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Book of Abstracts

Started in 2003 and originally called USWNet, the Acoustofluidics conference series offers an annual
international meeting place for researchers interested in all aspects of ultrasound in microfluidics. It
covers topics including ultrasonic standing wave technology and surface acoustic wave devices for
particle, bubble and fluid manipulation, and ranges from fundamental theory and physics to
biomedical and industrial applications. In 2014 there will be attendees from Australia, Denmark,
England, France, Germany, Italy, Japan, the Netherlands, Scotland, Spain, Sweden, Switzerland and
the United States of America.
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Conference Program
Venue: Monash University Prato Centre, Palazzo Vaj, Via Pugliesi 26, Prato

Presentations will be held in the Sala Veneziana (Room 6), poster sessions will be in Rooms 4 and 5.
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Time Thursday 11" September
10.30 USWnet Management Meeting (open to all who are interested) — Room 15
13.00 Conference Opening

13.05-13.45 Keynote Lecture — Jonathan Cooper
Fluidic microcircuits using Phononic Lattices and Surface Acoustic Waves

University of Glasgow

Session 1: Biological Applications

13.50 - 14.10 | 3D Cell Culture Using a Temperature Controlled Ultrasound Actuated Multi-Well Chip
Device

Mathias Ohlin, Athanasia E. Christakou, Bjérn Onfelt, Martin Wiklund
Royal Institute of Technology (KTH)

14.10 - 14.30 | Removal of proteins from blood using acoustophoresis

Andreas Lenshof, Maria Tenje, Maria N. Lundgren, Ann-Margret Svard-Nilsson, Jens

Kjeldsen-Kragh, Lena Aberg and Thomas Laurell
Lund University

14.30 - 14.50 | Engineering composite tissue sheets with acoustic levitation

Angela Tait, Peter Glynne-Jones, Emily Swindle, Adam Fisher, Martin Grossel, Martyn Hill,
and Donna Davies
University of Southampton

14.50 - 15.10 | On-Chip Ultrasonic Sample Preparation For DNA-Based Diagnostics

Ida Iranmanesh, Harisha Ramachandriah, Mathias Ohlin, Aman Russom, and Martin
Wiklund
Royal Institute of Technology (KTH)




15.10-15.30

Coffee and Posters

Session 2: Modelling and Numerical Analysis

15.30-15.50

Thermoviscous theory of ultrasound scattering on microparticles and droplets

Jonas T. Karlsen, Mads J. H. Jensen, and Henrik Bruus
Technical University of Denmark

15.50-16.10

Effects of surface profile on a boundary-driven acoustic streaming field

Junjun Lei, Martyn Hill, and Peter Glynne-Jones
University of Southampton

16.10-16.30

Numerical analysis of particles undergoing acoustophoresis in a PDMS channel driven
by surface acoustic waves

Nitesh Nama, R. Barnkob, C. J. Kahler, F. Costanzo, and T. J. Huang

The Pennsylvania State University

16.30-16.50

Hydrodynamic interactions in microfluidic acoustophoresis at high particle
concentrations

Mikkel W. H. Ley and Henrik Bruus
Technical University of Denmark

16.50-17.00

Coffee Break

Session 3: Acoustic Microbubbles

17.00-17.25

Invited Lecture — Michel Versluis
StemBells: a novel stem cell delivery platform using microbubbles and acoustic
radiation force

University of Twente

17.25-17.45

Sono-optical tweezers: an instrument for microbubble characterisation

Gianluca Memoli, Chris Fury
National Physical Laboratory, University College London

17.45 - 18.05

Acoustic bubble sorting for ultrasound contrast agent enrichment

Tim Segers, Michel Versluis,
University of Twente

18.05-18.25

Live demonstration:
Some acoustic properties of cooked spaghetti

Jeremy J Hawkes, Jorge A Yescas Hernandez, Sara Baldock, Kenji Yasuda
University of Manchester, Tokyo Medical and Dental University

19.00

Conference Banquet, Ristorante Tonio
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Time

Friday 12" September

Session 4: Droplets

9.00-9.20

On-Chip Biochemistry: Droplet Generation and Merging
Adrian Neild,

Monash University

9.20-9.40

Ultrasonic Atomization of sessile drop in an Acoustic levitator

Marina Reissenweber, Gerhard Lindner
Coburg University

9.40-10.00

Droplet handling with acoustophoresis in bulk acoustic wave devices

Peter Reichert, Ivo Leibacher, and Jiirg Dual
ETH Zurich

10.00-10.30

Coffee and Posters

10.30-11.10

Keynote Lecture — James Friend
Beyond SAW in Acoustic Microfluidics

RMIT University

Session 5: SAW Technologies

11.10-11.30

Towards high efficient SAW-based microfluidic actuators

Raimund Briinig, Andreas Winkler, Florian Kiebert, and Hagen Schmidt
IFW Dresden

11.30-11.50

Interaction-free phononic crystal droplet sensing for portable surface acoustic-wave
driven microfluidic devices

M. Agostini, M. Travagliati, G. De Simoni, R. J. Shilton, V. Piazza, M. Cecchini

Scuola Normale Superiore and Istituto, Istituto Italiano di Tecnologia

11.50-12.10

SAW-based fluid atomization using mass-producible chip devices

Andreas Winkler, Stefan Harazim, and David J. Collins
IFW Dresden, Monash University

12.10 - 12.55

Lunch

Session 6: SAW Devices

12.55-13.20

Invited Lecture — Richie Shilton
Ultra high frequency surface acoustic wave driven microfluidics

Istituto Italiano di Tecnologia

13.20-13.40

Acoustic and dielectrophoretic particle sorting using virtual deterministic lateral
displacement (vDLD)

David J Collins, Tuncay Alan and Adrian Neild
Monash University

13.40-14.00

Combined acoustic torques and forces on spherical particles obtained by the leakage of
two standing orthogonal surface acoustic waves

lanis Bernard, Philippe Marmottant, David Rabaud, Cédric Poulain, and Pierre Thibault
Univ. Grenoble Alpes

14.20-14.40

Cell and droplet sorting with surface acoustic waves

Thomas Franke
University of Glasgow

14.40-15.10

Coffee Break




Session 7: Particle Manipulation

15.10 - 15.30

Cell trapping on acoustofluidic edge structures

Ivo Leibacher and Jirg Dual
ETH Zurich

15.30-15.50

Engineering single-vortex acoustic streaming for sub-micrometer particle handling
P. B. Muller, M. Antfolk, P. Augustsson, T. Laurell, and H. Bruus

Technical University of Denmark, Lund University

15.50-16.10

Efficiency Assessment of Acoustic Solid-Particle Separation in Gases

Ramin J. Imani, Etienne Robert
Royal Institute of Technology (KTH), Polytechnique Montréal

16.10-16.30

A novel combination of an optical trap with an acoustofluidic device to provide direct
acoustic force measurements

Andreas Lamprecht, Stefan Lakamper, lwan Schaap, and Jurg Dual
ETH Zurich, Georg-August Universitat

16.30-16.50

Acoustic trapping for sepsis diagnosis using MALDI-MS

B. Hammarstrom, B. Nilson, T. Laurell, J. Nilsson and S. Ekstrém
Lund University, Dongguk University

16.50-17.10

SAW induced particle deflection in a microchannel using PDMS posts

Richard Rambach and Thomas Franke
University of Glasgow, Augsburg University

17.10-17.15

Announcing “Acoustofluidics 2015” and closing remarks




13.00

Conference Opening

13.05-13.45

Keynote Lecture — Jonathan Cooper
Fluidic microcircuits using Phononic Lattices and Surface Acoustic Waves

University of Glasgow

Session 1: Biological Applications

13.50-14.10

3D Cell Culture Using a Temperature Controlled Ultrasound Actuated Multi-Well
Chip Device

Mathias Ohlin, Athanasia E. Christakou, Bjérn Onfelt, Martin Wiklund
Royal Institute of Technology (KTH)

14.10-14.30

Removal of proteins from blood using acoustophoresis

Andreas Lenshof, Maria Tenje, Maria N. Lundgren, Ann-Margret Svard-Nilsson, Jens
Kjeldsen-Kragh, Lena Aberg and Thomas Laurell

Lund University

14.30-14.50

Engineering composite tissue sheets with acoustic levitation

Angela Tait, Peter Glynne-Jones, Emily Swindle, Adam Fisher, Martin Grossel,

Martyn Hill, and Donna Davies
University of Southampton

14.50-15.10

On-Chip Ultrasonic Sample Preparation For DNA-Based Diagnostics

Ida Iranmanesh, Harisha Ramachandriah, Mathias Ohlin, Aman Russom, and Martin

Wiklund
Royal Institute of Technology (KTH)




Fluidic microcircuits using Phononic Lattices and Surface Acoustic
Waves

Jonathan M. Cooper’

* School of Engineering

University of Glasgow,

G12 8LT

Scotland

Email: Jon.Cooper@glasgow.ac.uk

The development of point of care systems is often constrained by the integration of different
technologies involved in sample preparation, amplification and detection. Surface acoustic
wave (SAW) devices have previously shown some promise in sample manipulation,
although designing complex fluid manipulations involves using mixed acoustic signals with
multiple transducers.

We now demonstrate a new and simple interface between a low cost SAW device and a
disposable chip, involving a new concept in microfluidics using phononic metamaterial as
acoustic holograms. Further, we demonstrate the application of this new technology in a
number of analytical procedures, including e.g., the implementation of digital microfluidics.
We show how to create a "tool-box" of different diagnostic functions each of which requires a
different phononic structure, and demonstrate the concept of using these methods to deliver
integrated Nucleic Acid Testing using PCR amplification for malaria in blood and STI
diagnosis from swabs.

Just as in electronics, where discrete components are combined to create a circuit, so we
will use different combinations of phononic lattices to create fluidic microcircuits, each of
which provides a unique diagnostic function.
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3D Cell Culture Using a Temperature Controlled Ultrasound Actuated
Multi-Well Chip Device

Mathias Ohlin', Athanasia E. Christakou’, Bjorn Onfelt"?, Martin Wiklund'

'Department of Applied Physics 2Department of Microbiology, Tumor and Cell Biology
Royal Institute of Technology Karolinska Institute
KTH - Albanova SE-17177 Stockholm, Sweden

SE-10691 Stockholm, Sweden
Email: mathias.ohlin@biox.kth.se
URL: www.biox.kth.se

Introduction

3D cell culture systems are an important part of both organs-on-chips and human-on-chips [1]. Both
of these on-chips solutions have potential to revolutionize the drug testing industry and eventually
replace animal testing altogether. Furthermore, 3D culture of solid tumors can be particularly
important for cancer drug screening [2] and potentially for cancer diagnosis. In this paper we
present a novel method to form many 3D spheroids in parallel using ultrasound.

Experiment

The multi-well chip device [3-5] was placed inside a small tabletop cell incubator for maintaining
the correct CO, and humidity levels. The temperature in the multi-well device was regulated using
an in-house built liquid heat exchanger capable of both cooling and heating, see Fig. 1. Human
hepatocellular carcinoma (HCC) HepG2 cells as well as fibroblasts were used as cell models. 3D
solid spheroids were formed with both cell models using the ultrasound actuated multi-well device,
see Fig. 2B dashed circle. Two different microscope systems were employed: confocal and bright
field. The resulting images were analyzed using MATLAB to calculate tumor size (projected area)
and fluorescence intensity of the viability probe calcein-AM (from the surface towards the center).
Furthermore, experiments without ultrasound actuation were performed for both cell models with
the multi-well device.
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Fig. 1. (A) Photo of the experimental setup with the cell incubator to the left and the temperature control and liquid heat exchanger to
the right. (B) Sketch showing the different parts of the setup. The multi-well device can be seen in the dashed circle. The temperature
inside the multi-well device is regulated by controlling the temperature on the pink-colored plate inside the incubator. Heat is
conducted away from the multi-well device via the plate to the liquid heat exchanger. The device is driven using a signal generator
and an RF amplifier here shown in gold color. The driving frequency is 1.96 MHz with frequency modulation (span 100 kHz, rate 1
kHz) and with an amplitude exciding 100 V. (C) Shows the difference between temperature regulation ON and OFF. The regulation
set-value was set to 36.4 °C. The temperature is measured on the multi-well chip using a thermocouple T-type probe.




Results

We show that 3D spheroids of HepG2 cells and fibroblasts were successfully formed during
continuous ultrasound actuation, Fig. 2 (A and C). On the contrary, the same cells grow into
monolayers (2D) without ultrasound actuation (Fig. 2B and D). Figure 2E show the multi-well chip
and its 100 wells containing calcein-AM stained HepG2 cell aggregates after 7 days of continuous
ultrasound exposure. Furthermore, Fig. 2F show the correlation between the penetration depths of
the viability dye calcein-AM and three different manually sorted cell aggregate categories (data
from Fig. 2E): Spheroids (59%), inconclusive (26%), and no spheroids (14%). Here, the length of
each curve (up to 120 um) corresponds approx. to the radius of the spheroid. When there are tight
contacts formed between cells calcein cannot penetrate far into the spheroid, which we use as a
spheroid formation indicator. The spheroid formation efficiency, i.e. how many spheroids out of the
100 wells that are formed, depends on which type of cells we use. For HepG2 cells we have a
formation efficiency of 59% and for fibroblasts the efficiency is decreased to 22 % under the same
approx. level of ultrasonic actuation. It is clear that fibroblasts are more difficult to persuade to form
spheroids than HepG2 cells. One reason could be the different set of adhesion proteins fibroblasts
have compared to HepG?2 cells.
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Fig. 2. (A) A typical example of a solid 3D spheroid of fibroblasts formed under the effect of ultrasound. (B) The same spheroid in
(A) but 20 hours later without ultrasound actuation, the spheroid starts to grow in 2D. (C) When the ultrasound is turned ON the
HepG2 cells form a solid tumor spheroid. (D) HepG2 cells grow in a 2D layer when the ultrasound is turned OFF. (E) Calcein-AM
stained HepG2 cell aggregates after 7 days of continuous ultrasound exposure (average projected area of spheroids: 3-10* £ 5:10°
um?). (F) Calcein-AM fluorescence intensity variations from the surface towards the center of each of the aggregates seen in (E).

Conclusion

We have demonstrated our temperature controlled multi-well device and the effective 3D growth of
HepG2 cells and fibroblasts into cell spheroids, in parallel. These spheroids can be important in
cancer research for example drug screening. Moreover, in the future our system could be a valuable
part in the organ-on-chips and ultimately human-on-chips platforms.
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Removal of proteins from blood using acoustophoresis

Andreas Lenshof!, Maria Tenje!, Maria N. Lundgren?, Ann-Margret Svérd-
Nilsson?, Jens Kjeldsen-Kragh?, Lena Aberg? and Thomas Laurell*

1Department of Biomedical Engineering 2Division of Clinical Immunology and Transfusion Medicine
Lund University Skane University Hospital
S-221 00 Lund, Sweden S-221 00 Lund, Sweden

Email: Andreas.Lenshof@bme.lth.se

This work presents the development of a miniaturised system developed for removing plasma proteins
and other low-molecular-weight compounds from erythrocyte concentrate in a simple one-step-
process using ultrasound in a microfluidic system.

Introduction

IgA is the dominating immunoglobulin in human external secretion with the role to protect us from
bacterial and viral infections in the mucous lining of the mouth, eyes, airways, gastrointestinal tract
and urinary tract. Individuals lacking IgA have a tendency to develop antibodies against IgA even
without previous exposure to plasma IgA.! The presence of these antibodies is connected with high
risk of severe, potentially life-threatening, anaphylactic transfusion reactions upon treatment with
blood components containing IgA. There is therefore a need within the health care system to have
access to IgA free blood components quickly and in abundance, especially to accommodate blood
transfusions in acute situations when it is not possible to test for IgA deficiency of the patient.
Currently used technique of washing red blood cells consists of repeated dilutions and centrifugation
steps. It is a very time-consuming and labour intensive process. This work presents a lab-on-a-chip
system utilizing integrated acoustophoresis to prepare IgA-free red blood cells in an efficient manner.

Experiment

A standard silicon wash chip with two inlets and two outlets was used (Figure 1).2 Erythrocyte
concentrate diluted 1:20 in NaCl entered through the side inlets at a flow rate of 100 pL/min and
clean SAGMAN solution used as wash buffer was injected through the centre inlet at 300 pL/min.
The washed erythrocytes were recovered at 100 pL/min through the centre outlet and the original
plasma containing solution and additional SAGMAN solution was eluted at 300 pL/min through the
side outlets as waste. All fluid flows were controlled via a custom-made pressure driven system based
on Sensirion flow sensors and a pressure control feedback loop. Besides the measuring of IgA protein,
albumin was also measured as it is the most abundant protein in blood plasma.

Sample Wash buffer

(SAGMAN) Washed RBC
Figure 1. Picture of the wash chip. Wash buffer (SAGMAN solution) enters through the center inlet while
blood sample enters through the side inlets. The acoustic standing wave transfers the RBCs from the original
medium into the wash buffer in the center of the channel. The washed RBCs exit through the center outlet
while the original medium with solved proteins exit through side outlets.



Results

The processed erythrocyte fractions were analysed by a Coulter Counter, and an erythrocyte recovery
of 98% was achieved. This should be compared with the manual wash recovery which is about 92%.
Further, the wash efficiency for albumin was 100% which can be seen in Figure 2. Also, the wash
efficiency of IgA was shown to be in the same range as the manual wash (96% or higher). Preliminary
data indicates that the wash efficiency of IgA is at a sufficient level from a clinical perspective and
thus comparable to the manual centrifugal wash.
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Figure 2. The wash efficiency of albumin.

Conclusion
Both the recovery of erythrocytes and the preliminary data on the wash efficiency of Albumin and

IgA protein indicates the potential of acoustophoresis based cell wash for IgA depletion of blood
samples. Previous findings also states that the use of acoustophoresis for cell manipulation does not
harm the cells and show that it is a viable way of processing clinical samples.®
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Engineering composite tissue sheets with acoustic levitation

Angela Tait'’, Peter Glynne-Jones”,
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Davies'

* These two authors have contributed equally to this work
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% Engineering Science, Faculty of Engineering and the Environment, University of Southampton, UK

% Chemistry, Faculty of Natural & Environmental Sciences, University of Southampton, UK

Email: P.Glynne-Jones@soton.ac.uk

Introduction

Creating layered constructs of human cells that mimic those found in-vivo in epithelial structures is
challenging. Cell culture models are important in understanding the fundamentals of diseases as
well as normal cellular physiology. We aim to create a multi-layered cell culture model to
investigate the interactions of the different cells in the airways for a better insight into asthma.

Using thermo-responsive polymers to grow then subsequently release cell sheets for layering has
previously been demonstrated with cardiomyocytes® [ref], however the process of detaching the
layers has several drawback including the difficulty of detaching the more adherent epithelial cells,
and the stresses induced in cells through this mechanical handling.

We demonstrate a new technique that takes advantage of the propensity of cells in a planar
resonator to form sheets that are one cell in thickness, and investigate the progress of junctional
formation, and the factors that cause cells to preserve their layered structure once they have been
deposited on underlying cell layers. Previous studies® have shown that levitating sheets of PZ-PHV-7
prostate epithelial cells for 1 hour allows formation of their adherens junctions, which is important for
preserving morphological structure.

Magnets

6-well plate

(polystyrene) .
Glass Steel active region
w\\ g ¥ mirror washer
Figure 1: 6-well plate mounted planar resonator, with a resonant (half-wave) cavity of 0.3mm
height.

Experiments and Results

The device shown in figure 1 was created to allow levitation within a conventional 6-well plate. It
incorporates magnets to enable easy mounting, and a mirror to create a dark background during
fluorescent imaging. We investigated the formation of adherens junctions between levitated
16HBE cells, staining for F-actin and E-cadherin at regular intervals over 24 hours. Figure 2 shows
results at 2 hours. We find that initially cells do not form a perfect monolayer (the layer is often
two cells thick), but re-arrange themselves so that by 2-hours the layer has single cell thickness. At
around 6-hours, the cell aggregate is seen to begin to contract becoming pellet shaped.


mailto:P.Glynne-Jones@soton.ac.uk

We will report on detailed investigations into the junction formation, and demonstrate that this
contraction results from F-actin filaments creating tension in the monolayer.

We will show that seeding 16HBE cells, on a confluent layer of MRC5 cells does not lead to a
layered structure (figure 3a), and that through suitable initial levitation (details not yet published) a
sheet of 16HBE cells can form a sheet that preserves its morphology when deposited on confluent
MRCS cells to form the structure seen in figure 3b.

.\ E-cadherin

15 pm

Figure 2: Immunofluorescent staining of 16HBE cells after 2 hours of levitation. Localisation of E-
cadherin and F-actin at cell membranes indicates an early stage of adherens juntion formation.

15 um

o
15 um

Figure 3: Composite strucutres of cells 24 hours after seeding using three different methods:
(A)16HBE and MRCS5 cells added together (B) 16HBE cells added onto a confluent MRC5 layer;
(C) 16HBE cells allowed to form junctions during acoustic levitation prior to deposition onto a
confluent MRC5 layer. Top and RHS of each image show cross sectional views along the white
lines.
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Introduction

Sample preparation is a crucial step in many analytical and diagnostic methods. In particular, there
is a growing need for fast and simple methods for isolating and up-concentrating a certain pathogen
or cell from a complex sample containing a mixture of different cell types for further analysis. In
addition, molecular detection methods, such as DNA-detection by PCR, are typically based on
analysis of a lysed cell sample. Therefore, an automated, on-chip sample preparation method
combining cell isolation/purification, up-concentration and lysis would be an attractive alternative
to conventional procedures involving several steps and manual handling.

In the present paper we combine for the first time kHz- and MHz-frequency ultrasonic actuation for
on-chip size-based isolation, up-concentration and lysis of cells. As proof of concept, we
demonstrate MHz-frequency ultrasonic isolation and trapping of ~10-um (4H4b) breast cancer cells
from ~5-um RBCs, and we investigate the kHz-frequency ultrasonic lysis effect on isolated cancer
cells.

Experiments

Ultrasonic cell isolation: A modified design of the acoustofluidic chip described in Ref. 1 was
fabricated and is shown in Fig. 1. A. mixture of 4H4b breast cancer cells and red blood cells
(RBCs) was acoustophoretically pre-aligned into two nodes at 4.43-MHz actuation, followed by
size-selective focusing of the larger breast cancer cells into the main channel using a second
transducer operating at 1.40 MHz, while guiding the RBCs into the side channels (cf. Fig. 2A).

Fig.1. (A) Ilustration of the glass-silicon-glass microchip with
ultrasonic transducers. The yellow circle around the expansion
chamber shows the position of the tip of the ultrasonic horn that is

used for cell lysis. (B) Ultrasonic horn operating at 28 kHz.

Fig.2. (A) Separation of cancer cells (C=270x10" cells/mL) from low concentration of RBCs (10° times diluted from whole blood). (B) Separation of
cancer cells (C=95x10" cells/mL) from high concentration of RBCs (10 times diluted from whole blood).
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Ultrasonic cell lysis: After the isolation and trapping procedure, a 28-kHz transducer was attached
to the chip and operated for 80 seconds at 100 W for lysing the trapped cell aggregates. For
quantifying lysis we used the viability probe calcein-AM (green) and the DNA probe Hoechst
(blue). During the lysis operation, the temperature on the chip increased from 22.5 C to 38°C, which
indicates that acoustic cavitation and not heating is the most likely reason for the cell disruption.

Results

The separation efficiency is quantified in Fig. 3 and compared with the corresponding efficiency
when separating polystyrene beads with similar sizes. In Fig.4 the cell separation efficiency at
different flow rates are compared. Fig. 5 shows the trapping efficiency for isolated cancer cells that
were trapped up-streams and concentrated in an expansion chamber with 93.1% efficiency (at the
flow rate 1 um/min for all of the two middle outlets, 0.5 pl/min of the end outlet) and ultrasound
actuation at 2.78 MHz and 10 V). Finally the cells were lysed in the chamber using kHz-frequency
horn transducer (cf. Fig. 6).
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Fig.3. Quantification of the separation eff|C|e_ncy 0 ——pys Toat celis ) z
(percentage of captured and lost cells). Comparison =l <
between separating cancer cells from RBCs (blue), and Fig.4. Quantification of the separation 5_?
separating 10-pum polystyrene beads from 5-um efficiency (percentage of captured and lost I
polystyrene beads (green). Each experiment was cells). Comparison between different flow 2

repeated 3 times, and the selected concentrations were rates from the end outlet. Error bars
the same for the cells and the beads (using the  correspond to 3 times repetition of the same Fig.5. Trapping efficiency of
concentrations in Fig. 2A). experiment. the 4H4b-cancer cells inside

the trapping element.

Fig.6. Quantification of the lysis
100% experiment. The diagram shows the
fraction of lysed cells as a function of
ultrasonic exposure time (28 kHz
operation). During the 80 seconds, the
temperature on the chip increased from
22.5°C to 38°C. In this quantification, the
bright field microscopy mode was turned
off which facilitated the classification of
live and lysed cells (green and blue,
respectively).
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Conclusion

Our experiment demonstrates that an acoustofluidic chip operated with five different ultrasonic
transducers (from kHz to MHz) can be used for on-chip sample preparation, by performing in a
sequence the following cell manipulation functions: Pre-alignment, size-selective separation,
isolation, up-concentration and lysis.
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Introduction

The acoustic radiation force is the time-averaged force experienced by a particle in an acous-
tic field due to scattering of the acoustic waves on the particle. It depends on the scattering
coefficients particular to the given particle and fluid. For particles of radius a much smaller
than the acoustic wavelength A, only the monopole and dipole scattering coefficients f, and
f1, respectively, are necessary to evaluate the force. These scattering coefficients are known for
compressible spheres in ideal [1] and viscous [2] fluids, but not in general for thermoviscous flu-
ids. In this work we apply the mode method developed for acoustic attenuation in emulsions [3]
and suspensions [4], and we derive a general analytical theory of scattering from microparticles
and droplets suspended in a real fluid including both viscous and thermal dissipation.

Theory

The physical mechanisms responsible for scattering of acoustic waves on a microparticle in
a thermoviscous fluid are sketched in Fig. [I} indicating the relevant parameters, namely com-
pressibility x4, thermal expansion coefficient a,, specific heat capacity C,,, heat capacity ratio -y,
thermal conductivity k£, , density pg, and viscosity 7. The scattering depends on the particle-
to-fluid ratios of the material parameters, and these ratios are denoted by a tilde. For example,
a contrast a,, = apamde gmd # 1 in thermal expansion, combined with the oscillatory thermal
field, leads to a ”breathmg mode” as the particle contracts and expands relative to the fluid,
thus contributing to the monopole scattering coefficient f,. This scattering problem is solved
using linear scattering theory, where all physical fields are expressed in terms of the compres-
sional scalar potential ¢, the thermal scalar potential ¢,, and the shear-viscous vector potential
W, each a solution to a wave equation with corresponding wavenumbers k., k,, and ki,

v2¢c+k3¢czo7 V2¢t+kt2¢t:07 v2l:[ls_‘_kgll’s:()a (1)
. o =0 -
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Figure 1: Sketch of acoustic scat-
tering mechanisms. (a) Monopole

(b)/« e (c) C) scattering due to contrast in com-

\ pressibility between fluid and par-

s & ticle. (b) Monopole scattering and

thermal boundary layer (pink) due to

NSl -— contrast in thermal properties (e.g.
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K @, Cpo s by 20> Mo a~ )\ tering and viscous boundary layer
Compressibility Thermal Density Particle (blue) due to contrast in density (in-

contrast contrast contrast resonances ertia). (d) Multipole Scattering'due
J \ Y )\ y ) to shape changes for large particles

Y
Monopole scattering Dipole scattering Multipole scattering  (not studied in this work).
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Here, w is the angular frequency, ¢ the speed of sound, while the characteristic viscous and
thermal lengths 6, = /2vy/w and 0; = /2D,, /w are given in terms of the momentum and

thermal diffusivities vy = 19/py and D, = ky;,/poC,, respectively. The dimensionless viscous
and thermal damping factors Ty = (14 3)vyw/c” and Ty = D,y w/c” are much smaller than unity.

Analytical results

In brief, the above wave equations are solved analytically using a partial-wave expansion ap-
plying the appropriate boundary conditions at the fluid-particle interface (continuous velocity,
stress, temperature, and heat-fluxes) as well as imposing outgoing scattered waves. For the
case of a small fluid droplet (a < \), we find the scattering coefficients f; and f; to be

o a | _ 2p =D+ F-G)
fo—l—%s””_l)ll_ﬁoép]]{’ "ernaErn-e 9

where H, F', and G are known analytical functions of the droplet radius a as well as the
wavenumbers, viscosity and thermal conductivity of the fluid and the droplet. We note that
an additional term corresponding to the thermal mechanism of Fig. (b) is added to the usual
expression fy = 1 — Rk, [1,2]. Moreover, in the limit of small boundary layers, d,d, < a and
d; < a, we recover the known results for f, and f; in Refs. [1] and [2], respectively.

For a horizontal standing wave, we have the acoustic contrast factor ®,. = %Re[ fol+ %Re[ fils
which in Fig. [2] is calculated using ideal, viscous, and thermoviscous theory, respectively. We
note that for small particles, the thermal effects are significant and can even cause a tunable
sign change in ®,., which may be used in size-based particle sorting.

0.04 T

(a) Viscous (b) 1

—
Ideal [ R ~90 % correction

% 0.02 2 08 :

S hermoviscous § g :

& 0 Pac >0 ? 0.6 - /60 % correction

= _0.02 o /30 % correction
%g 0.2 . : .

-0.04 : 0 ‘ R .
0 0.5 1 1.5 2 2.5 3 0 1 2 3 4 5
ds/a ds/a

Figure 2: (a) Analytical results (Ideal, Visoucs, and Thermoviscous) for the acoustic contrast factor @, in
a halfwave standing wave field versus the viscous boundary layer thickness d¢ in units of the droplet radius a,
using realistic parameter ratios corresponding to a droplet in water. <, = 0.8 was chosen to illustrate that ®,,
may change sign at a critical value of d5/a due to the thermal correction term. (b) Relative deviation of @, for
the thermoviscous theory from that of the viscous theory for the case of a vegetable oil droplet in water. The
thermoviscous theory introduces corrections of more than 100% compared to the viscous theory.

Conclusion and outlook

We have developed a complete analytical thermoviscous theory of ultrasound scattering on
microparticles and droplets. We find that for small droplets with a radius comparable to the
thickness of the thermal and viscous boundary layer, respectively 0.2 pm and 0.4 pm in water
at 2 MHz, the corrections due to thermal effects may be as large as 100%. Under properly
tuned conditions, this means that submicrometer particles with the same acoustical properties,
may be separated according to size at nodes and anti-nodes, a feature relevant for the design
of devices for sorting bacteria and vira. We are currently establishing numerical validation of
the thermoviscous theory by extending our prior numerical analysis of the acoustic radiation
force using COMSOL Multiphysics from the viscous to the thermoviscous case.
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Introduction

Control of boundary-driven streaming in acoustofluidic systems is vital for various microfluidic
applications either to generate it as a positive mechanism (e.g. microfluidic mixing, heat/mass
transfer and fluid pumping) or suppressing it as an undesired disturbance (e.g. particle/cell
focusing). It has been shown that two-dimensional (2D) and three-dimensional (3D) boundary-
driven streaming can be solved from the limiting velocity method as long as the curvature of the
surface is small compared to the viscous penetration depth, ¢,.[1, 2] In this work, acoustic streaming
fields in 2D rectangular enclosures that have structured textures, which do not satisfy this condition
are numerically studied by full modelling of Reynolds stresses and the effects of surface profile
amplitude on a boundary-driven acoustic streaming field are investigated. Specifically, a sine-wave
shaped profile on a boundary parallel to the particle oscillations is considered, which is found to
have large influences on both the magnitude of acoustic streaming velocities and streaming patterns.

Model description

Fig. 1(a) & (b) show respectively the model and a magnified view of A on the top wall of the fluid
chamber, where a sine wave shaped boundary is considered. It is determined by two parameters, hg
and As, which are respectively the amplitude and wavelength of this sine-wave. The standing wave
field in this chamber is generated by the vibration of its left wall, which is driven at f =1 MHz and a
half-wavelength resonance in the x direction of fluid chamber is established. Only half of the
chamber is modelled for the numerical efficiency so in both steps the bottom wall of the fluid
chamber is considered as a symmetric boundary. The results presented here are for As = 3.3 um.

| | (b)
N A\_l e
— w -

Fig. 1 lllustration of the model: (a) excitation, coordinates and dimensions of the model; (b) showing a magnified view of A in (a),
where A and hy represent respectively its wavelength and amplitude.
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Results

In the first step the linear wave equation is solved in the frequency domain. Then, the Reynolds
stress force can be calculated and with it the driving force for the second step, creeping flow, solved
by the stationary solution. A series of surface profiles with diverse hy ranging from 0.1 nm to 20 um
were studied. The modelled results in two cases respectively with hy = 0.1 nm and hy = 0.53 um are
shown and compared in Fig. 2, where acoustic pressure field, acoustic streaming field and a
magnification of acoustic streaming field near the viscous boundary are presented. It can be seen
from Fig. 2 (a) & (c) that half wavelength resonances are formed in the x direction of the fluid
chamber for both cases and the pressure magnitudes of them are similar, which means that the



amplitude of the surface profile has little effect on the first-order acoustic pressure field. However, a
significant difference is found for these cases in both magnitudes of acoustic streaming velocities
and streaming patterns. It is found that in cases where hy are extremely small, e.g. Fig. 2 (b), the
modelled streaming fields are the classical boundary-driven streaming patterns. When hq reaches to
a certain value (around 10 nm), the number of inner vortices is found to be dependent on s such
that there are two inner streaming vortices within each wavelength, Fig. 2 (f). However, there is less
impact on the pattern of outer streaming, Fig. 2 (d). With a further increase of hy, some interesting
phenomena are observed (graphs not shown): (1) a global growth trend is obtained for the
maximum inner streaming velocity, which grows less quickly after hy exceeds dy; (2) the maximum
outer streaming velocities firstly increase rapidly to its peak when hg is approximately half of ¢, and
then decreases to the maximum streaming velocity in an enclosure with flat boundaries when hg
reaches close to d,. With a further increase of hy, the maximum outer streaming velocity further
decrease and then reverses in direction.

E T 30.454 MPa

0.5 1 1.5 2 2.5 3

v %

Fig. 2 Modelled acoustic pressure and acoustic streaming fields: (a) acoustic pressure field in an enclosure with hy = 0.1 nm; (b)
acoustic streaming field in an enclosure with hy = 0.1nm; (c) acoustic pressure field in an enclosure with hg = 0.53 pm; (d) acoustic
streaming field in an enclosure with hg = 0.53 um; (e) magnification of A in (b) with arrow plot of streaming velocity field; (f)
magnification of B in (d) with arrow plot of streaming velocity field, where A and B are local areas close to the boundary.

Conclusions

The effects of surface profile on a boundary-driven acoustic streaming field have been numerically
investigated for the case of a sine wave shaped profile on the boundary that is parallel to the
direction of acoustic oscillations in rectangular enclosures. It was found that this kind of surface has
significant influence not only on the magnitude of streaming velocities, but also on the streaming
patterns. The dramatic increase of the number of inner vortices and magnitude of streaming velocity
could significantly enhance mass transfer in acoustofluidic devices, which is of potential use in
applications where acoustic streaming has a positive effect, such as microfluidic mixing, fluid-
pumping and battery systems that are diffusion limited.
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Introduction

Surface Acoustic Wave (SAW) based systems have gained prominence in recent years for various
applications including particle and fluid manipulation. However, the theoretical and numerical
work is rather limited and so is the full understanding of the fundamental physical mechanisms,
e.g. what is the mechanisms behind the vertical focusing of particles in PDMS channels driven
by SAW! and what is the critical particle size for the transition between radiation-dominated
and streaming-dominated acoustophoresis in these systems? The latter has been extensively
studied for Bulk Acoustic Wave (BAW) driven systems numerically by Muller et al? and
experimentally by Barnkob et al.® In this work, we present a numerical analysis along the
lines of that by Muller et al., but where the model differs in the actuation mechanism and the
wall conditions.

n-Vp =i ]:f’(fl‘“])]
PDMS 150 pm
0 ! 600 pm
Lithium Niobate u, = ug (cos (2fmy/cs) + cos (2fm (L —y) /r )sin (2fwt)

u. = —up (sin(2fmy/cs) xm(7/ (L —y)/cs))sin(2fnt)

Figure 1: (a) Cross-sectional sketch of the SAW device with a microfluidic PDMS channel of width w = 600 pm
and height h = 150 um. (b) Two-dimensional computational domain subject to impedance boundary conditions
(water/PDMS interfaces) and actuation condition (water/substrate inteface).

Numerical analysis

Figure 1 shows a schematic of a typical device for SAW separation in a PDMS microchannel!.
We model the fluid using compressible Navier-Stokes equations without making any a priori
assumptions about specific flow regimes. We employ a perturbation approach where the so-
lution of the first-order equations is used to calculate the source terms in the time-averaged
second-order equations, which are then solved to obtain the acoustic streaming field. Com-
bining information from these two solutions, it is possible to estimate the mean trajectory of
particles in the flow. The particle motion inside the flow is governed by two forces: acoustic
radiation force, F*4, and the hydrodynamic drag force from the acoustic streaming. In many
acoustofluidics problems the inertia of the bead can be neglected and thus, the velocity of the
particles can be obtained using Newton’s second law as: v = (v,) + F™ /(67ua). We apply
impedance boundary conditions to model the PDMS channel walls, while the bottom surface
of the channel is subjected to a standing SAW. This actuation displacement is obtained via su-
perposition of two SAWs traveling in opposite directions using the traveling SAW displacement



profile as used by Koster®. The numerical solution was obtained via an in-house finite element
code based on the deal.IT finite element library.

Results

Figure 2 shows the plots of the first-order and second-order pressure and velocity fields. These
fields are significantly different from those obtained by Muller et al. for BAW systems, which
can be attributed to the large differences in acoustic impedance of the channel wall material
(PDMS for SAW systems versus typically glass or silicon for BAW systems).
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Figure 2: (a) First-order pressure p; (from blue -5.7 kPa to red 5.7 kPa). (b) First-order velocity v, (magnitude
from blue 0 to red 8.4 mm/s). (c) Second-order time-averaged pressure (p,) (from blue -16.4 mPa to red 18.8
mPa). (d) Second-order time-average velocity (v,) (magnitude from blue 0 to red 2.5 pm/s).
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Figure 3: Plot of trajectories of polystyrene beads of diameter (a) 3 wm, and (b) 12 um. The dots indicate the
final position of the beads. Streaming-induced drag force dominates the motion of the smaller beads resulting in
their advection along streaming flow patterns while the motion of the bigger beads is dominated by the acoustic
radiation force which moves them to the pressure node.

Figure 3 shows the trajectories of polystyrene particles of diameter (a) 3 um, and (b) 12 pum.
It can be seen that while the motion of the smaller particles is dominated by the hydrodynamic
drag force, the motion of the large particles is radiation force driven and large particles are
moved to the pressure node by the acoustic radiation force. The critical size for transition from
streaming dominated motion to radiation force dominated motion obtained from our numerical
model is similar to those reported by experiments which have shown the ability of SAW devices
to separate particles of size around 9 um due to the radiation force. We also observe vertical
focusing of larger beads, which in combination with gravity (neglected in this work), may ex-
plain the results obtained by Shi et al.' Future investigations will aim at more comprehensive
validation of our numerical model using 3D astigmatic particle tracking measurements to gain
a better understanding of the acoustophoretic phenomena in SAW devices.
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Introduction

For many biological applications of acoustophoresis, the particles or cells to be handled are at so
high concentrations that hydrodynamic interactions are significant. However, in the majority
of theoretical studies, these interactions are neglected to allow for a simplified single-particle
approach. In this work we present a theoretical and numerical analysis of the interaction ef-
fects in terms of an effective particle mobility and an effective viscosity of the entire suspension.

Theory

We consider hard monodisperse spherical particles of radius a suspended in a Newtonian liquid
with viscosity 7. At position r at time ¢, we introduce the local number concentration c(r,t) of
particles and the local particle-to-liquid volume fraction ¢(r,t) = (47/3) a®c(r,t). As ¢(r,t)
increases, so does the viscous stress in the liquid between the particles. This hydrodynamic in-
teraction results in an increase of both the effective viscosity neg = 10(¢)n of the suspension, and
the particle mobility (force-to-velocity ratio) u = —6mna/x(¢). Brenner proposed analytical
models for the non-dimensional pre-factors ¥ (¢) and x(¢) [1], which we use in the conservation
equations for the particle concentration, fluid momentum (Navier—Stokes), and mass

dec=—-V-|-DVctuvet g(—@Fc] pOw = —Vp+ () Vv +cFa, 0=V v, (1)
Tna

where D is the effective particle diffusion constant, F,. is the acoustic radiation force on a

single particle, while p, p and v is the density, pressure and velocity of the liquid, respectively.

Model and numerical simulation

We consider the standard situation of a standing halfwave resonance in a microchannel with
hard walls [2], see Fig.[Ifa). The analytical expression for the acoustic radiation force F,. on a
single particle is known [3]. It is inserted into the governing equations Eq. , which then are
solved numerically using the COMSOL Multiphysics implementation, described in Ref. [3], for
an initial uniform particle distribution with volume fraction ¢.
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Figure 1: (a) Top view of the microchannel with hard (horizontal gray) walls and periodic (vertical dashed)
boundaries. Initially, the suspended particles (circles) are uniformly distributed with volume fraction ¢q (from
0.001 to 0.1). (b) The number of particles at time ¢ in the center region of width 0.2W is denoted Neen(?).


www.fysik.dtu.dk/microfluidics

(a) 08— (b) 0%
(2a, ¢o) = (10 um, 0.1) (2a, ¢p) = (10 pm, 0.1)
0.6} / 06}
< « = ]
- 04 - < 04 = T
2, / ZV / v=0, y<1
vA0, <1, ¥>1
0 0 ]
0 1 2 3 4 0 1 2 3 4
t/t* t)T*

Figure 2: (a) Numerical simulation of the ratio of focused particles Neen(t)/N defined in Fig. 1(b) versus
time ¢ scaled by the single-particle migration time ¢t*. The four combinations of with/without advection and
with/without hydrodynamic interaction effects are presented, see legends. (b) Same as (a) but re-scaling time
by the interacting-particle migration time 7*, resulting in a near-collapse of the curves on a single curve.

Results

It is of practical relevance to study how quickly the suspended particles can be focused near the
center of the channel. We therefore calculate numerically the ratio Nee, () /N of particles, which
at time t are collected in the center region defined in Fig. 1(b), relative to the total number
of particles. In Fig. 2(a) we plot Neen(t)/N versus t/t*, where t* is the timescale set by the
non-interacting migration time from the edge to the center of the channel for a single particle
subject to an external force F,. and no interaction effects, v = 0 and y = ¢ = 1. To study the
role of the effective mobility y and viscosity 1, four cases are shown in Fig. 2(a): (i) Neglecting
both advection and hydrodynamic interaction effects (v = 0, x = ¥ = 1). (ii) Neglecting
advection but including effective mobility (v = 0 and x < 1). (iii) Including advection but
neglecting interaction effects (v # 0, x = ¢ = 1). (iv) Including both advection and interaction
effects (v #0, x <1, ¢ > 1).

The main result extracted from Fig. 2(a) is that the effective mobility x dominates and
slows down the particle focusing significantly (blue and magenta curves). Clearly, t* is not
the relevant timescale, and we therefore introduce the new timescale 7™ = t*/x(¢y), which is
a simple rescaling of t* taking the effective mobility y (at the initial particle concentration)
into account. In Fig. 2(b) we re-plot Neen(t)/N now versus ¢/7*, which (nearly) leads to a col-
lapse of the four curves. In the specific example we have used ¢y = 0.1 which implies 7* = 3.1¢*.

Conclusion and Outlook

The above analysis of hydrodynamic interaction effects shows that the effective mobility x is
an important parameter. For high particle concentrations we have shown that the characteris-
tic migration time in acoustophoresis increases significantly for volume fractions ¢ above 0.01.
For ¢ = 0.01 and ¢g = 0.10 we obtain 7* = 1.5t and 7* = 3.1t*, respectively. This have
consequences for high-concentration experiments. In Fig. 3 we show a promising, qualitative
comparison between our numerical simulations and preliminary acoustophoretic focusing ex-
periments on polystyrene microparticle suspensions at low and high initial concentration.

Figure 3: Comparison between preliminary acoustophoretic experiments (micrographs courtesy K. Cushing
and T. Laurell, Lund University) and numerical simulations (color-plots). (a) Partially focused, fluorescent
5-pm-diameter polystyrene particles at time 20t* for ¢g = 0.001 (dilute suspension). (b) Numerical simulation
of panel (a). (c) Same as (a) but for ¢ = 0.1 (concentrated suspension). (d) Numerical simulation of panel (c).
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