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Introduction

Acoustofluidics needs high-energy devices to meet clinical applications requirements. This is particu-
larly true when manipulating sub-micron particles [1], as the acoustic radiation force scales with the
particle’s volume, or to meet demands for sample throughput. Recently, focusing of 5-pm-polystyrene
particles was demonstrated at 2 ml/min thanks to careful transducer positioning and dimensioning
[2]. Such bulk-wave acoustofluidic devices have been classically driven simply by piezoelectric ele-
ments, without much consideration of the transducer design. In this experimental work we show how
a double-parabolic-reflectors wave-guided high-power ultrasonic transducer (DPLUS) can be adapted
to achieve high-intensity acoustic resonance inside a microchannel. The classic axisymmetric design
of the DPLUS has been demonstrated to achieve high amplification of sound in a point [3]. From
the original design, we present here for the first time a line DPLUS (L-DPLUS, Fig.1) acting along
the length of a microfluidic channel. Doing so, we could focus plane waves onto the chip from two
piezoelectric elements much bigger than the chip itself. Furthermore, the metal structure decouples
thermally the piezoelectric elements from the microfluidic channel, thus avoiding temperature increase
inside the fluid.

Figure 1: a) L-DPLUS rendering, with the two piezoelectric elements at the bottom (white) and the glass-
silicon-glass microfluidic chip on top. b) L-DPLUS cross-section, with schematic representation of the working
principle: the piezoelectric elements generate plane waves (blue arrows with white contours), which are focused
by the first reflector into its focal point. Conversely, the second reflector converts the focused sound back into
plane waves, which are eventually guided to the slot where the chip sits. Ideally, the sound magnification is
proportional to the ratio between the second and the first parabola focal lengths.

Materials and methods

Starting from the original DPLUS design [3], we extruded the parabolic cross-section 20 mm in the
x-direction (Fig.1). We then milled a slot on the top of the structure to accommodate a glass-silicon-
glass chip with a 375-pum-wide and 150-pm-deep microchannel, etched through the silicon layer and 40
mm long. The chip was glued in the slot on top and, conversely, two piezoelectric elements (10 x 20
mm?) were glued on the L-DPLUS backside. They were driven by a common sinusoidal electrical
signal, amplified by a power amplifier to reach constant high voltage (50 Vpp) during experiments.
For stop-flow experiments, the 5-pm-polystirene particles focusing was tracked using defocusing-based
particle tracking [4] along the whole L-DPLUS length.

Results and discussion

The system was initially tested at a flow rate of 6 ml/min, corresponding to 11.25 ms average particle
residence time in the acoustic field. Fig.2 shows the achieved focusing (in terms of full width at
half-maximum of the focused particles intensity profiles) by scanning the frequency between 1.8 and
2.0 MHz, together with the corresponding electrical power applied to both transducers. This latter
parameter varies greatly (min 2.915 W, max 14.34 W) due to the piezoelectric elements changing
impedance depending on the frequency. Due to the high electrical power applied, we encountered fast
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Figure 2: a) With a constant voltage of 50 V,, and a flow of 6 ml/min, the particle focusing can be narrow
(1.871 MHz) or very broad (1.960 MHz). b) Corresponding intensity profiles for good (1.871 MHz, green) and
poor (1.960 MHz, red) focusing. The black dashed line shows the full width at half-maximum (FWHM) level.
¢) FWHM (blue circles) was measured for frequencies between 1.8 and 2.0 MHz. The corresponding total power
consumption by the piezoelectric elements is plotted with orange crosses. The best focusing is at 1.871 MHz
(green), with an electrical power of 3.649 W. However, a more efficient actuation frequency could be 1.881 MHz,
which has a lower power consumption (3.08 W), while still achieving focusing below 5% (dashed black line).

heating of the piezoelectric elements, which in turn quickly decreased the device performance. Hence,
images were only acquired within few seconds after the actuation commencement. Also in Fig.2, it is
worth noting the broad frequency range (1.864-1.895 MHz) at which the focusing bandwidth remains
around 5% of the channel width, with the lowest value (3.39%) at 1.871 MHz. At this frequency,
we performed a stop-flow focusing experiment so to characterise the acoustic field along the whole
L-DPLUS length. The particle velocity is plotted in Fig.3a. In Fig.3b, the estimated F,. is shown
varying along z, with an average value of 1020 J/m3.
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Conclusion

We showed a first application of L-DPLUS, resulting in a maximum acoustic energy density was
3592 J/m3, which is, to the best of our knowledge, the highest ever reported for a bulk acoustic
wave device. We now aim to improve the efficiency of the system, so to reach high enough flow
rates without significant performance degradation. The next step will be to evaluate this method for
biological micro- and nano-particle separation. Furthermore, we would like to investigate the energy
level for which the acoustic field starts damaging biological particles.
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A detailed analysis dgilia dynamics fortrapped CR is shown in Fig. For CR cells held using the 10
MHz device, thecilia bendamplitudewas ~0.90 rad (0.9& 0.08 radmean +SDQ n = 16), whichwasnat
significanty different than that for cells held in tR8-MHz device (0.9 0.04 rad). 8nilarly, the curvature
values were comparable0.18 + 0.03 rad/um, 10-MHz device;-0.18 £ 0.02 rad/pum, 20MHz devicq.
However, theébeatfrequencyfor cells held in the :MHz device (69.3 3.5 Hz)wasslightly higher tharfor
the 20MHz device(63.1+ 2.9 Hz).The differencan frequencymay be attributed to ansufficient sample
size,but it is more likely due to slightly higheroperatingiemperature (~2€C¥or the 106MHz device.

Si/Glass channel

Cr/Au IDT

Figure 1: Hybrid BAW/SAW acoustic tweezer¢a) and €) lllustratiors of ahybrid BAW/SAW device for cell patterning
and confinement to acoustic potential minima of standing BAW driven by S#/ p) assembled devicec)(and @)
Patterningof C. reinhardtiicellsin glass and Si/glasshambers operatingt 10 MHz and 20 MHzrespectively

Figure 2: Cilia waveform analysis for trapped, swimmi@g reinhardtii cells (a)-(c) Measured beat frequency, bend
amplitude, and curvature for cells trapped irMBz and 20MHz devices.

Conclusion

Compaedwith hybrid BAW/SAW device empbying thin glas€hamber superstratgke silicon/glass hybrid
BAW/SAW devicesprovide better resolution of cell patterning and improved trapping efficiuether, the
operating frequencyf ultrasoundised inhybrid BAW/SAW devicedias neghible effects on cilia waveform
for swimming CR.
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Introduction

Acoustofluidics comprises a set of contactless and label-free methods for acoustically manipulating cells,
nano, and microparticles in microfluidic systems. Notably, the integration of acoustofluidics with Raman
spectroscopy has emerged as a promising approach for the analysis of live cells [1]. In this work, we present
an application of acoustofluidics in enabling Raman analysis of living human red blood cells (RBCs) within
a 3D-printed chip designed as a half-wavelength multilayer resonator. We comprehensively outline the key
features of the Raman-acoustofluidics method for live cell spectroscopy, including chip design, parameter
matching between the chip and Raman microscope, and the intricate phenomena of acoustic radiation force
and torque acting on the cells [2]. Through a series of meticulously designed experiments, we demonstrate
the remarkable capability of the secondary radiation force field to create a stable and precisely organized
aggregate of RBCs within the pressure nodal plane, positioned near the mid-height of the resonator. This
distinctive configuration allows for precise immobilization of the RBCs, enabling prolonged Raman analysis
over several hours or even days. To showcase the potential of our approach, we apply it to both a healthy
population of RBCs and a pre-heated group. The latter group undergoes exposure to a heat bath at 56°C for
20 minutes prior to the Raman-acoustofluidics spectroscopy experiments. Utilizing principal component
analysis (PCA) on the acquired Raman spectra, we successfully differentiate the RBC groups. By examining
the ratio of two specific Raman bands, r = Iisss/l1553, we verified a correlation of the 50.8% decrease of
oxygen uptake in the pre-heated group as measured by a cellular respiration assay. These results highlight the
potential use of acoustofluidics for improving Raman spectroscopy of live cells, particularly in the context of
RBC investigation.

Methods and materials

The acoustofluidics chip (IntacLab Ltd, Brazil) used for Raman spectroscopy is illustrated in Fig. 1(a). It
consists of a 3D-printed cylindrical microchamber with a height H = 250 pm and a diameter 2R = 3.6 mm.
The chamber is connected to two microchannels leading to an inlet and outlet. At the bottom, the
microchamber is coupled to a piezoelectric actuator through a matching layer of polymeric resin. To seal the
chip, a glass coverslide with a thickness d = 150 pm is used. The actuator is excited by a low-voltage (<5 V)
sinusoidal signal at 3 MHz. The RBC suspension is introduced into the device via pipetting, filling the inlet.
Subsequently, the acoustofluidic device is positioned on the stage of a confocal Raman microscope (LabRam
HR Evolution, Horiba, France). The microscope is equipped with a synapse detector, a cooled charge-
coupled device (CCD) detector, and a diode laser operating at 532 nm. The Raman laser is focused on a sigle
RBC through a 40x objective lens with a numerical aperture (NA) of 0.65. The Raman signal, resulting from
scattering, was collected using the same objective lens employed for laser focusing. The laser spot size
measures approximately 3.2 pm, while the axial resolution is estimated to be around 3.15 pm. The irradiated
power during the experiments was maintained at 0.25 mW. For each spectrum acquired, a total acquisition
time of 14 seconds was utilized, with 10 seconds dedicated to accumulation. To ensure accurate calibration,
the Raman setup was calibrated using the phonon band of silicon at 520 cm™ as a reference. In Figure 1(b),
we present the dynamic behavior of RBCs upon activation of the acoustofluidic device. The application of
acoustic radiation force results in the movement of cells towards the pressure nodal plane, while the radiation
torque aligns them parallel to this plane. In Figure 1(c), a digital photography of the acoustofluidic chip and a
micrograph of an aggregate of aligned RBCs within the pressure nodal plane. Upon closer inspection, it
becomes evident from the micrograph that certain RBCs exhibit a tilted orientation and appear to be stacked
on top of each other due to limited space for optimal alignment. To address this issue and promote the
formation of a monolayer of cells, we implemented solutions with a low cell concentration, approximately
200 cells/pL.
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Figure 1: (a) Sketch®f the Raman-acoustofl@dics setting with the chip switched ‘Off’ and ‘On’. The RBCs are aligned
and trapped in the pressure nodal plane (dotted line). The Raman microscope applies a 532 nm-laser on a single RBC
through a 40% objective lens. (b) A digital photograph of the acoustofluidic chip. The inset corresponds to the digital
micrograph of trapped RBCs showing the Raman laser (bright green spot) acting upon a single cell.

Results

The average Raman spectrum collected from both the control and pre-heated group, each consisting of a
population size n = 17, is shown in Fig. 2(a). The spectrum obtained from the control group closely
resembles previous Raman investigations of normal RBCs [3]. Additionally, the inset illustrates the
examination of oxygen uptake by the cell populations. Notably, the pre-heated group exhibited a median
decrease of 50.8% in oxygen uptake as measured using the Oxygraph System (Hansatech Instruments, UK).
Despite the overall similarity in the Raman spectra of the control and pre-heated populations, differences can
be observed in peak intensity and band position. To further analyze the ability of pre-heated Erys to bind
oxygen, we examined the Raman bands Iisss and Iiss3 for the control and pre-heated groups, respectively,
resulting in a ratio r = Iises/I1ss3. The control group exhibited a ratio of 3.20 + 0.02, while the pre-heated
group displayed a ratio of 2.83 + 0.01. This ratio serves as a characteristic indicator of hemoglobin's affinity
for ligands, particularly oxygen. The ratio of reaed/I'conrot = 0.88 suggests a decrease in oxygen uptake by the
RBCs. Principal component analysis (PCA) was conducted on the Raman spectra of normal and pre-heated
RBCs. The first two principal components (PC1 and PC2) were utilized to construct two-dimensional plots.
As depicted in Figure 2(b), the control population (represented by blue dots) and the pre-heated group
(represented by red dots) can be easily distinguished.
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Figure 2: (a) Raman spectrum from the control (blue line) and pre-heated (red line) RBC groups. Inset: Maximal
oxygen uptake capacity during 10 s, *** (p = 0.0002). A two-sample independent Student’s t-test was applied with a
95% confidence interval. The oxygen uptake of pre-heated RBCs (median value) decreases by 50.8%. (b) PCA scatter
plot shows the discrimination of data based on control (blue dots) and pre-heated cells (red dots).

Conclusion

We successfully performed Raman analysis of live RBCs using a 3D-printed acoustofluidic resonator,
eliminating substrate backscattered signals. Acoustofluidics aligned RBCs parallel to the nodal plane,
enhancing Raman signal acquisition with high stability. Principal component analysis differentiated control
and pre-heated RBCs, revealing biomolecular changes with a 50.8% decrease in oxygen uptake.
Acoustofluidic resonators effectively support Raman investigation of live RBCs, offering potential for
noninvasive disease diagnosis and treatment monitoring, improving patient care and diagnostics.
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Introduction

We have previously shown that acoustically packed red blood cells (RBCs) form a quasi-continuous medium
that affects the acoustic contrast and motion of therein suspended cells and particles, and that this mechanism
can be exploited to enrich rare cells from RBCs [1]. Here, we report on the transient phase of acoustic
packing and relocation of cells, and we investigate the role that acoustic streaming plays in the motion and
final positions of rare cells or particles inside the acoustically packed RBC bed.

Experiment overview

Whole blood was spiked with microparticle suspensions (10%va) of interest: 5-um silica, 10-pum silica, 5-pm
polystyrene (PS), 10-um PS, 50-um PS, and K562 cells or RBCs dyed with Calcein Deep Red AM ester.
This sample was introduced in a glass-silicon-glass chip with a 375 pum x 150 um straight channel, actuated
by a side-actuating piezoceramic transducer at the resonance frequency (Fig. 1A). The chip was imaged
either from the top with an upright fluorescence microscope and z-stacks were recorded from the bottom
with an inverted spinning-disk confocal microscope (Fig. 1B). The transient location of the RBC-plasma
interfaces were detected in bright field images. Streaming in the cleared plasma regions was measured by
defocusing-based particle tracking [2]. Transient acoustic focusing and streaming in the packed RBCs were
analyzed by particle tracking (Fig. 1C) and particle image velocimetry.
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characterize acoustic streaming tracer particles were Figure 2: Transient acoustic focusing. Blood is injected,

added and analyzed by defocusing-based particle flow is stopped, and sound is activated. Particles or cells
tracking for a sequence of images. (blue) and the RBC/plasma interface (red) are tracked.

Results

All studied cells and microparticles have positive acoustic contrast factors in plasma, but K562 cells have a
negative contrast factor in packed RBCs. In the transient phase of acoustic packing, particles and RBCs
move, at different, velocities towards the channel center (Fig. 2). As the RBCs become packed, smaller
particles appear to become ‘unfocused’, likely due to acoustic streaming. K562 cells initially also move
slightly towards the center but as the packing of the RBCs increases, they are pushed to the vicinity of the
RBC-plasma interface and some are even temporarily pushed out in the plasma region by the plasma stream.
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Figure 4: Acoustic streaming in packed RBCs and
plasma. Streaming rolls in plasma were tracked with 1.1
pm PS particles and GDPT. In the packed RBCs, labeled
RBCs were tracked at different z-levels with a confocal
microscope. Arrows at top indicate streaming direction
as seen in upright fluorescence microscope.

Figure 3: Quasi-stationary positions that particles and cells
reach after the transient phase. Particles settle at 3 different
positions, depending on their size and acoustic contrast
factor. 5-um-PS data only from imaging from the bottom.

The final locations of cells and microparticles after prolonged exposure to sound are shown in Fig. 3. K562
cells end up at the RBC/plasma interface (positions ). Larger particles, particularly those with high
acoustic contrast factors such as 50-um-PS and 10-um-silica particles, settle in the central pressure node at
the top and bottom of the channel (positions @). Smaller particles (10 um PS, 5um silica, 5um PS) localize
between the central pressure node and the RBC/plasma interfaces and at the top and bottom of the channel
(positions ®). 5 um PS particles form streaming rolls near the center at the top and bottom, but not across
the whole packed RBC bed height which indicates that acoustic streaming is present inside the packed RBCs.
To assess the presence of acoustic streaming, we imaged packed blood with spiked-in fluorescently labeled
RBCs. Four flat streaming rolls were observed in the packed blood region with the highest streaming
velocities at the upper and lower channel walls (Fig. 4) and a steep decline and sign reversal of the streaming
velocity just ~5 um away from the boundaries. There were also two streaming rolls in each of the plasma
regions with sign reversal ~15 um away from the boundaries. The plasma streaming rolls rotated faster and
in the same direction as the neighboring RBC streaming roll.

Discussion

As K562 cells have a positive contrast factor in plasma and a negative one in packed RBCs, they move
inwards till their contrast factor in the denser packed blood changes. Then they are transported to the
RBC/plasma interface, by radiation force, aided by streaming, where they are dragged to the mid-height of
the channel by the more viscose RBCs and remain there. Particles that have a high enough acoustic
impedance and are big enough (50 pm PS, 10 pum silica) have a radiation force that everywhere in the
channel is greater than the drag force. This will keep the particles at the pressure node in the middle of the
channel. Streaming eventually moves them to the top and bottom. Particles with a smaller acoustic radiation
force acting on them (10 um and 5 um PS, 5 pum silica) are stronger influenced by acoustic streaming and
will partially follow the streaming rolls. They settle at a characteristic equilibrium position at the top/bottom
wall and between the central pressure node and the RBC/plasma interface, where the radiation force equals
the drag force from streaming. We propose that the driving mechanism for streaming is the same as for 4-roll
boundary-driven Rayleigh streaming in a homogeneous medium, but the presence of 8 streaming rolls was
unexpected. This indicates that packed RBCs and plasma behave as separate compartments across which
streaming cannot recirculate in the bulk, attributed to strong stabilizing acoustic body forces at the interface.
We propose that the highly confined streaming rolls in the packed RBCs may be attributed to either a shear
thinning effect or stabilizing acoustic body forces due to a gradually increasing RBC concentration towards
the pressure node.
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Introduction
The ability to continuously separate particles and cells without labeling is crucial in various chemical and
biomedical applications. However, most microfluidic approaches have been limited to manipulating particles
and cells based onlv on their size, even thouah particle shape is a sianificant factor in definina particle attributes
and behavior. In addition, most of the previous techniques faced challenges such as the requirement of labels,
labor-intensive and time-consuming. Shape-based separation has attracted interest because of their potential
applications in various biomedical and chemical assays. Despite the demand, there has been only a few studies
on microfluidic micro-objects separation based on their shape

Here, we suggest on-demand, label-free acoustofluidic separation of prolate ellipsoidal and spherical
microparticles based on travelling surface acoustic wave (TSAW)-induced acoustic radiation force (ARF) and
torque (ART). For elucidation of the underlying physics, we conducted numerical simulation of the wave
scattering of spherical and prolate objects. For validation, we performed a series of separation experiments
with polystyrene microspheres, prolate ellipsoids, peanut-shaped microparticles and T.Eccentrica. From
guantitative analysis of the separation efficiency, we confirmed high purity and high recovery rate of the
proposed acoustofluidic shape-based separation of micro-objects.

Methodology

The proposed acoustofluidic device, depicted in Figure 1(a) consists of slanted-finger interdigital transducer
(SFIT) placed on a piezoelectric lithium niobate (LiNbO3) substrate with a polydimethylsiloxane (PDMS)
microchannel placed on top of a substrate.[1] Figure 1(b) provides a top view of the midstream microchannel,
where (red) spherical particles and (blue) prolate particles made of polystyrene (PS) are present in the fluid
flow. The purpose of our study was to demonstrate the separation of micro-objects based on their shape rather
than their size. To achieve this, we produced prolate particles with the same volume as the spherical PS
particles by stretching the spherical particles uniaxially. In the presence of the acoustic field, the spherical
particles experience an acoustic radiation force (ARF) caused by the scattering of the inhomogeneous wave
off them. However, prolate particles align themselves with their major axis parallel to the propagation of the
acoustic wave, instead of rotating like the spherical particles. This alignment of prolate particles is due to the
combined effect of the TSAW-induced acoustic radiation torque (ART) and ARF. Unlike spherical particles,
the rotation of the prolate particles leads to asymmetric wave scattering, resulting in counter-rotating forces.
Clockwise or counter-clockwise rotational forces act on the prolate particles until symmetric wave scattering
occurs, aligning their major axis with the wave propagation direction. The specific alignment of the prolate
particles reduces their projected surface area for acoustic wave scattering compared to the spherical particles.
In particular, a decrease in backscattering leads to a reduction in ARF, which is the primary force driving
lateral migration of objects in the direction of wave propagation. As a result, the spherical and prolate particles
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Figure 1: a) A schematic diagram of the proposed acoustofluidic device. b) Top view of the midstream microchannel. c)
Cross-sectional view of the midstream microchannel. d) Polar scattering plots from numerical simulation of wave
scattering off spherical and prolate ellipsoids showing Wave scattering off spherical (black) and prolate with aspect ratio
of 1.5 (blue).



are separated, as shown in the cross-sectional view of Figure 1(c). It should be noted that a microchannel
anechoic corner (MAC) region, formed by the refraction of the longitudinal wave at the Rayleigh angle 6, is
present at the top-left corner of the microchannel, as previously reported[2]. Figure 1(d) describes the acoustic
pressure level in the external field for the microspheres (black) and their derivative prolate microparticles with
aspect ratio of 1.5 (blue) of the same volume as the microspheres. The incident waves were assumed to be
plane progressive waves propagating from left (180°) to right (0°) in the x-direction.

Results and Discussion

Figure 2(a) demonstrates the trajectories of the 5 pm spheres and 6.75 x 4.5 um (AR = 1.5) prolate ellipsoids,
with the 141 MHz TSAWs at 6.58 mW, respectively. With reference to the lateral migration of the 5 pm
microspheres, the ellipsoidal microparticles showed reduced lateral migration. Figure 2(b) shows the deflection
of the non-spherical bio-object Thalassiosira eccentrica which is a microalgae who are cylindrical in shape
with a radius of 17 um and height of 32 um. Figure 2(c—f) shows the results of acoustofluidic separation of the
7.7 x 5.1 um peanut-shaped particles from the 6 um spherical particles using the 117 MHz TSAWS (Helmholtz
number of 1.5) at 6 mW. Figure 2(c) shows the stacked microscopic images in the midstream microchannel.
The trajectories of the 7.7 x 5.1 um peanut-shaped particles were found to be distinct from those of the 6 um
spherical particles. Despite the morphological difference, the peanut-shaped particles could be approximated
as prolate ellipsoids of AR = 1.5. Figure 2(d) shows the mixture of the 7.7 x 5.1 um peanut-shaped and 6 pm
spherical particles collected from Outlet 1 without the acoustic field. Fig. 2(e and f) show the collected particles
after acoustofluidic shape-based separation from Outlet 2 and Outlet 3, respectively. In Figure 2(e), most
microparticles were found to be peanut-shaped particles due to their smaller lateral migration. On the contrary,
in Figure 2(f), most of the collected particles were verified as microspheres since they experienced the TSAW-
induced ARF with greater magnitude compared to the non-spherical particles. Figure 2(g) show the purity and
recovery rate for 6 um spherical (red) and the 7.7 x 5.1 um peanut-shaped (blue) particles, respectively. he
purity and recovery rate of the 6 um spherical particles were 100% purity and 96.7% recovery rate, while the
7.7 x 5.1 um peanut-shaped particles exhibited purity of 95.3% and recovery rate of 100%.

a) ‘ 141 MHz [c) l 117 MHz (g) 6 pum spherical particles
Y1 TP 7.7 X 5.1 um peanut-shaped particles
E ?;‘o»!aﬁreb.6.757>§ 4.5 ym (AR=1.5) 7.7 X 5.1 pum peanut oor B o s
SI)he‘re-:ﬁ pm p — Sphere, 6 um é
o) ©° e
= T. Eccentrica , 32 pm o/ outtedr g o)
f J ©Outlet 3

) ) : : Purity Recovery rate
Figure 2: Microscopic images of acoustofluidic shape-based separation of spherical and ellipsoidal PS microparticles. a)
5 pum spherical and 6.75 x 4.5 um (AR = 1.5) prolate particles with the 141 MHz acoustic field. b) Microalgae with a
radius of 17 um and height of 32 pm with the 22 MHz acoustic field. ¢) 6 pm spherical and 7.7 x 5.1 pm peanut-shaped
microparticles with the 117 MHz acoustic field in the midstream. d-f) Collected particles from Outlet 1,2 and 3. g)
Illustrates the efficiencies of separation via purity and recovery rate at the outlets.

Conclusion

We proposed a method for separating spherical and prolate micro-objects based on their shape using
acoustofluidics. The prolate ellipsoidal PS microparticles were created by stretching seed microspheres in one
direction. Through numerical simulations of wave scattering off spherical and prolate ellipsoids, we discovered
that the asymmetrical wave scattering caused a counter-rotating radiation torque on the rotating prolate objects,
aligning them such that their major axis was parallel to the progressive wave propagation. Using the proposed
acoustofluidic method, we successfully separated spherical and prolate PS microparticles, as well as spherical
and peanut-shaped PS microparticles of the same volume. Our quantitative analysis of the separation efficiency
confirmed a high purity and recovery rate for the separated spherical and peanut-shaped PS microparticles
using this acoustofluidic approach.
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Introduction

Acoustic manipulation has been used to manipulate particles such as cells, cellulose, and spherical particles
underwater in 2D by using surface acoustic waves (SAW) [1] and in 3D using bulk waves in the form of twin-
traps [2] and vortex traps [3]. In this work we demonstrate three-dimensional underwater manipulation of
particles and cell clusters within a petri dish and a plastic tube. We describe a method to visualize in real-time
the acoustic field in which a contained layer of small, high-density particles, allows the trap to be seen in the
same image as the particle. As a result, this device has the potential to be implemented in a variety of
applications such as non-invasive medical interventions, microorganism manipulation, intra-venous
manipulation, and drug delivery.

Materials and methods

The experimental set up is shown in Figure 1 a) which shows a PCB that was designed to allow the attachment
of piezoelectric discs to solder-pads using a conductive epoxy adhesive (8331D, MG Chemicals, Canada). The
piezoelectric transducers (PZT-5, Beijing Ultrasonic, China) had a resonant frequency at 1.76 MHz, with a
thickness of 1.1 mm, and a diameter of 20 mm. The initially circular piezoelectric transducer was split into
two equal half-circled pieces and covered with a silver wraparound electrode. A Fresnel-lens of a focal length
of 20 mm was printed in a 3D printer (Formlabs 2, Formlabs, USA) using a transparent resin (Clear
FLGPCLO02, Formlabs, USA). The lens was then glued to the piezoelectric transducer elements with an epoxy
glue (Gorilla epoxy 25 ml, Gorilla Glue, USA). The transducer elements were then connected to a signal
generator (Keysight 33110A, Agilent technologies, USA) via an amplifier (75A250A, Amplifier Research,
USA) and excited with a sinewave. The transducer elements were connected in to produce a 180-degree phase
difference between them, which allowed the generation of a twin trap.
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Figure 1: Experimental setup and acoustic pressure fields. a) shows the experiment setup which consists of an electrical
connection (I), a PCB board (II) conducting adhesive (III) and Fresnel lens (IV). A cantilever moves the transducer in 3-
axes. (V) shows a petri dish attached to a holder below which is the visualisation layer (VI). A camera was positioned
above the petri dish. b), ¢) Huygens’ model pressure map in the x-y axis and the x-z axis respectively. c), d)
Experimentally measured hydrophone pressure maps.



The acoustic pressure was measured as 238 kPa at the pressure maximum of the twin-trap (fibre optic
hydrophone, model FOHS71, Precision Acoustics, UK). A force balance [4] can against flow as performed:
m,, dv(x)/dt = F; + Fay + Fagp, Where my, is particle mass, v(x) is the flow speed, F; is Stokes’ drag, Fyp is
the added mass force due to the displaced fluid and F, is the acoustic radiation force. The drive voltage was
adjusted until the radiation force was just able to hold the particle steady against the flow. At this point the
inertia can be neglected and so —F,gr = F;. Stokes’ drag was found from F; = 6muryU, [5], where r is the
radius of the particle, u is the dynamic viscosity of water and U is the relative velocity between the particle
and the fluid. Hence the radiation force was found to be 0.38 uN for this excitation level (14Vpp).

A range of Rayleigh sized particles (A/4 - A/10) were manipulated over distances of a few millimetres. The
visualisation layer was attached below the petri dish and consisted of a flat container manufactured from
acetate sheets filled with a mica particle solution in water. The mica particles allowed visualisation of the high-
pressure regions of the twin-trap simultaneously with imaging the manipulated object.

Results

The pressure field was simulated Figure 1 b) and d) and then confirmed with a fibre optic hydrophone in Figure
1 ¢) and e). When the device was turned on, the twin trap was positioned with help of the visualisation layer
such that it trapped the particle. As an example, a 130 um polyethylene particle was manipulated in 3D as
shown in Figure 2 a)-c). In a further 3D example, a 130 pm polyethylene particle was extracted from a 2 mm
diameter, 0.5 mm wall-thickness plastic tube d). Finally, a 920 pm diameter fixed immature brain organoid
was manipulated within a 0.65 mm thickness petri dish in the horizontal 2D plane e).

Figure 2: Particle manipulation and applications. 3-axis acoustic manipulation of a single 130 um particle. Displacement
of'a 130-micron polyethylene particle in the x-axis direction (a), in the y-axis direction (b) and in the z-axis direction (c).
d) Manipulation of a 130-micron polyethylene particle inside a plastic tube, the time from the initial position to the final
position is 0.3 seconds. €) Manipulation of a 920 um diameter fixed immature brain organoid. The total time from the
initial to the final position is 18 seconds.

Conclusion

Hydrophone pressure measurements of Figure 1 ¢) and e) showed that the single-beam device produced a twin
trap. The experimental results of Figure 2 show that the device can manipulate particles in the three dimensions
and through obstacles such as a petri dish and a plastic tube. The design of this single-beam device is simple
in terms electronics and can be manufactured using low-cost components. The design is also scalable in terms
of size and frequency. This low-cost and compact implementation of 3D manipulation is potentially suitable
for applications such as non-invasive medical interventions, microorganism manipulation, intra-venous
manipulation, and drug delivery.
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Introduction

We employ for the first time a MHz-frequency mechanical vibration, i.e., a Rayleigh type surface acoustic
wave (SAW) in a solid substrate, to dynamically excite an electrical double layer of ions (EDL) in a
neighboring electrolyte solution.

The EDL, to appear next to charged surfaces in electrolyte solutions, is an electrical surface
phenomenon in which an artificially or naturally charged surface in an electrolyte solution attracts a cloud of
ions that introduce osmotic and electrical effects in its vicinity. The EDL is fundamental across countless
natural and artificial systems and may considerably vary in properties between one system to another. Its
applications range from supporting electrophoresis and electro-wetting to governing the kinetics of particulate
coagulation, folding structures of proteins, surface properties of membranes, and particulate adsorption onto
an underlying substrate. The generic nature of the EDL and the interplay between physical mechanisms therein
alongside its short length scales of usually several nanometers and a relaxation time scale of nano- to micro-
seconds render the EDL and the interplay between its different subcomponents an enigma, even now more
than a century since it was discovered. A previous theoretical work predicts that electrical field leakage off a
SAW excited EDL is measurable and may highlight the internal properties of the EDL [1].

We present here an experimental approach to measure the electrical field leakage off an EDL under
SAW excitation. We show that the measured electrical field leakage corresponds to an array of mechanical-
electrical responses therein which gives direct insights about dynamical effects in EDLs. We observe that
periodic motion of ions in the EDL under SAW excitation results in resonance effects in the excited EDL akin
to resonance in an equivalent RLC electronic circuit.

Experimental details
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Figure 1: (a) Schematic of the experimental setup including an illustration of the physics in the drop near the SAW
excited solid surface, where y and ¢ are the voltage and acoustic flow stream function field, respectively. (b) FFT of the
electrical potential leakage in NaNOs solution with (black line) and without (red line) the SAW-excitation.

Fig. 1a. shows the schematic of the experimental setup and an illustration of the ion movement in the EDL
under SAW excitation. We excite a sessile drop of an electrolyte solution atop a solid substrate using a traveling
SAW at 20 MHz frequency. The SAW vibrates the ions in the EDL, emanating from the flat solid into the
solution and dynamically distorts the equilibrium ordering of ions, leading to the leakage of a measurable
electrical voltage, 1 away from the EDL. We measure the voltage leakage ,,, at a separation of 40 microns
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away from the solid surface using a working electrode against a reference electrode in the bulk of the drop (1
millimeter away from the solid). The electrodes are connected to an oscilloscope for obtaining frequency
variation and to a lock-in amplifier for measuring the 20 MHz-frequency component of the electrical leakage
(y4), i.e., the linear (same frequency) response of the EDL to the exciting SAW. Fig. 1b shows the fast Fourier
transform (FFT) of the electrical potential leakage in a drop of 1.5 x 10~ Molar NaNOs solution in the presence
(black line) and absence (red line) of SAW. The 20 MHz FFT peak gives the linear response, ¥, of the EDL
to SAW excitation. In the inset, we show the original voltage signal, y; applied to the piezoelectric actuator
and the measured total EDL response, i,,,.

Results and discussion

In Fig. 2 we demonstrate ionic strength (I) variations of electric potential leakage magnitude, 14|, and phase
difference, A8 in sodium nitrate (NaNOs) and potassium chloride (KCI) solutions. The phase difference A8 is
the difference of signal phase measured in the drop and in air (in the absence of a drop), keeping the rest of the
parameters the same. In the same figure, we further show variations of the same parameters with the time ratio,
t-(m™), the ratio between the acoustic time (w~1) and the relaxation time (the characteristic time at which
sodium ions attain equilibrium distribution given by a2/D(i), where ¢ is the Debye length and D (i) is the
diffusion coefficient of the ion ‘i’) of the positive ions in the EDL (m*) in two different electrolyte solutions.
We observe that [ip4| is maximized and A8 is minimized when the SAW acoustic time is the same as the
positive (m*) or negative (m™) ion relaxation time, i.e., t,(m*) = 1 and t,(m™) = 1, respectively. Since
t,(m™)/t.(m*) = D(m*)/D(m™), we observe in the different sub-figures a [t);| maximum near t,.(m*) =
1 and a second maximum shifted on the ¢t,.(m™*) axis in a manner proportional to the diffusion coefficient ratio,
D(m*)/D(m™), ie. near t.(m~) = t.(m*) x [D(m*)/D(m™)] = 1. We further observe higher
harmonics of the above mentioned “zero order” [1f;| maxima at near integer multiplications of t,.(m*) and
t-(m™). These events are reminiscent of electrical impedance decrease and signal phase minimization is an
RLC circuit near resonance, and may be employed to obtain electronic circuit equivalent of dynamic EDL
response. It is apparent that the peaks are distinctive of the type of ions and their concentration in the
electrolyte- which may be used to characterize the electrolyte solutions.

At t,(m*) =1 and t.(m~) = 1, the SAW disturbance of ions and their relaxation toward an
equilibrium EDL are correlated in time: The path-length of ion vibration is maximized, becoming comparable
to the EDL’s Debye length and resulting in a local decrease in the EDL electrical field screening efficiency
and thus, in a local measured maximum in the electrical leakage off the EDL. A byproduct of this finding is
that one may obtain the concentration of an electrolyte solution by evaluating the Debye length, o, from the
measured path-length of ion vibration, as Debye length is expressed in terms of solution ionic strength (I) [1].
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Conclusion

We experimentally measured the electric field leakage past a SAW excited EDL. We observed that EDLs
undergo electro-mechanical resonance under SAW excitation akin to the resonance in electronic RLC circuits
which may be employed to obtain electronic circuit equivalent of EDL’s dynamic response. The ion-specific
electrical leakage spectrum translates to ‘fingerprints’ of the ionic mixture and concentration which can be
used as new spectroscopic approach for the characterization of electrolyte solutions.
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Introduction

We evaluated acoustophoresis to enrich circulating tumor cells (CTC) in blood from 12 patients with metastatic
prostate cancer and from 20 healthy control samples. In patients, both singlets and clusters of CTCs were found
as well as aggregates of CTCs and white blood cells (WBC). Further, CTCs were found in patients where the
gold standard CellSearch did not. A protocol for cell fixation was developed that enables a largely unchanged
ability to separate prostate cancer cells from WBC after 3 days of storage. We believe this is to date the most
comprehensive evaluation of acoustic separation of CTCs in patients and heathy control subjects.

Background

CTCs are shed from the primary tumor or metastatic lesions into the systemic blood circulation. Prior reports
have established that high CTC counts are associated with adverse outcome and lower overall survival in
metastatic cancers [1]. The FDA approved CellSearch assay is considered as the current gold standard and is
based on magnetic bead antibody capture but is unable to find cells that have low expression of the surface
molecule EpCAM. Therefore, there is an important unmet clinical need to develop complementary approaches
that exploits alternative cell properties to isolate CTCs [2].

Experiment (a) Sampleinletffﬁ ) (b) e
We collected 6 ml blood from 12 patients with Buffer inlet \:',*";Zf?focrsins s J'
advanced prostate cancer. Red blood cells (RBC) y g Sy
were chemically lysed and paraformaldehyde S;P““l“’%,,* / \ s %,
was used to fix remaining cells (WBCs + CTCs). |~ = 7 JHowdirection o

Cells were diluted and separated by AN P _
acoustophoresis and analyzed by imaging flow B oiouilet CTG

cytometry. The approach, illustrated in figure 1, ¢ w&/ h Bt

is based on the notion that CTCs, and in

i i Figure 1: (a) Key features of acoustic pre-focusing and
\[;\a}glc(::g I\;avrhecr!ues)tgrossetg et[)eg(];hr?c]il%st?éi. faster than separation of cells. (b) Focused CTCs and CTC clusters exit

through the central outlet while WBCs exit through the sides.

Results

For cell-line cells spiked in blood, >99.5% of WBCs can be removed while recovering >95% of cancer cells,
figure 2. Stability during storage is critical to enable transfer of clinical samples. Over three days after
paraformaldehyde fixation, the ability to discriminate cancer cells from WBCs drops only slightly, figure 3.
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Figure 3: Trend analysis of the deviation in central outlet cell fraction compared to day 0 for increasing storage time
after fixation for (a) four different cell lines and (b) WBCs. Dashed red lines represent linear fits of the change in the
central fraction for all cells and red squares and whiskers represent mean and SD for each storage time. In (a) n=18
samples were analyzed for each box. In (b) n = 72 for each box.

We found higher number of cells with CTC-antigen characteristics (EpCAM+, PanCK+, CD45-/CD66b-,
DAPI+) in the central (i.e. cancer cell) outlet after acoustophoresis both in blood from patients and in healthy
subjects, compared to CellSearch, Figure 4(a), [6]. Cancer cell sizes were found to be on average slightly
larger than that of contaminating WBCs in the cancer cell outlet, Figure 4(b). Clusters containing two or more
CTCs, or combinations of CTCs and WBCs, were found at a much higher frequency in patients with metastatic
prostate cancer than in healthy subjects, Figure 4(c), while no clusters were found with CellSearch.
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(b) WBC and CTC size distributions
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Figure 4: (a) Cells that fulfill the classical definition for CTCs are found in patients. (b) Size distribution of patient CTCs
and contaminating WBCs after enrichment (pooled). (c) Clusters are common in patients but very rare in healthy subjects.

Conclusions
Our acoustic CTC-enrichment data from patients with metastatic prostate cancer and healthy control subjects
suggest that it is a viable alternative or complement to antibody-antigen capture due to high analytical
sensitivity and its ability to detect and enrich CTC clusters for further downstream analysis.
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Introduction

As cell- and gene-based therapies emerge for cancer treatment and regenerative medicine applications, novel
methods of biomolecular delivery of diverse targets (e.g., nucleic acids, proteins, membrane-impermeable
molecules) are needed. One such application, the development of chimeric antigen receptor T cell (CAR-T)
therapy involves genetically modifying T-cells with payloads encoding a CAR to target a specific cancer type
in the patient. Currently available approaches utilize viral vectors (adenovirus, adeno-associated virus, or
lentivirus) to deliver small (<7 kba) mRNA or DNA molecules to the cell [1]. Due to the limitations imposed
on the genetic payload size, physical methods including mechanoporation (SQZ Biotech, OpenCell) and
electroporation (Lonza Nucleofector, MaxCyte) are being evaluated as compelling alternatives [2].

As an established method, electroporation is the standard for benchtop transfection and payload delivery
to cells; however, it can lead to low cell viability after treatment (<40%) because of the high strength of the
applied electric field (1-2 kV/cm). Here, we present the application of a novel, non-contact mechanoporation
system for continuous modification of cell suspensions using an acoustofluidic approach. The POROS Giga
platform uses a bimorph transducer to pump sample through a 340-nozzle microarray with either 30- or 40-
um diameter orifices (Fig. 1) [2,3]. As the cells pass through these constrictions, membrane deformation results
in reversible pore formation. The 100-150 nm pores remain open for tens of seconds to allow for passive
molecule uptake or active electrophoresis of payload using a low-strength external field (~100 V/cm). We
assess device performance using cell viability, cell recovery, and delivery efficiency for the two MNAs at
different operating conditions.

Methods

The POROS Giga is a scaled version of our earlier cartridge-based system, which had a fixed volume of ~1 mL.
Here we describe a high-throughput prototype device capable of continuous flow operation at up to 50 mL/min
(Fig. 1B), evaluating its application for payload introduction to hard-to-transfect cells. The experimental
system comprises a bimorph transducer used to drive the atomization process and a micronozzle array (MNA)
mounted in a 3D-printed housing. A 25-mm diameter, 1.5-mm thick PZT-8 transducer (APC International,
PA) was bonded to a custom fabricated aluminum holder (Veranex Solutions, Inc., RI). The cylindrical
aluminum holder geometry was optimized using a combination of computational modeling and ejection
experiments conducted from ~10 to 150 kHz. The selected design was operated at the frequency exhibiting the
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Figure 1: POROS Giga cell transfection and payload delivery platform. (A) and (B) Renderings of commercial system
in development and cross-section of the prototype acoustic shear poration (ASP) module. (C) Photograph and (D) SEM
images (top, inside; bottom, outlet) of a femtosecond laser-assisted wet etched 40-um MNA [scale bars: (C) 100 pm,
(D) 50 and 10 um, respectively]. (E) Experimental setup of POROS Giga prototype ejecting DI water at 30 mL/min.
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