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Acoustic separation of suspension cells can be achieved by altering the properties of the cell medium.
Cells of different types can then migrate in opposing directions in the sound field due to differences in their
relative density and compressibility with respect to the surrounding fluid. For near-zero acoustic contrast
the acoustic radiation force on cells becomes negligible, and it is the primary objective of this paper to
study the interplay of acoustic radiation, acoustic streaming, and buoyancy in this regime and how it may
affect the separation outcome. We study the three-dimensional acoustophoretic motion of suspension cells
in homogeneous suspending media and link this to the underlying acoustofluidic mechanisms. Cell trajec-
tories are measured by a defocused-image tracking approach, and we assess the technique’s applicability
for tracking cells by determining the associated error when measuring the out-of-image-plane component
of the tracks. For cells at near-zero acoustic contrast, we observe strong effects of buoyancy and acoustic
streaming and that small distributions of cell properties within a population leads to large differences in the
cell motion patterns. A neural network was developed to classify experimental cell trajectories according
to their acoustic contrast in different suspending media. Further, we compare the experimentally measured

trajectories to a numerical model by generating simulated trajectories of cells.
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I. INTRODUCTION

Over the past decade, microfluidics has been identified
as an enabling future technology for cell handling, sep-
aration, and analysis [1,2], facilitating cell-based assays
in health care and biotechnology research to be carried
out in a shorter time frame and with less consumption
of reagents. At the same time, the accuracy of measure-
ments on cells offered by microfluidics has the poten-
tial to rival the current gold standards [3]. Along with
the microfluidic developments in spatial manipulation
of micro-objects, single-cell phenotyping for investigat-
ing cell-intrinsic biomechanical properties has become an
emerging field [4]. Label-free approaches based on cells’
biophysical properties are then utilized to distinguish dif-
ferent cell types from one another by their migration
relative to an applied field. Biophysical signatures such as
size [5—7], density [8—10], deformability [11-13], electri-
cal [14], magnetic [15,16], and optical [17,18] properties
have been studied to gain insights into cells’ biophysi-
cal fingerprints in different conditions. Since, in most of
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these methods, the same applied field can be employed to
both analyze and separate cells, accurate measurements of
single-cell properties can be directly utilized to improve
the separation performance of cells [14].

The present work deals with acoustophoresis, an
approach for positioning, separating, and mechanopheno-
typing cells. Acoustophoresis offers a gentle and noninva-
sive tool for handling cells and has been reported not to
cause alterations in cell viability, proliferation, DNA dam-
age, or function [19,20]. Acoustic waves generate forces
on suspension cells by sound scattering in a microfluidic
chamber. The cell migration in the field is governed by the
cell size and differences in mass density, and compressibil-
ity of the cell relative to the surrounding medium [21,22].
Typically, the separation of cells in acoustophoresis is
based on larger cells experiencing stronger forces than
small cells, and the cells are therefore pushed sideways
by an acoustic field that is oriented orthogonally to a flow
[23-26]. Such a scheme has been employed to concentrate
cells [27,28], generate plasma for whole blood [29], or to
transfer cells or functionalized capture beads between two
media [30].

The ability to discriminate cells of different type by
means of an acoustic field can be dramatically improved
by selecting a suspending medium that causes the cells
to move in opposite directions due to differences in their
acoustic properties. But for cells that have similar or
partly overlapping density or compressibility, the acoustic
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contrast is inevitably low for any such media, leading to
relatively low acoustic radiation forces acting on the cells.
This means that other transport phenomena can instead
dominate the migration of cells. This work aims to inves-
tigate cell motion in response to sound in homogeneous
suspending media in a bulk acoustic half standing wave
inside a rectangular cross section resonator and link this to
underlying acoustofluidic mechanisms. Our primary focus
has been to understand the influence of acoustic streaming
and buoyancy for biological cells with near-zero acoustic
contrast. The acoustic radiation force changes sign based
on the acoustic contrast, which depends on the relative
density and compressibility of the suspended cells with
respect to the surrounding fluid. Positive acoustic contrast
leads, in this configuration, to cells being pushed towards
the center of the channel, whereas negative acoustic con-
trast causes cells to migrate towards the walls. When the
magnitude of the acoustic contrast factor is close to zero,
the radiation force is negligible, and cells follow the slow
but steady acoustic streaming rolls that were described
analytically by Lord Rayleigh [31]. Previous work on sus-
pended microspheres has shown that they follow complex
three-dimensional (3D) trajectories due to a combination
of primary radiation forces, acoustic streaming flow, and
gravity [32,33]. The resulting trajectory is thus highly
dependent on the size, density, and compressibility of the
suspended particle as well as the density, compressibility,
and viscosity of the suspending medium. Microparticles
are, however, far from optimal models for cells in the
context of acoustofluidics since they are highly spherical,
and uniform in size and material properties. Importantly,
the compressibility of off-the-shelf microparticles, based
on polystyrene (PS), melamine, and polymethyl methacry-
late, deviates from that of cells, and water-based fluids,
by a factor of 2 or more [34]. To achieve negative con-
trast for microparticles, solute molecules must be added to
the medium in amounts that result in either high viscosity,
which increases the drag forces slowing particles down,
or high density, which makes the particles highly buoy-
ant. Taken together, phenomena related to zero or negative
acoustic contrast of cells are best studied directly on cells.

Direct measurements of cells’ responses to sound in
standard cell media have previously been carried out by
mapping the positions of cells in the x-y plane [35-40].
By studying the 2D motion, and final location of cells
in an acoustic field for increasing concentrations of the
solute molecule iodixanol, Dabbi et al. [41] reported dif-
ferences between activated and nonactivated T-cells, and
Olofsson et al. [42] investigated viable and dead cells for
three different cell types. Beyond a threshold concentra-
tion of iodixanol, viable cells were driven to the pressure
antinode, while the dead cells were always retained in
the pressure node due to being permeable to the sur-
rounding medium. A previous study has shown that blood
cells can be continuously acoustically fractionated in a

density-modified medium based on differences in their
effective acoustic impedances [43]. But to date, the effects
of buoyancy and acoustic streaming near zero acoustic
have not been systematically charted. Moreover, acoustic
streaming and radiation can be difficult to resolve purely
based on 2D measurements since both have a sinusoidal
dependency on the standing acoustic wave when viewed
along the z axis.

The z-component of a 3D behavior has recently been
measured for bacteria on a standard phase-contrast micro-
scope. Three-dimensional bacterial tracking was carried
out by image cross-correlations between the observed
diffraction patterns and a reference library. The technique
is simple and easy to use but limited to a micron-scale
resolution over 350 x 300 x 200 um. Going beyond such
a volume to investigate bacterial motility was reported to
constrain the performance [44].

This study investigates the 3D motion of suspended cells
due to acoustic radiation and acoustic streaming inside
an acoustofluidic resonator by general defocusing parti-
cle tracking (GDPT) [45,46]. We show that the GDPT
method can be used to track fluorescently labeled sus-
pension cells in three dimensions. We then investigate
the response to sound of three types of cells in media of
increasing acoustic impedance and classify their trajec-
tories into three categories. For cells near zero acoustic
contrast, we observe the effects of buoyancy and acous-
tic streaming, and how variation in cell properties within
a population leads to different cell motion patterns. Fur-
ther, we compare the experimentally measured trajectories
to theory by generating trajectories of cells by numerical
modeling.

II. MATERIALS AND METHODS

A. Cell culture and staining

We analyzed human neutrophils and the cell lines
Jurkat (Clone E6-1, Sigma-Aldrich) and K562 leukemia
(from Pereira lab, Division of Molecular Medicine and
Gene Therapy, Lund University). Neutrophils were iso-
lated directly from blood samples using an EasySep™
direct human neutrophil isolation kit (Stemcell Technolo-
gies, Norway). Blood was collected from healthy volun-
teers. The procedure includes written informed consent,
following the Helsinki Declaration, and was approved by
the Swedish ethical review authority (ref. no. 2020-05818).
Collected neutrophils were washed and resuspended in
phosphate-buffered saline (PBS, Sigma-Aldrich). Jurkat
and K562 cells were cultured in T75 flasks and sus-
pended in the recommended cell medium consisting of
RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS, Sigma-Aldrich) and 1% penicillin-
streptomycin (Sigma-Aldrich). Cells were cultured at
37 °C under a 5% CO, atmosphere and passaged by split-
ting every 23 days.

014046-2



CELLS AT NEAR-ZERO ACOUSTIC CONTRAST

PHYS. REV. APPLIED 19, 014046 (2023)

Two types of fluorescence dyes were used to stain cells
for microscopy imaging; cell-permeant CellTrace™ cal-
cein red-orange, AM (ThermoFisher), and Calcein Deep
Red™ AM ester (AAT Bioquest). First, the required num-
ber of cells suspended in the culture medium was collected
in a tube and centrifuged before staining. Then the super-
natant was discarded, and the cells were incubated at 37 °C
for 20 min in PBS with 1 pM of fluorescence dye. Finally,
after two centrifugation steps, the cells were resuspended
in PBS with 2% FBS at a concentration of 2 x 10° cells per
milliliter.

B. Density media preparation

We used Optiprep™ (Stemcell Technologies, Norway)
containing 60% w/v iodixanol as an agent to prepare solu-
tions with varying density and compressibility by adjusting
the iodixanol concentrations in the range from 10% to
34%. Stained cells suspended in PBS with 2% FBS were

stored on ice before the experiments. Density-adjusted
solutions were prepared by adding a required amount of
the Optiprep™ to the cell suspension.

C. Experimental set-up and procedure

An acoustofluidic glass-silicon-glass chip of length
70 mm and width 4 mm was fabricated (GeSim Bioin-
struments and Microfluidics mbH, Germany) by etching a
channel of length 50 mm and width W =375 pm through
an H =150 pm thick silicon wafer by deep reactive ion
etching, which was anodically bonded between two glass
lids of thickness 500 and 610 pm, respectively [Figs. 1(a)
and 1(b)], with sandblasted holes through the thinner side.
A piezoceramic transducer (Pz26, Ferroperm™ piezoce-
ramics, Meggit A/S, Denmark) resonant at 2 MHz (Sup-
plemental Material, Fig. S1[47]) and 30 x 4.0 x 1.0 mm in
size was bonded underneath the chip using cyanoacrylate
glue (Loctite Super Glue, Henkel Norden AB, Stockholm,
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FIG. 1.

Negative contrast

Schematic illustration of the experimental setup. (a) A cross-section view from the side (z-x) of the glass-silicon-glass chip

mounted under the microscope, including the optical configuration, is shown. The optical path includes a replaceable cylindrical lens
for imaging. A syringe pump is placed at the outlet to withdraw the suspending medium from a pressurized inlet reservoir, and a
second reservoir beside the syringe pump collects the waste when emptying the syringe. To stop the flow, the valve switches to the
stop-flow mode. (b) The radial cross-section (z-y) of the microchannel with all the dimensions. (c) The camera view of K562 cells
in three different regimes of acoustic contrast as composite images of the first and last frame of a sequence of acquired images. The
initial location of the cells is shown in gray scale and the final position after sound actuation with three different colors corresponding
to positive (blue), zero (yellow), and negative (red) acoustic contrast. The scale bar is 75 pm.
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Sweden). The transducer was driven by a function gener-
ator (AFG3022B, Tektronix, Inc., Beaverton, OR, USA)
to deliver a frequency sweep (1.8-2.1 MHz), with 1 ms
sweep time and 9 V,, as measured over the piezo with an
oscilloscope (TDS1002, Tektronix, Inc., Beaverton, OR,
USA). A Pt100 thermo-resistive element was glued to the
piezoelectric transducer to record the temperature.

An epifluorescence microscope (BXS1WI, Olympus
Corporation, Tokyo, Japan), with a 10x, 0.3 numerical
aperture (NA) objective, equipped with a CMOS camera
(ORCA- Flash 4.0 V3, Hamamatsu Photonics KK, Japan)
was used for imaging. To enhance the measurement depth,
elliptically shaped defocused cell images were obtained by
inserting a cylindrical lens with a focal length of 300 mm
between the camera and the objective at a distance of
20 mm from the camera sensor [Fig. l(a)]. A triple-
wavelength LED unit (CoolLED pE-300v"2, UK) supplied
the illumination for fluorescence imaging of the PS parti-
cles and cells. We used fluorescent green (PS) beads with
nominal diameters of 1.1 and 4.9 um (Molecular Probes,
Thermo Fisher Scientific, Waltham, MA) to calibrate the
acoustic field before or after the cell experiments.

The excitation channels of the LED unit, activated
through triggering from multiple transistor-transistor logic
inputs, were equipped with single-band excitation filters
(ET395/25x, ET480/30%, and ET560/25x Chroma Tech-
nology Corp, USA). A multiband emission filter (69013 bs,
Chroma Technology Corp, USA) with the correspond-
ing dichroic mirror (69013 m, Chroma Technology Corp,
USA) was mounted in the microscope filter turret to
facilitate fast sequential multichannel acquisition.

The timed acquisition was controlled via trigger signals
from an Analog Discovery 2 data acquisition system (Dig-
ilent, USA). The synchronized signals were used to trig-
ger the CMOS camera and different LED unit excitation
channels for imaging purposes.

The flow in the system was controlled through a pres-
surized tube holder (Elveflow adaptor for Falcon© tubes)
at the channel inlet and a syringe pump (Tricontinent
C-series, Gardner Denver, USA) equipped with a rotary
three-port T-valve located at the channel outlet to facilitate
priming of the system [Fig. 1(a)]. To efficiently stop the
flow before the onset of sound, the inlet and outlet were
short-circuited with the aid of a motorized four-port, two-
way diagonal valve, so that the inlet flow path was at the
same time rerouted directly to the syringe.

The procedure for acquiring cell images was as fol-
lows:

1. Inject cells, stop the flow, and wait for cells to
sediment either to the floor or the ceiling of the channel,
depending on the density of the suspending medium.

2. Acquire a z-stack of calibration images of cells
resting on the floor or ceiling.

3. Inject cells, stop the flow, start image acquisition,
and activate the sound at a fixed z-position.

4. Acquire images at 10 fps for a sufficient amount of
time. Acquisition time varies from 10 to 30 s for different
suspending media.

Top view (y-x) images before and after acoustic migration
for three different contrast factors are shown in Fig. 1(c).
Each image is constructed with the first acquired frame
(initial location of K562 cells in step 4, in white) and the
last acquired frame (final location of K562 cells in step 4,
highlighted in different colors). The focal plane was set to
the mid-height of the channel and the cylindrical lens was
removed from the optical path. Cells of positive contrast
(blue) move towards the center, while negative contrast
cells (red) end up at the walls. For the case of near-zero
contrast, the cells neither assemble in the center nor at
the walls but instead follow the fluid’s velocity field and
spread everywhere in the channel.

D. General defocusing particle tracking

The motion of cells was analyzed by the GDPT tech-
nique [45,46] which is designed to provide 3D trajectories
of particles by using the defocused microscope images
of particles. A calibration stack of cell images resting on
the channel floor or ceiling (in the case of buoyant cells)
was recorded to acquire a lookup table for defocused cell
shapes at different relative z-positions. For this purpose,
the motorized z stage (MFD, Mirzhauser, Wetzlar GmbH
& Co. KG, Wetzlar, Germany) equipped with the micro-
scope was moved along the z-coordinate in steps of 2 pm.
During experiments the z-position of the stage was fixed,
and the motion of the cells was recorded with an exposure
time of 20 ms and at a frame rate of 10 fps.

The acquired images were analyzed in the MATLAB
routine GDPTlab [48], which performs a normalized
cross-correlation (MATLAB built-in function: normxcorr2)
between each particle image in the experiment image set
and the images from the calibration stack. To achieve a
refinement beyond the reference stack z-levels, the routine
finds the calibration image that has the highest correla-
tion value (C,,) and then fits a parabola to the nearest
C,, values in the stack to identify the z-level that maxi-
mizes the C,, value for the particle. In addition, the code
tracks the motion of particles in the x-y plane and finally
reconstructs their 3D trajectories.

When imaging inside a liquid-filled microchannel using
a dry objective, the differences in refractive index on each
side of the glass lid leads to a change in the incidence
angle of the light that introduces a measurement error. To
compensate for this, separate calibration stacks were
recorded for each suspending medium and the measured
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z-positions were rescaled by the ratio of the refrac-
tive indices of the suspending medium and air, respec-
tively [46].

II1. RESULTS

A. Measuring the 3D trajectories of cells by general
defocusing particle tracking

First, we set out to establish if GDPT can be employed to
track the 3D motion of suspension cells. A basic assump-
tion when tracking particles’ z-coordinates by their defo-
cused image is that they are spherical and uniform in
size [45]. Since suspension cells are neither perfectly
spherical, nor uniform in size, we assessed the accuracy
and applicability of the GDPT method in this context.
Calibration images were obtained by imaging the cells at
rest, on either the microchannel floor or the ceiling, for
a range of known z-positions (2 um intervals) using a
motorized microscope stage, [Fig. 2(a)]. Figures 2(b)2(e)
show representative images of fluorescent PS beads and
neutrophils, respectively, at four different z-positions.
Figures 2(f) and 2(g) show the measured coordinates
Zmeas and the corresponding correlation values C,, obtained
by the GDPT code as a function of the known z-coor-
dinate for PS particles (4.9£0.9 um in diameter) and

(a) (d)

Bead

calibration images

z=150 (um)

neutrophils of diameter 8.3 &= 0.9 pm (Supplemental Mate-
rial, Fig. S2 [47]), respectively.

For each set of calibration images, containing around
20 or more particles or cells, one particle or cell was
selected as a calibration object to be matched with all
the other particles or cells in the calibration images. We
assessed the spatial resolution of the GDPT technique for
tracked z-stacks of cells by investigating the measured
z-values in each case for all the known z-positions in terms
of standard deviation. The standard deviation plot of zyeas
(Supplemental Material, Fig. S3 [47]) for PS particles is
mostly flat and below 3 pm, and it increases to 5 um for
the last two or three calibration images. The data show the
same trend for the cells, growing towards 10 pm for the
Jurkat cells.

The normalized error (g,) for each case was calculated
by the sample standard deviation of zyea,s — z, normalized
to the total depth of the channel H=150 um. The cor-
responding error, averaged along z, for the PS particles
was &, = 0.013. The same approach was conducted for
neutrophils, K562, and Jurkat cells to compare with PS
particles. The average error for cells was then measured
for neutrophils (g7 = 0.016), K562 cells (¢; = 0.017)
and Jurkat cells (¢; = 0.025). All image correlation val-
ues C,, were greater than 0.90 (Supplemental Material,
Fig. S3 [47]).
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FIG. 2. Measuring cells’ z-coordinate. (a) A schematic of the GDPT setup with a cylindrical lens inserted in front of the camera.
A representative example of (b) PS beads and (c) neutrophils resting on the channel floor after inserting the cylindrical lens (scale bar
100 pm). Images are taken from above (y-x). Calibration images of (d) beads and (e) neutrophils imaged through the cylindrical lens
at different z-coordinates relative to the optical focus. Plots of zpe,s (blue dots) and correlation coefficient C,, (red dots) versus the
microscope-stage z-coordinate for (f) beads (100 beads from three repeats) and (g) neutrophils (100 cells from five repeats).
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FIG. 3. Sedimentation of neutrophils and PS particles. (a)

Shows the 3D trajectories of sedimenting PS particles (green)
and neutrophils (red) in PBS. Plots of the theoretical and
measured sedimentation velocity of (b) PS particles and (c)
neutrophils. The corresponding size distribution for theoretical
velocity calculation was obtained by Coulter counter. The theo-
retical velocity was calculated for particles having a density of
1049 kg/m? and for neutrophils based on an assumption of a
uniform cell density of 1085 and 1090 kg/m>. The number of
analyzed tracks (VN = 150) was normalized.

To analyze how the selection of the reference cell
impacts the calibration graph and the corresponding errors,
we assigned cells of different relative sizes as a reference

in the calibration. Before inserting the cylindrical lens,
an image of the cells was acquired for each calibration
stack. We used thresholding to convert the image into a
binary version, and then the segmented foreground was
analyzed to extract the relative size distribution [49]. Based
on the corresponding size table, the smallest, largest, and
one medium-sized cell were selected and cross-correlated
with the rest of the cells. Our analysis for K562 cells
(Supplemental Material, Fig. S4 [47]) and Jurkat cells
(Supplemental Material, Fig. S5 [47]) shows that choos-
ing either small or large cells increases the error compared
to the medium-sized cell, which has the lowest error. The
plots’ fitted lines indicate that small cells tend to underesti-
mate, and large cells slightly overestimate, the measured z.
For both cell types a maximum offset error e occurs when
a small cell is selected as the reference object and when
measuring a position close to the ceiling exsg; = —5.74 pm
(Plgs: £4.63 pm) for K562 and —5.43 pm (Plos:
47.33 pum) for Jurkat cells. Our investigation of the cross-
correlation to the reference library of the out-of-focus
cell images confirms that we can obtain an accuracy in
determining z within approximately one cell diameter.

B. Measuring cell sedimentation

To demonstrate that we can track cells’ z-locations over
time, we tracked the trajectories of neutrophils and 4.9-um-
diameter PS particles suspended in PBS while sedimenting
by gravitation. Figure 3(a) shows the positions of neu-
trophils (red dots) and PS particles (green dots) projected
onto the y-z plane. We analyzed the velocity data for par-
ticles and cells with trajectories longer than 20 pm within
|z| < H/4 to avoid wall effects.

For each track, the mean and the standard deviation of
the velocity were computed, and tracks of a standard devi-
ation greater than 20 pm/s were considered too noisy and
therefore excluded. To avoid the overlap between cells’
defocused images that can, in principle, introduce new cell
tracks, cell samples in high concentration were diluted.

Histograms of the theoretical and experimentally mea-
sured sedimentation velocities for the PS particles and
the neutrophils are plotted in Figs. 3(b) and 3(c). The
theoretical estimates are based on the measured size dis-
tributions of particles and neutrophils, respectively, and
we derived the sedimentation velocity distributions using
Stokes’ law under the assumption of pps = 1049 kg/m? and
Preutrophils = 1085 and 1090 kg/m® [50,51]. Particle sedi-
mentation velocities are in good agreement without any
fitting and the distribution of the measured sedimentation
velocity for neutrophils is close to the theoretical predic-
tion, but they sediment slightly slower than the expected
velocity distribution based on pneutrophits = 1090 kg/m>.
Adjusting the density of neutrophils to 1085 kg/m? shifts
the theoretical velocity distribution to the right and pro-
vides a slightly better match.
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C. Cells’ migration in a sound field in different
suspending media

We then investigated the 3D migration of the cells
in an acoustic half-wave microfluidic resonator when
suspended in media of increasing acoustic impedance
(Zr = pres = \/or/xr), where pr,c; and ky denotes
density, speed of sound and compressibility of the fluid,
respectively. To achieve this, cells were suspended in
iodixanol solutions of concentrations ranging from 10%
to 34%. As described in Sec. II C, the cells were intro-
duced into the channel, and the flow was stopped before
the image acquisition was initiated. The sound field was

activated shortly after the image acquisition was started
(Fig. 1).

Figure 4 shows overlays of the locations for neu-
trophil migration in homogeneous media measured in
three dimensions for five different iodixanol concen-
trations (Cix). The trajectories are projected along
the channel (x) onto the radial cross section (y-z
plane). For a low-acoustic-impedance medium (Cix < 22%,
Zr <1.67 MPa s/m) [Figs. 4(a)-4(c)], neutrophils have
a positive contrast factor (® > 0), and F 4 moves them
towards the pressure node within the five seconds after
turning on the sound. As Cjiy increases, the neutrophils
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FIG. 4. Three-dimensional trajectories of neutrophils in different concentrations of iodixanol projected along x. (a)-(c) The contrast
factor is positive for neutrophils, and they end up in the center of the channel within 10 s of recording after the onset of the sound.
(d) In the scenario where the acoustic impedance of the medium matches that of the neutrophils, the acoustic radiation force vanishes.
Recording time was 30 s. (¢) Trajectories of neutrophils of negative contrast factor forcing them towards the walls. Recording time was
20 s. (a)(e) Cells that transition from the lower to the upper half are indicated in magenta. (f)—(j) Simulated trajectories of neutrophils
for the same range of iodixanol concentrations as in (a)e). The initial and final locations of neutrophils in the simulations are marked
with green circles and red crosses, respectively. (k){0) Experimental (blue dots) and simulated (black dots) data for y-component of
neutrophil velocity at mid-height. The time step is 0.1 s for all measured and simulated trajectories. o = Pneutrophils/ £y -
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move more slowly (observed by the shorter gaps between
the dots) due to a lower acoustic contrast when Zr
increases and due to an increased viscosity (). The tra-
jectories become curved due to the increasing impact of
acoustic streaming relative to acoustic radiation. No buoy-
ancy effect can be observed for Cix < 22% on the time scale
of the experiment, which is expected since the literature
value for neutrophil density, 1090 kg/m?, is close to that of
the medium.

For intermediate acoustic impedance (Cix =28%, Z; =
1.72 MPa s/m) the acoustic contrast approaches zero
[Fig. 4(d)]. Acoustically transparent neutrophils (=
0.001) do not experience radiation forces and therefore
follow the acoustic streaming rolls. The trajectories for
some of the cells (magenta) in this medium reveal that they
are buoyant since they migrate from the lower to the upper
half of the resonator.

For higher impedance (Cix = 34%, Z; = 1.76 MPa s/m),
the neutrophil migration is indicative of negative acous-
tic contrast (® < 0), and they migrate towards the walls
[Fig. 4(e)]. The cell buoyancy causes the cells to congre-
gate at two elevated sites on the sidewalls, and the over-
all cell migration indicates contributions from radiation,
gravity, and streaming.

The simulated trajectories (Appendix A) shown in
Figs. 4(f4(j) are in good agreement with the cor-
responding experimental trajectories shown in Figs.
4(ay4(e) when we assume E, =258 J/m’ (mea-
sured, Appendix B), 2a=8.30 um (measured popula-
tion average), o, = 1090 kg/m?® (from the literature), and
Kk, =3.663 x 1071 Pa~! (manually fitted). Fitting of the
cell compressibility was done manually by comparing
experiments and simulations across the investigated range
of media until a perceived best match was achieved. The
derived cell compressibility was then used to compute the
acoustic contrast (®). Simulated and experimental data for
the y-component of the cell velocity u, at mid-height are
in good agreement [Figs. 4(k)—4(0)].

We also carried out trajectory measurements for Jurkat
and K562 cells in the same range of iodixanol concentra-
tions (10% to 34%, in steps of 3%). The 3D trajectories
show that the transition from positive to negative contrast
happens near Cix = 19% (Zy = 1.65 MPa s/m) for both cell
types (Supplemental Material, Figs. S7 and S8 [47]). The
buoyancy effect is more dramatic for these two cell types
than for neutrophils since they are larger and have lower
density [52]. The trajectories of acoustically transparent
K562 cells (14.3 £4.0 pm) reveals that they do not even
form a proper streaming roll in the upper half of the chan-
nel due to their high buoyancy, and they soon find their
way towards the ceiling. On the other hand, Jurkat cells
(11.4 £ 2.5 pm) still experience streaming contribution due
to their smaller size. Generally, at near-zero acoustic con-
trast, the cell motion patterns are highly sensitive to small
differences in the cell size, density, and compressibility.

The considerable variation in motion paths observed for
K562 and Jurkat cells can be explained by their greater
degree of heterogeneity in terms of their size distributions
compared to neutrophils, and possibly also in terms of their
density and compressibility, although these two parameters
are not investigated in the current study.

D. Classification of 3D trajectories for three different
cell types

When separating or categorizing cells of different type
using acoustic fields, it is of interest to identify a medium
that leads to a desired outcome and to understand how
much the populations overlap in terms of their response
to sound. While the overall patterns of the 3D trajectories
of cells are well described by the numerical model (Fig. 4),
there is considerable spread in the trajectories of individ-
ual cells, in particular for cells with near-zero acoustic
contrast. In an attempt to quantify the overlap, the 3D tra-
jectories of thousands of single cells were analyzed and
classified using a neural network approach.

To compare the acoustic migration for the three cell
types in a range of media, we constructed a neural network
model to classify trajectories as positive, zero, or nega-
tive contrast based on manual labeling of 833 Jurkat cell
trajectories in different media (Appendix C). Figure 5(a)
shows that for Cix < 13%, all Jurkat cells have positive
contrast, and in the intermediate zone of iodixanol con-
centrations (Cix = 16%—25%), cells are of all three classes.
The percentage of positive-sign trajectories decreases,
and negative-sign trajectories grow with increasing Ciy,
whereas the number of zero-contrast trajectories has a
maximum for Cix =19%. The plot shows that the tran-
sition from positive to negative contrast for Jurkat cells
seems to be at around 19% iodixanol concentration. For
Cix > 25%, Jurkat cells have mostly negative contrast. Fig-
ures 5(b) and 5(c) show the neural network predictions
for K562 cells and neutrophils, respectively. There is a
similar trend between K562 and Jurkat cells. The transi-
tion from positive to negative contrast for K562 cells is
around 19% iodixanol, for which 84% of the cells have
zero contrast. Finally, the classifier predicts neutrophils to
change the sign of the acoustic contrast at (Cix =28%,
Z; =1.72 MPa s/m), which is higher than for both K562
and Jurkat cells.

IV. DISCUSSION

This study shows the 3D measurement of acousto-
phoretic migration for neutrophils, K562, and Jurkat cells
suspended in solutions containing different amounts of
iodixanol, leading to an acoustic contrast factor change,
from positive, through zero, to negative. To track cells in
various media, we successfully extended the application of
GDPT to suspension cells.
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FIG. 5. Neural network predictions of the sign of the cells’
acoustic contrast in different iodixanol concentrations. The
model was first trained with Jurkat cell data and then applied to
K562 cells and neutrophils.

The sedimentation data for PS particles and neutrophils,
shown in Fig. 3, validates our measurement of the z-
component of 3D trajectories. The measured sedimentation
velocity for neutrophils indicates a good match with a cal-
culated velocity based on uniform cell densities of 1085
and 1090 kg/m>, respectively. It should be noted that even
though density fractionation is common for blood cells,
there is a lack of systematic detailed studies of the den-
sity of neutrophils. Also, the size and density distributions
of neutrophils may differ from one donor to another and
depend on the choice of isolation protocol and medium.
Neutrophils are sensitive to mechanical and chemical stim-
uli which can cause activation, and therefore we did not use
a neutrophil enrichment protocol based on red blood cell
chemical lysis to avoid neutrophils undergoing any phe-
notypic change since it has been previously shown that

the physical properties of white blood cells alter when
exposed to the red blood cell-lysing agents [40]. Still, the
sedimentation velocity shows a small peak in the lower
range of the sedimentation velocity histogram. We believe
it can be related to activated neutrophils or so-called
low-density neutrophils since activation of neutrophils has
been reported to cause a density reduction [50,51].

The 3D trajectories of neutrophil migration in a sound
field in different iodixanol concentrations match well with
the simulated trajectories, and this is mainly because neu-
trophils have a narrow distribution in size and density.
Studies by magnetic levitation of cells support that white
blood cells do not have as wide a distribution of density as
cancer cells do [15,53]. For Cix =28%, where most of the
neutrophils follow the streaming rolls, the effective acous-
tic impedance is 1.72 MPa s/m, which is somewhat lower
than what Augustsson et al. [40] reported (approximately
1.74 MPa s/m). The difference may be attributed to small
deviations in the cell preparation or to the temperature
being different in the experiments since the temperature
was not reported or controlled in that study. Although the
measured 3D motion of Jurkat and K562 cells (shown in
Supplemental Material, Figs. S7 and S8 [47]) generally
agrees with the simulations, it is apparent from the trajec-
tories that these cells have less uniform properties in terms
of acoustic contrast or size. This heterogeneity is most
pronounced for the concentrations where the transition
from positive to negative contrast occurs [Supplemental
Material, Figs. S7(c) and S8(b) [47]]. Looking at the trajec-
tories, a handful of patterns are present at each Cix and no
single set of simulation parameters can predict the exper-
imental trajectories data. The experimental and simulated
trajectory data for Cix =25%, for Jurkat cells [Supplemen-
tal Material, Fig. S7(c) [47]], suggest that their s-shaped
migration is governed by streaming and buoyancy, while
the measured trajectories also include some tracks having
clearly negative contrast, in the same medium [Supple-
mental Material, Fig. S7(c) [47]]. On the other hand,
K562 cells in Cix = 25% migrate mainly towards the walls,
indicative of a lower density or higher compressibility than
Jurkat cells [Supplemental Material, Fig. S8(c) [47]].

We observed Jurkat cells to be of zero contrast in
the range from Cix=19% to 25%, corresponding to
a compressibility in the range from 3.71 x 107'% to
3.92 x 10719 Pa~!, Riaud er al. [38] developed a tilted-
angle standing surface acoustic wave acoustophoresis
device coupled with resistive pulse sensing to measure the
compressibility of Jurkat cells. For an assumed density of
1075 kg/m® and a diameter of 11.5 um, they measured a
compressibility of 3.28 x 107!° Pa~! for Jurkat cells. For
the herein reported model those cell parameters would lead
to zero acoustic contrast at C;, ~ 40%, which is far above
the 19% to 25% that we observed in our experiments.

Olofsson et al. [42] measured the ratio of fixed and
viable K562 cells in the pressure node, antinode, and
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intermediate areas along a straight channel after acoustic
actuation for iodixanol concentrations ranging from 0 to
30% w/v and classified cells as having negative, zero, or
positive contrast based on their location after a fixed time
of sound exposure. From these measurements, living K562
cells were reported to have Zgsg; = 1.68 £0.014 MPa s/m,
which is in good agreement with the result presented
here that zero contrast for K562 cells falls between
Cix =19% (1.65 MPa s/m) and Cix =22% (1.67 MPa s/m).
A drawback with this approach is that a considerable
number of cells that are of zero contrast will be falsely
classified as either positive or negative based on the region
they happen to pass through at the final frame of the record-
ing. Further, the approach of measuring cell properties near
zero contrast while ignoring acoustic streaming and buoy-
ancy may, in some scenarios, lead to misinterpretations. To
highlight this, Supplemental Material, Fig. S10 [47] shows
simulated trajectories for K562 cells for Cix = 19%, 20%,
and 21% iodixanol. In Cix 20%, these cells have a slight
positive contrast, but the buoyancy effect pulls the cells
to the ceiling, and there they will be subject to an acous-
tic streaming flow that pushes them outwards towards the
walls. This results in cells that are of zero or slightly posi-
tive contrast ending up in the top corners and will thus be
wrongly interpreted as being of negative contrast.

Some caution is called for when interpreting the out-
come of the neural network classification scheme. The
annotation by experts is by definition subjective and in
the scenario of annotating positive, zero or negative con-
trast, there is no strict definition of the categories. Second,
the neural network approach is challenging to generalize
beyond the cell type used in the training set because the
neural network does not provide information about the
underlying physical mechanisms. Nevertheless, the results
highlight the heterogeneity at single-cell level which has
implications for the ability to separate or categorize cells
by acoustic fields in homogeneous media. Figure 5 shows
that even if there is a clear difference between neutrophils
and the other two cell types, the transition from positive
to negative contrast is not distinct for any of the cell types
examined which would lead to a considerable contamina-
tion in a separation setting or a misclassification if used
for classification of cells. Separation approaches such as
time-of-flight separation across a cell-free media region,
or isoacoustic focusing, may therefore offer better perfor-
mance both to classify and separate cells based on their
type. The major reason for this is that acoustic stream-
ing does not affect the outcome to a high degree in those
settings.

Looking ahead, since the cell trajectories indeed
carry information related to cell size, density, and
compressibility, alternative ways of analyzing these cell
trajectories can be explored that can be informative on
optimized separation strategies or cell categorization. One
approach could be to fit the trajectories of single cells to

the numerical model using the underlying cell properties
as fitting parameters. What makes this approach challeng-
ing is that many combinations of acej, Pcell, and ke can
lead to very similar trajectories, which leads to uncer-
tain determination when fitting these parameters. This puts
great demand on the model to match the real system
and the accuracy of the 3D tracking. The current model
ignores near-wall effects on the cells, cells are assumed
to be spherical and have homogenous properties, and the
pressure field is assumed to be perfectly 1D and symmetric
around y = 0. This paper shows that acoustic cell focus-
ing is clearly a 3D phenomenon even in its most basic
configuration, and we envision that 3D tracking of single
cells will be an important tool in the further exploration
of acoustofluidic cell handling systems and the underlying
physics.

V. CONCLUSIONS

We have measured the 3D trajectories of living suspen-
sion cells undergoing acoustic focusing using a standard
epifluorescence microscope. Our main conclusion is that
for cells with near-zero acoustic contrast, buoyancy and
streaming effects are not negligible. To further optimize
acoustic cell separations, accurate knowledge about the
size, density, and compressibility at the single-cell level
will become important. After reviewing the literature, we
can conclude that there is currently no accepted standard to
measure the acoustic properties of cells. We propose that
future work should be directed towards the establishment
of a well-validated method for simultaneous measurement
of density, compressibility, and size at the single-cell level.
In that quest, we believe that 3D tracking of cells may turn
out to be a very useful tool.
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APPENDIX A: SIMULATED PARTICLE
TRAJECTORIES

Synthetic cell trajectories were generated according to
a previously described method where spherical particles
are propelled by gravity, acoustic streaming, and acoustic
radiation in a homogenous medium in a half-wavelength
1D resonance [32]. We assumed that (i) cells are spher-
ical and have homogeneous density and compressibility,
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(1) gravity acts in the negative z-direction, (iii) the acous-
tic radiation force on particles can be accurately modeled
by the classical Gor’kov theory [54] with a thermovis-
cous correction [55], and (iv) the acoustic streaming field
along the channel bottom and ceiling is well approximated
by Rayleigh’s analytical solution [31]. We ignored wall
effects on the Stokes drag force acting on the cells.

The acoustic streaming field was solved by finite-
element modeling in COMSOL Multiphysics (creeping
flow) by applying a moving wall boundary condition
uy, = 3Ea/(2cr pr)sin(2k,y), where k, is the wavevec-
tor. Values for ¢/, pr, and viscosity of iodixanol
solutions at different concentrations were taken from
Refs. [40,52]. The velocity field was imported in
MATLAB, where trajectories were obtained through the
fourth-order Runge-Kutta method as implemented in the
function ode45.

APPENDIX B: DETERMINATION OF THE
ACOUSTIC ENERGY DENSITY

To determine the acoustic energy density, 3D trajecto-
ries of hundreds of 1.1-pm-diameter PS particles of known
density and compressibility were recorded using the GDPT
method. Tracks or parts of tracks in the range |z| < H/8 and
|y| < W/4 were analyzed, and their velocities were fitted to
a function u, = uysin(2k,y + «) where k, = 27 /A and
up and « are free fitting parameters. At mid-height, away
from the sidewalls, both acoustic radiation and acoustic
streaming follow a sinusoidal dependency on y and are
well approximated by the classical analytical parallel-plate
model for acoustic streaming [31,56]. Thus, the acoustic
energy density can be derived through E,. = uo/(f; + f5),
where f, = 2®k,a? /3n accounts for the acoustic radiation
velocity, and fj, = 3a?/4pscs, accounts for the acoustic
streaming.

The approach to determining the acoustic energy den-
sity relies on knowing the PS beads’ size, density, and
compressibility. However, for particles below the criti-
cal particle diameter (approximately 2 pum) [32,33,56],
the acoustic streaming will dominate the motion, which
puts less demand on the accuracy of determining the den-
sity and compressibility of the particles. We nevertheless
measured the density and compressibility for the same
type of particles (4.9 pm in diameter) to be 1049 kg/m?
and 2.73 x 1071° Pa~!, respectively, following the method
presented in Ref. [34]. The size of the particles was mea-
sured using the Coulter principle (Multisizer 3, Beckman
Coulter).

To ensure a narrow distribution in density, we did
repeated steps of centrifugation (Eppendorf Centrifuge
5427 R) to fraction the stock solution of the beads based
on their density. The centrifuge was equipped with an air-
cooling function to keep the temperature constant. We first
prepared the stock solution of water by adding 0.1% Tween

20. We used the stock solution to make working solutions
of different densities by adding iodixanol. Working solu-
tions had densities ranging from 1045 to 1050 kg/m? in
steps of 1 kg/m*®. We measured the density for each solu-
tion by using a density and sound velocity meter (DSA
5000 M, Anton Paar GmbH, Graz, Austria). To purify the
beads in each batch, we transferred 500 uL of the bead
solution to a tube, and the particles were spun down. We
discarded the supernatant and resuspended the pellet in
a denser solution starting from 1045 kg/m>. We repeated
the steps until we got no pellet at the bottom of the tube.
The most abundant fraction of neutrally buoyant particles
was found at a density of 1049 kg/m?*. We collected a suf-
ficient number of particles by repeating the procedure for
several fractions of beads.

The isolated particles in their neutral buoyancy medium
were then analyzed in the density and sound velocity meter
following the procedure of Cushing et al. [34] to measure
their compressibility. In brief, the measurement is based on
measuring the speed of sound of the suspension and the
particle-free medium. Suspension of microparticles with
a volume fraction of f, causes the change in the fluid
speed of sound from ¢y to c,. The relative speed of sound
¢ = c¢s/cy given by Wood’s equation reduces to a linear
function 8(p , K)fy + 1 if f, < 1. p and i are the relative
density and compressibility of the microparticles, respec-
tively. At neutral buoyancy, the microparticle and the fluid
densities are identical, so 0 = 1, and the slope 8 will only
be a function of the relative compressibility (k = «, /kr).
We measured the relative speed of sound for a range of vol-
ume fractions, calculated B(k, 1) and extracted «, from p
and «; (Supplemental Material, Fig. S6 [47]). The volume
fraction of microparticles suspension [2%, 1%, and 0.5%
(%vol)] was obtained by electrical resistance sizing in a
Coulter Counter (Multisizer 3, Beckman Coulter).

APPENDIX C: CLASSIFICATION SCHEME FOR
3D TRAJECTORIES

We classified the 3D trajectories of cells based on their
acoustic contrast. To determine the acoustic contrast, we
used a neural network approach. For each cell experi-
ment containing Jurkat cells, K562 cells, and neutrophils,
the corresponding particle trajectories for 1 um PS were
obtained to quantify the acoustic energy density through
the acoustic streaming flow. The 1-um particle locations
were also used to establish the GDPT coordinates of the
channel perimeter, as these particles are abundant and
are assumed to spread in the whole channel. The data
were then shifted and scaled to represent the channel.
The trajectories were smoothed by robust locally weighted
scatterplot smoothing (rlowess) with a window size of
6 elements, and if they contained large gaps greater than
12.5 um, they were split into two separate tracks. Tracks
were discarded if they were shorter than 49 points or if
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they migrated less than 9% of the channel width in the
horizontal direction since they were deemed not to show
enough information to determine the underlying particle
properties.

Images were generated to implement a neural network
representing the GDPT particle and cell trajectories
in the y-z plane. Each track was then plotted in a
224 x 224 pixel RGB image. Each data point in the GDPT
trajectory was plotted as one pixel by rounding off the
position to the nearest pixel position. The pixels’ color
was determined in a saturable color gradient represent-
ing velocity, ranging from blue (slow) to yellow (fast).
The start and endpoints were marked with green and red
dots, respectively (Supplemental Material, Fig. S9 [47]).
Image sets were created for each cell type for iodixanol
concentrations ranging from 10% to 34%.

A dataset of images of Jurkat cell trajectories was anno-
tated by four experts as having positive, negative, zero,
or undeterminable acoustic contrast, considering the effect
of acoustic streaming and acoustic radiation. The images
were gathered from iodixanol concentrations of 10% to
34% including examples of all three acoustic contrast
classes. These Jurkat image-label pairs were then used
to train neural networks in TensorFlow [57]. The Jurkat
images, 833 in total, were split into a training set, 80%,
and a test set, 20%, by random sampling. The neural
network was trained until the accuracy on the test set
reached 98.8%. With the model classifying 165 out of
167 Jurkat trajectories correctly, the confidence of the
model was assumed to be high. The model trained on the
Jurkat dataset was then applied on the unlabeled K562 and
neutrophil datasets to predict the acoustic contrast.

The neural network model consisted of three
convolution layers with subsequent max pooling with a
128-node fully connected layer on top before the final pre-
diction layer. The classes used were positive, zero, and
negative acoustic contrast. Horizontal and vertical ran-
dom flip data augmentation was used in training. The
neural network was then employed to classify all valid
tracks for each iodixanol concentration to determine the
corresponding sign for the acoustic contrast.
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