system showed a 10 times improved sample throughput compared to trapping with the DEP chip alone,
while maintaining a highly efficient cell recovery above 90% [2].

Here, we present a novel integrated device, combining an advanced acoustofluidic chip, which allows
separation and concentration of the targeted cells, directly onto the dielectrophoresis trapping array to realize
an automated single-cell CTC analysis system.

Results and discussion

The integration was achieved by directly bonding the sample outlet of the acoustofluidic chip (glass lid) with
the inlet of the dielectrophoresis trapping chip (PDMS) (Fig. 3). A cell mixture was two-dimensionally pre-
aligned to two positions before being separated and concentrated using acoustophoresis. Largely the cells are
separated based on their size. The sample input flow rate was set to 80 pL/min.



Figure 3: Photo of integrated device. For the integration of
two original microfluidic devices, the sample outlet of the
acoustofluidic chip was directly connected with the inlet of
the DEP chip by bonding of the PDMS based DEP chip to the
glass surface of the acoustofluidic chip.

Figure 4: Schematic image of integration of acousto- and dielectrophoresis. A
cell mixture was acoustically pre-aligned to two positions in the two-dimensional
standing wave pressure nodes field. The aligned cells were separated, and
concentrated at the end of the acoustofluidic chip. The sorted cells were arrayed
into the DEP chip.

After the separation the collected fraction was then directly concentrated
~20 times. The concentrated central fraction, containing the target cells,
then progressed into the dielectrophoresis single cell trapping array where
they were trapped in individual wells allowing for the subsequent single-
cell analysis (Fig. 4).

The optimal frequency for the acoustophoretic separation was tuned by
running a mixture of 3.1-um beads and 6-um beads through the
integrated device (Fig. 5 left). We demonstrated single-cell trapping after
separation of DU145 (human prostate cancer cell line) from white blood
cells (WBCs) with the integrated device, where the mean diameter of
DU145 cells was larger than the WBCs. A mixture of DU145 and WBCs
was sorted and concentrated, and then trapped in single-cell wells (Fig. 5
right). Subsequent on chip staining can also be performed (data not
shown).

Figure 5: Left) Separation of pbeads. Mixture of 3.1- and 6-um beads were introduced into the device and separated
with the integrated device. Right) Trapped DU145 cells after separation.

Conclusion

We have successfully demonstrated an all integrated device for tumor cell separation and concentration with
subsequent high efficiency single-cell arraying.
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Introduction

Acoustic excitation of cylindrical gas bubbles placed in a microfluidic channel gives rise to steady
recirculating flows in a surrounding fluid. This nonlinear effect, known as acoustic streaming, is essential to
a number of technologies, such as particle trapping, size-selective sorting and micromixing. The theoretical
modeling of acoustic streaming in a microfluidic channel with elastic walls is a challenging problem because
of specific features of the bubble dynamics. Under the above conditions, the bubble produces two types of
scattered waves: (1) a bulk wave that propagates in the fluid gap with an ordinary sound speed and (2) Lamb-
type surface waves that propagate at the fluid-wall interfaces with a much lower speed than that of the bulk
wave [1,2]. In addition, the bubble undergoes translational oscillation caused by scattered waves from
neighboring bubbles. Acoustic streaming produced by such a bubble results mainly from the interaction of
the volume and translational modes of the bubble oscillations [1]. The aim of our study was to develop a
theoretical model for acoustic streaming produced by a pulsating and translating cylindrical bubble confined
between two elastic walls, taking into account the contributions of both bulk and surface waves. The model
was then used for the calculation of streamlines, which revealed a dominant effect of the surface waves on
the vortex orientation of streamline patterns. We have also checked the model against experimental data and
found a good agreement between experimental and theoretical results.

Theoretical model

The derivation of the model includes two stages. At the first stage, the linear equations of fluid motion are
solved. They include the continuity equation and the incompressible Navier-Stokes equation, which are
applied to the fluid in the microfluidic channel. The solutions of the equations are based on a bubble model
developed in our recent paper [2]. The above model describes the bulk scattered wave and the Lamb-type
surface waves generated by the volume oscillation of a cylindrical bubble placed between two planar elastic
walls. The linear solutions are used as input data for the equations of acoustic streaming.

The second stage consists in solving the equations of acoustic streaming [3]. As a result, we obtain the
radial and the tangential components of the Lagrangian streaming velocity generated by the bubble,
assuming that the translational motion of the bubble is caused by another bubble, which undergoes a similar
acoustic action. The general streaming solutions are calculated with no restrictions on the ratio between the
viscous penetration depth, J,, and the bubble radius, Ro. However, in most cases of interest, the condition
oRo << 1 is valid. Therefore, it is appropriate to derive approximate equations for this limit. We provide
such equations and use them in our numerical examples.

Predicted streamlines

In our calculations, we assume that the fluid in the microfluidic channel is water, the gas in bubbles is air, the
channel walls are made of PDMS, and the channel height is 25 um. Figure 1 exemplifies calculated
streamline patterns in the cases of (a) the absence and (b) the presence of surface waves. The calculation was
made for two equal bubbles with radii Ro = 30 um, separated by a distance d = 10R, and excited at a
frequency f = 50 kHz. According to the terminology proposed by Rallabandi et al. [4], the vortex pattern in
Fig. 1(a) is a streaming of the ‘fountain’ type, while that in Fig. 1(b) is a streaming of the ‘antifountain’ type.
Thus, Fig. 1 reveals that the surface waves can reverse the vortex orientation.

Longuet-Higgins [5] has shown for a spherical bubble that the streaming velocity is proportional to
sin(A¢), where A¢ is the phase shift between the radial and translational oscillations. As a consequence, the
vortex orientation of streamlines is determined by the sign of sin(A¢) [1]. Our calculations reveal that, for a
cylindrical bubble in a PDMS channel, the surface waves make the dependence on A¢ more complicated.
According to our results, a ‘fountain’-type streaming usually occurs at sin(A¢) > 0, while the ‘antifountain’
type is observed at sin(A¢) < 0. However, this is not always the case. There are examples where the
‘fountain’ type occurs at sin(A¢) < 0 and vice versa. Our calculations also show that the ‘fountain’ type is
observed for smaller (with respect to the resonance size) bubbles, while for bigger bubbles, the vortex pattern
changes to the ‘antifountain’ type. The streaming type is also changed with the interbubble distance. These
results conform to experimental observations reported by Mekki-Berrada et al. [1].
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Figure 1: Theoretical streamline patterns for two cylindrical bubbles of equal sizes, undergoing radial and translational
oscillations in a microfluidic channel. The bubble radii are Ro = 30 um, the interbubble distance is d = 10R,, and the
excitation frequency is f = 50 kHz. (a) Surface waves are absent (‘fountain’-type streaming). (b) Surface waves are
present (‘antifountain’-type streaming).

Experimental verification

Experimental and theoretical data are compared in Fig. 2. The experimental data are depicted by circles.
They show the radial component V, of the streaming velocity generated by two bubbles along the line of the
bubble centers; see the insets. The value of V. was measured versus distance r from the center of the right
bubble. The data in Fig. 2(a) were obtained for bubbles with radii 38.3 um and 33.6 um, separated by a
distance 175 um, and excited at 40 kHz. The data in Fig. 2(b) were obtained for bubbles in contact, which
had radii 30 um and were excited at 80 kHz. The results given by our theoretical model are shown by the
solid line. As one can see, in both cases, there is a good agreement between experiment and theory.
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Figure 2: Comparison of experimental (circles) and theoretical (solid line) results. The radial component of the
streaming velocity V. versus distance r from the center of the right bubble. (a) Bubbles with radii Rio = 38.3 um and Ry
= 33.6 um, separated by a distance d = 175 um, excited at 40 kHz. (b) Bubbles in contact, with radii Rp = 30 um,
excited at 80 kHz.

Conclusion

A theoretical model has been developed for acoustic streaming generated by cylindrical bubbles in a
microfluidic channel. The model first provides a rigorous analytical solution that allows for both bulk and
surface waves produced by bubbles. Calculations reveal a dominant effect of the surface waves on streamline
patterns. The model was validated experimentally.
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Introduction: Bubble Microstreaming

Oscillating microbubbles excited by ultrasonic driving establish powerful steady flow fields, called
bubble microstreaming [1, 2, 3]. The easily manufactured devices are versatile tools; previous experi-
mental work in our group has established their usefulness for transport [4], force actuation on cells and
vesicles [3], mixing [5], and particle sorting [6]. In parallel theoretical analysis, we have analytically
described the flow fields in both the oscillatory and steady components [5, 7, §].

Sorting of Particles by Size

Bubble microstreaming is achieved by manufacturing one or more blind side channels in a simple
PDMS soft lithography device, which automatically retain air pockets upon filling. A piezo transducer
drives bubble oscillations at low ultrasonic frequency (~ 20kHz), resulting in a pair of steady vortices
(Fig. 1a). When superimposed with a channel transport flow, the resulting flow field (Fig. 1b) guides
suspended neutrally buoyant microparticles into close proximity of the oscillating bubble surface. Over
very short time scales (~ 1 ms) and length scales (~ 10um), the particles suffer differential deflection,
so that particles of different size can be collected at different microfluidic outlets (Fig. 1c). The
sensitivity of the sorting is far greater than the smallest length scales of manufacture [6, 9].

A simple argument for quantifying this sorting uses the geometry of the flow only, assuming a
contact interaction between particles and bubble interface [9]. However, high-speed photography
reveals directly that there is no such contact, and that the particles get deflected gradually (Fig. 2a).
Stroboscopic photography at the frequency of the driving measures the quantitative displacement of
the sorted particles. Translated into an applied force, we observe a ms-long lift force action in the nN
range, driving the particles across streamlines (Fig. 2b).

Modeling of Lift Force
To model the lift force quantitatively, we employ a version of the Maxey-Riley (MR) equation [10],
which describes the motion of small spherical particles in low-Reynolds-number flow fields. The
dominant factor in our case is not usually considered in this context: the interaction force between a
particle and the nearby stress-free surface of the bubble. Employing a reciprocal theorem, we obtain
a general expression of the force normal to the surface, for arbitrary distances.

The solution of the MR equation becomes relatively straightforward, as we know the flow fields
explicitly. The results show particle dynamics in close agreement with experimental observation: a
radial oscillatory motion is superimposed by not only a steady azimuthal transport, but a steady radial

Figure 1: Microbubble streaming ans sorting. (a) Vortex flow above a microbubble; (b) Flow field after
superposition of transport flow; the yellow lines delineate the region in which sorting can occur; (c) Sorting
experiment demonstrating complete separation of particles with radius a, = 2.5 and 5um, respectively.
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Figure 2: Lift on microparticles. (a) Examples of experimentally measured particle trajectories; (b) Lift forces
as a function of azimuthal position, inferred from experiment (red) and computed from the model (blue); (c)
Modeling of a particle trajectory (blue), indicating the rectification relative to a fluid element (green).

displacement relative to the fluid (Fig. 2c¢). The magnitude of displacement, and that of the inferred
lift force, matches the experimental data with great accuracy, without any free parameters (Fig. 2b).

Further progress can be made using asymptotic expansions and a time scale separation between the
fast oscillatory time scale and that of transport across the bubble. The analytical formalism shows
that the steady radial force on the particle can be interpreted as a superposition of two effects: a
dynamic rectification analogous to the rectification of fluid elements in streaming flow (but describing
additional relative displacement between particle and fluid), and a contribution proportional to the
density contrast between particle. This second contribution reduces to the well-known expression
of the secondary radiation force [11] at large distances between bubble and particle, but is strongly
modified near the surface.

Conclusion

We show here that the sorting forces acting on microparticles in streaming flows can be quantitatively
understood and show features generalizing both the principles of streaming rectification and of sec-
ondary acoustic radiation force. Not only do these results explain the practically useful manipulation
of micron-sized particles over very small length and time scales in bubble streaming flows, but they
are readily generalized for a variety of other cases where small objects are exposed to oscillatory flow
fields, whether these flows are caused by acoustic waves or not.
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Introduction

The concentration of targeted micro-objects, like solid particles and biological cells suspended in a fluid, has
been achieved by using sound waves. However, the basic understanding of the underlying physics behind
various concentration behaviors of the micro-objects was lacking. [1] We have recently been studying the
interaction of acoustic waves, in the form of surface acoustic waves (SAWSs) [2] and Lamb waves (LWSs) [3],
with a droplet of water carrying polystyrene particles of different diameters. The investigation reveals that the
particle concentration depends on various parameters including particle diameters (d,, ), acoustic wavelength
in the fluid (45), sound attenuation length, droplet volume, acoustic streaming flow (ASF) induced drag force,
direct acoustlc radiation force (ARF), etc. In this paper, we have presented the working mechanism behind the
concentration behavior of the particles, and the experimental results achieved using SAWSs and LWs (see Fig
1and 2).

The SAW-based acoustofluidic device is composed of a piezoelectric substrate (lithium niobate, LN) and
an interdigitated transducer (IDT) deposited on top. The SAWSs interaction with a droplet of water, as shown
in Fig. 1(A), produces a high velocity ASF, and exerts a strong ARF on the suspended particles. As a result of
which, the suspended particles are concentrated into four distinct shapes, called regimes R1 — R4 of particles
concertation. The concentration of particles at the center of the water droplet (termed as regime R1) is achieved
when the attenuation length of SAW on the substrate surface (x;) is greater than the droplet radius (r;), and
the k (= md, /A¢) value is smaller than one. The particle concertation around the periphery of the droplet in
the form of & rlng (termed as regime R2) is achieved when x; < r; and k < 1. The particles are pushed to the
side of the droplet in the form of an isolated island (termed as regime R3), when x, > r; and k > 1. The
formation of a particle ring close to the center of the droplet (termed as regime R4) is associated with x, < 1y
and k > 1. These four distinct regimes R1 — R4 are produced under various combination of the ASF-based
centrifugal force and drag force, and the standing or travelling SAW-based ARF. For the experimental
demonstration as shown in Fig. 2(A), we have used a 5 uL droplet of water, which is actuated by 10, 20, 80,
and 133 MHz frequency SAWSs to concentrate polystyrene particles with diameters 1 — 30 um.

The LW-based acoustofluidic device is composed of a LN substrate and a pair of L-shaped metal electrodes
deposited on top as shown in Fig. 1(B). The LW-mode of LN substrate vibration is actuated when an
appropriate resonant frequency AC signal is provided to the device. For a LN substrate with a 500 um thickness,
acoustic resonance occurs every ~ 3.5 MHz frequency interval. This feature of the LW-based device provides
a vast range of possible device actuation frequencies. We have used the LW-based device to demonstrate that
the concentration of polystyrene particles in the form of a ring strongly depends on the direct ARF and not the
ASF alone. [4] For the experimental demonstration as shown in Fig. 2(B), we have used 45, 65.6, 114, and 224
MHz frequency LWSs, and 1, 3, 6, and 10 um diameter particles suspended in a 5 uL droplet of water.

Results

A summary of the experimental results, for particles manipulation inside a 5 uL sessile droplet of water using
SAWSs and LWs, is presented in Fig. 2. Sessile droplets of water carrying polystyrene particles with diameters
1,3, 6,and 10 um are separately exposed to SAWSs with frequencies 10, 20, 80, and 133 MHz, such that sixteen
different d, — f combinations arise (see Fig. 2(A)). For 10 and 20 MHz frequency SAWSs, the attenuation
length of sound waves (x,) is larger than the droplet radius (r;) on the substrate surface that leads to the
formation of strong standing waves inside the droplet. For 80 and 133 MHz frequency SAWS, x, < ry that
leads to the dominance of the travelling waves inside the droplet. The cases correspondingto x < 1, k > 1,
and regimes R1 — R4 are highlighted in different colors. Regime R1 corresponds to the concentration of
particles at the center of the droplet as the acoustic radiation force (Fz) by the standing acoustic field dominates
the particle motion. However, there are few exceptions to that: when smaller particles with diameter 1 um are
not influenced by the Fg, and move towards the periphery of the droplet (such a case is included in regime R2);
and when larger particles with diameter 30 um are dominated by the travelling waves F as k > 1, and pushed
to the side of the droplet (only case in regime R3). For regime R2, the particles are not influenced by the
travelling or standing waves based Fp, and the centrifugal force drives them to the periphery of the droplet.
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For regime R3, the larger particles are influenced by both of the travelling and standing waves based Fpg;
however, the effect of the travelling waves dominates, and the particles are pushed to the side of the droplet
and not captured in the center of the droplet. For regime R4, the particles are dominated by the travelling waves
based Fg only, which battles against the centrifugal force acting outwardly; as a result, the particles for a
smaller ring-like structure in the center of the droplet.

The interaction of LWs with 45, 65.6, 114, and 224 MHz frequencies with a sessile droplet of water carrying
1,3, 6, and 10 um diameter particles reveals the importance of F on the formation of particle rings (see Fig.
2(B)) Sixteen different cases are developed for various f — d,, combinations, which are categorized based on
the values of «, and given different color codes. The partlcles motion inside the droplet is dominated by the
travelling waves based Fr when k > 1; as a result of which, the particles form a concentric ring. For all the
other cases when k < 1, the particles continue to flow with the ASF, and do not concentrate or agglomerate at
a particular position.

Figure 1: (A) A surface acoustic
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(c<1) ; > 1) influenced by the Fp, and do no

form a ring. The bigger particles
(with x > 1) are dominated by the
Fy that concentrate the particles in
the form of a concentric ring.
(Figure is adopted from Ref. 3)

LN substrate

Water droplet Top view
A. SAW based particle manipulation B LW based particle manipulation

dp (um) f (MHz) dp (um)
. <) Jfo(MHD)

f Xs
(MHz) (mm)

10 4.87

Xg >Tg

20 2.41

<159.2 114.0

80 0.62

Xy <Tg

133 0.37 <4775 224.0

R2
Figure 2: (A) Four different regimes R1 — R4 of particle concentration for various applied SAW frequencies (f), and
particle diameters (d, ) are shown. (Figure is adopted from Ref. 2) (B) The LW-based particle manipulation is
demonstrated. (Flgure is adopted from Ref. 3)
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Introduction

Recently, biologists, chemist, physicists, and engineers from numerous fields of researchers have co-worked
together to demonstrate various microfluidic devices in an effort to scale benchtop experiments conducted in
a modern lab to chip size platforms [1]. The miniaturization of experimental device has largely reduced
reagent usage and the costs and time required to carry out the chemical assays. Recently, droplet-based
microfluidic systems comprising intricately designed and precisely fabricated miniaturized micro channels
have attracted much attention for their characteristic to isolate targeted reagents in picoliter volumes without
worry of cross-contamination, evaporation, or experimental uncertainties. For this reason, the droplet
handling techniques are highly demand. Among them, droplet splitting, categorized as passive or active
splitting, is in demand for increasing throughput, reducing volumes after droplet production, sample washing,
or generating two identical droplets [2-3]. In this study, we presented an active method to splitting droplets
inside a straight PDMS channel using SAWSs formed by a slanted-finger interdigitated transducer (SF-IDT).
Previously, most SAW-based droplets handling techniques have used a transducer with a beam width much
larger than the radius of droplet so that the droplet body is exposed to the acoustic beams to make lateral
migration of the droplets without significantly deforming the water-oil interface. In this work, a narrow
region of the SF-IDT is activated at a given resonant frequency to generate a narrow SAW beam that is order
of the droplet diameter. The SF-IDT is adapted to partially expose the droplet to the acoustic waves, which
deform the oil-water interface and splits the droplet into two daughter droplets. The droplet splitting ratio is
determined by the applied SAW voltage and the flow rate of the continuous or dispersed fluid flow.

Results

The acousto fluidic droplet splitting system composed of a polydimethylsiloxane (PDMS) micro channel and
an SF-1DT, as shown in Fig. 1(a). A water droplet with the oil phase carrier fluid, produced at a T-junction of
the microchannel (see Fig. 1(b)), is exposed to a narrow acoustic beam, which generated from the SF-IDT
and acts as an acoustic knife to split the droplet into two parts. Also, experimental images of droplet splitting
using the 82 MHz frequency SAW are depicted in Fig. 1(c). At time was 0 ms, the daughter droplet on the
right side was previously split and trapped by the acoustic radiation forces, whereas another mother droplet
on the left flowed along the PDMS channel to the acoustic force region. As the mother droplet entered the
SAW actuation region (t = 0-39 ms), it pushed the trapped droplet rightward to push it from the acoustic
beam trap (t = 39-70 ms). The 82 MHz frequency SAW beam had an aperture width (100 pm) that was
similar with the droplet diameter (150-200 pum), such that most of the acoustic beam was focused at the
beam center to deform the water-oil interface. The surface of the droplet began to deform as soon as it passed
the path of the acoustic wave (t = 70-77 ms). Within 10 ms of the SAW actuation, the surface was deformed
from a linear to a concave shape that formed a short region across the droplet body (t = 80 ms). After a few
ms, the droplet neck (short region) thinned more (81 ms) and finally broke up (82 ms) into two daughter
droplets. The proposed acoustomicrofluidic system could be used to control the droplet splitting ratio by
varying the flow rate and the applied voltage. First, the droplet neck length (dneck) Was measured per each
droplets to study the correlation between the SAW power and the droplet splitting speed (see Fig. 2(a)).
Second, the droplet splitting ratio was observed under different SAW power and total flow rates (see Fig.
2(b)). The corresponding experimental cases are depicted in Fig. 2 (c). The droplet splitting ratio could be
varied from 0.1 to 0.63 in the proposed system. We designed an acousto fluidic system comprised of the
single SF-IDT and the simple PDMS micro channel for on-demand droplet splitting. The droplet could be
easily split into two daughter droplets, and the droplet splitting ratio could be controlled between 0.1 and
0.63 by tuning the flow rate and the applied SAW voltage.
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Fig. 1 (a) Schematic of the acousto
fluidic  droplet splitting  system
composed of a polydimethylsiloxane
(PDMS) microchannel and a slanted-
finger interdigitated transducer (SF-
IDT). The SF-IDT can be used at a
range of frequencies (fsaw) t0 generate
a narrow surface acoustic wave (SAW)
beam capable of splitting a droplet into
two daughter droplets. (b) A water
droplet in an oil carrier fluid is
produced at the T-junction of the
PDMS microchannel and travelled to
the SAW actuation region downstream
for splitting. (c) Experimental images
of the droplet splitting by the SF-IDT.
The SAW, with an 82 MHz frequency,
is directed from bottom towards top,
and the droplets are transported from
left to right. The droplet is split into
two parts. The flow rate was 100 pl/hr
and the SAW voltage was 2.19 V.

Fig. 2 Droplet splitting device
performance. (a) The droplet neck
length (d,.cck), as shown in the inset,
measured during the splitting process,
was normalized against the micro
channel width (d,y,y), and was drawn
against time for varying the SAW
power and a flow rate of 100 uL/hr. (b)
The droplet splitting ratio (area of the
split left side droplet Ay, divided by
the total area of the mother droplet
(A¢ota) Was tuned by the flow rate and
the applied voltage. The droplet
splitting ratio was controlled from 0.1
to 0.63 in the device. The black
markers represent the corresponding
experimental cases in (c). (c)
Experimental images of the droplet
splitting process at a flow rate of 100
uL/hr (Ca=1.683 x 1073).
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Introduction

When micro-particles are subjected to an acoustic standing wave, it is well-known that a primary
radiation force acts on the particles, moving them towards either the pressure node or antinode
depending on the acoustic contrast factor. As the particles arrive at the pressure node or antinode,
they tend to agglomerate due interparticle force, also known as the secondary radiation force, due to
the re-scattering of the acoustic field. Recently, the multipole expansion method [1] has been used
to calculate the interparticle force acting on two spheres. To address the interparticle force between
non-spherical particles, a hybrid method, combining the boundary element method and multipole
translation, is proposed in this work.

Methodology

A present method uses the boundary element method (BEM) to solve the wave scattering problem
and the multipole translation method to obtain multipole and local coefficients of the scattered fields
to calculate the interparticle radiation force (Figure 1). Step 1: The boundary integral equation
is formulated to solve for the wave scattering problem in the presence of two particles. Step 2:
The strength of monopole and dipole sources on each particle surface are then transformed to the
particle center to obtain a multipole representation of the scattered field. The multipole coefficients
are calculated using the multipole-to-multipole (M2M) translation and rotation operators [2]. Step 3:
The scattered field from one particle (say Spheroid 2) is then re-expanded as a local expansion at the
center of the other particle (Spheroid 1 in this case) by using the multipole-to-local (M2L) translation
operator [2]. Step 4: The interparticle force acting on Spheroid 1 is calculated by substituting the local
expansion coefficients (due to the scattered field of Spheroid 2 — Step 3) and the multipole coefficients
(due to the scattered field of Spheroid 1 — Step 2) into the general expressions for radiation force, as
derived by Silva [3]. In the following section, the interparticle radiation force Fgs will be presented in
the non-dimensional form Y, = Fys/(mEpa?) [3], where Ej is the energy density of the incident field,
and a is the characteristic length of the particle, such as the radius of sphere.
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Figure 1: Multipole transformation for calculation of interparticle force.

Results

The above methodology is used to calculate interparticle forces acting on spheres and spheroids in
a standing wave. Figure 2 (a) illustrates the case of two rigid spheres subjected to a standing wave
¢in(2). The distance between the center of the two spheres and the incident angle are denoted by
L and 0, respectively. The size of each sphere is given by ka = 0.0628 where k is the wavenumber
and a the radius of the spheres. By using the proposed method, the interparticle force acting on each
sphere was calculated for different values of L and 6. The results (using multipoles up to order 6) are
in good agreement with those obtained from the multipole expansion method [1], Figure 2 (b) and



(c). Figure 2 (b) shows the radial component of the interparticle force (e,) acting on Sphere 1, which
can be seen to decrease with distance L. Moreover, as the incident angle 6 changes from 0° to 90°,
the radial component changes from repulsive (-) to atrractive (4). Figure 2 (c¢) shows the tangential
component of the interparticle force (ey). This tangential component is zero at § = 0° and 6 = 90°;
for angles between, the tangential component pushes Sphere 1 towards the pressure nodal line.
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Figure 2: (a) Schematic of the problem setup for two rigid spheres with center-to-center distance L and incident
angle 6. The spheres are placed symmetrically with respect to the pressure nodal line. The interparticle force,
(b) radial component and (c¢) tangential component, acting on the Sphere 1 are calculated for different values
of L and 6.

Next, the shape of the particle is changed to spheroidal shape, as shown in Figure 3(a), with the angle
between the two spheroids and the wave direction kept at zero. The aspect ratio € of the spheroids is
varied while keeping the volume the same as a sphere with ka = 0.0628. From Figure 3(b), it can be
seen that the interparticle force is repulsive and decreases with distance L, which is consistent with
the previous result of two spheres when § = 0°. It is observed that the change in aspect ratio has
considerable effect on the magnitude of the interparticle force when L is small. It can be seen that
the oblate spheroids (e = 1/2 and € = 2/3) experience a larger force than that on the prolate spheroid
(e = 3/2), which might be due to the larger projected area perpendicular to the wave direction.

Incident Wave ¢;,(z) Interparticle Force on Spheroid 1

Pressure node

Spheroid 2
—_— L/2

N Yl
.~ N—

V.

—_— Spheroid 1

- ——e=23/2

(a) (b)

Figure 3: (a) Schematic of the problem setup for two rigid spheroids with center-to-center distance L. The
spheroids are placed symmetrically with respect to the pressure nodal line; (b) Interparticle force acting on the
Spheroid 1 calculated for different values of L.

Conclusion

Interparticle force on two particles subjected to an acoustic standing wave was calculated by using a
hybrid method that combines the boundary element method with multipole translation. For the case of
two spheres, the calculation results showed that the interparticle force is either repulsive or attractive
depending on the incident angle, consistent with previous studies. For spheroids, it was found that
the change in the aspect ratio has a considerable effect on the magnitude of the interparticle force
when the distance between the center of two speheroids is small. In the future, the proposed hybrid
method would be used to calculate the interparticle torque acting on non-spherical particles.
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Introduction

Acoustic standing waves are used for the contactless manipulation of particles, cells and organisms.

Driven by the acoustic radiation force, particles, depending on their respective contrast factor, accumulate in
the pressure nodes or antinodes. In one dimensional standing waves, an interesting phenomenon can be
observed with micrometer sized glass particles close to the nodal lines. The particles accumulate in chains
parallel to the nodal lines, as expected by the Gor’kov theory. However, most interestingly, inter-chain
repulsion occurs. This prevents different chains from touching and gives rise to a striped pattern in the
particle positions. Acoustic inter-particle forces are thought to be responsible for this sort of pattern
formation and a theoretical investigation was presented by Nyborg [1]. To our knowledge no one has
analyzed this phenomenology using multibody trajectory simulations, so far. One major obstacle consists of
how to include both acoustic interaction and mechanical contact forces in a rigorous way.

Our work is both experimental and numerical. Experiments are carried out with spherical glass and
copolymer particles and alumina disks, showing the influence of material parameters and shape.

We furthermore present a numerical method to solve these particle dynamics in acoustofluidics, effectively
including acoustic inter-particle forces and non-smooth mechanic contact laws.

Methods

In bulk acoustic wave technology, a piezoelectric transducer is used to transmit acoustic waves to the lab-on-
a-chip device. If the frequency is well chosen a resonance of the water channel in the chip may be excited.
This way it is possible to achieve high amplitude 1D acoustic standing waves experimentally. In this study
we used one of our standard devices and frequencies around 1.5 MHz, which excited the A mode.

In order to compute the complete trajectories of particles in acoustic fields numerically, the acoustic
radiation force, Stokes drag and contact forces need to be known.

Fortunately the Stokes drag can readily be computed analytically for spherical particles or using COMSOL
Multiphysics and does not pose a major problem.

Analytical solutions exist for the inter-particle forces only for spherical particles. Here Groschl [2] presented
a formula, combining both the acoustic interaction presented by Bjerknes (compressible, monopole based)
and Nyborg (rigid, dipole based). The formula can easily be implemented, however, proves to be lacking in
precision.

Silva et al [3]. presented a more general but also involved method. Using scattering theory they were able to
find an expression for the radiation force, which is not limited by the inter-particle distance. As the
calculation is not straight forward, they presented a number of simplifications for the most useful cases.
Their method remains limited, as it can only be applied in combination with spherical particles and ignores
multi-scattering events and no pearl chain modeling has been achieved so far.

The most general method to determine the acoustic radiation force is to use an FEM Software such as
COMSOL Multiphysics. By solving the complete coupled acoustic and mechanical equations, this approach
is not limited by the particle materials and shapes.

The contact laws can be implemented using different methods, an easy way is to include very stiff springs
between the particles, enforcing the contacts. This has the disadvantages that for every spring defined in the
problem a parameter fitting is required and the problem can become numerically stiff, furthermore it is
difficult to guarantee positive contact distances.

We present a non-smooth method based on Moreau’s time-stepping algorithm [4] and set-valued contact
force. A drift correction step [5] is added at the end to enforce positive contact distances, this way it is
possible to couple the algorithm with COMSOL Multiphysics. The algorithm can be expanded to include
more general geometries, which will be done in consecutive work.



Results

The first results are shown in figure
1. Here we use our algorithm in
multiple ways.

First we couple it with the analytical
solutions presented by Silva et al. [3]
and the Stokes drag approximation.
This way the particle trajectories can
be obtained numerically for a) glass
and b) polystyrene particles.
Comparing it to trajectories we
obtained experimentally with Kisker
glass and Kisker  polystyrene
particles c) d), it can be observed that
line formation, experimentally and
numerically, only occurs with the
Kisker glass particles, but does not
using the Kisker polystyrene
particles. We show that this
phenomenon actually is depending
on the particle parameters. Moreover,
we coupled the contact algorithm
with a 2D COMSOL scattering

simulation e), to show the robustness #

of the contact algorithm. In this case,
using alumina  particles, the
patterning occurred also.

In order to show the versatility of our
algorithm we also implemented the
particle  clump  rotation, first
performed experimentally by
Schwarz et al. [6] for copolymer
particles using amplitude modulation
of two orthogonal standing waves,
shown in f).

Conclusion

Using our non-smooth contact
algorithm with both analytical and
numerical calculations for the
acoustic inter-particle forces, we
were able for the first time to show
the complete trajectories of many
interacting particles in acoustic
fields. As predicted theoretically by
Silva et al. [3] we find the pearl chain
formation, experimentally and
numerically, to be depending on the
particle  parameters.  Especially,

t=3s t=4s t=10:

Figure 1 Simulations of glass particles a) and polystyrene particles b) of
10pm and 25pum diameter, respectively. Experiments with Kisker glass c)
and polystyrene particles d) of 10um and 25um diameter, respectively. 2D
Simulation using COMSOL, with 100 pm diameter particles e). Simulation
of clump rotation for 100pum diameter copolymer particles f). Videos are
available for a) b) c) d) ) and f).

particles having a positive contrast factor require a contrast in density in order to form the aforementioned

lines.

Our numerical results are backed by experiments. Furthermore we show that the line formation does not only
happen with spherical particles and prove that our contact algorithm is versatile and general, by using it to
simulate particle clump rotation. The method is of great use in understanding and optimizing particle
manipulation and particle assembly techniques.
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Introduction

The use of ultrasonic fields to manipulate particles, cells and droplets has become widespread in lab on
a chip (LOC) systems. Two dominant actuation methods exists, namely bulk acoustic waves (BAW)
or surface acoustic waves (SAW). The development of BAW actuated systems has been extensively
studied leading to a strong link between the ultrasonic field and forces which can be generated. In
this work, we examine this link for standing surface acoustic wave (SSAW) systems. We establish the
boundary conditions required for accurate numerical modelling, describe the key resultant features of
the pressure fields and the acoustic streaming fields which can be generated and finally we show that
the relative importance of these two mechanisms is spatially dependant within a fluid chamber. The
boundary condition used, models the SAW as two counter propagating travelling waves, rather than
assuming a standing wave directly, this allows the accurate inclusion of the inherent energy decay as
the SAW couples into the fluid chamber. As such, this previously neglected travelling wave component
is a critical factor in the nature of the established streaming field, giving rise to strong streaming rolls
at the channel walls, which we validate experimentally. These rolls result in the spatial variation in
the dominant forces causing particle migration across the fluid domain.

Governing equation and acoustic forces

We employ perturbation theory as used in previous studies for BAW[1] systems, whereby the first-
order solution are used to calculate the time-averaged second-order pressure field (P,) and steady-state
acoustic streaming fields (vg). If we consider a particle of radius a much smaller than the acoustic
wavelength A (i.e. @ < \), the acoustic radiation forces (ARF) and acoustic streaming induced drag
forces can be expressed analytically.[2] We propose a robust boundary condition that enables the
omission of the piezoelectric domain with suitable velocity boundary conditions BC,,;, as described in
Equation 1 which accomodate for the travelling wave components, the existence of some key features
are identified.

Numerical Model

We use a finite element method to investigate the resultant pressure and streaming fields within a
typical SSAW system. To obtain an appropriate velocity boundary condition for the bottom fluid
boundary (i.e. the Lithium Niobate-fluid interface in Fig. 1 (a)), we differentiate the displacement
profile of the x and y-components imposed by the SAW with time, which is similar to two counter-
propagating travelling waves with the z-component shifted by a phase of 7/2 and is given as follows

Figure 1: (a) Cross-
sectional sketch of a typi-
(@ (b) cal SSAW driven acoustofluidic

h BCimp systems with PDMS bounded

microchannels. (b) Sketch of

nnfBfnn noBfnn B, BC», Uhecomputational domain with
imp imp . . .
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Figure 2: Surface plots of the resultant (a) first-order pressure fields, P; (b) streaming velocity field (vs) for
a h =40 um (i.e. Agaw = 40 pm)and (c) streaming velocity field (v) for a h = 100 pm (i.e. 2.5 Agaw).
Pressure surface plots have units of Pa and velocity surface plot have units of m/s. Velocity field vectors are
depicted with white and black arrows respectively. (d) Acoustophoretic particle trajectory for given particle
sizes (d) 2a = 0.5 um (Particle velocity ranges from 0 pm/s (dark blue) to 17.3 pm/s (dark red)) and (e) 2a =
4 um (Particle velocity ranges from 0 pm/s (dark blue) to 16.4 um/s (dark red)) in a W = 400 pm and h =
100 pm channel.
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where, w is the angular frequency of the propagating SAW w = 2« f, f is the excitation frequency,
do is the y-displacement amplitude of the SAW, C; = 2063 m~! is the SAW attenuation coefficient,
k = 2w /X is the wavenumber and W is the width of the channel. ( = A,/A, = 0.86 is the proportion
of the x-component’s displacement amplitude A, as compared to that of y-component. The channel
walls and ceilings were imposed with an impedance boundary condition BCjy,,. Herein, we investigate
and demonstrate the effect of several geometrical (i.e. W and h), particle size dependency and channel
wall impedance condition (i.e. water or poly-dimethylsiloxane (PDMS)) on the resultant time-averaged
pressure and streaming fields. The numerical model was based on a Agaw = 40 pm (i.e. foaw =
99.85 MHz) and displacement amplitude dy = 0.05 nm.

Results

Consideration of the inherent travelling wave component, specifically its effect on the acoustic stream-
ing field results in relatively strong rolls near the channel walls (see Fig. 2 (b) and (c)) for typical
SAW driven systems that span multiple Agaw . These streaming rolls are driven by the nature of SAW
based acoustofluidics systems that observe an attenuation of the upwards propagating acoustic wave
towards the channel ceiling at the Rayleigh angle coupled with acoustic lobing effects. In contrast
to BAW systems, whereby, the bulk streaming field is driven by the boundary layer streaming (i.e.
Schlichting streaming)[1], streaming fields within SAW systems are driven by the velocity gradient(i.e.
Eckart streaming) resulting from the attenuation within the fluid. Thus, it is shown that as the height
and width of the channel increases, the relative strength of the streaming roll increases as well. As
a result, we demonstrate a size-dependent acoustophoretic particle migration of particles that consist
of a width-wise spatial variation in dominant forcing mechanisms (see Fig. 2 (d) and (e)). These nu-
merical results and predictions have been validated experimentally to show the key streaming features
observed in typical SSAW based microfluidic systems.

Conclusion

We report a numerical approach using finite element analysis via COMSOL Multiphysics to accurately
predict the acoustophoretic motion of suspended particles within a microchannel. It is demonstrated
that the consideration of the travelling wave component within typical SSAW systems is critical to
reveal important bulk flow features. Furthermore, consideration of the channel height and width is
crucial to establish particle migration trajectory.
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Introduction

A well formulated theoretical background and numerical simulations exists for the fundamental un-
derstanding of acoustofluidics inside micro fluidic channels. However, in lab-on-a-chip devices several
environmental influences on the acoustic boundary conditions are present, which are so far inacces-
sible to be included in the numerical models: a.) They are difficult to quantify b.) The necessarily
idealized models would get too complex. Therefore we use an optical trap [1,2] as a force sensor for
acoustofluidic particle manipulation to close this characterization gap between ideal simulated and
real fabricated devices.

Acoustic radiation force and streaming

The motion of particles within an acoustic separation device is driven by acoustic radiation and Stokes
drag forces induced by acoustic streaming. The interacting radiation force on a particle was derived
by Gorkov for a compressible particle in a non-viscous fluid [3]. Gorkov defined the time averaged

acoustic radiation force as a potential force Fg, = —VU, where the acoustic potential U is defined as
3 1 (p*) 1 2
U =2nrpy gﬂfl — s {llull%) f2 (1)
Pgcy 2

where 7, is the particle radius, p is the acoustic pressure, w is the velocity with [|u||* = u} 4 u + u2,
¢ is the speed of sound, and p is the density. The index “f“ corresponds to the fluid and “s* to
the particle specific properties. The expression (-) indicates the time averaging over one wave period
T = %” with circular frequency w. The compressibility factor f; and the density factor fo, are given
as

flzl_pfcf and fZZM (2)
,OSCE 2ps + py

The time harmonic acoustic field inside an acoustofluidic device initiates a continuous non-zero flow
[4]. This time averaged nonlinear effect is called acoustic streaming and is formed in the acoustic
boundary layer § at the solid-liquid interfaces. The resultant force on a particle can be assumed as
the viscous Stokes drag force, which is defined as

Fy = 6mrons(use — ug) (3)

where 77 is the dynamic fluid viscosity and us; and u, are acoustic streaming and particle velocity,
respectively. Muller et al. [5] have described the particle behavior under the action of radiation forces
and streaming theoretically and experimentally for a rectangular shaped fluid channel.

Experimental setup

The concept of an optical trap provides the possibility to do direct and position dependent 3D acoustic
force measurements on dielectric spheres [1,2]. In the experiment a device with a transparent fluid
channel was used (Fig. 1), where a 120 ym mono crystalline silicon layer was bonded between a 1
mm and a 140 pm glass plate. The width of the fluid channel was 4 mm and its length was 76 mm.
The orientation of the piezoelectric transducer (Ferroperm, Pz26, [ x w x h=8x2x0.5 mm, Kvistgaard,
Denmark) was parallel to the channel walls at the center of the channel length and it was glued by



conductive epoxy on the 140 um cover-glass plate. In the experiments monodisperse silica beads (Mi-
croparticles GmbH, Berlin, Germany) of 2.06 yum and 4.39 pum diameter (d = 2 x r,) were diluted
with water in the fluid channel at very low concentration (about 8 particles/mm3). The single-beam
gradient trap of 786 nm wavelength was used to trap one single particle. The calibration of the linear
trap stiffness, which defines the relation between the observed particle displacement and the total
external force, for small displacements at 80 mW laser power was derived by observing the Brownian
motion of the bead (equipartition theorem) [6]. Knowing the stiffness of the trap we subsequently
monitored the 3D displacement of the particle from the trap center, due to acoustic radiation force
and streaming, in dependence of its position in the channel.

Results

According to Eq. 1 and 3 the acoustic radiation force is proportional to the volume (r3) of the particle,
and the Stokes drag is proportional to the radius (rs) of the particle. This property can be used to
reach a separation between the two acoustic forces [2,4], Fq, and Fs;. The measurement range inside
one specific device has to be measured twice with two different sized particles. The force scaling laws
proves all the necessary information and a comparison between the two measured total force fields
(Far + Fst) leads to the two different force components. Fig. 1 shows the measured Fg, in wave
propagation direction on the 2.06 pym particle and acoustic streaming vectors for the upper half of the
cross section of the channel. The spatial distribution of Fg, and Fg can be seen and it shows the
complexity of such force fields inside acoustofluidic devices. The advantage here is that this method
does not need specific information about global acoustic properties, e.g. acoustic energy density, ther-
mal or viscous boundary layer thickness.

Conclusion

The 3D force data gave a detailed input to the global and local acoustic force and streaming field
in function of frequency, particle size and channel dimensions. The measurement technique has a
high force resolution of 12 fN and up to 700 single measurement points are realized, due to the high
automation degree of the setup. The result shows a so far inaccessible picture of the 3D acoustic
force and streaming field, which is spatially resolved for the specific 3D measurement region inside
the acoustofluidic channel. This measurement technique can be further expanded to various fields in
acoustofluidics, like the characterization of surface acoustic wave devices, transient force formation,
non Newtonian fluids and interactions of a particle and a nearby wall.
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Introduction

Acoustic separation devices are able to separate water and particulate matter by means of ultrasound.
They are especially interesting for recovery of particulate matter from suspensions without the use
of additional chemicals and internals. Unfortunately, currently developed devices have a substantial
energy demand, which needs improvement if large scale applications are pursued. The aim of the
study was to demonstrate a multi-criteria numerical optimization approach on a basic design of an
ultrasonic standing wave separator [1] with respect to separation efficiency, throughput and energy
consumption. The numerical design was then built and evaluated, and the operational settings were
optimized experimentally.

Methods
The numerical study involved over 350 finite element model simulations in which acoustics, flow
characteristics, particle retention and energy demand were evaluated, while varying the geometrical
properties of a basic separator design. The resulting device was then built and tested experimentally
while varying the flow rate and determining the separation efficiency through turbidity measurements.
As the first part of the study mainly studied the geometrical design properties, a subsequent
improvement of the efficiency seemed possible by optimizing the operational parameters. Three op-
erational factors, namely the flow rate, on/off switching interval (between backwash and filtering
mode) and applied electrical power, were investigated. A three level full-factorial design of experi-
ments (DOE) was applied to evaluate the separation performance with insoluble starch. Turbidity
measurements were shown to correlate well to particle concentration, so turbidity measurements of
the stock suspension, the filtrate and the concentrate were used to determine the separation efficiency.
The results were processed to formulate an algebraic model which described the effect of the three
factors on the filtration efficiency. For this, the final prediction error (FPE) function [2] was used
to determine the model which most accurately reflects the effect of each of the three factors. The
resulting model, describing multiple response surfaces, was used to calculate the optimal settings for
each factor to either obtain the most clarified filtrate or the most dense concentrate suspension. The
operational settings found using the algebraic models were then tested in validation experiments.

Results

The methodology, using the design of experiments approach, showed that it was possible to obtain a
theoretical separation efficiency of 100% with a laminar stable flow rate of 5 mL/s with 10 pm particles
and optimized acoustic pressure and power (30 W). The resulting separator had inner dimensions of
70 mm length, 20 mm width and 28.5 mm height using two transducers perpendicular to the direction
of flow and three parallel flow lanes with 9.5 mm height each and operated near 1.95 MHz. In the
experimental evaluations of the prototype the input power was limited to 10 W only, due to amplifier
constraints, resulting in a separation efficiency of suspended starch (1 - 100 pm) of 76% at a flow rate
of 2 mL/s (Fig. 1).

The results of the experimental optimization showed that further improvement of efficiency was
certainly possible. Moreover, the optimal operational settings for filtrate and concentrate were differ-
ent. The response surfaces suggested that the optimal filtrate settings were found with a flow rate
of 0.5 mL/s, a power setting of 12 W and a switching interval of 11 minutes and 40 seconds (with a
backwash time of 20 seconds). This operational setting was already evaluated while constructing the
response surface model. With this setting 350 mg of starch were processed per filter run, resulting in
17% remaining in the filtrate (83% clearance).
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For harvesting the largest amount of starch particles (in the tested range) the response surface
(Fig. 2) indicated an optimal setting using a flow rate of 1.37 mL/s, a power setting of 12 W and a
switching interval of 4 minutes and 15 seconds (with a backwash time of 20 seconds), also processing
350 mg of starch. Experimentally this resulted in an even higher concentration of starch particles
(220%) than calculated via the response model (196%).

Conclusions and recommendations

The combination of a numerical and experimental approach to the design, evaluation and optimization
of an ultrasonic particle filter showed that high filtration efficiencies could be obtained, concentrating
up to 220%. Results showed that in fact two optimal operational settings were found: one for obtaining
clarified water (filtrate) and the other for collecting suspended (starch) particles. Therefore, the aim
of the separation is important for choosing the optimal settings.

The current setup was mainly limited by the power settings applied. Further research should focus
on power settings beyond 12 W, which will also allow higher flow rates and efficiencies. A disadvantage
of the starch used is the large range of particle sizes, between 1 and 100 pm. Therefore, also more
uniformly sized suspended particles should be tested to verify the consistency of the procedure.
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Introduction

Controlled nanoscale manipulation of fluids and particle suspensions would serve to advance many
fields—from energy conversion [1] and molecular biology [2] to water purification [3]—yet remains
exceptionally difficult due to the dominance of surface and viscous forces. Though electrohydraulics
[4], osmosis [5], and other such approaches have been used in nanofluidics, pressure-driven flow is most
commonly used, despite the challenges of generating sufficient pressure to overcome fluidic resistance
and capillary pressure in nanofluidics [6]. Recently, acoustic waves have been used in many microflu-
idics devices, overcoming such problems at those larger scales [7, 8]. Curiously, the use of acoustic
waves in manipulating fluids and particles at the nanoscale remains unexplored. Here we show that
20 MHz surface acoustic waves (SAW) can effectively manipulate fluids, fluid droplets, and parti-
cles in 50-250 nm tall nanoslit channels. Such channels were formed in lithium niobate from a new
room-temperature bonding process, and show the ability to increase the filling rate in the hydrophilic
channel by 2-5 times with application of SAW in the same direction as the capillary filling direction,
modeling it with a combination of the Washburn model of capillary filling and an approximate model
for the SAW-driven bulk fluid drift.

As shown in Fig. 1, when applied in opposition to capillary filling, the SAW uniquely drains the
channel, overcoming 1 MPa of capillary pressure. In drainage, we find a transition from simple to
complex meniscus motion in nanoslit channels depending upon a ratio between the width of the channel
and the wavelength of the SAW, demonstrating the unique absence of sound in the fluid itself due to the
confined geometry. Furthermore, we demonstrate the ability to manipulate ~10 f¢ droplets of deionized

a) (b) Fluid in channel [ Dewetted regions

SAW OFF <«— Capillary filling
Channel |

walls

t=0
SAWON  gawy drainage —» SAW ON
t=10s ?
Dry Wet
100um t=20s
SAW OFF <«—Capillary refilling 200pm

Figure 1: SAW can be used in opposition to the capillary filling in order to drain the fluid from a ~100-nm
nanoslit channel. With (a) channels of width w = 60 pm < Agaw/2 = 100 pm, the 1 W SAW-driven drainage is
straightforward and complete. Note the capillary filling right-to-left of the dry (pink) channel while the SAW is
off. This meniscus propagation is arrested upon turning on the SAW, driving the meniscus from left to right and
in the direction of the SAW. When the SAW is turned off again, the channel refills with the meniscus propagating
right-to-left. When the channel width w = 400 pm > Agaw/2, (b) the drainage is far more complex. Dewetted
regions form in the channel, each (c) possessing a scale of ~ Agaw/2 and located laterally at positions nAgaw /2
(where n = 1,2,...) from the channel walls (at the top and bottom of each image). These dewetted regions
merge in a complex manner to progressively drain the channel left-to-right in the same direction as the SAW
and against right-to-left capillary flow. Shutting the SAW off results in (d) the drained regions refilling under
capillary action.



water between wide and narrow portions of the nanoslit by using SAW and the capillary pressure in
opposition, indicating a possible means to manipulate and combine f¢ fluid volumes. Finally, we show
the ability to drive the entire volume of 10 wpf-order fluid droplet samples through the nanoslit to
perform size exclusion separation: particles and molecules of the sample smaller than the nanoslit
height are passed through the nanoslit and are retained at the nanoslit exit, meanwhile rejecting
larger material at the entrance. We anticipate these results to represent fundamental tools to be used
an array of nanofluidic devices to come, overcoming the myriad and significant difficulties in fluid
manipulation at such scales. For example, digital femtoliter fluidics for extremely small samples of
analytes, size exclusion chromatography including a means to deagglomerate the molecules in the test
sample, and continuous flow nanofluidics devices without a need for external pumping systems.

Conclusion

The first acoustic nanofluidics device was fabricated through a new but remarkably straightforward,
room-temperature LN wafer bonding technique. The device produced non-laminar, irregular flow in
~ 100 nm nanoslits at exceptionally low Reynolds numbers (~ 107°) via acoustic streaming induced
by 20 MHz SAW, to our knowledge the first time such flow has been reported. The fluid flow within
the hydrophilic nanoslit can be instantly controlled and the fluid can be drained from the channel using
SAW applied in opposition to the capillary filling direction, overcoming the large capillary pressure
formed within the nanochannel. The SAW furthermore was used to transport individual ~ 10 f¢ order
droplets in concert with capillary forces in nanoslit channels of varying width.

A model taking into account the SAW-driven drift flow and the Washburn model of the capillary
filling is proposed. Furthermore, the filling rate was found to increase with increases in the channel’s
height, SAW intensity, and the surface tension to viscosity ratio. Finally, rapid size separation of
nanoparticles and large molecules was achieved by driving the liquid sample through the nanoslit
channel using SAW.
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Introduction

There is a need in development of fast and low-cost method to form two-dimensional (2-D) films
composed of magnetite (Fe3O4) nanoparticles (NP) due to its wide applicabilities, including magnetic
recording device, sensor, biochip, targeted drug delivery, electronic devices, photonic crystals, and
high-density data storage [1]. While soft or hard templates methods, lithography, spin coating, elec-
trophoretic deposition, and laser interference lithography are useful for the 2-D Fe3Oy4 film formation,
the processing complexity and high manufacturing cost make them unsuitable outside of a relatively
small market niche [2-4]. Chip-based fluidic actuators using surface acoustic wave (SAW) have become
popular among microfludic practitioners who continue to explore new applications in acoustofludic in-
tegration due to its great potential on controlling a small amount of fluid with the acoustic energy.
And thus, it has been widely applied onto the drop handling, cell manipulation, and particle collection
in microfluidics devices, offering extraordinary power density in a fingernail-sized device [5].

Here, we present a rapid and affordable technique to trigger rigid 2-D self-assembled films of
magnetite (FesO4) NP. We have experimentally demonstrated that the round-like 2-D magnetite films
formed with sufficient surface acoustic wave power and external magnetic force. A rapid dimensional
transition happens, from 1-D chain to 2-D film of FesO4 NP, through external magnetic force (0.25-
0.4 T) and surface acoustic wave (up to 115 mW). The scaling theory coupled with the experimental
results was conducted to analyze the forces associated with the system to understand the mechanism
of chain or film assembly processes.

Experimental method

In this study, a 100 MHz SAW device with travelling wave and 28 pairs Al/Cr bilayer interdigital
transducer (IDT) on the 127.68° —Y rotated cut and X—propagating single-crystal lithium niobate
(LN) substrate was fabricated. The power is applied over a wide range up to 115 mW. A 3 ul
deionized water drop mixed with 0.1 ul FesO4 NP in toluene solution was placed on LN. The external
magnetic fields were applied through magnets with different thickness but a fixed diameter of 3/8”,
producing magnetic field strengths from 0.2 to 0.4 Tesla. The motion of the droplet was recorded with

Figure 1: Schematic illustra-
tion of the experimental setup. A
3 pl DI water droplet with 0.1
1l FesO4 NP in toluene is placed
on the LN surface. The enlarged
plot (a) shows the SAW device
with a resonant frequency of 100
MHz with A of 40 pgm. The
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Figure 2: (A) Experimental phase diagram depicting the regions of chain assembly, chain movement, and film
formation as a function of SAW power and magnetic field strength. Above 120 mW, the 3ul droplet translates
across the LN surface, so represents the upper limit in applied power for our experiments. (B) The micro images
obtained from high speed camera: (a), (¢ ), (e), and (g) are the as-prepared samples under 0, 0.2, 0.25, and
0.4 T external magnetic field forces, respectively; (b), (d), (f), and (h) are the images obtained after 10 second
SAW radiation under 0, 0.2, 0.25, and 0.4 T external magnetic field forces, respectively.

a high-speed camera. Images were analyzed through Matlab and ImageJ software.

Results and Discussion

The phase map in Figure 1(A) illustrates how the SAW power associates with the applied magnetic
field strengths and leads to the FesO4 NP 1-D chain assembly and 2-D film formation on a 3ul sessile
drop. The boundary I (B o Pgaw) represents the minimum SAW power required to detach the
1-D Fe3Oy4 chains from different external magnetic field strengths. While the boundary II (B~!
Pgaw) describes the minimum SAW power needed to trigger the 2-D Fe3O4 NP films formation. The
magnetic field strength shows inverse proportional to the SAW power at this boundary, which might
be due to the local fields induced from the neighboring FesO4 NP is stronger with stronger magnets
and its direction is the same as the attractive Bjerknes force among the Fe3O4 NP [6]. Boundary III,
shows the maximum SAW power above when the translation of the whole droplet starts [7].

The representative microimages of the as-prepared and final states obtained under different external
magnetic forces are shown in the Figure 1(B). A denser honey-comb like structure is formed with a
stronger magnetic field at the as-prepared state [6]. While the round-like 2-D film, with average radius
of 1073 m, is formed when the magnetic field force is > 0.25 T and after expose to 10 seconds of 115
mW SAW power. To understand the mechanism of the dimensional transition of our system, scaling
theory was performed. It is found that the external magnetic force is the dominant force for the 1-D
chain assembly, while the attractive Bjerknes force among the Fe3O4 NP is the main force of the 2-D
film assembly.

Conclusion

The rapid dimensional transition of self-assembled 1-D chain to 2-D film of Fe3O4 NP on a 3ul droplet
through SAW and external magnetic force is shown experimentally. The scaling theory coupled with
the experimental data on explaining the machanism of the dimesional transition is discussed.
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Introduction

Within an ultrasonic standing wave (USW), so-called radiation forces are exerted on suspended particles
directing them towards the pressure nodes, i.e. regions of vanishing sound pressure of the ultrasonic field.
This technique is referred to as ultrasonic particle separation.

In case of monitoring reacting suspensions Raman spectroscopy holds great promise due to possible in-
line measurement strategies. For instance crystallization processes, where real-time data of solute
concentration and various qualities of the crystals are of interest. Furthermore, based on the Raman
spectrum, polymorphs of a given substance during crystallization processes are potentially identified. This
turns out to be difficult as Raman photons from the solid matter need to be discriminated from Raman
signals originating from the pure liquid phase. This problem is of special relevance in case of low
concentration of suspended particles.

Results

The combination of A USW for particle manipulation and Raman spectroscopy might be an interesting
approach to increase selectivity and sensitivity of Raman measurements. This is because with the ultrasonic
wave the crystals can be concentrated in the Raman measurement spot, thus allow to selectively and
independently measuring the solid phase without strong influences from the liquid phase. In addition to that,
an increase in sensitivity may be expected due to the local enrichment of the particles by means of the
agglomeration by the USW resulting in an enhanced sensitivity of on-set detection of crystallization.

Figure 1: The USW is capable of
concentrating particles at certain
regions called the pressure nodes
(for rigid, dense corpuscles as
crystals). This leads to an
increase spatial concentration and
thus improves the SNR of the
measurement.  Pictures  show
crystals while forming in the
experimental set-up during a
decrease of temperature: (a)
freely distributed crystals, (b)
agglomerated by the USW.

a)

We have already investigated the basic applicability when taking Raman spectra of theophylline crystals
agglomerated by an ultrasonic standing wave in the focus of a confocal Raman microscope [1]. In this work
we have gone on step further. The experiments were conducted with an in-line Raman spectroscopy probe



(Kaiser optical systems) in a bench-top crystallization set-up. The crystallization took place in a beaker
equipped with a cooling jacket thus being temperature controlled. The model used was paracetamol in a 20%
water-ETOH mixture. The ultrasonic field was emitted by a transducer positioned opposite of the probe tip,
hence the USW was forming planes perpendicular to the probe axis.

Fig. 1 shows freely dispersed crystals while forming in the beaker compared to the agglomerate of
crystals concentrated by the ultrasonic field. Clearly the advantages of applying an USW are visible: while
the left picture shows a small number of crystals in focus, the picture at the right hand side shows the
agglomerate of many crystals tightly packed. This is advantageous in two ways for the measurement of an
Raman spectrum. On one hand Raman scattering is a rare process, hence the higher spatial concentration is
leading to a stronger signal. On the other hand, this means at the same time that less Raman photons are
scattered from molecules of the liquid. This can be concluded from the Raman spectra shown in Fig. 2. The
measurements taken, when the USW was agglomerating the crystals and when the probe tip was put into the
sediment crystals at the bottom of the beaker resemble each other strongly both in regard to the spectra and
in respect to the Raman intensity (which is influenced by the spatial concentration of the analyte).

As predicted as well the influence of the carrier liquid is smaller. The inset shows the left part if the
Raman spectrum, which is mainly influenced by the liquid present (water wand ethanol). The graph stems
from measurements taken when no crystals were yet formed (black) and when the crystals where freely
dispersed (grey). In the latter case the influence of the liquid is decreased, but by far not to the extent when
crystals were sedimented or agglomerated by the USW.

Comparison of Raman spectra of precipitate vs.
crystals concentrated by an USW
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Figure 2: Raman spectra of an agglomerate of crystals in front of the probe tip compared to a measurement, where the
probe was put into the crystal sediment at the bottom of the beaker. Inset shows the left part of the spectrum when pure
solution without crystals were measured (black) and when crystals were measured freely distributed (grey).

Conclusion

It was shown, that in a crystallization suspension the crystals when agglomerated by the ultrasound are
detected with much higher intensity than when freely dispersed at the same particle concentration. Moreover
the Raman spectrum from the depleted region strongly resembles the result when a pure solution is
measured. These results are promising in respect to the application of the Use PAT in industrial
environments where in-line Raman spectroscopy is an increasingly use tool.
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Introduction

Acoustic fields can be used to collect microparticles over a wide range of frequencies. Within the ultrasonic
range acoustic radiation forces cause patterns of particles to form, typically along pressure nodes. At much
lower frequencies (in the order of hundreds of Hertz) the collection mechanism is inertial in nature, a
particle’s inability to follow the fluid motion causes drag forces to act on the particle which are non-zero
when integrated across a time cycle due to gradients in the flow field [1]. In both cases, however, the ability
to collect particles is limited by acoustic streaming - the steady state fluid flow which results from gradients
in the harmonic flow field. In this study, we examine the smallest particle size that can be collected as a
function of frequency. For the low frequency vibration, an open fluid chamber is oscillated in the horizontal
plane, these conditions are also applied to the ultrasonic case, and the acoustic energy is kept constant across
frequencies. It is found that the minimum particle size can be collected at each end of the frequency scale.

Method

In both cases perturbation theory was used to model the oscillating and steady state (acoustic streaming) flow
fields within Comsol Multiphysics?. For low frequencies excitation, the dominant characteristic is a capillary
wave at the water air interface, the fluid domain is modelled as experiencing incompressible laminar flow,
and a moving mesh is used to handle the interface deformation, the model is transient in nature and run until
a steady state is achieved. The contact line of the fluid air interface on the solid container is assumed to be at
the upper edge of the container wall; as such a wide range of contact angles can be supported. A slightly
concave interface is used, not because of the contact angle, but rather to avoid convergence issues which
arise for a flat interface. The width of the chamber is fixed at one capillary wavelength. The boundary
conditions are shown in Fig 1(a), prior to the application of a horizontal oscillation. In the ultrasonic system
the fluid is modelled as being compressible and inviscid using the Helmholtz equation. To capture behavior
near the walls of the chamber, the first order field is then modified to create a non-slip boundary condition?2,
The boundary conditions for the ultrasonic case are given in Fig 1(b), it is assumed that the water/air
interface the pressure fluctuations are zero. The ultrasonic system has a chamber which is constrained to be
one ultrasonic wavelength long, though the symmetry of the system means that only half the chamber is
modelled. In both cases once a first order flow field solution is obtained, the body forces acting on the fluid
are calculated® and applied to a viscous Navier-Stokes model to obtain the second order streaming fields.
Subseqzuently particle tracing is performed for particles experiencing the combined first and second order
fields*<.

Figure 1: The boundary conditions for the
first order flow field (black) and second order
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Results

In both cases there is a force acting to collect suspended particles at certain locations in the flow field. The
strength of this force, the acoustic radiation force at ultrasonic frequencies and a net motion due to inertial
effects at lower frequencies, is plotted in Figure 2 (a). At a fixed acoustic energy, the ultrasonic force
increases with excitation frequency. The behavior in the low frequency domain is more complex, an
optimum frequency exists. This is due to the nature of the origin of the force, when a particle fails to follow
the flow field exactly due to its own inertia, it becomes exposed to other parts of the flow field. This means
that in a flow field in which there is a spatial gradient, for part of the cycle in which the particle is moving
one way it may be located in a slower flow, whilst for the rest of the cycle it may be in part of the flow field
which is slightly higher in amplitude and moving in the other direction, as such there is a net motion over a
cyclel. Continuing the heavily simplified discussion, the size of this net displacement is related to the amount
of lag the particle motion has compared to the fluid motion, so at low frequencies as the particle is better able
to follow the flow (accelerations are slower and so inertia less significant) the lag is small and hence the
exposure to flow gradients is reduced and the resulting displacement, or as plotted in Fig 2 the effective
collection force, is also small. Whilst at too high frequencies the particle moves less due to the reduced time
period and so again has less exposure to the fluid flow gradients. Hence there exists an optimal excitation
frequency at which the collection forces are largest.
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Figure 2: The collection force is compared (a) over a wide range of frequencies and shows that for ultrasonic
excitation a higher force is generated at a higher frequency, however for capillary wave systems there is an optimal
force at which inertia generated forces are greatest. When streaming is also considered there is a critical particle size
below which the particles will follow the streaming field, and above which they can be collected, in (b) it is seen that
the collection of the smallest particles occurs at either end of the frequency range considered.

In Fig 2(b) the particle cut off size is shown. Below this size the particle behavior is dominated by the
streaming flow, and so the particles follow a swirling trajectory. However, for particles larger than this size
the collection forces dominate and so the trajectory leads the particles into stable locations. This arises as
both collection force mechanisms are related to the radius by a higher power than one, whilst the drag force
arising from acoustic streaming is related to the radius to the first power, hence at larger sizes the collection
force becomes relatively more significant. It can be seen that a low frequency is best for the capillary waves,
though it must also be noted that collection times can be expected to be very long as the collection force is
weak at these frequencies

Conclusion

The minimum size of particle that can be collected has been analysed over a very wide range of frequency of
excitation encompassing two different collection regimes. In a capillary wave regime smaller particles can be
collected, though collection times can be expected to be long as the optimum frequency for collection to
dominate coincides with weak collection forces, whilst for the ultrasonic regime smaller particles can be
collected at higher frequencies.
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Introduction

We report on a microfluidic particle manipulation mechanism for continuous, label-free and contactless
handling of polystyrene (PS), polymethylmethacrylate (PMMA) and fused silica (FS) microspheres based on
their acoustic impedances using travelling surface acoustic waves (TSAWSs). Previously, the size-dependent
manipulation (focusing, trapping, separation, etc.) of microspheres have been demonstrated by TSAWs [1] and
size- as well as density-dependent manipulation by standing surface acoustic waves (SSAWs) [2]. Here, we
report a TSAW-based particle handling mechanism, first of its kind, using the differences in the acoustic
impedances of two particle materials. The acoustic impedance (Z) of a material is defined as a product of
density (pp) and speed of sound (c,,) in the material; it combines two properties (pp, ¢p), that were previously
dealt separately, into one parameter. Moreover, a theoretical estimation of the acoustic radiation force (ARF)
acting on elastic microspheres is provided using the theoretical model of Hasegawa el at. [3]. In this work, we
have tried to validate the theoretical estimation of the ARF by experimentally measuring the lateral deflection
distance of the PS, PMMA, and FS particles.

The acoustofluidics particle manipulation device is composed of a piezoelectric (lithium niobate, LN)
substrate with an interdigitated transducer (IDT) deposited on top of it, and a polydimethylsiloxane (PDMS)
microchannel bonded to the substrate (Fig. 1(a)). A particle mixture is pumped through the microchannel along
with two sheath flows to focus the particles close to the left wall. The particles are deflected by the TSAWSs
originating from the IDT, travelling in the rightward direction through the PDMS wall, and leaking into the
fluid. The acoustic wave propagating through the fluid is scattered off the microparticle surface, which in turn
induced a radiation pressure on the elastic microparticle. The radiation pressure is integrated over the surface
of the microparticle to estimate a net ARF exerted in the direction of wave propagation. The microparticles are
deflected from their original streamlines if the acoustic scattering is sufficiently asymmetric, creating a
pressure difference between the front and rear face of the particle, to realize a strong ARF. The ARF and lateral
deflection distance travelled by the particles is strongly dependent on the elastic particle properties (o, ¢p),
the acoustic wave frequency (f), the particle diameter (d), and the fluid properties (py, ¢¢). In the present work,
the difference in the properties of fluid and particle is used to demonstrate the sepation of particles
(experimentation in progress).

Results

The ARF estimated, using the work of Hase%awa et al. [3], for PS (Z = 2.5 X 10° Pa - s/m), PMMA (Z =
3.3 %X 10% Pa-s/m) and FS (Z = 13.1 x 10° Pa - s/m) microspheres is plotted against k (Fig. 1(c)). The
(= mfd/cy) factor is a dimensionless parameter that combines the TSAW-frequency and particle-diameter. A
series of peaks and troughs observed in ARF plot (most prominent for PS particles) indicate the resonance
between the elastic particle’s vibration and the incident sound wave. The separation of PS particles of diameter
10 um from PMMA 5 pm is achieved when exposed to 129 MHz of TSAWs as the PS particles are deflected
further than the PMMA particles (see Fig. 1(b)). The deflection of polystyrene particles having diameter 5.8
pm, 7.0 pm, 12 um, and 15 pm, and fused silica particles having diameter 4.8 pm, 5.0 um, 6.1 pm, 6.46 um
and 10 um is demonstrated inside the microchannel when exposed to 90 MHz frequency (see Fig. 2(a,d)). All
of the particles except 7.0 um (a NIST standard particle with narrow size distribution) are deflected over a
wide region due to a larger variation in their size.

The initial and final positions of the particles after deflection are recorded, and plotted against microchannel
width (see Fig. 2 (b, e); plots (b) and (e) corresponds to cases 4 (PS 15 um) and 9 (FS 10um) in (a) and (d),
respectively). The net deflection distance is calculated by taking a difference between the final and initial
position of the particles, and is plotted against k (see Fig. 2 (c, f)). The polystyrene particles show a varying
trend corresponding to the ARF change with «k value (as depicted in Fig. 1(c)), while the fused silica particles
show a uniform increase in deflection which also matches with the theoretical prediction. However, to further
assure the validation of experimental results with the theoretical prediction, we are in the process of conducting
additional experiments to obtain sufficient data points that would be mapped on to the theoretical estimation
of ARF.
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Figure 1: (a) A schematic of acoustic impedance based particle separation device. Separation of green and red
microparticles, having similar diameters but different acoustic impedances, is shown. (b) Experimental image shows the
separation of 10 um PS particle from 5 um PMMA particle. (c) Estimated ARF is plotted against k for PS, PMMA and
FS microspheres. (It is a qualitative plot as the force is normalized by the amplitude of velocity potential function.)
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TSAWs frequency 90 MHz, input power 24 mW, sheath flow I 50 pL/hr, sample flow 100 pL/hr, sheath flow II 350 puL/hr.
Figure 2: (a, d) Experimental images showed the deflection of microspheres when exposed to TSAWs with 90 MHz
frequency. PS particles with 3 and 9 pm diameters showed a higher deflection, and deflection of fused silica particles
gradually increases with diameter of the particles. (b, €) The plots indicate the particles location inside the microchannel
before and after deflection by TSAWSs. (c, f) The net deflection distance is plotted against kappa for PS and FS
microparticles, respectively.

Conclusion

We have currently separated two different material, PS and PMMA, particles having different diameter and
acoustic impedances. Moreover, we have analyzed the deflection behavior of PS and FS particles with a range
of different diameters exposed to a single frequency (90 MHz) TSAWs. However, we are working on enriching
the experimental data by using additional frequencies of ~130, 150, and 190 MHz to validate the theoretical
predictions of ARF acting on various particles. Our future focus is to separate the same diameter particle of
different materials based on their acoustic impedances.
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Introduction

To date, most acoustic techniques for microscale manipulation rely on the use of waves propagating
in the fluid and its associated radiation force or streaming flow. Here, we will present a new approach
based on the use of an evanescent acoustic field above a substrate [2] to manipulate cells or particle
in the near field region. This field is obtained by means of subsonic interfacial waves giving rise to
a well-defined standing wave pattern of evanescent waves: We will show experimentally that these
interfacial waves are guided waves known as quasi-Scholte acoustic waves. Scholte waves confine the
acoustic energy to the vicinity of the surface. They are nearly lossless and thus can propagate over
long distances along the substrate. With a very simple and low-cost device we show several examples
of applications ranging from cell patterning to individual cell spinning by acoustorotation.
Theoretical description of Scholte waves

We consider a homogeneous, isotropic, elastic plate with thickness d delimited by surfaces z = +d/2
with longitudinal and transverse bulk wave speeds ¢y, and c¢p and density p. The propagation of
harmonic guided waves along the (Ox) axis with pulsation w = 27 f and wavenumber k.

Assuming the plate to be surrounded by vacuum, the stress-free boundary conditions on both sides
of the plate lead to two distinct dispersion equations for guided waves :

k z z

Dg = 4k2kp.kr. tan < L2d> + (K2, — k2)” tan <k2 d) =0, (1)
krsd kp.d

Dy = 4k2ky k7. tan ( T2 ) + (K2, — k%) tan ( L2 ) =0, (2)
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with k:%z = k‘% — K2 k%z = /c% — k2, kp = w/cp and kp = w/cp. Equation 1 (respectively
2) is the dispersion equation of the set of Lamb waves S; (respectively A;) (i being positive integer)
characterised by a displacement field symmetric (respectively antisymmetric) with respect to the plate
mid-plane.

Now assuming the plate to be loaded on one side by a semi-infinite, inviscid liquid with mass
density po and sound speed cg, the dispersion equation can be concisely written as :

ktkr. kr.d kr.d
DsDy = POBTEL: Jion K tan | —2— | D4 — Dg (3)
p 2jko: 2 2

with kgz = k% — k2, ko = w/cp. Numerical resolution of equation 3 in the particular case of glass plate
loaded with liquid water on one side, reveals two sets of waves (Fig. 1): (i) two sets of modes, labelled
S and A, which identify respectively with the S; and A; sets of Lamb waves in the po/p — 0 limit,
and called Lamb waves in the following, (ii) a quasi-Scholte mode which identifies in the k,d — oo
limit with a Scholte wave.

Assessment of the dispersion equation of Scholte waves

The measurement of the dispersion equation is performed by measuring the distance between
pressure nodes (or antinodes) as a function of frequency. Two complementary techniques have been
implemented: acoustic pressure measurements and tracers. The device consists in a 10 mm x 5 mm X
0.66 mm piezo-transducer (Noliac NCE51) simply glued onto the bottom side of a 60 mm x 24 mm x
150 pm glass plate with a chamber filled with water.

The evolution of the surface wave speed ¢, = Af deduced from these wavelength measurements
as function of fd is displayed in Fig. 1 together with the theoretical dispersion curves. Quantitative
agreement between the dispersion curve of the Scholte wave and measurements is observed, which
demonstrates that the acoustic field measured in water is associated to Scholte waves and not to
loaded Lamb waves.

Microfluidic applications of Scholte waves

We will show how to use this Schole-chip for achieving several key-operations in microfluidic such
as pattern, concentrate flowing cell suspensions in a microchannel, or even trap and rotate single cell.
Finally, we will also show that iti is possible to form plasma-enriched regions in whole blood. All these
devices are simply made of tape, standard glass plates and commercial piezo-transducer.

Conclusion

We have shown that a thin plate on which a piezo-transducer is glued consists in a very simple Scholte
wave emitter capable to exert strong and well defined force or torque fields upon microparticles or
cells. In particular, use of evanescent waves present intersting features namely because: it can operate
at relatively low frequency with relatively hidh acoustic forces, operates in the near field and in the
vicinity of the plate, and is easy to manufacture out of clean room conditions.
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A post-dead line contribution

Abstract

The mechanism of the split-flow thin channel fractionation (SPLITT) technique has similarities to that of
field-flow fractionation (FFF), where a transverse field is applied across a thin channel in order to generate
selectivity and separation. In separation sciences the parameter of choice for quantifying continuous
separation is the mobility: electrophoretic mobility, magnetophoretic mobility, etc. In SPLITT Fractionation
the most common cross field is the gravitational field in which the relevant mobility is the sedimentation
coefficient. We are developing acoustic SPLITT Fractionation which utilizes transverse ultrasonic standing
waves for separating species as a function of their acoustic physico-chemical characteristics. We also have
defined the acoustophoretic mobility. Equations for predicting optimum flow conditions for separation when
species interact with both, gravitational and acoustic fields are presented.

= Acoustic pressure profile

Figure 1: Schematic view of the SPLITT fractionation separation chamber. Particles are continuously separated by
introducing at A’ the suspension and through inlet B” is introduced clear fluid. Species interacting with the cross field
force while driven along the channel Species migrate at different transversal velocities. Species of different
acoustophoretic mobility are continuously separated by the coupling of gravitational and acoustic forces.
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Introduction

Acoustic manipulation devices have been primed as an alternative to optical tweezers ever since re-
searchers created standing waves inside chambers allowing the trapping of particles in their nodes.
Ultrasound offers a less expensive and safer alternative to laser trapping with an applicability to a
wider range of materials. In standing wave devices, changing the frequency and/or phase of the ul-
trasonic transducers allows movement of the trap position; however these devices do not provide the
precise single-beam manipulation that is demanded for a viable technology in micro-scale manufactur-
ing and chemical or medical research [1]. Single-beam acoustic manipulation (i.e. tractor beams) have
been realised recently using phased arrays by Marzo et al. [2] and Baresch et al. [3] demonstrating
dexterous manipulation in air and water respectively. However, these devices require complex elec-
tronics and multi-element arrays hindering their wide scale applicability. Microbeam devices created
by Lee et al. [4] can trap particles on a surface using a single element transducer but they work in the
Mie-scattering regime requiring ultra-high frequencies (>100 MHz) thus making them difficult and
expensive to manufacture.

Here, we build a simple single-beam manipulator that requires a minimum of elements and uses a
single driving signal, drastically reducing the cost of the system. The paper proposes a tractor beam
device that uses a single input signal used to drive two transducer elements out of phase to create a
tweezer-shaped trap (termed a twin trap [2]). This is achieved by using a piezoceramic disk with two
sets of electrodes, a solid prefocussed lens and a shape-changing liquid lens. The arrangement, shown
in Fig 1(a), is submerged in water to smoothly manipulate particles with a spatial resolution of the
order of A\/10. In our device the wavelength is significantly greater than the particle size and so our
device operates in the Rayleigh-scattering regime.

Methods

We generate an ultrasonic beam shaped as a twin trap with the combination of a PZT disk divided
into two elements and a lens. A twin trap is the most stable Rayleigh regime acoustic tractor beam
demonstrated so far [3]. Using a phased array, it is created by focusing the array at the target point
and adding a 7w phase offset to half of the array.

1 ()

LDPE film

Figure 1: (a) A schematic drawing of the manipulation device. The
normalised Gor’kov potential around the trap position is shown, reveal-
ing the twin trap. (b) Images i to iii show a cluster of particles being
moved. The particles ranged from 0.3 to 1 mm in diameter and were

\ made of polystyrene. These are images from a preliminary study which
Q:QM IE€nis used a planar-concave lens instead of a fresnel lens. The pictures were
[PZT | | MO taken in the x-y plane where the axes are defined in (a).

fluid lens




For generating a twin trap, we etched away a thin strip of the conducting electrodes of a PZT
disk to create two elements. The same driving signal was applied to both halves of the disk but with
reversed polarity in order to create a 7 phase difference. As the PZT disk remained monolithic this is
termed a kerfless array. Then, we added a physical lens on top of the disk to focus the acoustic beam.

The device was submerged in a water tank and an angled Perspex plate was placed at the top of
the tank to avoid the formation of standing waves between the device and the water surface. The
plate deviated the sound away from the trap position and preserved the integrity of the pressure field
around the twin trap. The driving frequency was 1.16 MHz which represents a wavelength of 1.5 mm
in water. The manipulated particles were 300 um polystyrene and 100 pum silica beads.

For dynamic trap positioning, we explore a shape-changing lens made of a cavity filled with glyc-
erine. The cavity has a membrane on the top and by adjusting the volume of glycerine inside the
curvature of the membrane can be varied and thus its focal point. This allows the refocussing the twin
trap at different positions, moving the particles that are trapped without physically translating the
device. To reduce the extent to which energy is lost through attenuation in the solid lens, a fresnel
lens has been designed. This also makes the device more compact accomodating for the possibility of
miniaturising trapping devices.

Modelling

The simulation shown in Fig 1(a) was modelled in COMSOL Multiphysics 5.0. Combining the struc-
tural mechanics and pressure acoustics modules to explore different lens designs (i.e. planar-concave
and planar-fresnel) as well as lens curvature, material and thickness. The performance of the kerfless
array design was also explored.

The surface velocity of the kerfless disk was measured at its resonance frequency using laser vi-
brometry. The velocity was used as an input parameter in the model thus ensuring the accuracy of the
pressure field simulation. Knowing the correct velocity of the fluid medium at the transducer surface
allows the quantitative calculation of the pressure.

The sound pressure field from the model was then used to predict the acoustic radiation force po-
tential using the analytic approximation described by Gor’kov [5]. With the potential field obtained
around the trap, we calculated the lateral and axial strength of the traps on various particles.

Results

Fig 1(a) shows the Gor’kov potential around the trap, the gradient of which determines the force
exerted on the particle. The steep gradients on either side of the trapping point show that particles
will be pushed towards the centre. The models of the pressure and the derived potential suggest that
the lenses are able to produce a focus with sharp potential gradients that are sufficient for trapping
in the x-y plane.

The manipulation of various particles over the surface of a low density polyethylene (LDPE) film
is shown in Fig 1(b). These particles are trapped at the minimum of the Gor’kov potential field. The
device used in the experiment had a large aperture (40 \), and the resulting twin trap is elliptical
in shape. Individual large particles can be manipulated, as can smaller particles which tend to form
elliptically shaped clusters.

Conclusion

We have presented a two-element device that can generate acoustic tractor beams for the manipulation
of microparticles. It would be possible to increase the frequency and/or reduce its size to enable the
manipulation of smaller particles such as cells or microbubbles. The simplicity of the design reduces the
cost, promoting the simultaneous use of multiple devices to execute parallel protocols in lab-on-a-chip
scenarios or in a contactless production process.
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Introduction

Manipulation of nano or microparticles, contrast agents, living cells or bacteria to mention but a
few plays a key-role in many technological processes for health and care applications. Their efficient
and flexible manipulation remains challenging because of their tiny size. Use of acoustofluidic effects
a promising tool [1,2], which can be optimised in order for instance to improve power consumption.
In this talk, we will present a system which combines successive overlapping resonances in the low
ultrasonic domain (presently 45 kHz), using a thin plate and a bubble resonances. The separate effects
of both resonators have shown separately the ability to concentrate particles at plate antinodes [1], and
to capture beads at bubble surfaces [2]. Here we will show htat used together, a repulsion phenomenon
occurs and that this system can be used to either trap and concentrate, or repulse.

System dimensioning and experimental setup
Because of their higher inner pressure due to surface tension forces, gas bubbles tend to dissolve in a
liquid. We considered H2 eletrolysed bubbles in water, with a radius above a few tenth of microns, for
which this process doesn’t affect significantly the bubble size on the time scale of the experiment (a
few minutes). As the resonance frequency of a bubble scales as the inverse of its diameter, being about
60 kHz for a bubble of 100 micron diameter [3], in order to couple efficiently the piezoelectric emitter
with the liquid, we used a thin enough glass plate, taking advantage of the strong dependence of the
bending modulus with the thickness (third power), the more flexible a membrane being, the lower its
resonance frequencies. In order that the piezoelectric resonates at such a low frequency range, we also
used an annular massive one, with 4 mm thickness, and 17 (33) mm internal (external) diameters.
The choice of such geometry allows observation by transmission under a microscope, as shown in our
complete setup presented on Fig. 1a).

As sketched on Fig. 1b), the acoustofluidic device consists in a thin glass plate (150 um thickness,
2 cm diameter), taped on an annular piezoelectric. A drop of suspension of particles is depositedt, and
a bubble can be generated in the center of the plate by electrolysis. The system is then confined at
a given height by an upper removable PMMA disk (8 mm diameter), which position and orientation
can be fully controlled via translation and goniometer stages, and a rotation mount. The crystal is
excited at its 45 kHz thickness resonance which also matches an axisymetrical resonance mode of the
thin plate. The drop volume is adjusted to fill the cavity at the desired height. The recording can
be done via a wide field (2048x2048 pixels) or a high speed camera (Photron, SA1.1.), to resolve long
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Figure 1: (a) Complete setup. (b) Sketch of the acoustofluidic device.



range migrations or the bubble dynamics. Polystyren particles of 10 yum diameter, and HELA cells,
have been used.

Without bubble

On Fig. 2a), we present the results obtained in a cavity of 500 pum height, with a 20 V input voltage on
the piezoelectric. We find an attraction of the particles towards the membrane vibrational antinodes,
in its center. The radial velocity v, has also been plotted as a function of the distance to the plate
center, from the center to 400 um, via automatic tracking of some particles (Trackmate, Imagej) for
which a roughly linear dependance is observed.

The migration speed can be tuned by the imposed voltage: the migration velocity increases to
about a factor 10 when the imposed voltage is doubled. We also found a similar increase when the
gap size is reduced to 250 pm: both results are presented on Fig. 2b). As explained in [1], we expect
that this attraction towards motionless plate regions is related to streaming loops that converge to
these areas, the particles remaining there because the streaming drag force does not overcome their
reduced weight.
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Figure 2: a) without bubble: Top: Initial repartition of the 10 pum polystyrene beads at the center of a 500
pm cavity. Bottom: Evolution after 151 s, under 20 V. b) without bubble: Influence of the imposed voltage and
the gap height on the radial velocity v,. Blue disks: 500 pm, 20 V; red crosses: 500 u, 40 V; green crosses: 250
pm, 20 V. ¢) with bubble:Top: Initial position of HELA cells in a 500 pum cavity. Bottom: Position after 28 s,
under 5 V.

With a bubble

When a bubble is present in the center of the cavity, with a 500 ym gap and 5 v voltage, the behaviour
of the particles is opposite.as shown on Fig 2c). We are currently analysing our observations and an
attempt for modelling this behaviour will be presented.

Conclusion

We present a system that allows to combine a plate and a bubble resonance in order to optimise
acoustofluidic effects al low frequency. Significant particle migrations are measured, with speeds as
high as 100 pym/s. Without bubble, the depth of confinement turns out to be an important parameter,
and the effect a bubble addition can have an effect as strong as to reverse the particle migration.
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Introduction

The objective of this work was the study of reliability and efficiency of the use of Ultrasounds to perform
plasma separation based in the concept of Blood as a non-Newtonian fluid whose viscosity and other
rheological properties (such as cell aggregation) are defined by parameters associated to their
hydrodynamics. Three important features of the suspension flow were analyzed under the action of the
ultrasounds, (i) the effect of the blood cell spacing given by the blood dilution, (ii) the effect of the flow
velocity and (iii) the effect of the cell—cell interaction (formation of roleaux) intrinsically related to the others
but also influenced by the ultrasounds.

Ultrasounds also have been used to perform plasma separation [ 1-4]. The ability to manipulate particles
using ultrasound arises due to non-linear interaction between the incident wave and that one scattered by
each cell, giving rise to a steady Radiation Force.

Experimental setup

A square glass capillary (700pm x700pm x10cm) was used as the channel to perform the tests. Silicone
tubing was attached to the inlet and outlet of the capillary tube. A 2MHz piezoceramic square transducer
(PZ26, Ferroperm Piezoceramics, Kvistgard, Denmark (30mmx30mmx1mm) was coupled to the capillary
together using a hydrogel (Aquasonic Clear Ultrasound Gel, Parker Laboratories Inc., Fairfield, NJ). Figurel.

Figure 1: Setup to perform the plasmapheresis by ultrasounds, based on a blood cell enrichment process induced in
a capillary tube under the ultrasonic actuation

Heparin treated blood samples were obtained from healthy individuals via the donor center of Hospital
La Princesa (Madrid). blood was diluted in PBS (Sigma Aldrich, Espana) at different volumetric
concentrations: C,= 5%, 10%, 20% and 50% respectively..

Microsocopic effects on the red blood cells

Once applied the acoustic field, the cells collect at the central axis of the channel driven by the radiation
force of Eq. (1), leaving areas of plama free of cells around it and closer to the sidewalls of the capillary. The
non-spherical RBCs become partially tilted during their flow motion before the application of the
ultrasounds according at flow rates Q=40uL/min, increasing their angle of orientation with the flow velocity.
When the cells are exposed to the ultrasounds, they adapt their motion to the standing wave according to
both, hydrodynamic and acoustic focusing forces combined.(Figure 2). During their drift motion, the RBCs
reorientate their biconcave shapes, becoming almost horizontal along the axis of collection,

Cell aggregation was also observed in the experiments. The application of ultrasounds during various
seconds favored the formation of RBCs roleaux in the area of cell collection. Figure 2 shows three images
filmed at Q=40uL/min. Several of these aggregates formed stratified chains of roleaux parallel to the central
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axis, keeping a distance of equilibrium between them, of the order of their size. They showed reversibility in
the experiments, disappearing after the acoustic treatment.

Figure 2: formation of Rouleaux during the RBC drift motion and collection at the pressure node along the central axis
of the capillary. These rouleaux frequently formed stratified chains parallel to this axis.

Macroscopic effects of the ultrasounds on the blood samples

The cell collection achieved during the acoustic actuation generated a volume of plasma circulating clean of
cells off the central axis after a certain time of treatment. At the end of the capillary this plasma was
recovered through two lateral outlets separated from the enriched cells leaving the channel through a central
outlet. So, the cell enrichment was used as a preconditioning method to perform the plasmapheresis at the
end of the capillary. The samples required different times for this process, depending on their level of
dilution and hydrodynamic conditions, defined by their flow rates. Figure 3 shows different times required
by the samples to reach clearance percentages over 80% depending on the flow rate and blood dilutions. The
most diluted blood samples (Cv=5%) show the strongest dependence on the flow rate conditions to perform
cell-plasma separation processes, reaching a maximal efficiency at Q=40pL/min. After the acoustic cell
collection the samples were extracted at the end of the capillary through three different outlets. The enriched
cells left through a central outlet, while the purified plasma was extracted through two symmetrical lateral
outlets, viable for later biomolecular or other analysis. It was collected using Silicone tubing (Fisher
scientific, UK) attached to the capillary ends as shown in Figure 5. Majority of the blood cells and plasma
slightly colored by red cells entrained were collected in different sinks.

Figure 4: Time of acoustic treatment required to reach transparency levels of plasma over 80% versus the flow rate

These results evidence the influence of the hematocrit levels on the ability of the ultrasounds to perform
suitable acoustic plasmapheresis. Specific hydrodynamic conditions of the samples should be applied to
achieve optimal efficiencies. In consequence, different plasma clearance percentages were achieved on the
blood samples applying the acoustic waves at a frequency f= 1153 kHz and fixed voltage of V=48volts for
the five sample dilutions. According to these experimental results of the study, it can be concluded that the
hydrodynamic conditions on processes of plasmapheresis by ultrasounds must be taken into account and
carefully analysed for different blood sample dilution and hematocrit levels.
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Introduction.

The objective of this study is to explore the trajectory motion of polymer-shelled microbubbles by the
radiation force in standing wave acoustic fields.

Materials and Methods.

The experimental set-up consists of microfluidic chip coupled to a piezoelectric crystal (PZT) having a
resonance frequency of about 2.8 MHz. The microfluidic channel includes a rectangular chamber with the
width, w, corresponding to one wavelength. This in turn corresponds to one full wave ultrasound standing

wave pattern with two pressure nodes at V% and 3%, and three anti-nodes at 0, % and w respectively.
The peak-to-peak amplitude of electrical potential over the PZT was varied between 1 and 10 Volts.
Results and Discussion.

From Gorkov’s potential equation, the acoustic contrast factor, @, for the polymer-shelled microbubbles was
calculated to about -100. Experimental results demonstrate that the polymer-shelled microbubbles are
translated and accumulated at the pressure anti-nodal planes. First the primary radiation forces dragged
polymer-shelled microbubbles into close proximity to each other at the pressure anti-nodal planes, then the
secondary radiation force causing them to aggregate at different clusters along the channel. Experiments
were performed at flow varied from 0 to 100 ul/min. Worth noting that the relocation time for polymer-
shelled microbubbles is 40 times shorter than for solid polyamide microbeads of the same size. Furthermore,
the polymer-shelled microbubbles can be actuated even at a driving voltage as low as 1 Volt (pressure
amplitude below 50 kPa, acoustic energy density below 0.5 J/m®), which is not the case for solid microbeads.

Conclusion.

In a conclusion, the polymer-shelled microbubbles demonstrate the behavior attributed to the negative
acoustic contrast factor particles and thus can be trapped at the anti-nodal plane. This phenomenon could be
utilized to explore in future applications, such as bio-assay, bio-affinity, and cell interaction studies in vitro
in controlled environment.
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Figure 1. The microscopic images of 5 um solid polyamide microbeads (represented in black dots) at different time intervals.
Microbeads are positioned at pressure nodes.

PZT off

Figure 2. The microscopic images of polymer-shelled microbubbles (represented in black dots) at different time intervals.
Microbubbles are positioned at pressure antinodes.
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Figure 3. Microscopic images of combined polymer-shelled microbubbles and microbeads suspension in the microchip (a) before and
(b) after subjected to standing wave acoustic fields.
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Introduction
Ultrasound filter chambers are often small and some are low cost but the equipment used to produce the
sound is typically very large and high cost, this excludes ultrasound filtration
from many applications.
The reason high cost broadband ultrasonic amplifiers are currently used is:
High Q MHz chambers have resonances only a few kHz wide. In many
systems it is necessary to know the number of half wavelengths in the
chamber. To maintain resonance with a chosen number of half wavelengths
while factors such as temperature or particle concentration are changing the
resonant peak needs to be actively tracked and to avoid signal loss flat
response (broadband) amplifiers are selected. However in some
multiwavelength and agglutination systems a good resonance is required but
the number of half-wavelengths (nodes) is not critical to the operation.
Here we show that for applications where the number of wavelength in the
chamber is not critical an ultrasonic Fogger device (shown in figure 1) can be
used. These are sold for producing mist and provide a very low cost Figure 1: Fogger 30 mm below
ultrasound source. Foggers adjust their operating frequency to achieve water in a glass.
resonance therefore in well coupled liquid systems with many resonances they bring the whole system to
resonance. Two applications where the number of wavelengths in the chamber is non critical are multiwave
length enhanced sedimentation filters and ultrasonic agglutination devices, .

Equipment and Methods

Ultrasound Foggers produce ultrasound in the region of 1.8 MHz, measured with a microphone
comprising a 1 MHz PZT. The waveform depends on the reflected wave, when producing fog the surface of
the water and the wave are constantly changing but when a reflector is present the wave becomes stable, the
FFT in figure 2 shows that this includes the harmonics 3.6 and 5.4 MHz.

Figure 2: a) Fogger signal.
b) FFT spectrum

a b

Fogger chamber: Foggers operate submersed in water this helps dissipate the 15 W of heat they typically
produced. 15 W is enough to rise the temperature of 100 ml water by 10 °C in 5 min and cause significant
disruption to a resonance. To remove the heat the fogger is placed in a chamber with cooling water flowing
at 1 ml s™. The chamber is connected to the resonant section through a sound transparent window (thin glass
or plastic).

Resonant filtration chamber: The chamber was based on previous enhanced sedimentation filter [1]
designs where particles sediment against the incoming flow, but in this case the chamber was formed by
additive printing in ABS and Tango black (shore hardness 27A) for rubber seals. Reflectors made of glass or
thin polystyrene gave similar filtration efficiencies. Internal cross section 24.1x16 mm.

Aglutination tube: A 1 mm ID glass capillary was filled with a suspension of yeast in water[2,3]. Sound
was guided to the tube through cooked spaghetti.

Filtration results

Yeast forms stable patterns of bands when the sound is turned on. At low concentrations the patterns
remained stable as more cells flowed into the sound field (Figure 3 a and b). At higher input concentrations
the stable pattern was increasingly disrupted as the clumps became overloaded. At high concentrations the
clump pattern flitted from one pattern to another figure 3 c, d and e shows the clump number chaging from 2
to 4 stacks.



Figure 3: a) 10" ml™Yeast moved to standing wave nodes as
the suspension flows up into the sound field. b) 10° ml™ after a
few seconds the cells form clumps.

¢, d, e) Clump stacks viewed towards the drive unit. 10 mI
! at this concentration the number of clump stacks changes from 2
to 3 to 4 depending on the yeast load.

Stacks of clumps which occur help enhance the
a sedimentation process [4]. At high particle concentrations
many cells sediment when the modes change (shown
infigure 3 ¢, d and €). This mode change does not occur at
lower concentration where a stable equilibrium is achieved
between cells arriving and clumps sedimenting.

a b C

The clearance of yeast from suspension exceeds 100 fold at a low flow rate (see figure 4). This is similar
to the clearance achieved with broad band amplifiers.

Figure 4: Log-log plot of the dependence of filtration (clearance) of yeast on the input concentration of yeast, at two
flow rates. High cost drive results from ref 1.

In Figure 4 the chamber for the high cost ultrasound drive
(data from [1]) had a smaller cross section (10 x12 mm) than
the chamber presented here, therefore turbulence produced for
example by falling clumps, would have been lower. This
lower turbulence probably gives more advantage than the
guality of the ultrasound source.

The sudden efficiency drop at high concentrations
indicates the absence of space between the hydrated cells, this
packed condition was also disrupted by turbulence in the
current chamber.

Agglutination tube results

By using a waveguide (a strand of cooked spaghetti)[3] to carry sound from the fogger it is possible to
take sound to any device without the need for purpose built chambers as shown in figure 5. This is may have
applications for microsytems where low power is sufficient since there are losses associated with
waveguides.

Figure 5: Yeast suspension in a glass capillary tube. Sound
was transferred from the fogger to the capillary through a
waveguide. a) Sound off. b) Sound on.

a b

Conclusion

e For enhanced sedimentation reactions the position of clumps is not critical and therefore this is well suited to a
fogger type drive unit.

e For agglutination reactions the position of clumps is not critical and therefore this is well suited to a fogger
type drive unit.

e The unit is not an energy efficient source of ultrasound, cooling water was used to maintain a constant
temperature.

e The unit provides sufficient power for both micro acoustofluidic devices and units with several mls of fluid.
The low cost, ease of use and rugged design of Fogger devices should allow ultrasonic filtration to start taking
place in laboratories and other locations which are not primarily dedicated to ultrasound research.
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Introduction

AFS is a recently introduced high-throughput single-molecule technique that allows studying structural and
mechanochemical properties of many biomolecules in parallel [1]. AFS is a Lab-on-a-chip device consisting
of a flow cell with a piezo element glued on top. It uses acoustic force to stretch multiple molecules
individually tethered between a surface and a microsphere. It distinguishes itself from other single-molecule
techniques by a high experimental throughput, a wide force range and an unmatched range of force-loading
rates. AFS experiments are highly parallel, allowing the simultaneous measurement of thousands of
biomolecules simultaneously, in a single field of view. Here we present new technical developments which
make AFS more accessible for a wider range of applications [2].

Transparent piezo

In the original AFS setup, a PZ26 opaque piezo
element was used to generate the acoustic wave [1].
This made the implementation of bright-field
microscopy impossible and a more complicated epi-
illumination method had to be used. Here we
introduce the use of transparent piezo elements as
developed by Brodie et al. [3]. These transparent
piezos are made of lithium niobate crystals with
indium tin oxide electrodes. This piezo transmits
55% of the light with a wave length of 455 nm.
With these piezos, bright-field illumination (Fig.1)
can be implemented resulting in a more
homogenous illumination. This yields a higher
tracking accuracy and a larger field of view in which
tethers can be tracked. Furthermore, this makes it
possible to integrate AFS in most existing
microscopes.

Optimizing layer thicknesses

An AFS sample chamber can be brought in acoustic
resonance using only a specific set of frequencies,
depending on chamber geometry and materials used.
To optimize the sample chamber, we developed a
MATLAB program that can calculate the resonance
frequencies of a chamber geometry and the
corresponding force profiles in the fluid layer. A
single configuration can be calculated within 5 ms
and therefore a large set of configurations can be
computed to find the optimal dimensions for our
system. Specifically, we used the model to optimize
layer thicknesses with the goal to apply a force at

Piezo

Matching SDNA (%)
/ H Reference
- bead
Fluid ;O {] X
i ‘—\ yz
apping

Figure 1: llustration of the AFS setup. (1) The AFS
chip is imaged using an inverted microscope with
objective lens (OL), a digital CMOS camera and LED
light source (455 nm). (I1) The flow cell consists of
two glass plates with a fluid chamber in between. A
transparent piezo element is attached to the upper
glass slide. Using an overhang the piezo is
electronically connected. (l11) A picture of the AFS
chip (1V) and a digital camera image.

the bottom fluid layer with a minimal force gradient. From the example shown in figure 2 it can be
concluded that a thicker matching layer results in a lower quality number (QN), which represents the force at
a specific height in fluid channel divided by the electrical input power. Furthermore, the acoustic power is

almost constant between 100 and 1000 pm.



Figure 2: A contour plot of the QN (N/W) 3 um
above the capping layer with the force directed
towards the fluid layer for a 4.5 um polystyrene
bead. Combination of piezo and matching layer
thickness, the fluid and capping thickness
ranging between 10-300 and 50-300 um,
respectively, with of 10 um steps.
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1000 2000 3000 4000
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Direct measurement of the force profile

Our model allows us to predict the force profile along the fluid channel of the flow cell. To validate and
calibrate the predicted resonance frequencies, we track the free movement of particles (6.84 um diameter
silica) driven by the acoustic force. After switching on the acoustic force, particles are pushed away from the
surface in the direction of a node of the acoustic standing wave. After switching off the force, particles sink
to the bottom with a constant speed until they reach the surface. The forces acting on such a suspended
particle are the gravitational force, buoyancy, the Stokes drag and the acoustic radiation force. For a particle
moving at constant velocity these forces cancel out. The gravitational force and buoyancy are constant, while
the drag force is directly related to the particle’s velocity, meaning that from the particle velocity the drag
force can directly be calculated. In Kamsma et al. [2] we demonstrate that this method to validate and
guantify the acoustic force profile, is straightforward and quick, and can be used to calibrate any layered
acoustic resonator comprising a fluid layer.

Optimizing the acoustic-force profile

With our force-profile calibration method we demonstrated that two resonance frequencies can be applied at
the same time to change the shape of the force profile within the device [2]. Shaping force profiles can be
used to create a more homogeneous force field, which is beneficial when the biomolecules studied undergo
large length changes. By doing the opposite, and measure at a location in the force profile where the force
gradient is very high, AFS can be transformed into a distance clamp. A distance clamp is better for probing
multiple rupture events on a single construct.

Conclusion

AFS is a recently developed technique with much room for improvements. Each of the new AFS
developments presented here can open the doors for increasingly diverse measurement opportunities on
massively parallel single-molecule systems.
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Introduction

In acoustofluidics, the simulation of the acoustic streaming is an important part of the understanding
of both particle focussing and mixing in a microchannel. By now there are in principle two ways to
deal with this simulation task. One way is the 2D simulation of the problem including the wave field [1]
and the second way to use the volumeforce [2] to simulate in 3D [3]. We adopted the second approach,
used so far for droplets for the microchannel. Indeed the main difference is now given by the damping
of the PDMS, so the amplitude of the SAW on the surface couldn’t be calculated following Franke et
al. 2003 [4]. Besides we replaced the damping perpendicular to the substrate proposed by Shiokawa
by the damping following Stokes’ law of sound attenuation. Furthermore we conducted vibrometer
measurements to determine the SAW amplitude profile in reality. With this measured amplitude the
simulation could be compared with flow measurements we recently performed. So for the first time a
quantitative comparison between measurement and simulation in 3D will be given.

Simulation and experiment

We used a typical setup consisting of a piezoelectric LiNbOj3 chip (128° rotated Y cut, X-propagation

direction) and a monolithic PDMS microchannel. The fluid flow induced in the PDMS microchannel

by the SAW-device was measured using a p Astigmatism Particle Tracking Velocimetry system [5].
For the simulation of the acoustic induced fluid flow in a PDMS-microchannel we solved the Navier-

Stokes-equation for the special case of the Stuart streaming [5] utilising COMSOL Multiphysics. The

volumeforce f used for the simulation reads according to [2]

fShiokawa = po(1 + a%)3/2u%w2a exp(2az + apaz) (1)

CFl

/ 2
with o = (M) — 1 and c the phase velocity of the SAW and the speed of sound in the fluid,
respectively. With our replacement using Stokes’ law of sound attenuation the volumeforce becomes
sin(ﬁR) >

= powul exp (=2 (o — cos(9p)B2)) f ( 0
cos(VR)

(2)

whereby pg is the density of the fluid, w the angular frequency, u; the amplitude of the SAW and
«a and § the damping coefficient of the SAW and the BAW, respectively. Here the only unknown
quantity is the amplitude of the SAW. In contrast to Alghane et al. We didn’t calculate the amplitude
of the SAW | instead we performed a measurement for the determination providing comparable results
to our setup.

For the determination of the amplitude profile of the acting SAW we used an vibrometer from
Polytec. To get an estimation of the damping caused by the PDMS wall we measured the SAW device
without channel and with a half channel bounded to the surface. With this measurements we deter-
mined a damping constant for the PDMS wall. For the simulation we assumed that the amplitude
of the SAW is constant over the IDT aperture and given by the product of damping factor and the
average amplitude over the IDT aperture for the SAW-device without channel.

Results
The measured wave profiles of a SAW-device (wavelength 30 pm) in front and behind the PDMS wall
are depicted in fig. 1. From this measurements the damping factor for a 500 pm thick PDMS wall
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Figure 2: Figures of the fluid velocity in experiment and simulation in a 500 pm PDMS microchannel.a) Mea-
surement; b) Simulation following Shiokawa; ¢) Simulation in consideration of Stoke’s law of sound attenuation.

was determined to 4. This is in good comparison to the damping reported so far determined by
transmission measurements [6].

The comparison between the simulations and the measurement of the fluid flow inside the channel
is shown in fig. 2. The shape of the fluid flow is for both simulations comparable to the measurement.
For our equation the shape fits even better to the measurement. Beyond the speed of the fluid flow in
the simulation differs strongly from the experiment. For the volumeforce proposed by Shiokawa the
fluid flow is much to strong. For our new equation the velocity the velocity is still a factor two to fast.
This could be caused by a wrong determination of the amplitude of the SAW. As described above we
measured the amplitude behind a PDMS wall but in an unloaded state. In the experiment the surface
is additionally loaded with water. This will lead to a decreased amplitude on the surface and hence
to a smaller velocity in the simulation.

Conclusion

We have shown that at least for a PDMS microchannel the volumeforce proposed by Shiokawa isn’t
applicable. The equation derived by us fits much better, but still has a distinction of factor 2 to the
measurement. This could be caused by an incorrect measurement of the amplitude of the SAW. A
second reason could be the neglect of the damping of the BAW perpendicular to the wave vector.
We assumed a damping only in propagation direction. This additional damping would also lead to
decreased fluid velocity in the simulation. Further investigations have to deal with this facts to improve
the accordance between simulation and experiment.
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Introduction

The ability to precisely sort, move and mix individual microparticles, cells or droplets, sensing
components in mixtures in suspension is of interest for various chemical and biological applications, ranging
from basic cell biology to clinical diagnosis such as cancer cell detection, drug screening, and tissue
engineering. Rapid processing is often a crucial factor in diagnostics and treatment. Thus, simple and
efficient particle separation methods are fundamentally important. We discuss theoretical study of the use of
periodic structures for sensing analyte’s properties.

Currently, many biologists employ optic, magnetic or electric tweezers for single-cell manipulation
due to their excellent precision and versatility.[1] However, they have their disadvantages. Optic tweezers
may damage cells by heating and the system itself is large and expensive. Recently, there has been growing
interest in on-chip microchannel acoustophoresis for biological applications, which allows label-free
separation based on the size, density and compressibility of particles [2, 3]. Acoustophoresis is notably
advantageous because it requires no pretreatment of the particles, label free and can be applied to virtually all
kinds of particles, regardless of optical or charge properties. It is based on the bulk acoustic resonances in
water, where the resonance frequency is governed by the width of the fluid channel, to create a standing
wave field. Silicon and glass are conventional materials for such purpose. We present alternative method of
sensing involving phoxonic crystals [4, 5] using simultaneous phononic and photonic band gaps, i.e.
frequency regions where propagation of acoustic and electromagnetic waves through the structures are
forbidden.

Geometry and numerical results

The structure is composed of a silicon crystal plate drilled with air holes (Figure. 1). The whole
device is immersed in a liquid [9]. The goal is to define a phoxonic sensor sensitive simultaneously to the
optical and acoustic index of refraction of the fluid. Calculation of the photonic and phononic transmission
coefficient is performed using the finite difference time domain (FDTD) method.

The crystal is constituted of cylindrical inclusions of finite height along the z direction, arranged
periodically on a square lattice in the (X, y) plane. The lattice is periodically infinite along x and y. The input
signal is launched from the left of the unit cell, perpendicularly to the plate. The transmitted signal is then
recorded at the end of the second homogeneous region and integrated along the (x, y) plane. To yield the
transmission coefficient, the outgoing signal, recorded as a function of time, is Fourier transformed and
normalized to the Fourier transform of a signal propagating through a homogeneous liquid.

The introduction of defects inside dual photonic and phononic crystals gave the opportunity to trap
both phonons and photons in the same cavity for the purpose of enhancing their optomechanical interaction.
The purpose of the presentation is to estimate the potentiality of a phoxonic crystal plates to be an efficient
tool for sensing simultaneously the light and sound velocities of liquids in a same structure. From the point
of view of sensing applications, some authors have studied the normal transmission of optical waves through
a plate perforated periodically with holes and measured the shift of a well-defined feature in the spectrum
with the refractive index of the embedding liquid.[6] Phononic crystals plates have recently been introduced
as a new sensor platform featuring a liquid filling air inclusions or cavity defect.[7,8]

Sensing (refractive index of analyte for photonics, sound velocity of analyte for phononics) is
achieved by using asymmetric peaks in the phononic and photonic transmission spectra (Fano-like
resonances). In photonics, the origin comes from guided modes in the photonic plate while in phononics we
show that it comes from the excitation of standing waves confined inside the cavity coming from the
deformation of the water/silicon edges of the cylindrical inclusion.
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Conclusion

This contribution shows the dual existence of optical and acoustic enhanced resonances inside
silicon phononic and photonic (phoxonic) crystal plate under normal incidence of light and sound. Such
ultra-compact structure then represents a label-free, affinity-based acoustic and optical nanosensor, useful for
biosensing applications. Finally such structures can also open the way to enhance the phonon-photon
interactions with the simultaneous confinement of the phononic and photonic waves. Through the
confinement and the interaction between optical and acoustic waves inside mixed phoXonic crystals, we
expect the enhancement of the properties of dual sensors.
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Introduction

The established treatment for children with high risk neuroblastoma is high dose chemotherapy and the
transplantation of autologous peripheral blood progenitor cells (PBPC). Survival rates are poor because of
relapses, which might occur partly due to graft-contaminating tumor cells. Current methods to remove tumor
cells from the graft (“purging”) are time and labor consuming or expensive. We established an
acoustophoretic microfluidic chip-based technology for efficient and gentle cell separation. An acoustic
standing wave generated in the microfluidic channel manipulates cells differently depending on their
acoustophysical-properties, including size, density and compressibility. Acoustophoresis was used to
efficiently remove platelets from PBSC products [1] and for sorting of bead-marked lymphocytes [2].
Furthermore, the label-free isolation of prostate cancer cells from blood was realized [3]. Based on this work,
we started to develop acoustophoresis as an effective, label-free and non-contact purging technology for
neuroblastoma cell-contaminated PBSC products by showing proof-of-principle evidence by successfully
separating neuroblastoma cell line cells (NBCs) from mononuclear cells isolated from whole blood (MNCs).

Study design and methods

For the acoustophoretic separation, NBCs were spiked into MNCs, under defined conditions. A microfluidic
chip, as shown in Figure 1, was used. Sample was infused in the channel through the sample inlet and after
entering the channel, cells got aligned in the pre-focusing field generated by a 5 MHz resonant transducer.
Infused buffer supported the separation by ensuring laminar flow. Size-based separation took place in the
second acoustic field (2 MHz transducer). NBCs were collected in the center outlet and MNCs in the side
outlet, respectively. Following separation, fractions were analyzed for separation efficiency, purity and
viability of MNCs and NBCs, respectively. The influence of different voltages applied on the main
separation transducer on the separation outcome of the different cell types, as well as different cell
concentrations and tumor cell/MNC ratios on separation efficiency were investigated. A T-cell proliferation
assay was performed to investigate a possible impact of the acoustic separation on T-cell function.

Ultrasound

Buffer inlet Tumor cells outlet

Figure 1: Schematic overview of the used microchip. The sample is infused into the chip through the sample inlet and
reaches the pre-alignment channel with the 5 MHz transducer, where the cells are pre-focused. Washing buffer as
central inlet fluid supports the separation. The pre-aligned cells enter the second acoustic field in the separation
channel, generated by the 2 MHz transducer, and move according to their acoustic properties leading to a separation.
The NBCs move into the central outlet and the MNCs to the side outlet. The drawing is not in full-scale, adapted with
changes from Augustsson et al. 2012 [3].



Results

Using a concentration of 1x10° cells/ml and NBC/MNC ratio of 1:1, 92 + 3.5% of MNCs were recovered,
while tumor cells were depleted by nearly 2 logs (97.4 + 3.8%) (Figure 2 A, B). At a NBC/MNC ratio of
1:1000, 87.9% of the MNCs could be recovered, while depleting tumor cells to undetectable levels
(Figure 2 C). Cell type distribution analysis after separation showed that especially lymphocytes were
recovered in the target side fraction, while granulocytes and monocytes tended to be collected in the central
waste fraction outlet together with the tumor cells. T-cell assays showed that the proliferation capacity of
sorted lymphocytes was not affected by the acoustic sorting.
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Figure 2: Testing of different cell concentration and NBC/MNC ratios on cell separation efficiency. MNCs and NBCs
were mixed 1:1 for concentration tests and the concentration of the samples was set to 0.5 x 10° 1 x 10° 5 x 10° and
10 x 10° cells/ml. For ratio tests the sample concentration was chosen as 1 x 10° cells/ml and cells were mixed in ratios
of 1:1, 1:10, 1:100, and 1:1000, respectively. Shown are: A) separation efficiency [%], B) MNC purity [%] and fold
depletion of NBC/MNC in the target fraction.

Conclusion

These results provide proof-of-principle evidence that neuroblastoma tumor cells can be separated from
MNC preparations with high efficiency and purity. Thus, acoustophoresis is a promising technology for
PBPC processing, which provides the basis to develop label-free, non-contact and improved tumor cells
purging procedures for future clinical use.

Disclosure
These results where recently presented at the 31% Congress of the International Society for Advancement of
Cytometry and will be presented with a poster on the Microfluidics 2016 EMBL Conference in July.
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Introduction

Poor water quality is estimated to be a cause of 3.1% of deaths worldwide and is a considerable cost in
healthcare [1]. It can also compromise product quality in several diverse industries (food, pharmaceutical,
chemical, textile, etc.) [2]. Monitoring the quality of the water used in those industries, as well as healthcare
services, is of utmost importance. Current methods have high enough detection sensitivity, but lack the speed
needed for a quick response in case of microbiological contamination [3,4].

A device that combines an antibody biosensor to capture pathogens with acoustic manipulation from
ultrasonic standing waves (USWs) was further developed from a previous design [5] in order to reduce the
time of analysis and even provide real-time data readouts. The device was targeted to detect a concentration
of 300 CFU/ml in a 10 minute assay, as well as being robust enough to be assembled easily and insensitive to
manufacturing variations. Preliminary data for this new device architecture show that such detection is possible
at a conservative flow rate of 30 ml/hr, with capture rates of approximately 90-95 %.

Device schematic

The device is a combination of a half-wave and a thin-reflector layered resonator, and its design was optimized
using a 1-D transfer impedance model. It consists of a PZT transducer glued onto a 1 mm stainless steel carrier
layer. The fluid channel is 130 um thick and is separated from the 170 um glass coverslip reflector layer by a
PDMS gasket and a cellulose acetate spacer. The design shows significant improvement over the previous
Macor ceramic design [3], which may be due to material properties of the stainless steel carrier being more
conducive to a stronger resonance in this system. The device is also shown to tolerate variation in the carrier
layer thickness of up to 0.1 mm, resulting in only a small decrease in radiation force (3%).

The device has two transducers. The first one, over the first half of the channel (in the lengthwise
direction) is tuned to set up a half-wave (HW) field, while the second one is tuned to set up a thin-reflector
(TR) mode. As the spores/bacteria flow within the US field, they are first concentrated in the central plane of
the channel and then pushed towards the reflector layer on which an antibody coating has been applied to
capture them. Figure 1 shows the device in its constitutive layers (a) and fully assembled (b).

Figure 1: The device a) disassembled with components ) PMMA manifold, 1) carrier layer with transducers on
bottom, 111) spacer and gasket, and 1V) metal clamp and reflector layer glass coverslip underneath; and b) assembled

Results and discussion

To assess the robustness of device operation, in this preliminary stage, two devices were assembled and
disassembled multiple times to determine potential deviations in the resonant frequency. Figure 2 shows a
composite admittance plot of multiple tests done to show how the resonant frequency is stable over multiple
uses.
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Figure 2: Conductance plot showing the resonant frequencies of two devices during multiple assemblies, and their
small spread (30 kHz)

To characterize the device 1 um beads were flown into the device, and after a duration of activity a
cross-section of the channel was imaged with the microscope, using a z-scan technique. Figure 3 shows the
distribution of 1 um diameter beads (in the z-direction) imaged in a region just after the second transducer
when i) only the TR transducer is used, and ii) both the HW and TR transducers are turned on. Even with just
the TR transducer, 90% of the beads are pushed towards the reflector layer, while with both transducers this
number increases to 95%. It is believed that, with a 100 um fluid channel (the next generation device), and an
easier-to-use manifold, the capture rate is likely to increase further. The figure omits the first image, taken on
the reflector layer itself, as the scaling obscures the results as well as not being relevant itself (the number of
beads is cumulative so the further into the experiment the more beads there are).
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Figure 3: From left to right — Ia) shows the 1 um diameter bead distribution in the channel before any flow or
acoustic manipulation is applied; 1b) shows the subsequent distribution after 1 minute of 30 ml/hr flow as well as an
acoustic excitation from just the TR transducer at 30 Vpp at 930 kHz; I1a) shows the initial particle distribution for
the second experiment; and Ilb) shows the end-point distribution, after 1 min of 30 ml/hr flow with both the TR and
HW transducers activated

Conclusion

The device developed in this study is set to be a robust and cheaper alternative to the more established detection
methods. It can be easily assembled and reassembled, and is insensitive to small variations in device geometry,
with the resonant frequencies stable to £10 kHz, and with very good capture rates of around 95%. In the future,
this capture rate should increase as the fluid channel is reduced further (to ~100 um) and the assembly
procedure is further simplified.
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Introduction

This work includes theoretical analysis and experiments for development of particle separation technique
using the standing surface acoustic waves (SSAW). Although several particle manipulation techniques using
SSAW have been presented [1-4], a separation that can be applied to a channel as wide as multiple pressure
nodes(MPN) has not been developed xplored as yet. In this paper, we demonstratethe feasibility of the particle
separation technique in MPN, so called the continuous phase modulation (CPM).

Theory

In acoustofluidics, commonly characterized with low Reynolds number, Acoustic Radiation Force (ARF)
generated by the external RF input signal and the viscous force play key roles in determining particle motion,
because the inertial term can be neglected in the equation of motion.[5]

Particles trapped at pressure nodes in SSAW can be displaced by phase shift. If the phase is shifted by T1/2,
the particle will be displaced by an eighth of wavelength (A/8). Phase shift at a constant rate, i.e. the continuous
phase modulation, can be achieved by changing the frequency of RF input signal. In this case, the change of
frequency should be very small compared to the original frequency. [6] Movement of particle during
continuous phase modulation depends on the rate of frequency change and particle’s dimension. Our
theoretical analysis seek an optimal frequency change Afqp at which particle follow the translation of pressure
nodes without oscillatory motion. The optimal frequency change Afqpa is proportional to the volume (radius®)
of particle. We applied this technique to separate particles with a reference radius R from others smaller than
R

Experiment

We perform experiment to apply the theoretical analysis to develop a method of particle separation. Two
sizes of fluorescent particles, 6 um and 15 um diameters, are mixed. The mixture of beads are infused into a
microfluidic channel of PDMS at a constant flow rate (3 p/s) using a syringe pump system. Fluorescent beads
are imaged at 25 fps and their locations are identified using ImageJ software. As shown in Fig. 2, both 6 pm

Figure  1: (@  Different
movements of particles depending
on their sizes. As a wave (Gor’kov
potentials) propagates, particle
with the reference size R can be
modulated to be always forced
maximally. On the other hand, a
smaller particle lags behind the
wave propagation and can be
subject to the force to the opposite
direction, leading to a oscillatory
movement. Difference in
displacement, AL, can be used
for separating and sorting
particles. (b) Sequences of particle
separation with the continuous
phase  modulation. Initially,
particles under SSAW will be
trapped at pressure  nodes.
Displacement of particles in
response to the frequency change
(Af)  during continuous  phase
modulation depends on their sizes
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Figure 2: (a) Schematic of experimental setup (b) Stacked images of particles with a radius of 6 pm (blue) and 15 um
((jyello_vv) in a microfluidic channel with y-directional flow. Due to the continuous phase modulation along x-

irection, larger particles (15 um) are displaced to the right while smaller ones do not show any x-directional
movement.

and 15 um beads are displaced along the y-direction due to the flow in a channel. However, in x-direction, the
larger beads are displaced to the right by the continuous phase modulation while smaller one remains at the
same position. It is expected that such a size-dependent response to CPM-SSAW can be developed into a
method of high-throughput particle separation if incorporated with sheath flow.

Materials and methods

PDMS micro-channel (23mm length) was prepared with using SU8 mold provided by the manufacturer via
conventional soft lithography. PDMS mixture of prepolymer (Sylagrad® 128) and curing agent at a ratio of
10:1 by volume were mixed over the SU8 mold inside the petri dish (® =150 mm) and cured at 60 °C in the
drying oven overnight. The width and height of the main channel are 1050 pm and 80 pum respectively. The
piezoelectric substrate is a 128° rotated Y-cut X-propagating Lithium Niobate (LiNbO3). A sinusoidal RF
input was generated by an arbitrary waveform generator (Keysight, HP33522). The RF input signal was
amplified by the power amplifier (Mini-Circuits, LZY-22+). The particles are 6 um (Polysiceince BioMag®,
Bright Blue) and 15 um (Molecular Probe FluoSphere®, Orange) repectively. The particle mixture was infused
by using the syringe pump (Fusion 200T) and observed at 4x magnification via both brightfield and
fluorescence microscopy (Nikon Eclipse Ni-U)

Conclusion

We develop a technique of particle manipulation by modulating phase of SSAW continuously. Theoretically,
we calculate the optimal rate of phase change to displace particles without lag compared with the wave
propagation. Experimentally, we demonstrate to separate the particle with a specific size from others. Our
technique can overcome the limitation of existing techniques using SSAW because it can be applied to a
channel wider than the wavelength of SAW.
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Introduction

Exact modelling of acoustofluidic microdevices is of increasing importance to guide proper device de-
sign. In the literature, microdevice modelling is often performed using simplified, approximate bound-
ary conditions of the interaction between microchannel wall and device [1,2,3], to reduce computational
requirements by excluding the microchannel walls from simulations. While these simplifications may
be valid to a good approximation for the stiff and dense channel walls, e.g. made of borosilicate glass,
they fail when approximating soft and light channel walls, e.g. made of PDMS, using the so-called
lossy-wall boundary condition.

Model

A numeric model 2D model is set up in COMSOL Multiphysics. The model consists of a fluid domain
(the channel) bounded to the sides and upwards by a solid domain (the channel walls) as shown in
Fig. 1. Both domains are bounded downwards by a piezoelectric substrate, which in the model is
replaced by a boundary condition. Additionally, reduced versions of the model are generated in which
the interaction of fluid and solid along interfaces are replaced by boundary conditions as a comparison
basis.

Inlets

% Outlets
X

(a) (b)

Figure 1: (a) A sketch of the actual physical system; solid wall defines a fluid-filled microchannel in three
directions. The walls and the channel are resting on a piezoelectric substrate along which surface acoustic
waves propagate. (b) The system is modelled two-dimensionally, with the motion of the piezoelectric substrate
approximated by a harmonic sine function. The solid and fluid are modelled as separate domains, with separate
governing equations, interacting along interfaces.

The problem is formulated using perturbation theory [4]. In the fluid domain of the model, the
governing equations are first-order mass and momentum conservation, with temperature assumed
constant, while the solid material is governed by linear elasticity. Along the lower boundary of the
system, a harmonic expression is added to emulate the motion of the piezoelectric substrate. In order
to couple the fluid and solid motions, velocity continuity is imposed from the solid to the fluid, while
stress continuity is imposed from the fluid to the solid,

v = diug = —iwu,, (1a)

Ng - Os =N, -0f. (1b)

Simplified boundary conditions

To lower computational requirements and model complexity, many numerical models in the literature
solely model the fluid domain and replace the coupling outlined above with simplified boundary
conditions to emulate the interactions. Depending on the interfacing material one of two conditions
are usually applied; hard -all or lossy-wall, as shown in the reduced-model boundary conditions Egs. (2)
and (3).
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The boundary conditions imposed, are designed to approximate different materials. The hard-wall
condition Eq. (2) is intended to approximate hard and dense materials, e.g. borosilicate glass, by
assuming the material does not move at all in the normal direction,

n-v;=0 or m-Vp; =0, hard-wall along the fluid solid interface. (2)

The lossy-wall condition Eq. (3) approximates a wall through which there are radiative acoustic losses
in the normal direction. The condition approximates wall motion based on the fluid pressure and the
acoustic impedance of the surrounding material;

1 1powW
p1 or m-Vp = thow
PsCs CsPs

n-v = p1, lossy-wall along the fluid solid interface. (3)

Results

A selection of pressure plots of the fluid domain are shown. Comparisons are made between the re-
duced models and the full models. The reduced hard-wall model Eq. (2) is compared to a full model
where the mechanical properties of borosilicate glass are used in the solid wall with varying wall thick-
ness, while the reduced lossy-wall model Eq. (3) is compared to a full model where PDMS properties
are used in the solid wall with varying thickness.

(a) (b)

(c) (d)

(e) (f) (2)

Figure 2: Colour plots of the first-order pressure fields for the reduced and full models. (a) For off-resonance
actuation, the reduced hard-wall model is compared to the full borosilicate model for three wall thicknesses. (b)
For on-resonance actuation, the reduced hard-wall model is compared to the full borosilicate model for three
wall thicknesses. (c) Pressure profile of |p;| along the horizontal centre-line for the reduced hard-wall model
and the full borosilicate model for three wall thicknesses. (d) For on-resonance actuation, the reduced lossy-
wall model is compared to the full PDMS model for three wall thicknesses. (e-g) Comparison of the velocity
solid-fluid interface along reduced lossy-wall model and the full PDMS model for three wall thicknesses.

Conclusion

The hard-wall model approximates borosilicate glass channels with thick walls (1500 pm or above)
fairly well when actuated at off-resonance frequencies. At resonant frequencies of the fluid, channel
walls as thin as 180 pm are approximated fairly well using the hard-wall model. However, if exact values
are desired the surrounding material should be modelled. The lossy-wall model does not approximate
a PDMS channel well, regardless of PDMS width. This is also reflected in the clear mismatch between
actual fluid motion along interface compared to the one predicted by the lossy-wall condition.
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Introduction

Mononuclear cells (MNC) play an important role in the immune system and are widely used in research as
well as in clinical applications. Collection of MNC can be challenging due to their low abundance in the blood.
Standard separation technologies are either performed in a batch process, require labeling of the cells or require
pre-processing of the sample such as red blood cell (RBC) lysis. Especially in cytometry, where a major part
of research is done on MNCs, a simple method for eliminating RBCs would have a high impact on the analysis
of MNCs. Here, we investigated the performance of acoustophoresis for enriching MNCs from peripheral
blood in a label free and continuous manner, which is not possible with current standard methods.

By applying an acoustic standing wave field in a micro channel, cells passing through the wave field can be
separated depending on their physical properties such as size and density in relation to the surrounding
medium. Despite the size difference between red blood cells (RBC) and MNC are these two cell types in blood
plasma or standard buffer systems too similar in their acoustophoretic mobilities to allow for an effective
separation in a free flow acoustophoretic set-up. To address this bottleneck we have therefore developed novel
buffer protocols and optimized the acoustophoretic conditions.

Study design and methods

Whole blood samples were obtained from healthy volunteers (n=3). After labeling the blood cells with
fluorescent antibodies against CD45 and CD61, samples were diluted 20 times and processed through an
acoustophoresis microchip consisting of a sample inlet, a pre-focusing zone, a central buffer inlet, the main
separation channel and a waste outlet in the center of the channel as well as a target outlet at the side (Figure
1).

100 ul'minT 300 ul'minT 100 pl/min l lsoo ul/min
. N @)
20x diluted blood (g2 wash buffer RBC MNC @8

Figure 1: Schematic drawing of the acoustophoretic platform. Diluted blood is injected through the sample inlet and pre-
focused into two parallel bands. Following the flow direction, the sample is bifurcated to each side of the wash buffer
inlet and enters the main separation channel. Due to their higher acoustic mobility RBCs move faster in the acoustic
standing wave field and can be collected at the center outlet (RBC outlet) while MNCs are less affected and stay close to
the channel wall where they are collected in the side outlet.



Different buffer compositions, having different densities and speed of sound, were tested at a set constant flow
rate of 100 pl/min sample flow and the amplitude of the acoustic field was varied to obtain optimal separation
conditions. Both target and waste outlet were analyzed for cell separation efficiency as well as enrichment by
flow cytometry.

Results

Do to the similar acoustic properties of MNC and RBC it is not possible to separate these two cell types from
each other in standard PBS buffer. At low amplitude the separation efficiency of MNC was 99.9%, while no
RBC where removed, whereas high amplitude moved the MNC (96%) as well as the RBC (98%) to the waste
fraction. By changing the buffer composition, such as density and speed of sound of the buffer, and thereby
changing the acoustic forces acting on the cells, it was possible to enable the separation of MNCs from red
blood cells (RBC) in diluted whole blood. A log 3.28 relative enrichment was achieved for MNCs in the target
fraction as compared to the starting sample. The separation efficiency of the MNCs was 99.03 % while 99.93
% of the RBC were removed to the waste outlet.
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Figure 2: Buffer concentration affects the acoustic mobility of the different blood cells. Shown is the separation
efficiency of MNC and RBC in the side outlet in relation to the buffer concentration used in the experiment (left). By
increasing the buffer concentration, the acoustic mobility of the cells is changes such as MNCs are slowed down in the
acoustic field and can be collected at the side outlet while RBC still move to the center and can be depleted from the
sample. Also, the logarithmic relative enrichment of MNC to RBC in the target fraction as compared to the sample
input is shown for different buffer conditions (right).

Conclusion

Acoustophoresis can be used to enrich MNCs from peripheral blood with high separation efficiency and low
RBC contamination and offers the advantage of continuous separation as compared to standard density
gradient centrifugation. Using acoustic separation of MNCs reduces pre-processing steps for flow cytometric
analysis such as lysing of RBCs and washing protocols.
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Abstract

Microbubbles driven by ultrasound are used in a number of applications Including surface cleaning,
ultrasound imaging, and as a vehicle for local drug delivery. To prolong the microbubble lifetime, its
gas core is coated with a stabilizing shell, typically consisting of phospholipids. The coating can also be
used to attach a payload or functional nanoparticles. Interestingly, upon ultrasound irradiation at
several hundreds of kPa, the payload was observed to be released in a highly controlled way. This
release carries great potential for using microbubbles as drug delivery agents in the context of
personalized medical therapy. However, until now, limited experimental observations of the
phenomenon are available. Here, we study using ultra high-speed and fluorescence imaging
techniques in top and in side-view the underlying mechanisms of the release. We also developed a
model on the basis of a Rayleigh-Plesset-type equation that reveals that non-spherical bubble behavior
is key to the release mechanism. We also quantified the streamlines and acoustic streaming velocity
responsible for the microfluidic transport of the material and propose for the first time a complete
description of the controlled release of ultrasound actuated microbubbles.

Figure 1: Experimental evidence of streaming. a. Release of the fluorescent material from an oscillating
microbubble showing a clear transport away from the membrane. b. Schematics of the shedding
process seen at 50 kfps, including the theoretically calculated streamlines (solid black lines).
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Introduction

When a microbubble’s interface is actuated at frequencies in the kHz-regime, it creates an oscillating
velocity field in the surrounding liquid. At longer time scales (seconds), a net flow can be observed
which is commonly known as steady streaming or in this particular case bubble-driven acoustic stream-
ing [1]. The use of semi-cylindrical bubbles for microfluidic applications is particularly interesting in
medicine and chemistry, because it is suitable to manipulate flows and particles on small scales [2-3].
Previous studies assumed that the streaming flow in the vicinity of a semi-cylindrical bubble is es-
sentially two dimensional. Recently, Marin et al. [4] revealed that the confinement along the bubble’s
axis gives rise to an unpredicted three-dimensional flow (see Fig. 1). In this work we show that the
particle size in such a complex flow field is an important parameter leading to different but highly
reproducible three-dimensional migration of particles towards the vicinity of the bubble. Our results
have important consequences for bubble-driven microfluidic applications such as trapping, sorting and
resuspension of particles [2-3].

Experiments

The microfluidic channel used in the experiments is made of polydimethysiloxane (PDMS), has a
height h = 72 pum, width W = 1000 pm, and total length L of about 3cm (see Fig. 1(a)). A blind side
channel of width w = 80 pm and depth d = 350 pm is situated perpendicular to the main channel. The
PDMS device is bonded to a glass slide on which a piezoacoustic transducer is attached with epoxy.
As the device is filled with a neutrally buoyant particle solution (fluorescent polystyrene (PS)-particles
in 21% glycerol, 79% water w/w), a semi cylindrical bubble is left at the blind side channel. In order
to keep the experimental conditions stable, the bubble radius rn,, was stabilized by a method that
controls the hydrostatic pressure within the microchannel, taking advantage of the fact that PDMS
is porous to gaseous substances [5]. By actuating the system with the transducer at a frequency
f = 20kHz and a peak to peak voltage Uy, = 40V, the gas-to-liquid interface oscillates and generates
a steady streaming flow consisting of counter-rotating vortex pairs as shown in Fig. 1(b). We use an
epifluorescent microscope to visualize the particle trajectories within the vortical flow structures. Since
such flow structures are three-dimensional, the full particle motion is obtained using a single-camera
approach based on particle defocusing [6].

(a) (b)

Figure 1: (a) Sketch of the microfluidic PDMS-channel: A = 72 pm, W = 1000 pm, w = 80 pm and d = 350 pm
(b) Three-dimensional trajectories of 5-pm-diameter particles in bubble-driven acoustic streaming vortices.
Color code is related with time: particles start the experiment (in cyan) homogeneously distributed over the
channel and end up in smaller orbits at the end of the experiment (in magenta). The particle trajectories have
a well-defined orbit and z-position, which is maintained as long as the bubble is acoustically actuated.
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Figure 2: Vertical position z of 2-; 5- and 15-pm-diameter particles as a function of time ¢, as they migrate
inside a bubble streaming vortex. The red dots illustrate the size of the particles. (a) 2-pm-diameter particles:
no migration towards a specific z-location. (b) 5-pm-diameter particles: migration to z = (5 £ 5) pm within
~ 10 seconds. (c¢) 15-pm-diameter particles: migration to z = (20 £ 5) pm within ~ 2 seconds.

Results

The experiments are performed using PS particles with diameters of 2, 5, and 15 pm, which correspond
to particle-to-bubble diameter ratios 1/40, 1/16, and 1/6, respectively. Figure 1(b) shows the typical
vortical structures that particles follow, with their initial position depicted as a red sphere. The
trajectory’s color transforms from cyan to magenta over time. Streaming velocities in the xy-plane
decay with increasing distance from the bubble and yield ~ 10 mm/s at the perigee (closest position
to the bubble’s interface) and 5 pm/s at a distance of 10 ry,,,. Typical streaming speeds in the vertical
direction z are one order of magnitude slower. In order to characterize the migration more clearly,
we display the z-component of the particle position in time. The results are shown in Fig. 2 where
t = 0 is the time at which the particles pass the perigee for the first time. In Fig. 2(a) we see that
2-pm-diameter particles practically behave as passive tracers (within our experimental observation
time) and follow the known toroidal trajectories [4]. A new and interesting result is that such toroidal
structures are typically confined within the top or bottom halves of the microchannel, separated by
the midplane at z = 0 (see Fig. 2(a)). No migration towards a specific z-location is observed for
2-pm-diameter particles. In contrast, 5-pm-diameter particles migrate on a typical time scale of ~ 10
seconds towards z = (5 + 5) num, close to the midplane, while still orbitting in the zy-plane. This is
clearly observed in Fig. 1(b). An even more pronounce migration is observed by increasing the particle
diameter further up to 15 um. In this case, the particle migration occurs at a typical time scale of ~ 2
seconds towards z = (20 & 5) pm in the present experiment. Such a pronounced assymmetry of the
final particle location might be caused by small defects in channel manufacturing and reveal that the
trajectories of large particles are highly sensitive to the way the bubble anchors to the channel wall
since this is crucial for the gas-to-liquid interface shape. However, small particles are not affected by
this effect. The typical orbit radius of 15-pm-diameter particles in the xzy-projection shrinks down to
zero, such that large particles migrate to a stable position in the three-dimensional space.

Conclusions

Acoustically-actuated cylindrical microbubbles in PDMS microchannels induce a three-dimensional
flow field in which particles migrate with a strong dependence on their size. Small particles basically
behave as passive tracers and show characteristic toroidal trajectories. In contrast, large particles
change the streamlines and focus in the vicinity of the bubble. The larger the particles are, the faster
and more pronounce the particle focusing appears. As streaming velocity and focusing speed can be
tuned by the actuation voltage of the piezo transducer, the described system is a promising tool to
be applied in medical and chemical applications, such as size-sensitive sorting or trapping. The role
of steric, hydrodynamic, and acoustic forces on the particle migration will be outlined during the
presentation.

References

[1] N. Riley. Annu Rev Fluid Mech 33, 43-65 (2001).

[2] C. Wang, S. V. Jalikop and S. Hilgenfeldt. Appl Phys Lett 99, 034101 (2011).

[3] C. Wang, S. V. Jalikop and S. Hilgenfeldt. Biomicrofluidics 6, 012801 (2012).

[4] A. Marin, M. Rossi, B. Rallabandi, C. Wang, S. Hilgenfeldt, and C. J. Kahler.

Phys Rev Appl 3, 041001-5 (2012).

[5] A.Volk, M. Rossi, C. J. Kéhler, S. Hilgenfeldt, and A. Marin. Lab Chip 15, 4607-4613 (2015).
[6] R. Barnkob, C. J. Kéhler, and M. Rossi. Lab Chip 15, 3556-3560 (2015).



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	a00_all_abstracts.pdf
	a01_Baudoin
	a02_Marmottant
	a03_Peterman
	a04_Augustsson
	c01_Thibault
	c02_Neild
	c03_Faust
	c04_Barnkob
	c05_Collins
	c06_Evander
	c07_Jonnalagadda
	c08_Reichert
	c09_Olofsson
	c10_Tian
	c11_Fornell
	c12_Ohlin
	c13_Hammarstrom
	c14_Ley
	c15_Karlsen
	c16_Shields
	c17_Antfolk
	c18_Doinikov
	c19_Hilgenfeldt
	c20_Destgeer
	c21_Jung
	c22_Lim
	c23_Baasch
	c24_Devendran
	c25_Lamprecht
	c26_Cappon
	c27_Friend
	c28_Huang
	c29_Radel
	p01_Neild
	p02_Destgeer
	p03_Aubert
	p04_Hoyos
	p05_Franklin
	p06_Gires
	p07_Gonzalez
	p08_Grishenkov
	p09_Hawkes
	p10_Kamsma
	p11_Kiebert
	p12_Moiseyenko
	p13_Olm
	p14_Plazonic
	p15_Rhyou
	p16_Skov
	p17_Urbansky
	p18_Versluis
	p19_Volk




