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A single inlet two-stage acoustophoresis chip
enabling tumor cell enrichment from white blood
cellst

Maria Antfolk,*® Christian Antfolk,® Hans Lilja,”*® Thomas Laurell®
and Per Augustsson*®®

Metastatic disease is responsible for most cancer deaths, and hematogenous spread through circulating
tumor cells (CTC) is a prerequisite for tumor dissemination. CTCs may undergo epithelial-mesenchymal
transition where many epithelial cell characteristics are lost. Therefore, CTC isolation systems relying on
epithelial cell markers are at risk of losing important subpopulations of cells. Here, a simple
acoustophoresis-based cell separation instrument is presented. Cells are uniquely separated while
maintained in their initial suspending medium, thus eliminating the need for a secondary cell-free medium
to hydrodynamically pre-position them before the separation. When characterizing the system using poly-
styrene particles, 99.6 £ 0.2% of 7 um diameter particles were collected through one outlet while 98.8 +
0.5% of 5 um particles were recovered through a second outlet. Prostate cancer cells (DU145) spiked into
blood were enriched from white blood cells at a sample flow rate of 100 uL min™ providing 86.5 + 6.7%
recovery of the cancer cells with 1.1 £ 0.2% contamination of white blood cells. By increasing the acoustic
intensity a recovery of 94.8 + 2.8% of cancer cells was achieved with 2.2 + 0.6% contamination of white
blood cells. The single inlet approach makes this instrument insensitive to acoustic impedance mismatch; a
phenomenon reported to importantly affect accuracy in multi-laminar flow stream acoustophoresis. It also
offers a possibility of concentrating the recovered cells in the chip, as opposed to systems relying on

hydrodynamic pre-positioning which commonly dilute the target cells.

Introduction

The incidence rate of cancer in the world is increasing, largely
due to an aging population and changes in lifestyle factors.!
Early diagnosis can improve outcomes, but metastatic spread
of the cancer to secondary tissues still contributes the major-
ity of cancer deaths.> Metastases are formed when cells are
disseminated from the primary tumor into the blood circula-
tion (where they are referred to as circulating tumor cells
[CTC]), until they reach remote organs and tissues where they
may establish secondary tumors.> To improve survival, it is
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critical to monitor the cancer's propensity to metastasize;
CTC enumeration in blood is prognostic for survival.* Several
techniques to enumerate and detect CTCs, including the FDA-
approved system CellSearch®, are based on the use of
immunolabels for specific epithelial cell markers such as
EpCAM, or cytokeratins.” However, epithelial cell markers are
frequently lost in the epithelial-mesenchymal transition,
which the cells undergo to escape the primary epithelial
tumor and become CTCs.®’ Therefore, the effectiveness of
using only epithelial cell markers to isolate a purified CTC
population prior to the enumeration process is questionable
since subpopulations of CTCs may remain undetected.
Microfluidic technology offers a large number of cell sepa-
ration principles, all relying on the deterministic behavior of
laminar flow.*"" Since the dimensions of microchannels
match the length scales of cells, microfluidics has the poten-
tial to contribute to cell separation by the ability to accurately
control the position of the cells within the channels."* Micro-
fluidic systems also offer potential for lower sample and
reagent consumption.”® To date, many microfluidic separa-
tors process cells by moving them from one laminar flow
stream into a second with cell-free medium, as originally
presented by Giddings."* This can be beneficial, for example
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when processing crude samples that need to be washed.'>™**
Multiple laminar flow streams are also used in cell separation
to hydrodynamically pre-position the cells in the channel to
increase resolution™®?® or as part of the separation mecha-
nism itself.”>> However, in many applications the inclusion
of several laminar flow streams complicates the fluidic sys-
tem of the chip, involving extra inlets, outlets and pumps,
and an increased need for flow control. Furthermore, hydro-
dynamic pre-positioning of cells leads to high flow velocities
in the separation channel, which is often a major limiting
factor in terms of throughput and detector accuracy. Assum-
ing that the separation channel is run at its limiting flow
velocity, the sample volume throughput can be increased by
replacing the hydrodynamic pre-positioning with an external
field acting directly on the cells.

Acoustophoresis has been shown to be a robust, accurate
and high-throughput method for performing unit operations
on cells in suspension.>® Furthermore, it is a gentle cell han-
dling method that does not compromise cell viability or func-
tion, and allows for culturing and phenotypic characteriza-
tion of the extracted cells.>*** In acoustophoresis-based cell
separation, the sample is commonly laminated to the chan-
nel sides by a central stream of cell-free medium and the
cells are then acoustically pushed into this cell-free medium.
Cells are separated based on their acoustophoretic mobility,
resulting in a cell-specific lateral displacement while flowing
through the channel.*!

However, the wuse of multiple inlet streams in
acoustophoresis becomes complicated by the need to match
the acoustic impedances of the fluids. The fluid with the
highest acoustic impedance must be located where the acous-
tic standing wave pressure node is positioned. If not, the liq-
uids themselves may relocate while flowing through the
channel.**> This relocation hampers the separation capabili-
ties of the device, thus the acoustic impedance of the cell-
free central laminar flow stream must be matched relative to
the sample to be processed.

An optimal microfluidic system for isolation of CTCs
should offer unbiased, label-free separation, simplicity in the
fluidic setup and no need for matching the acoustic proper-
ties of liquids. Furthermore, it should perform high-
throughput separation that can process clinically relevant
sample volumes typically within an hour, yielding high recov-
ery and purity of the collected sample. To meet this need, an
acoustophoresis-based cell or particle sorter is now presented
that is capable of separating cancer cells from white blood
cells from a single inlet laminar flow stream. The separation
is enabled through acoustic pre-alignment of the cells or par-
ticles in two dimensions®*>* into well-defined positions and
flow velocities before separation.

Separating or concentrating cells or particles using two-
dimensional acoustic pre-alignment has previously been
shown to be superior to separating without acoustic pre-
alignment.>”**® Here, instead of using a separate cell-free
laminar flow stream for hydrodynamic pre-positioning of
cells, ultrasound is used to acoustically pre-align the cells
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prior to separation while they remain in their initial
suspending medium. This simplifies the fluidic setup, and
also paves the way for an increased sample throughput since
the sample input flow rate equals the total system flow rate
during separation. This study demonstrates how both cancer
cells and particles can be separated in this system.

Materials and methods
Device design

The chip was fabricated in <100> silicon using standard
photolithography and anisotropic wet etching in KOH (0.4 g
mL™ H,0, 80 °C). Holes for the inlet and outlets were drilled
in the silicon using a diamond drill (Tools Sverige AB, Lund,
Sweden) before sealing the chip by anodic bonding to a boro-
silicate lid. The microfluidic chip has a single inlet for cell
suspension and two outlets for the separated cells (Fig. 1A).

Prealignment

Separation

B : a b
]—»x
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N N N\ A\
1 2 3
C a i _ a
b b
000
—
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Fig. 1 Illustration of the chip and particle trajectories from (A) the top

and (B) the side. Cells or particles are infused at (1) and are acoustically
pre-aligned in two dimensions to two positions along the width
(y-axis) of the chip and are at the same time levitated to mid-height
(z-axis) of the channel (purple lines). The pre-aligned cells then enter
the wider separation channel at (a-a), where the larger, denser, or less
compressible cells are focused faster towards the center of the chan-
nel (red line). Thus, these cells or particles are separated from smaller,
less dense, or more compressible cells (blue line) and the two different
fractions can be collected in the two outlets (2) and (3). (C) The cross
sections at (a-a) and (b-b) in A, where the grey arrows indicate the
necessary sideways shift of a cell to exit through the central outlet and
the green arrows indicate the cell-cell distance at (b-b). The dashed
black lines indicate the center outlet flow stream, which can be tuned
by adjusting the relative flow rates in the center outlet (2) with respect
to the flow rate in (3).
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The first part of the chip is a 23 mm long cell pre-alignment
channel, etched to a width of 310 um and a depth of 150 pm.
The second part of the chip, the cell separation channel, is
22 mm long and etched to a width of 375 pm and a height of
150 um. At the end of the channel, the flow is split in a trifur-
cation outlet where the central branch exits through the cen-
tral outlet while the two side branches are recombined to a
single side outlet. A photograph of the chip has been
included as ESIf S1.

Underneath the pre-alignment and separation channels,
piezoceramic transducers (PZ26, Ferroperm Piezoceramics,
Kvistgaard, Denmark) were bonded to the back of the chip by
cyanoacrylate glue (Loctite Super glue, Henkel Norden AB,
Stockholm, Sweden). The pre-alignment channel was actu-
ated at a frequency of 4.530 MHz and the separation channel
was actuated at 2.001 MHz. To drive the ultrasound actua-
tion, a dual-channel function generator (AFG 3022B,
Tektronix UK Ltd., Bracknell, UK) was used and the signals
were amplified using an in-house built power amplifier based
on an LT1012 power amplifier (Linear Technology Corp., Mil-
pitas, CA, USA) and a commercial amplifier (AG Series Ampli-
fier, T&C Power Conversion Inc., Rochester, NY, USA). The
applied voltage amplitudes over the piezoceramic transducers
were monitored using an oscilloscope (TDS 2120, Tektronix
UK Ltd.).

A constant temperature of 37 °C was maintained through-
out all experiments through a feedback control loop using a
Peltier-controller (TC2812, Cooltronic GmbH, Beinwil am See,
Switzerland). A Peltier element (Farnell, London, UK) was
glued underneath the 2 MHz actuator and a Pt1000 resis-
tance temperature detector (Farnell) was glued to the chip
surface.

Driving the flow

The flows in the inlet and outlets were controlled by glass
syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland)
mounted on syringe pumps (Nemesys, Cetoni GmbH,
Korbussen, Germany). The inlet flow rate was set to 100 pL
min~', while the center outlet flow rate was set to 25 pL
min~* or 10 uL min™" and the side outlet flow rate was corre-
spondingly set to 75 uL min~* or 90 uL min ™", throughout the
whole experiment. Samples were collected using two 2-posi-
tion, 6-port valves connected in series with the center and
side outlets. 100 pL of sample was collected in the loops of
the valves.

Microparticles

The system was characterized using polystyrene particles of
diameters 7 (7.11) um and 5 (4.99) um (Sigma-Aldrich, Buchs,
Switzerland). The particles were suspended in PBS, with
0.002% Triton-X100 (Sigma-Aldrich, Switzerland) added to
avoid aggregation, at a particle concentration on the order of
10° mL™".
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Prostate cancer cells

Prostate cancer cell line DU145 was obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) and
grown according to their recommendations. Briefly, RPMI-
1640 medium (Sigma-Aldrich, Switzerland) was supplemented
with 10% fetal bovine serum (Sigma-Aldrich, Switzerland), 55
IU mL™ penicillin and 55 pug mL™ streptomycin (Sigma-
Aldrich, Switzerland). The cells were cultured at 37 °C in a
humid atmosphere containing 5% CO,. Before the experi-
ments, 5 x 10° cells were detached using trypsin/EDTA,
washed and resuspended in 80 uL FACS buffer (PBS
supplemented with 1% BSA and 2 mM EDTA [pH 7.4]) to
which was added 20 pL of direct conjugated EpCAM-PE anti-
body (BD Bioscience, San Jose, CA, USA) and incubated on
ice for 25 minutes. The cells were then fixated using 2% PFA
and incubated on ice for 10 minutes. Finally, the cells were
resuspended in 50 puL FACS buffer and stored on ice until
spiked in the white blood cell sample prior to experiments.
The final concentration of the cancer cells was 5 x 10* cells
per mL.

Blood samples

Blood was obtained, with informed consent, from healthy vol-
unteers at the Lund University Hospital (Lund, Sweden) using
vacutainer tubes (BD Bioscience) containing EDTA as an anti-
coagulant. Aliquots of 200 uL whole blood were incubated
with 20 pL of direct conjugated CD45-APC (BD Bioscience)
antibody for 25 minutes at room temperature. The red blood
cells were then lysed using 2 mL BD FACS lysis buffer (BD
Bioscience), diluted 1:10 in MilliQ H,O, and incubated for
15 minutes at room temperature. The lysis was followed by
fixation by incubating the cells in 2% PFA for 10 minutes on
ice. Finally, the sample was resuspended in FACS buffer and
stored on ice. The samples were diluted 10 times in FACS
buffer and spiked with the cancer cells just prior to the
acoustophoresis experiments.

Sample analysis

The samples collected from the center and side outlets dur-
ing each run through the acoustophoresis chip were stored
on ice until analysis with FACS Canto or FACS Canto II (BD
Bioscience). White blood cells were characterized as CD45-
positive and EpCAM-negative, and the cancer cells were char-
acterized as CD45-negative and EpCAM-positive. To calculate
the separation efficiency, the number of cells collected in the
central outlet was compared to the total number of collected
cells from the central and the side outlets during each run.

Flow and separation simulations

Matlab2014a (MathWorks, Natick, MA, USA) was used to cal-
culate the flow profile and particle trajectories as they were
subjected to an acoustic field.

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

In this paper an acoustophoresis system is presented that is
able to separate 5 versus 7 um particles or cancer cells from
white blood cells from a single inlet laminar flow stream.
Our main objective was to investigate how the reduced com-
plexity of the acoustofluidic set-up affected the separation
performance compared to previously described systems for
acoustic separation, which use multiple inlet hydrodynamic
pre-positioning.

Operating principle

The chip utilizes an acoustic pre-alignment channel of width
w = 300 pm to position the cells or particles to be separated
to two points in the plane transverse to the flow. The acoustic
field of the pre-alignment channel has two pressure minima
located at distances 1/4w away from each side-wall (Fig. 1A)
and which are elevated to mid-height above the channel floor
(Fig. 1B). The pre-alignment of the cells is vital for the opera-
tion of this system, as only a modest acoustic separation
result can be achieved if the cells are randomly distributed in
the transverse cross-section upon entering the separation
channel. This initial acoustic pre-alignment of the sample
eliminates the need for the otherwise essential central inlet
cell-free liquid used to hydrodynamically pre-position the
cells towards the channel walls prior to the separation step.
We have provided a schematic functional comparison
between this single-inlet acoustophoresis system and systems
using hydrodynamic pre-positioning in the ESIt S2.

After acoustic pre-alignment the sample enters the separa-
tion channel where particles are focused towards the channel
center in an acoustic field having a single centrally located
pressure node. Particles or cells that are large, have high den-
sity or are of low compressibility move faster in the acoustic
field than particles that are small, light and compressible. By
correct matching of the flow rate and the acoustic amplitude,
the particles of high mobility can be collected in the central
outlet of the separation channel (outlet 2 in Fig. 1A & B)
while slow-moving particles are collected in the combined
side outlet (outlet 3 in Fig. 1A & B).

The acoustic pre-alignment of particles in two dimensions
assures that all particles experience identical initial flow con-
ditions, which leads to deterministic separation that is
undistorted by the flow velocity distribution in the channel.
That is, a particle's sideways deflection in the acoustic field
will truly reflect its acoustofluidic mobility, which depends
on particle, size morphology, density and compressibility as
well as the viscosity, density and compressibility of the
suspending liquid.

Without acoustic pre-alignment, the retention time of a
particle in the acoustic field depends strongly on its position
in the width and height of the channel, due to the flow veloc-
ity profile in the channel (see ESI{ S3). For instance, in a sys-
tem without acoustic pre-alignment, a particle of low acoustic
mobility that flows slowly near the bottom of the channel
experiences the acoustic field for a longer time than a
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particle of high acoustic mobility flowing in a high flow rate
region. Since the sideways deflection is then a function of
both the acoustic mobility of the cell and the retention time
in the field, the two different particles could end up in the
same outlet.””

Numerical separation optimization

To find the optimal separation conditions, particle trajecto-
ries were computed taking into account both the flow velocity
distribution in the microchannel and the acoustic radiation
force acting transversely to the flow. Such trajectories were
first described by Mandralis and Feke®” for a parallel-plate
channel geometry. A comprehensive theoretical framework
governing the motion of a particle in an acoustic field inside
a channel with the dimensions used in this work can be
found in Barnkob et al.,*® for a no-flow condition.

The microchannel flow is governed by the Hagen-
Poiseuille equation, for which there exists no exact analytical
solution for a rectangular geometry, so the positions of the
particles were computed numerically in short time-steps. The
fundamental assumptions were that the velocity of a particle
in the direction of the channel is always the same as the flow
velocity at that point, and that the particle velocity orthogonal
to the flow is only governed by the acoustic radiation force. A
code example for execution in MATLAB® is shown in the sup-
plementary files exampletrajectory.m, poiseuille.m, and
acoustopath.m.

Fig. 2A shows the trajectories of a 5 and a 7 pm particle
for identical starting positions after acoustic pre-alignment.
For a given outlet flow rate configuration, the optimal separa-
tion can be assumed to occur when the two particles are
located on opposite sides and at an equal distance from the
virtual interface between the central and the side outlet flow

A Trajectories for 5— and 7—pm particles

y-position (w)

0 . .
0 Position along length (L) L

B Optimal separation of 5— and 7—um particles
40

[w)

Separation (pum)
N
(e

10 20 30 40 50
Relative flow rate in central outlet (%)

(]

Fig. 2 (A) Simulated trajectories of 5 um (blue) and 7 um (red)
polystyrene microparticles starting from an initial position of ideal
acoustic pre-alignment in width and height. Arrows indicate the point
of maximal separation (d), the dashed black line indicates the channel
center, and the green line indicates the interface between the side and
central outlet flow streams. (B) Plot showing the maximum achievable
particle-particle distance versus the relative center outlet flow rate
when separating pre-aligned 5 and 7 um particles.
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streams. For each point along the length of the channel in
Fig. 2A, the mean transverse position of each of the two parti-
cles was calculated. The central outlet volume flow rate, cor-
responding to these mean positions, was then derived by
integrating the flow velocity profile from each position to the
center of the channel.

Fig. 2B shows the result of a simulation of the separation
distance of 5 um and 7 um particles at the end of the separa-
tion channel versus the relative central outlet volume flow
rate. The longest particle-particle distance after separation
will be reached when the center outlet flow rate is set to
24.2% of the total flow. The particle-particle distance after
separation is in this case 26.3 um. The reason that the sepa-
ration optimum does not correspond to the longest sideways
deflection is explained by considering the acoustophoretic
velocity with which the particles travel towards the channel
center. The acoustic radiation force on a particle varies sinu-
soidally over the width w of the channel and produces maxi-
mum velocity for a particle at the symmetrically equivalent
positions 1/4w and 3/4w.>® After passing this position (1/4w
or 3/4w), the velocity gradually decreases until it reaches zero
at the channel center. As the larger particle reaches the
central region of the channel, its velocity will at some point
become lower than that of a smaller trailing particle, thus
reducing the inter-particle distance. Hence, a maximum
inter-particle distance can be found with respect to exposure
time in the acoustophoresis zone.

Characterization

5 and 7 um polystyrene particles were used because they
have been observed to move at rates similar to those of white
blood cells and cancer cells, respectively, when influenced by
an acoustic field.>” Therefore, to determine the system sepa-
ration characteristics, we used equal number concentrations
of the two sizes of particles. The outlet flows were configured
according to the optimal settings from the simulations with-
drawing 25% of the total flow from the central outlet. The
separation efficiency of 5 and 7 um polystyrene particles was
investigated by gradually increasing the applied voltage to
the transducer.

Increasing the sound intensity leads to a higher acoustic
migration velocity, which has been shown to increase linearly
with the square of the applied transducer voltage.>®*® Since
the acoustic migration velocity is also proportional to the
square of the particle diameter*>*° the 7 um particles can be
expected to move towards the channel center with approxi-
mately twice the velocity as that of the 5 pm particles.

Fig. 3A shows the separation efficiency as the proportion
of particles collected in the center outlet (outlet 2 in Fig. 1)
compared to the total number of collected particles of that
type in the center and side outlets combined (outlets 2 and 3,
respectively, in Fig. 1). The larger 7 um particles have a lower
transition voltage, above which they exit through the central
outlet, than do the 5 um particles. At voltage amplitudes
(peak to peak) between about 240 V> and 275 V?, the vast
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Fig. 3 (A) Separation efficiency of 5 um versus 7 um polystyrene
particles when extracting 25% of the total flow in the center outlet.
The total sample flow rate was 100 pL min™ and the particles were
collected through the center outlet with a flow rate of 25 uL min™. (B)
Separation efficiency of 5 um and 7 pm polystyrene particles when
taking out 10% of the total fluid flow in the center outlet. The total
sample flow rate was 100 uL min™* and the particles were collected
through the center outlet with a flow rate of 10 uL min™t. The error
bars represents the standard deviation for n = 3.

majority of the 7 um particles could be collected in the center
outlet while the majority of the 5 pm particles were collected
through the side outlet. At 262 V*, 99.6 + 0.2% of the 7 um
particles were collected through the center outlet while 98.8 +
0.5% of the 5 um particles were collected through the side
outlet. The initial purity of 50% for each particle size leads to
enrichment factors of 10?, reflecting this system's determinis-
tic separation capability. In acoustophoresis, this high
enrichment factor in combination with the 2 pm particle size
difference has previously only been achieved using a combi-
nation of multiple-inlet hydrodynamic pre-positioning and
acoustic pre-alignment.>”

According to the simulations, a lower central outlet flow
rate, i.e., a larger sideways shift for the particles, should not
further improve the separation efficiency since the particle-
particle distance after separation will not be greater. To inves-
tigate this, the separation experiments of 5 pm and 7 pm

This journal is © The Royal Society of Chemistry 2015
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particles were repeated. The center outlet flow rate was now
set to 10 uL, min~' and the side outlet flow rate was set to 90
uL min~', and thus a total sample flow rate of 100 uL min™*
was maintained.

Fig. 3B shows the proportion of particles recovered in the
center outlet for the narrow central outlet stream. The transi-
tion voltage of the 7 um particles is now higher and the best
separation was achieved for voltage amplitudes ranging from
380 V> to 420 V. At 380 V>, 95.2 + 5.7% of the 7 um particles
are collected in the center outlet while 98 + 0.7% of the 5 um
particles exit through the side outlet. The higher transition
voltage can be explained by the longer sideways shift that the
particles have to make to exit the central outlet when only
10% instead of 25% of the total flow rate is extracted through
the center outlet. As anticipated, the longer separation dis-
tance did not further improve the separation efficiency.

A system dependent on both hydrodynamic pre-
positioning and acoustic pre-alignment has the apparent
advantage that the cell-free liquid places the pre-positioned
cells closer to the channel walls, which theoretically increases
the resolution. However, the experimental separation effi-
ciency presented in this paper is comparable to that reported
by Augustsson et al,”’ using combined acoustic pre-
alignment and hydrodynamic pre-positioning. This suggests
that the shorter sideways shift is compensated for by the
more stable flow system, something that is more easily
attainable with fewer inlets and outlets.

Enrichment of tumor cells spiked into white blood cells

The system was further evaluated for its ability to enrich
tumor cells from white blood cells to assess whether this sys-
tem may be useful to isolate CTCs from patient samples. In
this in vitro model prostate cancer cells (cell line, DU145)
were spiked at final concentrations of 5 x 10* mL™" into white
blood cell fractions from red blood cell-lysed whole blood.
Although the levels of CTCs anticipated in patient samples,
as measured by epithelial cell maker-affinity based capture,
are commonly two to three magnitudes lower (1-1000 cells
per mL) the higher cell concentrations used herein enables
the use of conventional flow cytometry to determine tumor
cell recovery and purity. Also, from a mechanistic perspec-
tive, tumor cell recovery as reported herein is not
compromised by 10-100 fold lower concentrations of cancer
cells. The total sample flow rate was set to 100 uL min™*
and the center outlet flow rate was set to 25 pL min " as
determined from simulations and experiments using parti-
cles. To save sample and reagents, the level of white blood
cells in the samples was one tenth of that of whole blood;
however, it has previously been shown that there was no
difference in the performance of the acoustophoretic separa-
tion using a ten-fold dilution of white blood cells as com-
pared with undiluted samples.””

Fig. 4 shows the results from the cell separation experi-
ment. The transition voltage for cancer cells to exit through
the center outlet is lower than for the white blood cells,

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

Separation efficiency - 25 % center fraction
100

90 ,—*—DUMS 865y A 976__98.2|
*— WBC . 058 35 174

80 [y
94824 964 986

YA
60 [ i A

50 [
4O o ]
30
20
10
0

Separation efficiency (%)

150 200 250 300 350
Voltage (Vpp?)

Fig. 4 Separation efficiency of prostate cancer cell line, DU145, and

white blood cells (WBC) when extracting 25% of the total flow in the

center outlet. The total sample flow rate was 100 uL min* and the

cells were collected through the center outlet with a flow rate of 25

uL min™%. The error bars represents the standard deviation for n = 3.

which are smaller. The two cell populations displayed par-
tially overlapping acoustophoretic mobility and could thus
not be perfectly separated by this system. Even so, by
proper adjustment of the transducer voltage, high recovery of
cancer cells could be accomplished while discriminating
them from the white blood cells. At 240 V?, 86.5 + 6.7% of
the cancer cells were collected in the center outlet with a
contamination of only 1.1 + 0.2% white blood cells. At 280
V?, there was two-fold higher white blood cell contamina-
tion (2.2 £ 0.6%), but 94.8 + 2.8% of the cancer cells could
be recovered in the center outlet. These separation levels
are comparable to previous results using acoustophoresis
together with hydrodynamic pre-positioning.”” The current
system, however, provides a simpler microfluidic setup as
well as faster sample processing flow rate of 6 mL h™, even
though the flow rate has not been fully optimized. The sim-
pler fluidic setup, not involving a second liquid flow, leads
to a concentration of the cells instead of a dilution as will
most often happen when hydrodynamic pre-positioning is
used. When separating rare cells such as circulating tumor
cells the sample will most likely need to be concentrated
before analysis. The possibility to concentrate the sample
directly on the chip instead of diluting it is thus a further
advantage.

The acoustophoretic velocity of a cell scales with the size
to the power of two.*" The leukocyte size distribution, as pre-
viously measured by impedance cytometry (Coulter counter),
range from 7-14 pm while the cancer cells range from 15-25
pm (data not shown), and are thus not overlapping in size.
Given the strong size dependence and the distinct size differ-
ence of the populations, the separation is likely predomi-
nantly based on size.

The experiments and simulations presented here indicate
that this method in its current manifestation holds promise,
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in terms of throughput and accuracy, for further development
toward isolation of CTC from patient blood samples. Given
the relative rareness of CTCs in patient blood, a 100- to 1000-
fold reduction of white blood cells will not allow for direct
label-free enumeration of CTCs but the method can be an
important unit in a sequence of isolation steps. Further refine-
ments to increase the purity of the isolated cells relative to the
white blood cells would be of value to expand its applicability.
Based on the findings, two measures may be taken to fur-
ther improve the accuracy and throughput to shorten the
sample-to-answer time and to make the separation truly
deterministic. First, the acoustic pre-alignment channel can
be elongated at the expense of the separation channel. In the
separation channel, the cells of higher acoustic migration
rate must be deflected sideways only a short distance while
in the pre-alignment channel all cells must be transferred
from their initial random positions in the channel cross-
section to the two pre-alignment locations. Second, the sepa-
ration channel can be widened to improve the separation per-
formance. By doing this, the sideways displacement of the
cells increases, leading to a longer absolute distance between
separated cells at the outlet. Simulations show that increasing
the width of the separation channel to 750 um, and actuating
at the corresponding frequency of 1 MHz, leads to a doubled
distance between the separated particles at the outlet (see
ESIt S4). This increased distance is anticipated to improve
overall separation performance and reduce the sensitivity to
phenomena such as flow fluctuations or long-term drift.

Conclusions

This paper presents a simple microfluidic cell sorter for con-
tinuous-flow, unbiased, label-free separation of cancer cells
from white blood cells based on acoustophoresis. Even
though the lateral displacement of a particle in the acoustic
field is less than 50 um, the platform can separate cells and
particles with high precision. The single inlet approach leads
to simple and robust flow conditions for acoustic pre-
alignment and separation of cells.

An advantage of this system is that separation is carried
out directly in the particles’ suspending medium and thus does
not require matching of the acoustic properties of the sample
relative to a system using multiple laminar flow streams.

This system also paves the way for increased sample
throughput, currently enabling clinical sample processing up
to 6 mL h™, since the sample inflow rate equals the total flow
rate of the system. This is in contrast to devices relying on
hydrodynamic pre-positioning of cells where the volume flow
of cell-free medium adds to the net flow velocity of the particles
in the separation channel, limiting the sample throughput.
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