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Multiplex separation of mixed cell samples is required in a variety of clinical and research applications.
Herein, we present an acoustic microchip with multiple outlets and integrated pre-alignment channel to
enable high performance and label-free separation of three different cell or particle fractions simulta-
neously at high sample throughput. By implementing a new cooling system for rigorous temperature con-
trol and minimal acoustic energy losses, we were able to operate the system isothermally and sort suspen-
sions of 3, 5 and 7 um beads with high efficiencies (>95.4%) and purities (>96.3%) at flow rates up to 500
uL min™t corresponding to a throughput of ~2.5 x 10° beads per min. Also, human viable white blood cells
were successfully fractionated into lymphocytes, monocytes and granulocytes with high purities of 96.5 +
1.6%, 71.8 £ 10.1% and 98.8 + 0.5%, respectively, as well as high efficiencies (96.8 + 3.3%, 66.7 + 3.2% and
99.0 *+ 0.7%) at flow rates up to 100 uL min™ (~100 000 cells per min). By increasing the flow rate up to
300 pL min™t (~300000 cells per min) both lymphocytes and granulocytes were still recovered with high
purities (92.8 + 1.9%, 98.2 + 1 .0%), whereas the monocyte purity decreased to 20.9 * 10.3%. The proposed
isothermal multiplex acoustophoresis platform offers efficient fractionation of complex samples in a label-
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Introduction

White blood cells (WBC), leukocytes, play an important role
in the human immune system and can be divided into three
main  subpopulations: lymphocytes, monocytes, and
granulocytes. Immediate and individual access to these WBC
subtypes holds significant value in research as well as clinical
applications, such as lymphocyte purification for diagnostic
purposes, or widely-applied standard lymphocyte function
tests and gene expression analysis. In clinical cell processing
WBC subtypes are used for manufacturing chimeric antigen
receptor T cells in immunotherapy," for monocyte enrichment
to generate dendritic cells used in immunotherapy,” and for
separation of granulocytes for transfusion.®* However,
methods that offer rapid, simultaneous and label-free separa-
tion of the three blood cell subsets, in limited sample vol-
umes, still pose an unmet need.

Common separation methods such as fluorescence acti-
vated cell sorting (FACS) and magnetic activated cell sorting
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free and continuous manner at thus far unreached high sample throughput rates.

(MACS) require labeling of the cells, they are time consum-
ing, expensive and require trained personnel. Microfluidic
systems offer an alternative to label-based and/or affinity-
based separation methods and can be used for multiplex sep-
aration of cells based on their physical properties such as
size, density, shape, deformability, compressibility, charge,
polarizability and magnetic susceptibility. Multiplex separa-
tion of different particle types with high efficiency and purity
has been shown for several microfluidic devices such as de-
terministic lateral displacement (DLD),>® inertial micro-
fluidics,”® dielectrophoresis (DEP),"** acoustophoresis'*™°
or combinations of different forces and flow designs.
However, working with complex cell suspensions is often
more difficult due to larger variation and overlaps in the bio-
physical cell properties. Previous reports on multiplex separa-
tion of lymphocytes, monocytes, and granulocytes at through-
puts that meet bioanalytical or clinical needs have shown
only limited success. Ramachandraiah et al.’® used selective
RBC lysis combined with inertial microfluidics to separate
the three WBC subpopulations with fair purities (86% granu-
locytes, 43% monocytes, 91% lymphocytes) but only modest
separation efficiencies (27% granulocytes, 90% monocytes,
53% lymphocytes) indicating a loss of especially granulocytes
and lymphocytes in their system. Grenvall et al.'®> has demon-
strated separation of WBC using pre-aligned free flow
acoustophoresis. While this system showed sufficient
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separation efficiencies for lymphocytes and granulocytes but
low monocyte purity, the maximum throughput was only
8 uL min™" sample flow at a cell concentration of 10° cells
per mL, i.e. 8000 cells per min.

In acoustophoresis, commonly a half-standing wave field
is generated across a microchannel with a pressure node in
the center of the channel and a pressure anti-node along the
channel walls. The standing wave-induced acoustic radiation
force moves cells or particles based on their size, density and
compressibility in relation to their surrounding medium."’
Typically, larger and denser particles experience higher
acoustic forces and move faster towards the pressure node as
compared to smaller and less dense particles. Based on the
differences in the acoustophoretic mobility the various parti-
cles will end up in different lateral positions (stream lines) at
the end of the microchannel and can there be collected into
different outlets.

At higher throughput, the retention time for each particle
in the sound field is reduced and thus the acoustic force has
shorter time to act on the particle. To compensate for this,
an increased channel length or higher actuation voltage can
be employed. However, at higher voltages power dissipation
in the electro-mechanical conversion in the transducer may
result in elevated temperatures that require temperature con-
trol of the system.

2 MHz Transducer
T

Sample inlet Center buffer inlet
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Center\l’ outlet l
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In this paper, we describe multiplex separation in a multi-
outlet acoustofluidic microchannel integrated with an acous-
tic pre-alignment channel. To allow operation of the
piezoceramic actuator at elevated voltages a new air-cooling
unit has been realized which alleviates thermal limitations in
the system and thus enables a significantly increased sample
throughput at unperturbed precision. In this study, we dem-
onstrate high throughput multiplex acoustophoresis for parti-
cle mixtures as well as viable WBC.

Materials and methods
Acoustophoretic setup

The microfluidic structure was fabricated using deep reactive
ion etching (Micronit, Enschede, Netherlands) and com-
prised a sample inlet, a pre-focusing channel (22 mm x 300
pm x 150 um), a v-shaped flow splitter preceding the center
buffer inlet and a main separation zone (30 mm x 375 pm X
150 um) leading towards three outlets at the end of the chan-
nel (Fig. 1). The chip was sealed by anodic bonding of a glass
lid and silicon tubings were glued to each inlet and outlet at
the bottom of the microchannel as docking ports for the flu-
idic tubings. A pressure driven unit (VEMA-LS-8N3-9-D1-M5-
22D9, Festo AB, Sweden) with flow sensor (SLI-1000 and SLI-
2000 liquid flow meters, Sensirion AG, Switzerland) based
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Sidel outlet
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Fig. 1 Microfluidic chip and holder design. The schematic drawing shows the principle of multiplex acoustophoresis with acoustic pre-focusing as
implemented in this study. A sample is injected into the microchannel (A) and the particle/cells are pre-aligned in width and height (B) before
entering the main separation channel. Acoustic forces within the half-standing wave field in the separation channel will move the particles towards
the pressure node in the center of the channel based on their acoustophysical properties (C and D). Larger and denser particles move faster in the
sound field and can be collected into the center outlet (yellow) while medium sized particles move to sidel outlet (green) and the smallest parti-
cles are collected in side2 outlet (red). Fluorescence images (inserts in the top of the figure) were taken at different positions within the micro-
channel while acoustically separating 2 pm (red fluorescence), 4 pm (green fluorescence) and 6 um (green fluorescence) beads, respectively, to
support the schematic drawing. The picture on the lower right side shows the top view of the microfluidic chip holder with the positions of the in-
lets (A) and outlets (D) as well as the pre-alignment zone (B), the main separation zone (C), and the air-cooling fans.
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feedback loop control (in-house build) was used to control
the flow rates of the system. The flow rates at the different in-
lets and outlets for bead separation were set to 100 pL min™"
sample in, 300 pL min~" center buffer in, 150 pL min~' center
out, 85 pL min~' side1 out and 165 uL min ' side2 out. Bead
experiments at increased sample throughput were run by
keeping the same split ratios at the inlets and outlets. Cell ex-
periments were performed at 100 uL min " sample in, 300 puL
min ' center buffer in, 150 pL min™* center out, 30 uL min™
side1 out, and 220 uL min " side2 out. The acoustophoretic
standing wave field was generated using piezoceramic trans-
ducers glued underneath the pre-focusing channel (resonant
at 5 MHz) and main separation channel (resonant at 2 MHz).
Both transducers were driven by a dual channel function gen-
erator (AFG3022B, Tektronix, Beaverton, OR, USA), connected
to signal amplifiers (in-house build), and a two-channel digital
oscilloscope (TDS 1002, Tektronix) was used to measure the
voltage over each transducer. Temperature was monitored via
PT1000 resistance temperature detectors attached to the side
of the chip above the pre-alignment and main separation
transducer. For visual inspection of the microchip and for tak-
ing fluorescence images a SZX10 stereo microscope equipped
with a GFP filter, a XC10 camera (all Olympus, Tokyo, Japan),
and a X-Cite 120Q excitation light source (Lumen Dynamics,
Excelitas Technologies, Waltham, MA, USA) was used.

Holder design

The chip holder was designed in a 3D-CAD software
(Autodesk Fusion 360) and 3D-printed (Ultimaker2,
Ultimaker, Netherlands) in two pieces; the bottom piece
contained air flow channels, the top piece had two open air
conduits where two axial fans (Papst 412F2H, Elfa Distrelec,
Sweden) were mounted, see supporting Fig. S1Af The
acoustofluidic chip was placed in the center slit of the chip
holder. Besides four supportive regions where the tubings
exit the chip, the chip is free hanging with open air vents
above and below the chip. The fans push air through the
manifold that exits through the top and bottom center slits
where the chip is placed, see supporting Fig. S1B.}

Beads

Polystyrene beads in sizes 3, 5 and 7 um (Sigma-Aldrich, St.
Louis, MO, USA) were mixed equally in MilliQ + 0.01% Triton-
X-100 (Sigma-Aldrich) and used as reference validation of the
separation performance of the multiplex acoustophoresis chip.
For fluorescence images, Fig. 1, FITC-marked melamine
resin micro particles in sizes 4 and 6 pm (Fluka, Sigma-Aldrich)
and 2 pm Fluoro-Max red fluorescence polymer microspheres
(Thermo Fisher Scientific, Waltham, MA, USA) were used.

Blood sample collection

Sample collection was approved by the Regional Ethical Review
Board at Lund University, Sweden. Blood samples were
obtained from healthy volunteers after informed consent at
Lund University Hospital, Lund, Sweden and collected in
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vacutainer tubes (BD Bioscience, San Jose, CA, USA), containing
ethylenediaminetetraacetic acid (EDTA) as anticoagulant.

White blood cell preparation and flow cytometric analysis

White blood cells (WBC) were obtained by selective lysis of
red bloods cells using either BD Pharm Lyse lysing solution
(BD Bioscience) for viable, non-fixed WBC samples, or BD
FACS lysing solution (BD Bioscience) for fixed WBC prepara-
tion according to manufacture instructions. Cells were
stained with monoclonal antibodies for 15 min at room tem-
perature in the dark and adjusted to 1 x 10° cells per ml in
1x PBS + 2 mM EDTA + 0.01% BSA (Sigma-Aldrich). The fol-
lowing directly conjugated monoclonal antibodies were used:
CD3-APC (clone HIT3a), CD14-PE (clone M¢P9), CD19 FITC
(clone HIB19), CD45-PerCP (clone 2D1), and CD66b FITC (cl-
one G10F5), as well as matched isotype controls (all from BD
Bioscience). Propidium iodide (Sigma-Aldrich) was used as a
dead cell marker in viable WBC experiments. Immunofluores-
cent labeled samples were analyzed before and after acoustic
separation on a FACSCanto II flow cytometer (BD Bioscience)
and the acquired data were analyzed using Flow]Jo software
(Tree Star Inc., Ashland, OR, USA).

Cell property measurements

Lymphocyte, monocyte and granulocyte populations were sep-
arated using acoustophoresis and purities were determined
using a flow cytometer (all >90%). The size distribution of
each cell fraction was measured with a Multisizer 3 Coulter
Counter (Beckman Coulter, Brea, CA, USA), see Fig. S2.7

Statistics

If not otherwise stated, data are presented as mean +* stan-
dard deviation (SD) with n = 3 biological replicates and three
technical repeats each.

Separation performance parameters

Separation performance parameters are reported as separation
efficiency linked to the purity of that same collected fraction,
where separation efficiency is calculated as the ratio of the
number of desired particles per cells in a target outlet to the
total number of desired particles per cells found in all outlets.
Purity is defined as the ratio of the number of desired parti-
cles/cells to the total number of particles in a collected
fraction. Furthermore, to also disclose system throughput in
an unbiased manner we report the sample input volumetric
flow rate and the particle/cell concentration of that same
input sample. Mixing ratio of bead suspensions is given and
for blood cell samples the initial sample as well as each col-
lected fraction is presented with full FACS data.

Results and discussion
1. Thermal characterization of the cooling unit

Temperature stability is of importance in acoustofluidic sys-
tems as temperature drift alters the speed of sound of the

This journal is © The Royal Society of Chemistry 2019
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processed liquid, which in turn affects the resonance of the
acoustophoresis channel. That is, a change in temperature
causes a resonance frequency drift which results in a de-
crease in acoustic energy in the channel and thus the acous-
tic force acting on the particles is altered. Augustsson et al.*°
observed the shift in the acoustic resonance peak to be ~1
kHz °C™ and a complete change of the resonance mode at
temperature changes of 5 °C.

An increase of system temperature may originate from sev-
eral sources. However, most prominently from losses in the
piezo-mechanical coupling, where an increased voltage level
will cause mechanical losses in the piezo ceramic that give
rise to elevated temperatures. To counteract this temperature
drift and maintain a constant level is thus very important.>’
Previously reported ways of cooling the chip have included
the use of an aluminum chip holder with a Peltier element in
proximity to the chip and a temperature sensor mounted on
the piezo ceramic element linked to a feedback-loop con-
trol.>* Although this design provided a successful tempera-
ture control, the clamping of the chip to the holder dissi-
pated acoustic energy from the chip and thus the full
potential of the acoustic energy input was not utilized. Work
by Fong et al.>* also reported the use of a fan located 2 cm
from the chip to cool their acoustophoresis chips when driv-
ing the piezo actuator in the range of 1.4-1.8 MHz at voltages
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up to 23 V,, and a 2 °C temperature variation. Without the
fan, temperatures up to 70 °C were reported.

To alleviate the shortcomings of 1) a gradually rising tem-
perature of the acoustophoresis system (red trace, Fig. 2A)
causing a drift in optimal resonance frequency and 2) the
acoustic power dissipation through the peltier/aluminium
manifold, we have designed a 3D-printed air cooling manifold
where the chip is free-hanging, suspended only in the
connecting tubings. Furthermore, since the chip is positioned
in an ambient air-flow path, the chip temperature stabilises a
few degrees above ambient conditions (purple trace) within
~30 seconds. Two features transport heat from the
acoustofluidic chip in operation: a) the liquid flowing through
the chip and b) the fan driven convective transport of room
tempered air across the chip (Fig. S1Bf). Fig. 2A shows the im-
pact of these different cooling aspects. At stop flow and no air
cooling (red line), the temperature has not reached steady
state even after four minutes of operation. With fluid flow ac-
tive and no air cooling (blue line) the temperature levels out
after 60 seconds at a five degree elevated temperature. Once
the air fans are in operation the cooling effect is rapid,
reaching steady state after 30 seconds at about two degree ele-
vated chip temperature, and most notable the fluid flow at 800
ul min™" through the chip does not significantly impact the
system temperature, c.f. purple line vs. green line.
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Fig. 2 Thermal characterization - (A) effects of cooling aspects at 800 uL min* total flow rate. Red: Without any cooling and no flow; blue: with
flow and no air cooling; green: with air cooling and no flow; purple: both air cooling and flow. The pre-alignment transducer was driven at 4.3 V,
and the main separation transducer at 4.6 V. (B) The effect of an increase of amplitude on the temperature at the pre-focusing transducer (left)
and main-focusing transducer (right) was investigated at total flow rates of 400 uL min™ (low flow rate, red) and 2 mL min™* (high flow rate, green)
with air cooling turned on. The amplitude range was chosen based on the lowest and highest values used within the bead per cell experiments

and temperature was measured 30 s after starting the system (n = 1).
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Furthermore, experiments were conducted to analyze the
effect on the temperature by applying different voltages at
the pre-alignment transducer and main-separation trans-
ducer (Fig. 2B). The temperature is plotted against the voltage
squared (V*) as V” is proportional to the acoustic energy in
the channel. The temperature increases less than 1.5 °C be-
tween 0 voltage applied and 6 V,, (Fig. 2B, left) for the pre-
alignment transducer and 12 V,, (Fig. 2B, right) for the
main-separation transducer, whereas when operating the sys-
tem without the air cooling active the temperature rises ~5
°C already at an operating voltage of 4.6 Vy,
(Fig. 2A blue line). Going from 4.6 V,,, to 12 Vj,;, corresponds
to a 7x increase in delivered acoustic energy. It should be
noted that the higher temperature increase of =2 °C in
Fig. 2A (purple line) is due to the additional heating of the
microscope light source which was not activated in the exper-
iments for Fig. 2B where a maximum of 1.5 °C temperature
increase was seen. The free-hanging chip solution combined
with the increased length of pre-alignment channel, allowed
to operate the device at increased acoustic energy, resulting
in a significantly increased sample throughput.

2. Effect of pre-alignment voltage

The simultaneous acoustophoretic fractionation of three differ-
ent targets has been reported previously by Petersson et al'*
Separation efficiencies of 76-96% were reported with samples
containing 3, 7, and 10 um polystyrene (PS) beads. The modest
performance can be explained by the lack of a pre-alignment
step which aligns all particles into the same flow vector and
minimizes the influence of particles moving at different veloci-
ties in the Poiseuille flow. This ensures that the particles have
the same retention time in the separation channel. The
acoustophoretic pre-alignment, introduced by Augustsson
et al.,** was later utilized by Grenvall et al."® in order to achieve
separation of particles and cells based purely on

Separation efficiency [%]
Separation efficiency [%]
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acoustophysical properties, thereby minimizing influence of
Poiseuille flow based dispersion. This resulted in significantly
improved separation performance, 88-98%, for 3, 7, and 10
pm beads which also enabled WBC fractionation at recoveries
of 86.5%, 83.1% and 68.4% for lymphocytes, monocytes and
granulocytes, respectively.'” This acoustic device was short
with a pre-alignment length of only 10 mm and separation
length of 22 mm. This translated to short retention times in
the sound field, which required the use of very low flow rates
(8 uL. min™") to achieve a reasonable separation performance.

The design reported herein includes a pre-alignment
channel of 22 mm length, a factor of 2.2 longer as compared
to the original report on pre-alignment by Augustsson et al.*!
and later by Grenvall et al.'® The longer pre-alignment chan-
nel enables a proportionally higher flow rate at unchanged
pre-alignment performance. To show the influence and im-
portance of the pre-alignment for multiplex acoustophoresis,
an experiment was conducted in which the pre-alignment
voltage initially was set to zero (pre-alignment off) and then
gradually increased up to 18 Volts squared, see Fig. 3. At
0 Volts, i.e. no pre-alignment, a large fraction of 7 um parti-
cles (yellow) ended up in side outlet 1 instead of the center
outlet and 5 um particles (green) were collected in side outlet
2 instead of side outlet 1. As the pre-alignment voltage in-
creases and all particles end up in the same flow vector be-
fore the separation channel, the separation of the three parti-
cle sizes was greatly improved, now only depending on the
acoustophysical properties of the particles.

3. Bead separation efficiency versus flow rate

Previous publications on acoustic multiplex particle separation
reported maximum sample flow rates of 10 uL min™* "™
and 40 pl, min "' To test the performance of the multiplex
acoustic chip reported here, an equal mixture of 3, 5 and 7 pm

polystyrene beads at a total bead concentration of 10° beads

Separation efficiency [%

I|'|-
0 2 4 6 8 1012 14 16 18

Pre-alignment voltage? [V}]

A 7um

Fig. 3 Separation efficiency vs. pre-alignment voltage squared. At zero voltage, i.e. pre-alignment turned off, it is clearly visible that the separation
efficiency is sub optimal with particle sizes ending up in several outlets. As the pre-alignment voltage is increased, all particles are effectively fo-
cused into the same flow vector with the same retention time in the main separation channel and thus the separation efficiency is purely deter-
mined by the acoustophysical properties of the particles. Note that the separation voltage controlling the one-dimensional standing wave was
maintained constant at 4.5 V,, and only the pre-alignment voltage was varied.
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per mL was run through the chip at increasing sample flow
rates. The split ratio of the inlets and outlets were fixed while
the acoustic energy was increased such that the 7 pm beads
exited through the center outlet, while the 5 pm beads were di-
rected towards the sidel outlet and the 3 pm beads stayed
along the channel wall and exited through the side2 outlet
(Fig. 1). For sample flow rates up to 500 uL min~' the mean
separation efficiency, e.g. the number of desired beads in the
target outlet compared to all three outlets, was >99.2% for 3
pm, >97.5% for 5 um, and >99.9% for 7 um, corresponding
to mean purities of >98.7%, >99.3%, and >98.2% for 3, 5
and 7 um, respectively (Fig. 4). At 600 uL min™* a drop of sys-
tem performance of up to 15% was observed mainly due to a
contamination of 5 pm beads into the side2 outlet resulting in
mean separation efficiencies (+SD) of 96.7 + 2.6%, 82.4 + 2.8%
and 98.2 + 0.1% and purities (+SD) of 83.5 + 2.2%, 94.9 + 2.4%
and 98.5 + 0.7% for 3, 5 and 7 um, respectively. A possible ex-
planation for the decrease in separation performance at higher
flow rates is the increased flow instability due to the measur-
ing range and accuracy of the flow sensors (SLI-1000: cali-
brated for ~80-1000 ul min~* with 6% error, and SLI-2000: cal-
ibrated for ~200-5000 pl min™" with 6.5% error) used to
monitor the flow rate as well as the response time of the in-
house built feed-back loop. Furthermore, at higher flow rates
the beads may not have sufficient time in the pre-focusing
channel to be pre-aligned in width and height before entering
the main separation channel.

Recently, Wu et al.>* combined acoustics and hydrody-
namics to pre-align particles prior to multiplex particle sepa-
ration using surface acoustic waves. Separation data on 10,
12 and 15 pum polystyrene beads showed purities around 90%
for the different bead sizes in their target outlets. However,
no data on bead concentration, flow rate, sample throughput
and separation efficiency/recovery are given for the multiplex
separation, which prevents a comparison of system through-
put and performance to the system reported herein.
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The acoustic radiation force acting on a particle scales with
the particle radius to the third power (eqn (S1)}). Considering
that previous multiplex acoustophoresis experiments were
performed with bead sizes of 3, 7 and 10 um, the separation
shown in this paper with 3, 5 and 7 um beads is more challeng-
ing due to the lower difference in acoustic mobility between the
different bead sizes (eqn (S2)T). More precisely, in previous pub-
lications'*'® the acoustic mobility of 3 and 7 um polystyrene
beads differed by a factor of ~5.44 and for 7 and 10 um beads
of ~2.04, while in this work the difference in mobility for 3 and
5 um beads is only ~2.78, and for 5 and 7 pm beads ~1.96.
Furthermore, compared to previous publications'*"'* an up to
60-fold increase in sample flow rate was achieved with com-
parable or even better separation performance.

4. Bead concentration influences separation efficiency

The initial sample concentration plays a crucial role for the
separation outcome. Augustsson et al.>! analyzed the washing
efficiency, i.e. the transition of beads/cells from one lami-
nated stream to another, for different particle concentrations
and showed a constant drop of efficiencies at volume frac-
tions >0.2%. This is in agreement with theoretical calcula-
tions from Ley and Bruus®® which identified the threshold
for the wash efficiency in acoustophoretic systems to be at
around 1% particle volume fraction. At high particle concen-
trations the particle suspension starts to move as a whole
due to hydrodynamic interactions between the particles. The
migration velocity of a given particle towards the pressure
node is lowered at higher particle concentrations while parti-
cles with lower acoustophoretic mobility are hydrodynami-
cally coupled to faster moving particles. The effect of hydro-
dynamic interactions becomes even more crucial when trying
to separate two different particle per cell types from each
other. Magnusson et al.>® reported a drop in performance
when separating circulating tumor cells from white blood
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Fig. 4 Particle separation vs. flow rate. Acoustophoretic separation of an equal mixture of 3, 5 and 7 um polystyrene beads at a total
concentration of 10° beads per mL was performed at different sample flow rates varying the applied voltage squared from 25 to 130 at the main
separation transducer. Shown are the separation efficiency, i.e. the number of particles collected in one outlet compared to all outlets, and the
simultaneous purity of the targeted species at the three different outlets (n = 3, mean * SD).
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cells at an input concentration above 3.25 x 10° cells per mlL,
which corresponds to a volume fraction of ~0.2%.

Herein, system performance based on the initial sample
concentration was investigated at 500 uL min~" sample flow
rate. Fig. 5 shows comparable separation efficiencies of
>98.6% for 7 um beads in the center outlet for sample con-
centrations up to 1.5 x 10” beads per mL (~0.13% volume
fraction). However, the efficiency to separate 3 and 5 um par-
ticles in side2 and sidel outlet, respectively, decreased with
increasing sample concentrations from 99.3 * 0.4% and 97.5
+0.5% at 1 x 10° beads per mL (~0.009% volume fraction) to
85.4 + 0.8% and 89.1 + 3% at 1.5 x 10’ beads per mL (3 and 5
um, respectively). Due to the carry-over of beads into non-
target outlets the purity of 7 pm beads decreased from 98.5 +
0.3% to 93.1 + 2.2% with increasing sample concentrations,
while the purity of 5 um beads decreased from 99.3 + 0.4% to
82.2 + 6.9%. Only the purity of 3 pm beads remained between
99.8 + 0.1% and 97.4 + 1% in the side2 outlet. Similar to
Magnusson et al.>® the concentration limit for optimal sepa-
ration is shown here to be below 0.2% volume fraction as
compared to the 1% volume fraction in bead washing appli-
cations. Both Grenvall et al."® and Petersson et al.'* used very
high bead concentrations corresponding to 1.4 and 3.5-6%
volume fraction, respectively, which could be one of the rea-
sons for their lower separation outcome. Comparing the
throughput of beads per min, we could reach up to 7.5 x 10°
beads per min as compared to 1.5 x 10° beads per min'> and
6 x 10°-6.2 x 10" beads per min'* with similar or better sepa-
ration outcome despite working with a more challenging ini-
tial sample with small acoustic mobility differences between
the beads (3, 5 and 7 um beads used herein as compared to
3, 7 and 10 pm used previously).

5. Concurrent fractionation of white blood cells

Fractionation of white blood cells into lymphocytes, mono-
cytes and granulocytes is of interest for various clinical and
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research applications. Acoustophoresis offers the possibility
to simultaneously separate different particles and thus possi-
bly also different blood cell types with high efficiencies and
purities in limited sample volumes. Furthermore, acousto-
phoresis has been shown to be a gentle method which does
not impact cell viability or functional capacity of the separated
Sample'21,23,27733

There is a large size overlap between the different white
blood cell populations with a median diameter (range) of
7.2 um (5.5-10 pm) for lymphocytes, 9.5 pm (7.5-12 um)
for monocytes and 9.5 pm (8.5-11 um) for granulocytes as de-
termined by coulter counter measurements (Fig. S2t). The
size differences are also reflected in corresponding scatter dif-
ferences in fluorescent-activated flow cytometry analysis as
shown in the histogram of the forward scatter signal (FSC) in
Fig. 6A. The magnitude of the acoustic force acting on a parti-
cle is mainly depended on the particle size, which in this case
would make it challenging to acoustically sort the three WBC
subpopulations. However, also density and compressibility in-
fluence the acoustophoretic mobility of a particle. Typically,
the density varies between 1.055-1.070 g cm ™ for monocytes
and lymphocytes and 1.075-1.085 g cm™ for granulocytes.**
Based on these differences in the acoustic properties
granulocytes show a higher acoustophoretic mobility in the
acoustic standing wave field as compared to lymphocytes and
move therefore faster towards the pressure node in the center
of the microchannel where they can be collected in the center
outlet. Lymphocytes on the other hand are less affected and
stay close to the channel wall being directed to the side2 out-
let. Monocytes show a more disperse acoustophoretic mobility
and are mainly directed towards the sidel outlet.

Fractionation of viable WBC into lymphocytes, monocytes
and granulocytes was shown successfully for different flow
rates (Fig. 6B) without impairing the cell viability (98.4 +
1.9% before and 98.2 + 2.1% after separation). At 100 pL
min~' sample flow and a throughput of 100000 cells per min
99 + 0.7% of the granulocytes were translated to the center
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Fig. 5 Particle separation vs. sample bead concentration. Acoustophoretic separation of an equal mixture of 3, 5 and 7 um polystyrene beads was
performed at 500 pL min~! sample flow while altering the initial sample concentrations. Shown are the separation efficiency and purity of the

different beads in the three outlets (n = 3, mean * SD).
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Fig. 6 Fractionation of viable white blood cell subpopulations. Simultaneous acoustophoretic separation of lymphocytes, monocytes and
granulocytes from lysed whole blood at a starting concentration of 1 x 10® WBC per mL. (A) FACS plot analysis showing the forward scatter and
side scatter plots of the input sample and the three different outlets for a typical run at 100 uL min™* sample flow. (B) Shown are the separation

efficiency and purity for varying sample flow rates (n = 3, mean + SD).

outlet, 66.78 + 3.2% of monocytes were directed towards the
side1l outlet and 96.8 + 3.3% of lymphocytes towards the
side2 outlet. This corresponded to purities of 98.8 + 0.5%,
71.8 + 10.1% and 96.6 + 1.6% for granulocytes, monocytes
and lymphocytes, respectively. Increasing the sample flow
rate, however, decreased the separation outcome. Especially
lymphocytes tended to contaminate the sidel outlet resulting
in a significantly lower purity of monocytes of 20.9 + 10.3%
and the larger drop in separation efficiency of lymphocytes to
72.6 + 13.8% at 300 uL min ' sample flow, maybe due to in-
sufficient time for complete alignment in the pre-focusing
channel before entering the main-separation channel.
Ramachandraiah et al.*® obtained similar purities of 91% for
lymphocytes, 43% of monocytes and 86% of granulocytes
using selective red blood cell lysis and inertial microfluidics.
However, the reported separation efficiencies in their spiral
microchannel indicated a considerable loss of granulocytes

This journal is © The Royal Society of Chemistry 2019

and lymphocytes in their system. We do see a shift in the
WBC subpopulation ratio before and after the acoustic sepa-
ration (Fig. S31). However, this discrepancy is mainly seen at
the lower sample flow rate of 100 puL min™"' (200 uL sample).
Due to the considerably lower flow rate in the sidel outlet,
i.e. the monocyte outlet, which is 30 uL min™" out of 400 uL
min™" total flow and the dead volume in the sample tubing,
not all monocytes are recovered into the sidel outlet tube.
This effect will be evened out by running larger sample vol-
umes, as seen for sample flow rates of 200 uL min™" (400 uL
sample) and 300 uL min™" (600 uL sample), or by flushing
the remaining cells in the tubing's after the acoustic run.
Compared to previous acoustophoretic multiplex separation
of leukocyte subpopulations, a higher separation efficiency
for lymphocytes and granulocytes was achieved at high flow
rates up to 200 pL min™* (200 000 cells per min) with compa-
rable purities for the two subpopulations as well as higher

Lab Chip, 2019, 19, 1406-1416 | 1413
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purity for monocytes. Even at 300 uL min~" (300000 cells per
min) comparable outcomes were achieved with separation ef-
ficiencies of 94.1 + 3.2%, 54.1 + 13.5% and 72.6 + 13.8%, and
purities of 98.2 + 1%, 20.9 + 10% and 92.8 + 1.9% for
granulocytes, monocytes and lymphocytes, respectively. This
corresponds to flow rates that were 37.5 fold faster and a
37.5 fold faster cell throughput per minute than previously
reported."”

However, it should be noted that Grenvall et al. used fixed
cells in the experiments (8 uL min™", 8000 cells per min).
This is important, as we can see a shift in the forward scatter
and side scatter signal in the flow cytometer indicating a
different size distribution as well as granularity distribution
between the different subpopulations when comparing fixed
and viable WBC (Fig. S47). Density and speed of sound mea-
surements by Cushing et al.*® furthermore revealed an in-
crease in the compressibility as well as a decrease in the
density and the acoustophoretic contrast factor for fixed
cells as compared to viable cells. Taken the reduced size dis-
tribution and acoustophoretic contrast factor of fixed WBC
into account an overall lower acoustophoretic mobility of
fixed WBC in the acoustic standing wave field is expected.
These results are in agreement with Augustsson et al.>' who
reported a difference in separation performance between
fixed and unfixed WBC. Lower acoustic energy was needed to
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move viable cells, which displayed a higher acoustophoretic
contrast factor, however a better separation outcome was
obtained using fixed cells due to changes in the acoustic
properties of the cancer cells after fixation. As a result of the
apparently bigger size overlap of fixed white blood cell sub-
populations (Fig. S4,f Fig. 7A) and the decrease in the
acoustophoretic contrast factor we expected a less promising
separation performance in our multi-outlet chip using fixed
cells. Separation data confirmed the assumption that we
cannot discriminate equally well between the three subpop-
ulations using fixed WBC (Fig. 7B). With a sample through-
put of 100 uL min™" (100000 cells per min) we achieved a
separation efficiency of only 76.1 + 13.3% for granulocytes,
56.4 + 13.8% for monocytes and 85 + 3.5% for lymphocytes
with purities of 98 + 0.7%, 12.6 + 5.3% and 85.6 + 14.8%
for granulocytes, monocytes and lymphocytes, respectively.
Especially the monocytes are more disseminated between all
three different outlets. The magnitude of the acoustic field
needed to be increased in order to optimally pre-focus the
cells which is in agreement with the observation of
Augustsson et al’*' and the measurements of Cushing
et al.®® Possibly, the magnitude of the acoustic force in the
pre-alignment channel of the multi-outlet chip was not suf-
ficiently strong to completely focus the cells before entering
the main separation channel, which is indicated in the
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Fig. 7 Fractionation of fixed white blood cells. Acoustophoretic separation of lymphocytes, monocytes and granulocytes from lysed and fixed whole
blood at a starting concentration of 1 x 10 WBC per mL. (A) FACS plot analysis showing the forward scatter and side scatter plots of the input
sample and the three different outlets. (B) Shown are the separation efficiency and purity at 100 uL min™ sample throughput (n = 3, mean * SD).
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increase of lymphocytes in the sidel outlet at elevated flow
rates. Optimizing the running parameters such as flow rate,
length of the pre-focusing channel and magnitude of the
acoustic field may further increase the separation perfor-
mance using fixed WBC.

Conclusion

We have demonstrated an acoustofluidic device with
unsurpassed throughput for concurrent fractionation of WBC
subpopulations. Sample flow rates were more than 10 times
higher than in previously reported acoustofluidic devices for
bead separation and more than 35 times higher for WBC
fractionation (>35x higher cell throughput) at significantly
better separation efficiency and purity. The novel design of
the chip holder provided effective air cooling of the chip with
minimal clamping of the acoustic device, which enabled
more efficient utilization of the net input acoustic energy.
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