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ABSTRACT: There is an unmet clinical need to extract living
circulating tumor cells (CTCs) for functional studies and in vitro
expansion to enable drug testing and predict responses to therapy
in metastatic cancer. Here, we present a novel two-step
acoustophoresis (A2) method for isolation of unfixed, viable cancer
cells from red blood cell (RBC) lysed whole blood. The A2 method
uses an initial acoustofluidic preseparation step to separate cells
based on their acoustic mobility. This acoustofluidic step enriches
viable cancer cells in a central outlet, but a significant number of
white blood cells (WBCs) remain in the central outlet fraction due
to overlapping acoustophysical properties of these viable cells. A
subsequent purging step was employed to remove contaminating
WBCs through negative selection acoustophoresis with anti-CD45-functionalized negative acoustic contrast particles. We processed
1 mL samples of 1:1 diluted RBC lysed whole blood mixed with 10 000 DU145 cells through the A2 method. Additional experiments
were performed using 1000 DU145 cells spiked into 1.5 × 106 WBCs in 1 mL of buffer to further elucidate the dynamic range of the
method. Using samples with 10 000 DU145 cells, we obtained 459 ± 188-fold depletion of WBC and 42% recovery of viable cancer
cells. Based on spiked samples with 1000 DU145 cells, our cancer cell recovery was 28% with 247 ± 156-fold WBC depletion
corresponding to a depletion efficacy of ≥99.5%. The novel A2 method provides extensive elimination of WBCs combined with the
gentle recovery of viable cancer cells suitable for downstream functional analyses and in vitro culture.

■ INTRODUCTION

Although circulating tumor cells (CTCs) in metastatic cancer
patients may be exceedingly rare, a noninvasive liquid biopsy
can be informative of tumor profile, and CTC enumeration has
been clinically validated as a prognostic biomarker predictive of
overall survival in advanced cancer stages.1−4 Hence,
detectable or higher counts of CTC in blood is significantly
associated with poor outcomes.1−3,5 Molecular characterization
of enriched CTC populations can provide information on
therapeutic targets and drug resistance mechanisms.5,6

Recently, androgen receptor splice variant 7 (AR-V7) CTC-
testing was clinically validated to facilitate decision-making of
androgen receptor (AR) signal inhibitor therapy for men with
metastatic castration-resistant prostate cancer (mCRPC),
which has poor prognosis.7 Only a minute subset of cells
shed from a primary tumor into the bloodstream survive the
shear stress and lack of cell-to-cell adhesion within blood
vessels to manifest tumor-initiating capacities at a distant
location after extravasation.8 The details of the metastatic
process are to a large extent unknown; therefore, the recovery
of viable CTCs for downstream analysis is of major interest.
The scarcity of CTCs entails the necessity of a purification

procedure to discriminate the malignant cells from other

nucleated cells in blood. Therefore, it is critical to explore
novel means to isolate CTCs, such as label-free acousto-
phoresis, as commercially available CTC isolation assays, e.g.,
CELLSEARCH and Adnagen, depend on capture using
antibodies against the epithelial cell adhesion molecule
(EpCAM). This limits CTC detection to EpCAM positive
cells while excluding approximately 60% of the entire CTC
population that are either EpCAM negative or have low
EpCAM expression.9 The precise control of cells using
microfluidics have emerged in several CTC technologies with
diverse approaches for cell enrichment, including passive
methods like deterministic lateral displacement (DLD),10

inertial separation,11,12 and mechanical antibody-coated micro-
structures,13,14 as well as active force methods like dielec-
trophoresis (DEP),15−20 or antibody-dependent magneto-
phoresis.21,22 However, CTC assays frequently use a
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combination of selection approaches, often including positive
selection with monoclonal antibodies.10,13,14,23

Moreover, most of the highly specialized technologies aimed
at CTC purification are designed for fixed cells and not for
viable cells with intact tumor-initiating potential. Enrichment
of fixed cells has some technical advantages, as the majority of
the cellular proteins and peptides become crossed-linked and
thereby resistant to degradation or deformation. This enables a
longer sample processing window and transportation of
samples between hospitals and clinical labs. It also facilitates
intracellular staining of markers of interest, such as hormonal
receptors, specific enzymes, and cytokeratins. The enrichment
of viable cells may be less permissive to preanalytical
challenges, such as transport conditions but be compatible
with the abovementioned downstream staining processes as
well as genomic analyses through, e.g., fluorescence in situ
hybridization (FISH) or whole genome sequencing (WGS).
However, a critically important advantage of live cell
enrichment is the feasibility to pursue functional studies and
in vitro culturing of patient-derived malignant cells. Therefore,
recent advances in cell culture technologies and the major
achievement of establishing new cell lines using CTCs have
opened a new path for CTC research.24,25 An in vitro
expansion of captured tumor cells could importantly facilitate
personalized medical advances and enable drug screening,
predict therapeutic responses in individual patients, and help to
identify cellular characteristics key to initiating metastatic
lesions.24

A key prerequisite to establishing a patient-derived CTC cell
line is to isolate intact viable cells. Acoustophoresis holds
promise as an efficient enrichment method for viable CTCs
due to its inherently gentle, noncontact, label-free, and high
throughput microfluidic approach.26,27 The method uses
acoustic forces to manipulate and sort cells and particles
within a resonant microchannel. Positional displacements
depend on the acoustic mobility of cells and smaller particles,
where size is a major factor, as the acoustic radiation force
scales with particle volume. Previous studies with acoustic cell
separation highlighted the problem of overlapping acoustic
properties of small epithelial cancer cells and certain
subpopulations of white blood cells (WBCs), such as densely
granular granulocytes, in particular, eosinophilic cells.27 For
cells not subjected to fixation treatments, the overlap is even
more substantial, with additional contamination of granulo-
cytes in the diverted cancer cell fraction.27 Therefore, a second
purification step may be necessary to remove contaminating
cells to obtain a sufficiently high fraction of cancer cell purity.
There are several approaches for live cell WBC depletion,

such as negative acoustic contrast particles,28 magnetic
beads,23 density medium iso-acoustic focusing,2929 or density
gradient, e.g., RosetteSep.24 A density gradient centrifugation
process might result in lower recovery of cancer cells as larger
CTCs and CTC clusters tend to sediment along with the red
and white blood cells or migrate into the plasma fraction.30,31

Loss of CTC viability has also been suggested to be the result
of cytotoxicity of density mediums.32 The requirement for the
magnetic bead separation Dynabeads is a depletion efficacy of
>85% (Invitrogen) of target cells. This is significantly lower
than the depletion efficacy of >98% accomplished by anti-
CD45-functionalized negative acoustic contrast elastomeric
particles (EPs)28 or by acoustophoresis alone, which deplete
95% of the viable WBCs or 99.5% of paraformaldehyde (PFA)
fixed WBCs.27 Furthermore, the previously reported proof-of-

concept study of negative acoustic contrast particle immuno-
acoustophoresis displayed tumor cell recoveries between 85
and 90%.28

Biofunctionalized negative acoustic contrast particles were
first used to transport polystyrene particles to pressure
antinodes in a microfluidic channel in the absence of flow.33

A later study captured and immobilized cells at the antinodes
at the walls of the microchannel.34 By employing continuous
flow, separation and sorting of immuno-functionalized negative
contrast particles and positive contrast cells were demon-
strated.35

In this paper, we have developed a two-step sequential
acoustophoresis (A2) method to isolate viable cancer cells from
red blood cell (RBC) lysed whole blood. The two steps are
based on the acoustic translocation of cells and particles, first
through a primary separation step, followed by a secondary
purging step to remove contaminating WBCs by negative
selection acoustophoresis. In the second step, a 3λ/2 acoustic
standing wave configuration is employed, which also locates
pressure antinodes at a distance of λ/2 from the sidewalls to
reduce the risk of EPs being trapped at the pressure antinodes
along the sidewalls.36 The benefits of performing preseparation
acoustophoresis prior to WBC depletion by EPs are multiple,
including cost-efficacy, as fewer EPs and antibodies are needed,
and performance-based process as the starting cell density will
decrease considerably, reducing hydrodynamically linked
carryover. Further, we demonstrate the biocompatibility of
the A2 method through viability and proliferation studies of the
recovered cancer cells.

■ EXPERIMENTAL SECTION
Cell Culture and Healthy Blood Donors. Human

prostate cancer cell line DU145 and breast cancer cell line
MCF7 were obtained from American Type Culture Collection
(ATCC). Cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Sigma-Aldrich, Schnelldorf,
Germany), and Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich), 55 units mL−1 penicillin
and 55 μg mL−1 streptomycin (Sigma-Aldrich). The cells were
cultured at 37 °C under a 5% CO2 atmosphere and harvested
at 80% confluency. Blood was collected from healthy
volunteers at the Hematology Department at Skåne University
Hospital (Lund, Sweden) after written informed consent, in
accordance with the Helsinki Declaration and after being
approved by the local ethics committee. Blood was collected in
Vacutainer tubes (BD Bioscience, Temse, Belgium), contain-
ing ethylenediaminetetraacetic acid (EDTA) and subjected to
isotonic lysis (according to manufacture’s instructions) to
remove red blood cells by BD Pharm Lyse (BD Biosciences) or
BD FACS lysing solution for PFA fixed cells. Blood was
processed and used for experiments on the day of collection.

Synthesis and Activation of Biotinylated EPs. Poly-
disperse biotinylated EPs were synthesized as previously
described,28,37 and detailed information can be found in the
Supporting Information. To bind nonfixed WBC, the size
fractionated EPs were functionalized with streptavidin
conjugated mouse anti-human CD45 monoclonal antibody
clone MEM-28 (Sigma-Aldrich).28 Following functionalization,
the particles were washed twice and finally resuspended in
FACS buffer (1× Dulbecco’s Phosphate-Buffered Saline
[DPBS], 1% FBS, 2 mM EDTA), or FACS buffer containing
0.1% Pluronic F-108 surfactant (FACS buffer P).
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Immunostaining, Flow Cytometry Enumeration, and
ImageStream Analysis. The concentration of synthesized
antibody-activated EPs was determined by flow cytometry
FACS Canto II (BD Biosciences) FSC vs SSC scatter plots,
prior addition to the primary separation sample output. The
concentration of DU145 and MCF7 cancer cells for spiking
was evaluated in a similar way, with the addition of a
fluorophore. Detailed labeling protocol can be found in the
Supporting Information. Flow cytometry was also used to
compare the cell separation outputs by analyzing central and
side outlet fractions and to enumerate recovered cancer cells
and any contaminating WBC in the final central output
fraction. Examples of the gating strategy can be found in Figure
S1.
Samples of 0.5−1.0 mL RBC lysed blood spiked with 1000−

10 000 DU145 cells were stained with anti-EpCAM clone
EBA-1 (BD Biosciences), and WBCs were labeled with anti-
CD45 clone HI30 (BD Biosciences). Amnis ImageStream Mk
II (Millipore, Burlington, MA) was used to obtain images of

EP-complexes with captured WBCs stained with DAPI (Sigma-
Aldrich) and of isolated DU145 cells stained with EpCAM.
DAPI was used to stain WBCs when EPs were present, as the
anti-CD45 surface marker normally used for WBC staining was
also used by the EPs.

Setup of Primary Separation StepSeparation of
Fixed vs Viable Cells. The mechanism of separating cultured
cancer cells from WBCs by acoustophoresis has previously
been described in Augustsson et al.,38 and the primary cell
separation step has previously been described in Magnusson et
al.27 Briefly, the chip was manufactured in silicon and glass
using previously reported microfabrication processing39 with
an initial prefocusing channel (length × width × depth; 20 mm
× 300 μm × 150 μm), where cells/particles are exposed to
acoustic radiation forces at 5 MHz (4.890 MHz), acting
transversely to the flow in two dimensions (Figure 1A). As
cells enter the subsequent separation channel (30 mm × 380
μm × 150 μm), the cells are laminated in the proximity of the
channel sidewalls by the introduction of cell-free medium

Figure 1. Overview of the of two-step acoustophoresis (A2). (A) Photograph of the primary separation chip and aluminum chip holder prior to
assembly. Showing the prefocusing channel followed by the separation channel, the two piezoelectric transducers for sound generation, as well as a
temperature sensor. (B) Photograph of the multinode (3λ/2) purging chip with one piezoelectric transducer and separation channel. (C)
Schematic of the workflow and separation principle in A2. In the primary separation setup, a cell sample input represented by white (WBCs) and
green (cancer cells) circles enters the chip through the prefocusing channel. After passing through the separation channel, the cells are collected at
the central outlet. The cells are incubated with elastomeric particles (EP) and subsequently processed through the secondary multinode separation
chip. The purified cancer cell fraction is collected at the central outlet.
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(FACS buffer), through the central branch of a trifurcation
inlet at the beginning of the separation channel. In the
separation channel, cells are exposed to a 2 MHz (1.980
MHz), half-wavelength acoustic standing wave field that forces
them toward the center of the separation channel. The force is
dependent on cell size, shape, density, and compressibility,
causing larger cells to migrate faster than smaller cells toward
the channel center. Consequently, the majority of the cancer
cells can be collected through the central branch of a

trifurcation outlet while the smaller WBCs are discarded as
they exit through the side branches at the end of the separation
channel. Samples of 200 μL containing approximately 2000
DU145 cells and 300 000 WBCs (fixed or nonfixed cells) that
were fluorescently labeled were processed at a flow rate of 75
μL min−1, together with a central sheath flow of 300 μL min−1.
For PFA fixed cells, 4% PFA was used and incubated with cells
for 25 min at room temperature. Cells were washed with DPBS
after fixation.

Figure 2. Characterization for optimal cell separation by acoustophoresis. (A) Comparison of cell separation by acoustophoresis of PFA fixed vs
unfixed DU145 cells and WBCs. (B) Cell size measurements by Coulter counter of PFA fixed and unfixed WBC and DU145 cells. The graph shows
the result from a representative experiment out of the three performed experiments. (C) Central outlet cancer cell and WBC fractions vs total cell
concentration. A series of samples with increasing concentrations of unfixed WBCs (1.0 × 106 to 6.0 × 106 mL−1) was run through the primary
separation chip using a constant concentration of spiked unfixed DU145 cells (1.0 × 104 mL−1). Three different experiments with n = 3 replicates
were performed. Each experiment is color-coded in different shades of gray (DU145 cells) and blue (WBCs). (D) Comparison of unfixed cell
separation: MCF7 cells (circles) and WBC (squares) in different buffers, FACS buffer vs FACS buffer containing Pluronic (FACS-P).
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Setup of Secondary Separation Step. The second
purging step reused an acoustophoresis chip design from an
earlier study.36 In short, the microchannel (23 mm × 1125 μm
× 150 μm) has a trifurcation inlet design with central sample
and side buffer inlets (Figure 1B). The outlet design is
analogous, with a central sample outlet. The 1125 μm wide
channel combined with an actuation frequency of 2 MHz
(1.878 MHz ± 50 kHz), matching three half-wavelengths (3λ/
2), translates into a centered positioned pressure node and two
bordering pressure antinodes λ/2 from the sidewalls, followed
by two additional pressure nodes and adjacent antinodes at the
sidewalls of the channel. The 3λ/2 configuration confines the
EPs to the two central antinodes, located 375 μm from the
sidewalls, and thus reduces the risk of EP trapping at the
pressure antinodes along the sidewalls.36 Frequency modu-
lation of ±50 kHz with a scan rate of 200 kHz ms−1 was
employed to avoid EP’s aggregation at a Gor’kov potential
minima.40 An approximately 40-fold excess of antibody-
activated EPs to the remaining contaminating WBC was
added to the central output sample from the primary step. The
sample was incubated with continuous rotation in the dark for
1 h at room temperature. After incubation, the sample was
processed through the central inlet of the 3λ/2 acoustophoresis
chip at 100 μL min−1, together with a side sheath flow of 400
μL min−1, ensuring that all input samples were confined within
the two central antinodes. A schematic image of the workflow
and separation can be found in Figure 1C.
Cell Size Assessment. Cell counts and cell size analysis

were performed by Coulter counter using RBC lysed blood
and DU145 cancer cells for both live and fixed cells. Whole
blood was lysed and washed as described earlier and
resuspended in FACS buffer. DU145 cells were harvested
and resuspended in FACS buffer as reported. For fixing cells,
4% fresh PFA was used. All cells were kept on ice prior to the
Coulter counter analysis. FACS buffer was used for back-
ground measurements. The Coulter counter measures the
change in electrical impedance when a cell passes through an
orifice, which is recorded as a voltage pulse that is proportional
to the volume displaced by the cell.
Optimal WBC Cell Concentration. A series of 0.5 mL

samples with increasing concentrations of WBCs (1.0 × 105 to
6.0 × 106 cells mL−1) were run through the primary acoustic
separation chip using a constant amount of spiked DU145 cells
(1.0 × 104 cells). Cells were immunofluorescently labeled with
anti-CD45-APC and anti-EpCAM-PE to enable flow cytometry
enumeration. Central and side outlet cell fractions were
analyzed by flow cytometry, as previously described.
Analytical Validation of the A2 Method for Live Cell

Separations. During acoustic cell separations, we had
previously used FACS buffer,38 whereas negative acoustic
selection was previously performed using a buffer containing
0.1% Pluronic surfactant.28 To streamline the A2 method, we
evaluated the performance characteristics of the cell separation
in the primary step using FACS buffer compared with that of
Pluronic surfactant added to the FACS buffer. Next, we
compared the use of FACS buffer only throughout the
complete A2 method experiment vs using FACS buffer in the
primary separation step with the subsequent addition of 10 μL
10% Pluronic F-108 into the 1 mL sample output prior to the
addition of EPs. As previously reported, the final concentration
of Pluronic F-108 in the secondary step was 0.1% (FACS
buffer P).

The analytical validation of the A2 method was performed
using 1 mL samples containing 1:1 mixed RBC lysed whole
blood and buffers, as described above, spiked with 10 000
fluorescently labeled DU145 or MCF7 cells. The samples were
run in triplicate for each buffer, and the experiment was
repeated in triplicate. The final output samples were analyzed
and enumerated with FACS Canto II (BD Biosciences).

Spiking of 1000 DU145 Prostate Cancer Cells. One
thousand DU145 cells (estimated by flow cytometry
concentration measurement) were labeled as previously
described and spiked into 1 mL FACS buffer containing 1.5
× 106 WBCs from RBC lysed whole blood before being
processed with the A2 method. The final central output sample
was enumerated for cancer cell number and the remaining
WBCs, by flow cytometry analysis. The experiment was
repeated in triplicate.

Cell Proliferation and Viability. To investigate whether
the viability of the cancer cells was negatively affected by the
acoustic separation process, we subjected 1 mL cell samples
(3.0 × 106 DU145 cells) to the primary cell separation step,
followed by 1 h rotating incubation at room temperature with
or without EPs present, before processing the secondary
separation step. The cell concentration of the processed sample
was estimated by flow cytometry, and 300 000 cells per well
were seeded in a 6-well plate for subsequent culture. Control
cells (cells incubated on ice during the length of the
experiment and not subjected to acoustophoresis or EPs
incubation) were seeded simultaneously. After 3−5 days, the
cells were harvested and either passaged for further culture
(until passage 3) or stained with 7AAD (Sigma-Aldrich). Flow
cytometry was used to analyze 100 000 cells to estimate the
percentage of dead cells (7AAD+). The experiment was run in
triplicates and repeated three times.

■ RESULTS AND DISCUSSION
Primary Acoustophoretic Separation of Fixed vs Live

Cancer Cells from WBC. In the primary acoustic separation
step, we found that the separation of unfixed, viable WBCs
from DU145 cancer cells was less efficient compared with that
of PFA fixed cells (Figure 2A). Approximately 2000 fixed
DU145 cells were spiked into fixed RBC lysed blood, of which
97.7% of the cancer cells could be focused to the central outlet,
with 0.3% of the WBCs contaminating the cancer cell fraction.
Analogously, 2000 unfixed DU145 cells were spiked into
unfixed RBC lysed blood, in which 94.0% of the DU145 cells
focused to the central outlet, with an average WBC
contamination of 12.6%. One explanation why there were
lower recoveries of unfixed cancer cells compared with fixed
cancer cells could be due to the loss of a larger dead cell
population in the unfixed cell separation. Dead cells have a
different acousto-mechanical phenotype as to that of live
cells,41 which can explain the less efficient focusing of dead
cells (Figure S2) in the acoustic field.42,43 This emphasizes the
need for a secondary purging step when aiming for minimal
WBC contamination when acoustophoresis is used to isolate
high recovery live cancer cells.

Cell Size Assessment. We hypothesized that smaller
differences in cell size between unfixed cells (WBCs vs
DU145) as compared with PFA fixed cells (WBC vs DU145)
contributed to the challenges of separating unfixed cells. The
primary acoustic radiation force (FR, eq 1) is the main force
acting on the cells in free flow acoustophoresis, where the
radius scales to the power of three (r3), and is therefore a
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major contributor to acoustophoretic velocity differences
between cells.40

π ϕ= ΦF r k E k y4 sin(2 )y yR
3

ac (1)

where r is the particle radius, Φ is the acoustic contrast factor,
ky = 2π/λ is the wavenumber, Eac is the acoustic energy density,
and y is the distance from the wall.
However, the Coulter counter measurements demonstrated

larger differences in cell size between unfixed cells (WBCs vs
DU145) as compared with fixed cells (Figure 2B). Addition-
ally, the overlap in size distribution for fixed cells (WBCs vs
DU145) is more extensive as compared with unfixed cells. As
this would further impair the separation of fixed cells, we
concluded that the difference in size between WBCs and
DU145 cells does not explain the observed superior separation
of fixed cells. Therefore, differences in density and compres-
sibility of unfixed cells may provide a stronger impact on the
separation performance than size distributions alone.
We also found that Coulter counter data showed wider size

distribution of unfixed WBCs (6−11 μm) compared with fixed
WBCs (8−12 μm). Thus, fixation generates a more
homogeneous size for the different blood cells.
Optimal WBC Cell Concentration. Due to hydrodynamic

interactions between closely positioned cells in a suspension,44

separation techniques that rely on force fields (e.g., magnetic,
acoustic, electric) acting on cells in suspension display a
dependency on sample cell concentration in relation to
separation performance. The normal concentration of WBCs
in blood exceeds that where hydrodynamic interaction plays a
role, and it is therefore necessary to dilute clinical samples. We
found that the maximum cell concentration for nonfixed cells
was approximately 3.0 × 106 cells mL−1 (Figure 2C). This is
similar to the cell concentration (∼3.5 × 106 cells mL−1)
previously reported for PFA fixed cells that can be processed
without compromising acoustophoretic cell separation per-
formance, as higher cell concentrations lead to increased WBC
contamination in the central outlet fraction.27

Optimizing Buffer Conditions. Previously, the acousto-
phoretic cell separation has been performed in FACS buffer,27

whereas a Pluronic F-108-containing buffer (FACS buffer P)
was used during the proof-of-principle work of negative
acoustic contrast particle acoustophoresis.28 As it is desirable
to use one buffer throughout the entire A2 separation process,
we evaluated the optimal A2 buffer composition. First, we
evaluated the separation performance of unfixed WBC and
MCF7 cells in FACS buffer (n = 5) vs FACS buffer P (n = 3 +
5) in the primary separation step. Using the FACS buffer P, we
found that fewer MCF7 cells were focused in the microchannel

Figure 3. Negative depletion of WBCs with elastomeric particles. (A) WBC depletion efficiency and (B) WBC fold depletion after the two-step
acoustophoresis (A2) of cancer cells with or without Pluronic in the buffer. (C) Cancer cell (DU145) recovery after A2 with or without Pluronic in
the buffer. The graphs show three experiments (n = 3) with blood from three different healthy donors. (D) ImageStream DU145 cell stained with
anti-EpCAM-APC (I), one WBC stained with DAPI bound to an elastomeric particle (II). Two DAPI stained WBCs bound to the same
elastomeric particle (III). One DAPI stained WBC bound to three elastomeric particles (IV).
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and collected at the central outlet at the same piezo actuation
voltage as compared with FACS buffer (Figure 2D, standard
acoustic energy). To obtain similar cancer cell recovery
(88.6%) with FACS buffer P as that obtained using FACS
buffer, there was a close to 4-fold increase in WBC
contamination (from 2.6 to 9.3%), indicating that FACS
buffer P was suboptimal for the initial separation step (Figure
2D, high acoustic energy). Subsequently, we compared the use
of FACS buffer throughout the A2 experiment (with unfixed
WBCs and DU145 cells) with FACS buffer used during step 1,
followed by 0.1% Pluronic F-108 buffer during the
intermediate EP incubation phase and the final secondary
purging step. We found no difference in cancer cell recovery or
WBC fold depletion by the addition of a buffer surfactant and
therefore concluded that FACS buffer can be used throughout
the A2 procedure (Figure 3A,B). As our previous report27

showed, acoustic focusing of various epithelial cancer cell lines
are comparable and interchangeable in analytical validation
and holds promise for successful enrichment of CTCs from
different epithelial carcinomas.
Analytical Validation of the A2 Method for Live Cell

Separation. Analytical validation of live cell separations with
A2 acoustophoresis, with a primary acoustophoresis step
combined with a secondary WBC purging step by immuno-
activated negative acoustic contrast particles, showed a
depletion efficacy of over 99.7 ± 0.1% (Figure 3A), which
corresponds to a WBC fold depletion between 401 ± 140-fold
and 459 ± 188-fold (FACS buffer 0.1% P and FACS buffer,
respectively). The recovery of the 10 000 spiked DU145 cells
was between 40.4 ± 9.6 and 42.1 ± 7.0% (Figure 3B,C). Thus,
1 mL samples with whole blood and FACS buffer (1:1) (with a
maximum concentration of 3.0 × 106 cells mL−1) had after the
A2 process a final contamination of approximately 5000 WBCs.
A major contributing factor to the inter-variability between

the experiments is due to the use of blood from different
donors. Unfixed blood samples displayed a wider size
distribution of the different WBC subpopulations compared
with fixed blood samples, as PFA treatment provided more
uniform sizes, as discussed above (Figure 2B) and also
reported by Urbansky et al.45 Any variability in the proportion
of lymphocytes, monocytes, and granulocytes will affect the
size distribution and acoustic mobility of the WBC population
in a blood sample. Additionally, both cultured cancer cells and
CTCs in clinical samples vary in cell size.46−48 Hence, we
would anticipate that experiments using smaller-sized cancer
cells spiked into WBCs with a wider size distribution would
lead to lower cancer cell recovery with higher WBC

contamination. Intra-variability between replicates could likely
be caused by varied separation efficiency of the primary
separation step at higher WBC concentrations as well as by
flow disturbances due to cell aggregates in the secondary
purging step.
Figure 3D shows representative images from Amnis

ImageStream of elastomeric particle-white blood cell (EP-
WBC) complexes, where an anti-CD45 immuno-functionalized
EP can bind to one (Figure 3D panel II) or more (Figure 3D
panel III) WBCs (DAPI nuclear counterstain, purple). Also, a
single WBC can bind to several functionalized EPs (Figure 3D
panel IV). DU145 cells showing EpCAM (red) expression do
not bind EPs (Figure 3D panel I).

Spiking of 1000 DU145 Prostate Cancer Cells. The
performance of the A2 method was investigated in spiking
experiments with a smaller number (1000) of DU145 cells.
Here, the A2 method displayed a 99.6 ± 0.2% depletion
efficacy (Figure 4A), generating a 282 ± 177-fold WBC
depletion and a 28.0 ± 0.5% DU145 cell recovery (Figure
4B,C). Thus, 276−285 out of 1000 spiked in DU145 cells were
recovered in the three experiments and with a final
contamination of approximately 6600 WBCs from the 1 mL
sample with ≈1.5 × 106 WBCs.
Similar to what was discussed above in reference to the

primary acoustic separation step, differences in the composi-
tion of the WBC population can also influence the success of
the secondary purging step. Although CD45 is the most
common marker in WBCs, its expression level varies widely
between different WBCs, which affects the depletion perform-
ance of anti-CD45 immuno-functionalized EPs.10 Including
additional markers targeting granulocytes could be a solution
for increased fold depletion of the leukocytes. However,
remaining WBCs do not usually limit the downstream in vitro
and in vivo functional studies.25

Cell Proliferation and Viability. We have previously
shown that the viability and function of cancer cells are not
detectably affected by acoustophoresis.12,25 Numerous meas-
ures, such as cell survival, proliferation, and prostate-specific
antigen (PSA) secretion, have been investigated, and acousto-
phoresis showed no significant effect on any of the tested
factors.26,38 However, previous studies were limited to a single
acoustic separation step, whereas cancer cells processed with
the present A2 method were subjected to two consecutively
acoustophoretic steps and a rotating incubation step in
between runs. Therefore, we assessed the viability and
proliferative ability in triplicate to determine whether the

Figure 4. Validation of two-step acoustophoresis (A2) with 1000 spiked cancer cells. (A) WBC depletion efficiency, (B) WBC fold depletion, and
(C) cancer cell (DU145) recovery after A2. The plots show three repetitive experiments with blood from three different healthy donors.
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cancer cells manifested any harmful effects from being
subjected to sequential acoustophoresis.
DU145 cells were stained with 7AAD after the second

purging step, which showed that 3.2% of the 100 000
enumerated DU145 cells were dead based on flow cytometer
analysis. Compared with 8.2% of the control cells (only
incubated on ice throughout the experiment) stained positive
for 7AAD (Figure 5A). That the tumor cell fraction collected
after the A2 process contained a smaller number of dead cells
compared with control cells incubated on ice can likely be due
to the fact that most dead cancer cells present in the original
cell suspension did not focus to the central outlet in the
acoustic field (Figure S2) and therefore were removed in the
primary acoustic separation step. This indicates that the most
critical aspect of cell survival is the processing time rather than
A2 separation.
Cancer cells seeded for culture after the A2 separation

procedure as well as the control sample incubated on ice
showed no difference in percentage dead cells after passage 1−
4 (Figure 5B). The re-cultured cells attached to the well
bottom and proliferated equivalently. The initial percentage of
dead cells was higher in experiment 2 (blue circles) compared
with experiment 1 (black circles) and 3 (gray circles), which
might be explained by that cancer cells used in experiment 2
were left out of culture for a longer time period. Again, this
indicates that the time factor is much more important for cell
viability compared with subjecting the cells to ultrasound and
shear forces in the microchannels. The presence of EPs had no
effect on the viability of re-cultured cancer cells as they were
washed away through the passages.

■ CONCLUSIONS

In this study, we report a novel two-step acoustophoresis
method (A2) for the isolation of viable cancer cells from RBC
lysed whole blood. The two steps are based on acoustic
translocation of cells and particles, first through a primary
acoustophoresis separation step based on the intrinsic
acoustophysical properties of the cells, followed by a secondary
purging step to deplete the contaminating WBCs by negative
selection using anti-CD45 immuno-functionalized elastomeric

particles. This method delivers viable cancer cells for further
downstream analysis and growth in vitro. We believe that this
label-free, noncontact, and gentle approach holds promise to
obtain live CTCs from clinical samples for subsequent
culturing and functional assays, enabling personalized medical
treatment strategies.
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