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Functional cilia and flagella are crucial to the propulsion of physiological fluids, motile cells, and microorganisms. Motility
assessment of individual cells allows discrimination of normal from dysfunctional behavior, but cell-scale analysis of

individual trajectories to represent a population is laborious and impractical for clinical, industrial, and even research

www.rsc.org/

applications. We introduce an assay that quantifies swimming capability as a function of the variation in polar moment of

inertia of cells released from an acoustic trap. Acoustic confinement eliminates the need to trace discrete trajectories and

enables automated analysis of hundreds of cells in minutes. The approach closely approximates the average speed estimated

from the mean squared displacement of individual cells for wild-type Chlamydomonas reinhardtii and two mutants (ida3

and oda5) that display aberrant swimming behaviors. Large-population acoustic trap-and-release rapidly differentiates these

cell types based on intrinsic motility, which provides a highly sensitive and efficient alternative to conventional particle

tracing.

Introduction

In ciliated cells that line human airways, oviduct, and ependyma
of the brain, the coordinated beating of hairlike cilia propels
fluid in specific directions. Cilia dysfunction disrupts these
critical flows. In swimming cells and unicellular organisms (e.g.,
spermatozoa, algae, protists), abnormal motion of the cilia
alters propulsive efficacy. In humans, defects in ciliary structure
and function are implicated in several cilia-related disorders
(ciliopathies), including primary ciliary dyskinesia (PCD),
infertility, chronic otitis media, and hydrocephalus.’->
Nanometer-scale electron microscopy and high-resolution (sub-
micron in space and millisecond in time) optical microscopy of
individual cilia/flagella have allowed researchers to connect
specific structural defects to atypical waveforms, diminished
propulsive efficacy, and impaired movement.511
Complementary measures of cell motility (e.g., swimming speed
and propulsive power) provide a more direct comparison of
normal and aberrant cell behavior.1%-13 Quantitative motility
assessment at the cell level requires imaging and analysis of
individual cell trajectories.’>7 These micron- to millimeter-
scale investigations of cell motion are less demanding than
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imaging cilia/flagella waveforms at sub-micron scales, but
characterization of individual cells remains laborious, and many
measurements are needed to accurately represent a given
population. Alternatively, methods that agglomerate cells
based on their attraction to (or repulsion from) a physical
stimulus like light (phototaxis) or gravity (gravitaxis) can
discriminate cell populations with normal and inhibited motility;
however, these global measurements often lack sufficient
sensitivity to distinguish partial inhibition from complete loss of
motility.18 In this work, we introduce a rapid assay that achieves
the efficiency of extant population-based approaches while
maintaining the sensitivity of individual-based assessments to
evaluate the motility of a population of microorganisms
released from a two-dimensional (2D) standing bulk acoustic
wave (SBAW) trap. Acoustic confinement concentrates cellsin a
tight agglomerate irrespective of an inherent taxis, which allows
exquisite control over the predefined (and narrow) region of
interest for subsequent automatable analysis.

The well-established swimming characteristics of individual
wild-type and mutant Chlamydomonas reinhardltii cells provide
the motility variation needed to evaluate the proposed method.
This biflagellate, unicellular alga provides a biochemical and
genetic model for studying ciliary function and assembly. The
ultrastructure of the C. reinhardtii flagellum (the “9+2”
axoneme) comprises a radial array of nine microtubule doublets
connected to each other by the nexin-dynein regulatory
complex, and a central pair complex that is connected
transiently by radial spokes.'® Mechanical properties and the
activity of dynein motor proteins determine the dynamic
behavior of the flagellum. Thus, the integrity of these structural
and functional components is critical to cell motility. The 9+2
axonemal structure is conserved in human cilia; hence, C.
reinhardtii is invaluable in the study of ciliopathies.?0-23
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Furthermore, laboratory culture and genetic modification are
straightforward, which facilitates the examination of ciliary
defects. A large catalog of C. reinhardtii mutants that exhibit
clear differences in swimming effectiveness are available for
testing changes in ciliary movement and motility.

Here, we exploit C. reinhardtii to establish the utility of
acoustic trap-and-release as a cell motility assay. We first
confirm that a standing acoustic field of sufficient strength to
form a tight cell agglomerate of various mutants does not
damage cells or affect flagellar function. The method is then
used to discriminate wild-type and mutant cells by calculating
their swimming speeds in two ways, which are based on mean
squared displacement (MSD) determined from individual cell
trajectories and the variation in the polar area moment of
inertia, AJ, of spreading cell populations. For each cell type,
these average speeds are found to be nearly identical to each
other and to closely approximate intrinsic swimming speeds
reported in the literature.” ® > 2426 Acoustic trap-and-release
measurements accurately represent the altered motility of the
two mutants and, importantly, clearly identify differences in
their swimming capability. Finally, we extend the analysis to
demonstrate determination of swimming speeds for large
populations, assessing hundreds of cells automatically and in a
matter of minutes.

Materials and methods

Finite Element Analysis Predictive Modeling

Piezoelectric materials and transducer thicknesses were
selected for operation in the 0.5 to 2.5-MHz range. The
Acoustics module of COMSOL Multiphysics?’ was used to select
the size of a circular microfluidic chamber that would support
eigenshapes (pressure fields) capable of trapping cell
populations at eigenfrequencies of ~1 MHz. Two-dimensional
(2D) eigenanalyses included only the fluid domain, and the
suspension medium was approximated as water (density p,,
=998 kg/m3; speed of sound c, =1481 m/s). Glass channel
walls were modelled using the sound hard boundary condition.
The simple model
millimeter-scale (in diameter) circular chambers would support

provided qualitative evidence that

mode shapes suitable for trap-and-release experiments. For
example, the mode shape predicted for a 3.0-mm diameter
chamber driven at 1.34 MHz exhibited a strong central node in
which swimming cells might become acoustically-confined (see
overlaid model pressure field in Fig. 2a; red and blue contours
represent total pressure maxima and minima, respectively, with
a zero-pressure nodal region at the center of the chamber).
Because isotropic wet etching causes lateral expansion of
patterned features (and a corresponding shift to lower resonant
frequencies; see Fabrication, Assembly, and Operation of the
Acoustic Trap), the experimental actuation frequency was
expected to reside below the model-predicted operating point.
Thus, the actual chamber resonance was identified by sweeping
the transducer actuation frequency over a 200-kHz range below
the model-predicted resonance.

2 | J. Name., 2019, 00, 1-3

Fabrication, Assembly, and Operation of the Acoustic Trap

A 60-um deep, 3.1-mm diameter chamber was isotropically
etched into a 1.5-mm thick soda lime/chromium blank
precoated with positive photoresist (5300 A AZ1500, Telic Co.)
as described previously.?® A solution of 49% (w/w) HF:69%
(w/w) HNOjs:deionized (DI) water at a ratio of 2:1:6 was used to
isotropically etch patterned features to a depth of ~60 um.
Isotropic expansion resulted in an actual chamber diameter of
~3.1 mm; however, resultant deviation from the predicted
harmonic response did not preclude identification of an
operating frequency (see below). The chamber was enclosed
using calcium-assisted bonding to a second blank with
predrilled 1-mm diameter inlet and outlet holes.?® Briefly, the
two blanks were rinsed with a 0.5% Alconox, 0.5% (w/v)
calcium(ll) acetate hydrate (Sigma-Aldrich) slurry in DI water.
After a subsequent wash in DI water, the two surfaces were
brought together and placed in an oven at 115°C for two hours
to drive off excess water. After dicing to size, the final
microfluidic chip dimensions were 63 mm x 36 mm x 3 mm.

The experimental assembly consisted of a 24 mm x 28 mm
x 0.75 mm PZT-8 piezoelectric transducer (APC 880, American
Piezo Ceramics) clamped to the top side of the microfluidic chip
using water as an acoustic coupling medium. Although the
effectiveness of an acoustofluidic device (i.e., the ability to
focus and trap microparticles at a particular fluidic channel or
chamber resonance) is dependent on transducer placement,3%
31 our experience with similar bulk acoustic wave (BAW)-based
devices?® indicates that the present configuration is able to
excite desired resonances. Examples described in the literature
also report that Ilateral resonances can be created
perpendicular to the direction of transmission of the
piezoelectric transducer.3? 33 After loading the chamber with
cells, the trapping frequency was found by sweeping the
transducer actuation over a 200-kHz range (5-kHz increment)
that included the predicted resonance of interest (33522A,
Agilent; 2100L, ENI). The modal analysis neglected the influence
of the actuator/resonator and did not account for the inherent
three-dimensionality of isotropically-etched features. Thus, it is
unsurprising that the experimentally-determined resonance of
1.15 MHz was somewhat below the predicted value. When
driven at the identified resonance, suspended cells formed a
tight agglomerate at the chamber center. Having confirmed the
device operating parameters, the piezoelectric transducer was
epoxied to the top of the glass chip. The operating frequency (f°
= 1.15 MHz) was consistent for all cell types and concentrations.
The operating voltage was 43.5 V.

Selection of Chlamydomonas reinhardtii Strains

Three strains of biflagellate Chlamydomonas reinhardtii were
used in this study. Wild-type cells (strain CC-125) were used as
a baseline for C. reinhardtii swimming. The inner dynein arm
(IDA) mutant ida3 (CC-2668) and the outer dynein arm (ODA)
mutant oda5 (CC-2236) were chosen because they exhibit
swimming characteristics that are distinctly different from CC-
125 and each other. Mutant strains were generated from
meiotic crosses.3* Cell size was uniform for each cell type, and

This journal is © The Royal Society of Chemistry 20xx
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the cell diameters [7.2+0.8 um for CC-125 (ncc.;25 = 30),
6.2+0.9 um for ida3 (n,4,3 = 30), and 7.3£0.9 um for oda5 (nyq.5
=18)] were well-suited to acoustic trapping in the low-MHz
frequency range.

Cell Culture and Sample Preparation

CC-125, ida3, and oda5 cells were obtained from the
Dutcher Lab at Washington University in St. Louis. Cells were
grown on agar plates at 25°C under constant lighting following
a previously-reported protocol.3> Three hours prior to a trap-
and-release experiment, cells were resuspended in a test tube
containing medium that lacked nitrogen to promote
gametogenesis. Growth medium was adapted from Medium |
of Sager and Granick.3® Test tubes were vortexed to create a
uniform suspension for chamber loading. For low-population
studies, cells were prepared at a concentration of
~2x106 cells/mL. A concentration of ~5x10° cells/mL was used
for large-population studies. Concentrations were confirmed by
manual count after fixing cells with glutaraldehyde (Sigma-
Aldrich). C. reinhardtii cells are mesophilic and grow best at
moderate temperatures ranging from 20 to 32°C.3” To maintain
high cell viability while ensuring consistent and repeatable
results, experiments were performed on a temperature-
controlled microscope stage insert (PE100, Linkam) at 20°C.

The microfluidic chamber was pretreated with 0.5% (w/v)
bovine serum albumin (BSA) (Sigma-Aldrich) in phosphate-
buffered saline to minimize adhesion of cells to the glass
channel walls. The chamber was stored at 4°C when not in use
to prevent BSA denaturation. The glass chip was equilibrated to
room temperature before loading cells.

Video Microscopy

Visualization of C. reinhardtii trap-and-release was performed
on the stage of an inverted microscope (Axio Observer z.1,
Zeiss) using a 10X objective (EC Plan-Neofluar 10x/0.30 M27,
Zeiss). Videos were recorded at 38.15 frames per second (fps)
at 1932x1460-pixel resolution (0.454 pum x 0.454 pum/pixel)
using a 3-Megapixel camera and imaging software (Axiocam
503; ZEN software, Zeiss). Between each experimental
condition, the microfluidic chamber was flushed with DI water
and inspected under the microscope to ensure that no cells
from the previous experiment remained.

Image Processing and Analysis

Brightfield images were cropped to an appropriate window size
(300 um x 300 um for low-population studies and 500 pm x
500 um for large-population studies) centered around the cell
aggregate. For MSD calculation, each cell trajectory in a low-
population experiment was traced manually using the Manual
Tracking plugin in Image).38 Automatic particle tracing failed to
correctly detect cell trajectories when cells were condensed at
the center of the acoustic trap. The microfluidic chamber depth
(60 um) was larger than the cell diameter (~10 um), allowing
cells to overlap and further complicating use of automatic
tracing. Manual tracing allowed visual identification of the
initial segment of each trajectory (including z-position). For
AJ/CSA determination, brightfield images were first converted

This journal is © The Royal Society of Chemistry 20xx
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into binary images in Imagel. The Slice Geometry feature of the
Bonel plugin3® was used to calculate the cross-sectional area
(CSA) and second moment of area of the regions occupied by
black pixels. MATLAB*® was used to identify the centroid of a
composite of these regions and to determine the change in its
polar moment of inertia, AJ (see AJ/CSA Closely Approximates
MSD for Radial Cell Spreading and Electronic Supplementary
Information for mathematical development). Average speeds,
U, were determined by fitting U?#2 to MSD and the ratio AJ/CSA
using the Isqcurvefit function in MATLAB. For low-population
studies, curve fits and s.d. bands were weighted by contributing
sample sizes (Ncc.i25 =3, ngcci25 =13, 20, 9; Nigaz = 3, Ngidas
=21, 14, 9; Notus = 3, Ngodas = 16, 9, 9), i.e., MSD- and AJ/CSA-
based speeds were determined for each individual release
experiment, and a weighted average was used to determine the
speeds representative of each cell type. For large population
studies, the sample concentration (~5x10° cells/mL) dictated
the approximate cell count per trap (~50); however, individual
cell counts were not recorded. Thus, curve fits and s.d. bands
were not weighted by sample size, i.e., AJ/CSA-based speed
was determined by a simple average across six release
experiments.

Effect of Acoustic Trap-and-Release on Cell Swimming and
Viability

Repeat trap-and-release experiments were used to assess the
effects of ultrasound exposure on the swimming behavior and
viability of C. reinhardltii cells. Five consecutive trap-and-release
cycles were performed at 75-second intervals on the same cell
populations. Cells were not replaced during the experiment and
were monitored for damage presenting as decreased motility
(i.e., spread speed). The sequence of trap-and-release cycles
was repeated four times (n = 4).

Results and Discussion

Acoustic Field-Particle Interactions Allow for Size-Selective
Immobilization

The nature of interactions between an acoustic field and
suspended particles enables manipulation and trapping of the
C. reinhardtii cell body without restricting the oscillatory motion
of the flagella. The acoustic radiation force arising from the
scattering of acoustic waves on a particle is predominant for
microscale objects in the low-MHz frequency range.*> 42 Thus,
the cell body (~10-um diameter) is well-suited to generation of
large trapping forces, while the nanoscale flagella (~200-nm
diameter cross-section) should be only weakly affected.
Acoustic manipulation of cells is contact- and label-free,*3-4” and
biological cells are found to remain viable even after prolonged
exposure to an ultrasound field.*®->! Based on previous work,
viscosity, heat conduction, and multi-particle effects can be
neglected for low MHz-frequency actuation of dilute
suspensions of particles with radius, a, larger than ~3 um.5% 53
Further, many studies have shown that to a first approximation
cells behave as compressible spheres with positive acoustic
contrast factors (i.e., cells move to zero-pressure nodal regions

J. Name., 2019, 00, 1-3 | 3
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Trapping chamber

Fig. 1. Acoustic trap-and-release concept and device schematic.
(a) A standing acoustic field is used to first trap (field on) and then
release (field off) freely swimming cells for subsequent analysis.
(b) The balance of swimming strength (U, 1), the acoustic
radiation force (F,.), and drag govern motion of individual cells
suspended in a standing acoustic pressure field. (c) Schematic
illustrating a device assembly and circular trapping chamber
geometry suitable for trapping cells at a single location.

when suspended in an ultrasonic standing wave field).46 52,5455
Although flagellated cells deviate from ideal sphericity, the
trapping phenomenon is explained by introducing the acoustic
radiation force, F,., on a small, compressible spherical particle
in an inviscid fluid, i.e.,6-60

Fae = = 50fig %) — o 03], &

where

2(6-1)
2p+1"

fi=1l—Kandfo= (2)

Here, p;, and v;, are the incoming acoustic pressure and velocity
fields at the particle location, and {( ) denotes a time average
over a full oscillation period of a time-harmonic quantity; f; and
/> are dimensionless functions of the ratios of particle (sub p) to
medium (sub o) density and compressibility, 5=pp/po and K
= K,/K,. Thus, acoustic confinement is a complex function of
field parameters (amplitude and frequency), size, and the

material properties of the cells and suspension medium.
Further, the degree to which a population contracts within a
pressure well depends on the intrinsic swimming strength of a
given cell type. In the experiments reported here, actuation
amplitude was scaled to produce similarly sized aggregates of
wild-type and mutant populations.

Ultrasound Standing Waves Confine Motile C. reinhardtii Cells
without Affecting Cell Function

The acoustic trap-and-release concept and device schematic are
illustrated in Fig. 1. The motion of individual cells suspended in
a microfluidic trapping chamber is governed by the balance of
swimming strength, the acoustic radiation force (Eq. 1), and
drag (see Fig. 1b). To form a cell aggregate at a single point, an
ideal standing acoustic pressure field must exhibit a circularly
symmetric pressure node. Finite element analysis (FEA)
modeling was used to select a circular chamber with
eigenfrequencies/eigenmodes suitable for cell trapping at
~1 MHz. The resultant 3.1-mm diameter, trapping chamber was
isotropically etched into glass to a depth of 60 um and enclosed
using a second glass capping layer. A bulk piezoelectric
transducer was used to actuate the assembled device at
identified chamber resonant frequencies.

The glass microfluidic device was used to assess the ability
of the acoustic trap-and-release method to discriminate
swimming of three strains of biflagellate C. reinhardtii [wild-
type cells (strain CC-125) and two mutants, strains ida3 (CC-
2668) and oda5 (CC-2236)]. Nutrient-deficient medium
promoted gametogenesis to vyield populations of actively
swimming cells with a uniform size distribution. After loading
the trapping chamber with cells, the unimpeded random
motion of freely swimming cells formed a uniform distribution
within the chamber. When driven at resonant frequencies of
the chamber, a standing wave field instantaneously developed,
and cells became confined to pressure minima (nodes) of the
acoustic field (Fig. 2a).

The transducer actuation frequency was swept over a 200-
kHz range (5-kHz increment) about a model-predicted chamber
resonance until maximum contraction of the central cell
aggregate was observed (see Fig. 2a; overlaid contours of the
model pressure field are included in Fig. 2a for reference). At a
chamber resonant frequency of 1.15 MHz, a strong central

a CC-125/=115MHz [ b
t=0.00s 0.25s 0.50s
100 d - - k =
/ \ P a8 el
@ s o | M |

\\ O, / “ e N A% N ¢

-100 . : : ;

e i | -100 pm 100 -100 um 100 -100 um 100 -100 um 100

P 1mm L

Fig. 2. Acoustic trap-and-release implementation. (a) Glass microfluidic chamber loaded with swimming wild-type (strain CC-125) C.
reinhardtii cells and acoustically excited at a chamber resonance with a circularly symmetric central pressure node. (b) Release of
contracted CC-125 agglomerate. Particle tracing and binary images (insets) are used to determine MSD and AJ/CSA, respectively, for

the ballistic swimming regime.
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Fig. 3. Repeated acoustic trap-and-release effect on cell
swimming and viability. Comparison of U?# as functions of
AJ/CSA-based speeds for each of five consecutive release cycles
on the same populations of wild-type (CC-125) C. reinhardtii cells
(data represent n = 4 sequences on four populations). The gray
region represents the range from the lower s.d. of AJ/CSA = U?#
for Release 3 to the upper s.d. for Release 4.

pressure well formed a compact agglomerate for all cell types.
Strongly swimming cells were able to enter and exit weaker
concentric nodal regions near the chamber periphery; however,
no cells joined or left the central population that was analyzed.
Importantly, no change in the swimming behavior of C
reinhardtii was observed after repeated ultrasound exposure
during sequential trap-and-release of the same population.
Average spread speeds for CC-125 cells were 91.418.7,
91.2+16.2, 87.049.8, 101.1%3.1, and 97.3%6.7 um/s for
subsequent release cycles, indicating that repeated exposure to
an ultrasound acoustic field does not affect cell motility/
intrinsic speed or viability (see Fig. 3).

C. reinhardtii Behaves as a Ballistic Swimmer on Short Time
Scales

On relatively long time scales, C. reinhardtii swimming behavior
is described as a random walk; cell movement alternates
between straight swimming and random reorientation.®% 62
However, in the initial time before cells make a first turn, the
mean squared displacement of an individual cell is simply
expressed as MSD = U222 where U is the cell speed and ¢ is the
time.6163 We define this time period as the ballistic regime
during which cells follow a relatively straight path at constant
velocity. At any given time, each cell in the trap has a random
orientation. When the acoustic field is turned off, cells maintain
their pre-release orientations and freely swim outward from the
trap center prior to a first reorientation event. Although cells
appear to swim away from each other, the observed radial cell
spreading is a consequence of the ballistic nature of the cells
immediately after release. In this regime, it is possible to
estimate average speed as a measure of motility by analyzing
many individual cell trajectories. Figure 2 and Movie S1 show

This journal is © The Royal Society of Chemistry 20xx
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the ballistic swimming behavior of 13 CC-125 cells for t=0.75 s
after release from the central pressure well. Confinement
facilitates determination of average MSD (and thus U) by
tracing individual cell trajectories, but this approach still
remains time-consuming and laborious.

For ballistic swimmers, acoustic trap-and-release enables
an alternate method to determine swimming speed from the
variation in the polar moment of inertia, AJ, of a population of
spreading cells. Brightfield video microscopy was used to record
the spread of cell aggregates for 1-3 s (depending on cell type).
Frames were converted into binary images, and AJ was
calculated as a function of spreading time for an object
representing the region occupied by cells (indicated by black
pixels in binary images of cell distributions). The insets in Fig. 2b
show representative binary images for ballistic spread of CC-125
cells. The ratio of AJ to the cross-sectional area (CSA) of the cell
collective, AJ/CSA, is then used in place of MSD to automatically
calculate U without needing to trace individual trajectories.

AJ/CSA Closely Approximates MSD for Radial Cell Spreading

The mean squared displacement of a collection of spreading
cells is expressed as

1
MSD = (lx_xr)lz) =;,Z;v=1|x,,—x,,,,|2, (3)

where x = x,, is the location of cell n at time ¢, x, = x,,, is the initial
location of the cell, and N is the total number of cells in the trap.
To determine the ~ratio AJ/CSA we first calculate the polar
moment of inertia, J, for the composite region of spreading cells
with respect to a centroidal coordinate system at time ¢ as

J = Inin + Inax = [ 12dA, (4)

where [,,;, and I, are the principal second moments of area of
the region, and r is the distance from an area element to the
centroid: 7 = |x — x¢|. Next, the parallel axis theorem is used to
account for the drift of the centroid if spreading is not perfectly
axisymmetric. The total polar moment of inertia, J, with respect
to the initial centroid of the cell collective at ¢ = 0, is thus

J=J+d*csA=J+d*[dA, (5)

where CSA is the cross-sectional area at the current time, ¢, and
d is the distance between the current centroid and the centroid
at ¢t = 0: d = |xc— Xcol. Finally, to account for the finite initial
radius of the cell cluster, the J value at ¢ =0, J,, is subtracted
from J to obtain the change in polar moment of inertia, AJ,
defined as

AT =J—J,. (6)

For a collection of uniform, discrete cells, each with cross-
sectional area A4..; J becomes

~ N
J=2,_ o —xel” Acen, (7)

If spreading is perfectly axisymmetric the centroid of the
spreading cells does not move, so x. =x,,. Also, in a perfect
acoustic trap, all cells are initially confined to the trap center,

J. Name., 2019, 00, 1-3 | 5
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Fig. 4. Comparison of MSD- and AJ/CSA-based velocity ~ 2000
determination. (a) Three randomly positioned cells move 8
ballistically outward from their initial positions in the acoustic =
trap (note that this figure depicts representative simulated cells -100 T 0+
and not actual grayscale images of spreading cells). (b) Grayscale -100 pm 100 0 025 050 075
images are converted to binary images for AJ/CSA —CC-125 sqrt. MSD (1 =0.75 5) Time, ¢ (s)

determination. (c) AJ is the difference between the polar area
moment of inertia of the spreading cells at time t to that of the
cell collective at t =0 (both with respect to the initial object
centroid). Here, AJ is illustrated by the difference between the
solid blue (J) and dashed blue rings (J,).

and x,,, = x.,. Under these ideal conditions it can be shown (see
Electronic Supplementary Information) that

AJ 1anN
=MD =2 lxn — xnol’. (8)

The effect of deviation from these idealizations is illustrated
in Fig. 4. Randomly positioned cells (two in sharp focus and one
slightly out of focus) move radially outward from an initially
tight agglomerate (Fig. 4a). MSD is the average of the square of
the red line lengths (the cell trajectories) from initial cell
positions (x,,) to those at time ¢ (x,). After binary conversion of
each image in the sequence, 1,;, and [, are automat~ically
computed using the Image) plugin BoneJ?® to determine J. The
evolution of J is depicted in Fig. 4c by annular red rings of identical
polar moment of inertia to the collection of cells. The parallel axis
theorem is used to compute the polar moment of inertia, ./, with
respect to the centroid at # = 0. The resultant J is depicted by
annular blue rings in Fig. 4c. Finally, AJ/CSA is the average of the
square of the blue line lengths between rings representing J and
J, (dashed blue ring). Fig. 4 illustrates that the lengths of red
lines representing the cell trajectories (square root of MSD) and
blue lines representing the variation in the square root of
AJ/CSA are nearly the same, but not identical owing to the
imperfect trap, differences in cells size, and drift.

Although Eq. 8 is only strictly true for ideal trap-and-release
conditions, empirically AJ/CSA is found to closely approximate
MSD if the initial cell agglomerate is tightly packed, and if cells
are highly uniform in size and small relative to the extent of
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Fig. 5. Wild-type (CC-125) C. reinhardtii motility assessment.
(a),(b) Plots of radial cell spreading and reoriented individual
trajectories for three low-population release experiments. The
duration of spreading shown in the plots corresponds to the
ballistic swimming regime (¢ = 0.75 s). (c) Composite plot of cell
spreading for all experiments. The extent of spread at 1 =0.75 s
is indicated by the solid red circle. (d) Comparison of U?? as
functions of calculated MSD- and AJ/CSA-based speeds. Curve
fits and s.d. bands are weighted by contributing sample sizes
(Nce.125 =3, ngcc.r25 = 13, 20, 9).

spreading. Here, we show that speeds experimentally-
determined using MSD and AJ/CSA are almost equivalent. To
allow tracing of individual cell trajectories, low numbers (~10)
of trapped cells were used. Even so, the initially tight grouping
of cells confounded automatic tracing, and trajectories were
manually traced. Figure 5a-c shows individual and composite
CC-125 trajectories for three release experiments. Cells swim
radially away from the trap center, and reoriented trajectories
(Fig. 5b) confirm ballistic behavior for the initial 0.75 s. A speed
of 90+8 um/s was calculated by fitting MSD = U?# to the
measured MSD from 42 individual CC-125 trajectories. Binary
imaging data were used to fit AJ/CSA = U?# yielding a speed of
94+5 um/s. Figure 5d compares expressions U?# as functions of
the two calculated speeds, demonstrating that AJ/CSA closely
approximates MSD.

Mutant C. reinhardtii Cells Deviate Only Slightly from Ballistic
Swimming Behavior

To establish the utility of acoustic trap-and-release, we applied
the method to mutant C. reinhardtii cells with different
swimming behaviors (Figs. 6 and 7). With diminished swimming
speeds, mutant cells require more time to disperse from the
initial aggregate. Inhibited swimming complicated even manual

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6. Mutant ida3 motility assessment. (a),(b) Plots of radial cell
spreading and reoriented individual trajectories for three low-
population ida3 release experiments. The duration of spreading
shown in the plots corresponds to the CC-125 ballistic swimming
regime (¢ =0.755s). (c) Individual trajectories comprise three
segments: i. a “fill” segment before manual tracing is possible, ii.
a colored (thicker) segment corresponding to the CC-125 ballistic
swimming regime, and iii. a gray segment from 0.75 s to the end
of the ballistic period for ida3 (¢ = 1.25s). (d) Composite radial
spread plot of trajectories that include the entire ida3 ballistic
swimming regime. Solid and dotted red circles indicate the
extent of spread at 0.75 and 1.25 s, respectively. The dash-dot
gray circle indicates the extent of spread of CC-125 at1=0.75s
for reference. (e) Comparison of U2£ as functions of calculated
MSD- and AJ/CSA-based speeds for ida3. Curve fits and s.d.
bands are weighted by contributing sample sizes (Nj4q3 = 3, g ida3
=21, 14, 9).

tracing of cell trajectories during the initial 0.05-0.2 s after
release. For ida3 and oda5, mean squared displacement (MSD)-
based speeds were determined using initial and final traced
positions. For MSD-based estimates, the known time from
release and the velocity at the initial traced position were used
to fill in the missing segment for visual representation (see
segment labelled “fill” in Figs. 6¢c and 7c). The filled-in segment
did not affect calculated speeds; the MSD calculation does not
include the fill segment and the calculation of the ratio AJ/CSA
naturally incorporates the initial time without adjustment.
Colored (thicker) segments are traced cell trajectories from the
fill point up to ¢ =0.75 s to illustrate the distance travelled by
the mutants during the ballistic period of the wild-type CC-125
cells (Figs. 6a-d and 7a-d). Terminal gray segments are traced

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7. Mutant oda5 motility assessment. (a),(b) Plots of radial
cell spreading and reoriented individual trajectories for three
low-population oda5 release experiments. The duration of
spreading shown in the plots corresponds to the CC-125 ballistic
swimming regime (¢ = 0.75 s). (c) Individual trajectories comprise
three segments: i. a “fill” segment before manual tracing is
possible, ji. a colored (thicker) segment corresponding to the CC-
125 ballistic swimming regime, and Jjii. a gray segment from
0.75 s to the end of the ballistic period for oda5 (¢ = 3.00s). (d)
Composite radial spread plot of trajectories that include the
entire oda5 ballistic swimming regime. Solid and dotted red
circles indicate the extent of spread at 0.75 and 3.00s,
respectively. The dash-dot and dotted gray circles indicate the
extent of spread of CC-125 and ida3, respectively, at f = 0.75 s for
reference. (e) Comparison of U?? as functions of calculated
MSD- and AJ/CSA-based speeds for oda5. Curve fits and s.d.
bands are weighted by contributing sample sizes (Nyias = 3, g 0das
=16,9,9).

trajectories from 0.75 s to the end of the ballistic period for ida3
and oda5, 1.25 and 3.00 s, respectively.

ida3
release experiments.

Figure 6a,b,d shows individual and composite

trajectories for three low-number
Reoriented trajectories display ballistic swimming for ~1.25s,
maintaining similar verticality to the CC-125 trajectories at
0.75 s (Figs. 5b and 6b). Lacking the 11 dynein complex, the ida3
mutant travels a shorter distance in a given time than CC-125
[see dash-dot gray (CC-125) and solid red (ida3) circles in
Fig. 6d]; however, the distance travelled during the ballistic
regime is approximately the same for the two organisms [see
dash-dot gray (CC-125) and dashed red (ida3) circles in Fig. 6d].
This suggests that the mutation affects only swimming speed

(i.e., distance travelled over time) but does not alter the
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Fig. 8. Motility-based discrimination of wild-type (CC-125) C. reinhardtii and two mutants (ida3 and oda5). Mutants exhibit impaired
motility due to targeted defects of the flagella (lack of 11-dynein complex, ida3; lack of outer dynein arms, oda5). Spread duration
for each cell type reflects the time to reach AJ/CSA equivalent to CC-125 at ¢ = 0.75 s. Initial and final binary images suggest that cell

distributions are similar for the three cell types.

distance to reorientation. The ida3 speeds corresponding to the
ballistic regime (¢ = 1.25 s) are 60+5 and 57+5 um/s determined
from MSD and AJ/CSA, respectively (Fig. 6e).

Similar plots are provided in Fig. 7 for oda5 with a ballistic
period of approximately 3s. The oda5 mutant, which lacks
outer dynein arms, exhibits a lower beat frequency and a partial
reversal of motion during the recovery stroke (i.e., cells appear
to “stutter step”). Both behaviors contribute to severely
inhibited swimming and the diminished net distance travelled
[see dash-dot gray (CC-125), dotted gray (ida3), and solid red
(oda5) circles in Fig. 7d]. Further, the more oscillatory body
motion also appears to introduce tortuosity that promotes
deviation from ballistic swimming (Fig. 7b). These local
departures from ideal behavior are largely rectified at longer
times (swimming is considered ballistic for ~3 s). Since the oda5
beat frequency (previously ~20-30 Hz;’
unpublished measurement of current oda5 beat frequency is
~20 Hz) is lower than the frame rate of the camera (38.15 fps),
oda5 trajectories were down sampled by a factor of two for
clearer visualization. Again, MSD and AJ/CSA yield comparable
speeds of 24+4 and 2542 um/s, respectively (Fig. 7e).

reported as

Acoustic Trap-and-Release Enables Rapid Motility Assessment

Having confirmed that AJ/CSA closely approximates MSD, we
demonstrate acoustic trap-and-release to determine the
motility of populations with a larger number of cells. Our
method requires that the densely-packed cells at the center of
the agglomerate can spread freely after release without being
impeded by cells initially at the periphery of the pressure well.
This prescribed a maximal capacity of the trap of ~50 cells.
Confinement, release, and analysis of each experimental
condition took a matter of seconds. Calculation of AJ was
insensitive to phenomena that confound MSD determination
(e.g., intersecting trajectories and out of focus cells). In addition,
larger populations reduced the occurrence of skew. For repeat
experiments, the microfluidic chamber was flushed and loaded
with a new sample, enabling analysis of several hundreds of
cells in a few minutes.

Figure 8 and Movie S2 show summary results with binary
images illustrating the similarity in observed spreading over the

8 | J. Name., 2019, 00, 1-3

course of the ballistic regime for each of the three cell types.
Calculated speeds based on six repeat experiments are 925,
5612, and 25+1 um/s for CC-125, ida3, and oda5, respectively,
almost identical to the low-population measurements. For
reference, conventional speeds defined as total distance
travelled over time are 94+22, 69+18, and 29+7 um/s for CC-
125, ida3, and oda5 based on the individual trajectories of
Figs. 5, 6 and 7.

Conclusions

An acoustic trap-and-release method was used to compare the
motility of wild-type cells (strain CC-125) and two mutants
[strains ida3 (CC-2668) and oda5 (CC-2236)]. Because swimming
speed reflects flagellar function, a method capable of
distinguishing these cells based solely on swimming metrics
simplifies classification of such mutants, among other potential
applications. Here, expected motility differences were clearly
observed and quantified.

The expression for the primary acoustic radiation force
(Eg. 1) reveals that multiple factors can affect the capacity of
the acoustic trap. Regarding particle size, we note that the size
discrepancy among the three cell types (which yields an
approximately 36% reduction in the force applied to the slightly
smaller ida3 mutants) is unimportant as long as the trap
strength is sufficient to create similarly sized aggregates for all
cell types. Temperature control is not critical for device
operation (i.e., to maintain consistent field parameters as in
typical acoustic microfluidic device studies) but is necessary to
ensure that chamber conditions do not approach the
thermotolerance threshold for C. reinhardtii cells. Of more
significance is confirmation that the acoustic trap-and-release
does not adversely alter flagellar function or cell viability. Cell
motility, as determined by spread speed, was invariant for five
trap-and-release cycles performed on the same cell
populations, which substantiates previous reports of the
biocompatibility of acoustic-based cell manipulation.4&->1

In water, the acoustic wavelength is ~1.5mm at a
frequency of 1 MHz, yielding a wavelength-to-chamber depth

This journal is © The Royal Society of Chemistry 20xx
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ratio much greater than 10:1. Thus, the standing acoustic field
varies minimally with vertical position, and chamber depth
plays only a minor role in determining the device operating
point. Chamber depth is, however, relevant to the spreading
dynamics and subsequent analysis. A depth of 5-10X the cell
diameter allowed for cell overlap during release (limiting
collision-based reorientations) while providing vertical
boundaries that promoted radial spread. In addition, the depth
of 60 um maintained sufficient optical focus to prevent
spreading cells from swimming vertically out of the field of view.
Because AJ/CSA is normalized by cross-sectional area, results
are unaffected by apparent expansion due to defocus of the
cells. Nonetheless, a small number of cells were observed to
move in and out of focus over the course of a release
experiment. Vertical (up or down) motion produces small
deviations from purely radial swimming, which could contribute
to a slight reduction in calculated speeds.

Acoustic  confinement facilitates population-based
analyses that accurately reproduce motility measures obtained
(laboriously) by analyzing individual cells. The method is robust
and even permits characterization of swimmers that deviate
from ballistic behavior, which is assumed in the simple U?#
swimming model. Although the calculated swimming metric
(i.e., speed based on net distance travelled over time) is lower
than the speed reported in the literature’ ° 1> 2426 (here, the
total distance travelled over time, e.g., ~92 um/s versus
~94 um/s for wild-type C. reinhardtii), the decrease is common
to all three cell types. As expected, the less ballistic swimmers
(ida3 and oda5) deviate slightly more than the ballistic CC-125
cells. Thus, if the goal is to differentiate cells based on swimming
efficiency, the acoustic trap-and-release is a compelling
alternative to particle tracing. Accuracy could be improved by
decreasing the microfluidic channel height to ~30 um to further
inhibit vertical swimming (see above).

Beyond general motility assessment, the temperature-
controlled acoustic trap-and-release described here is also
suited to investigate thermal effects on cells, including
mammalian cells at or above a physiologically relevant
temperature of 37°C. The applications of this approach include
rapid assessment of spermatozoa motility or high-throughput
screening of chemicals and other factors that might affect
cilia/flagella function.
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