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Label-free concentration of viable neurons, hESCs
and cancer cells by means of acoustophoresisf

Marina C. Zalis,® Juan F. Reyes,” Per Augustsson,© Staffan Holmqvist,®
Laurent Roybon,” Thomas Laurell® and Tomas Deierborg*?

Concentration of viable cell populations in suspension is of interest for several clinical and pre-clinical
applications. Here, we report that microfluidic acoustophoresis is an effective method to efficiently
concentrate live and viable cells with high target purity without any need for protein fluorescent labeling
using antibodies or over-expression. We explored the effect of the acoustic field acoustic energy density
and systematically used different protocols to induce apoptosis or cell death and then determined the
efficiency of live and dead cell separation. We used the breast cancer cell line MCF-7, the mouse
neuroblastoma N2a as well as human embryonic stem cells (hESCs) to demonstrate that this method is
gentle and can be applied to different cell populations. First, we induced cell death by means of high
osmotic shock using a high concentration of PBS (10x), the protein kinase inhibitor staurosporine, high
concentrations of dimethyl sulfoxide (DMSO, 10%), and finally, cell starvation. In all the methods
employed, we successfully induced cell death and were able to purify and concentrate the remaining
live cells using acoustophoresis. Importantly, the concentration of viable cells was not dependent on a
specific cell type. Further, we demonstrate that different death inducing stimuli have different effects on
the intrinsic cell properties and therefore affect the efficiency of the acoustophoretic separation.

Insight, innovation, integration

The concentration of viable cells in suspension is of great interest for both research and clinically oriented applications. Current procedures rely mainly on cell
sorting techniques that include fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS). These techniques, however, require
immunolabeling and target specific cell proteins. Moreover, these cell-sorting procedures induce cell stress and highly reduce cell viability. Here, we present a

microfluidic separation method based on acoustophoresis, which is based on a robust flow-through separation process that employs acoustic radiation forces
from ultrasonic standing waves to gently and efficiently discriminate and separate particles (e.g. cells) with high viability within a microchannel. Importantly,

acoustophoresis does not require immunolabeling procedures thereby eliminating antibody costs. Here we show that acoustophoresis can be successfully
applied to both rodent and several human cell types, including human embryonic stem cells, thereby allowing an efficient concentration of live and viable cells

from dead ones.

Introduction

populations.® For instance, improving cell viability enhances

Many areas in biological, medical research, biotechnology or
clinical therapy require an efficient and gentle method for cell
separation and sorting."? One such example is the removal of
dead cells from cultures that may be detrimental for viable cell
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the sensitivity of cell-based screening assays and drug selection.*
Moreover, improved cell viability prevents from grafting non-
viable cells in animal models, which may trigger a cascade of
events that include inflammation within the host and therefore
trigger experimental variability, reduce the experimental effi-
ciency of cell engraftment and transplantation.®®

Methods that are currently used such as fluorescence-activated
cell sorting (FACS) or magnetic-activated cell sorting (MACS)
require cell labeling, which may damage cell membranes and
reduce cell viability or functional activity.” Methods that are
label-free, robust and can be applied to a majority of cell types
(prokaryotic and eukaryotic) are therefore currently of great
medical need.

This journal is © The Royal Society of Chemistry 2016
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Acoustophoresis is a new lab-on-a-chip technology based on
the microfluidic technology that offers a persuasive alternative
to both FACS and MACS. This microfluidic separation process
employs an ultrasound radiation force (ultrasonic standing
waves) that gently and efficiently separates particles or cells
within a microchannel.®** Cells flowing through an acoustic
standing wave field are subject to an acoustic radiation force,
which deflects their trajectory towards a pressure node located
in the channel center.'>'® The sideways acoustic velocity of the
cell depends on its size, and its mass density and compressibility
relative to the suspending medium. Higher density, lower com-
pressibility (stiffer) and larger size lead to a higher acoustic
radiation force on a cell, which makes it go faster into the
middle of the separation channel. Therefore, the acoustophoresis
method enables a gentle cell separation based on the intrinsic
acoustophysical parameters in a non-contact, non-harmful label-
free system.'*'?

In this study, we investigate whether we can concentrate
live cells from a mixed population of live and dead cells using
acoustophoresis. Previously, Yang and colleagues demonstrated
that microfluidic acoustophoresis could be used to effectively
concentrate viable breast cancer cells (MCF-7)."® Osmotically
induced cell death reduces the cell size and when mixed with
larger viable cells, the authors successfully concentrated viable
cells based on their higher acoustophoretic velocity compared
to the smaller apoptotic cells.'® In this study, we used a new
generation of higher resolution acoustophoresis chip applying a
2D pre-alignment segment that has previously been successfully
used to concentrate tumor cells from blood.'* This 2D pre-
focusing channel induces the alignment of the cells in the width
and height dimensions and therefore ensures that the trajectories
of the cells in the separation channel begin from identical
positions in the transverse channel-cross section, increasing
the separation efficiency.'* Here, we are specifically investigating
the effect of the acoustic energy density of the acoustic standing
wave and its relationship to separation performance using several
different cell types and cell death stimuli. Hence, we explored the
possibility to use acoustophoresis to separate viable cells from
dead cells that have succumbed under defined death conditions
including the natural process of nutrient starvation.

Materials and methods
Materials

We used the human breast tumor cell line MCF-7 obtained
from ATCC®, the neuroblastoma cell line N2a (overexpressing
a-synuclein, N2a o-Syn, expressing together with mCherry as a
marker'’) and the H13 human embryonic stem cell line.
DMEM Media - GlutaMAX"™, DMEM/F12, Fetal Bovine Serum
(FBS), KSR, L-glutamine, Dispase, Accutase, Phosphate-Buffered
Saline pH 7.4 (1x PBS), SYTOX®Red Dead Cell Stain and
Annexin V Alexa Flour™ 488 conjugates were purchased from
Life Technologies. Counting slides and the trypan blue dye were
obtained from BIO-RAD, UK. 10x Phosphate-Buffered Saline
(10x PBS), Trypsin, Penicillin-Streptomycin (PS), Staurosporine
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(STS), and Dimethyl Sulfoxide (DMSO) were purchased from
Sigma Aldrich. NEAA and donkey serum were purchased from
Millipore and FGF2 was purchased from Peprotech.

Cell culture (cell preparation protocols)

N2a and MCF-7 cells were cultured in T-75 cell culture flasks
with 10 mL of growing media (i.e. Dulbecco’s Modified Eagle’s
Medium (DMEM-GlutaMAX) supplemented with 10% FBS,
1% PS) in a humidified 37 °C/5% CO, incubator.

N2a cells were subjected to four different death-inducing
methods. N2a cells were washed with 1x PBS and detached
using 1 mL trypsin/EDTA solution. Cells were collected with
the addition of 4 mL of growth medium and pelleted via
centrifugation for 1.5 min at 400g. Cells were re-suspended
with medium and divided into two fractions. One fraction
was kept at room temperature (RT) overnight while the
other fraction with 5 x 10° cells was washed, pelleted and
re-suspended in 10 mL of 10x PBS and incubated for 18 h at RT.
After incubation, dead and apoptotic cells were centrifuged,
washed and re-suspended in a PBS buffer containing 1% FBS
and 2 mM EDTA (acoustophoresis buffer). For acoustic cell
separation a mixture of approximately 50% live cells and 50%
dead cells was prepared at a concentration of approximately
2 x 10° cells per mL.

We then differentiated N2a cells for 2 or 6 days by growing
them in the same media as above but without FBS. After 2 days
of differentiation, 100 pL of 1 mM staurosporine or 1 mL of
DMSO was added to the culture then harvested after 18 h and
re-suspended in acoustophoresis buffer. N2a cells that were left
to differentiate for 6 days (D6) were collected and re-suspended
in the acoustophoresis buffer.

MCF-7 cells at confluence were harvested and then treated
in the same way as non-differentiated N2a cells. 10x PBS
treated cells were then centrifuged at 500g for 6 min. The cell
pellet was re-suspended with 100 pL of FBS and 2 mL of 1x PBS,
re-centrifuged and then re-suspended in acoustophoresis
buffer. A mixture of approximately 50% live cells/50% dead cells
was prepared at a concentration of approximately 2 x 10° cells
per mL.

The colonies of H13 hESCs at passage p30-34 were cultured
in WiCell medium composed of Advanced DMEM/F12 supple-
mented with 20% KSR, 2 mM r-glutamine, 1% NEAA and
20 ng mL~" FGF2. On the day of the experiment, cells were
detached by adding dispase (0.5 ug mL ") and then incubated
at 37 °C for 30 min. Colonies were collected and washed
3 times in FGF2-free fresh WiCell medium. Colonies were then
mechanically dissociated. Single cells were collected by centri-
fugation at 300g for 5 min and re-suspended in acoustophoresis
buffer (1x PBS, 2% FBS and 4 mM EDTA) at a density of
2 x 10° cells per mL.

Immunohistochemistry

After fixation with 4% paraformaldehyde (PFA), hESC cells were
washed and incubated for 1 h in a blocking solution composed
of 10% donkey serum and 0.1% Triton-X100 in TBS. Cells were
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then incubated at 4 °C over night with the mouse anti SSEA4-PE
conjugate (Life Technologies A14766, 1:200) and mouse anti
Oct3/4 (Millipore MAB4401, 1:200) in combination with the
donkey anti mouse AF488 (Life Technologies, 21202, 1:200)
secondary antibody. DNA was then stained with DAPI and
cultures were imaged using an inverted microscope (Olympus
IX73 equipped with a Hamamatsu C11440 Orcaflash 2.8 camera).

Acoustophoresis chip, ultrasound actuation and the flow
system setup

The acoustophoresis chip used in this study is illustrated in
Fig. 1, and similar chips have previously been used for cell
sorting experiments'*"® and are described in more detail by
Deshmukh et al. (2014).'® Briefly, the chip uses acoustic cell
pre-alignment before acoustic cell separation, which is crucial
to achieve efficient separation. To generate ultrasound standing
waves for pre-alignment and separation, two piezoelectric ceramic
transducers were glued to the backside of the chip. The electrical
driving signal to the pre-alignment transducer was kept at a
constant amplitude of 1.41 V (peak to peak) and at a frequency
of 4.93 MHz. The acoustic energy density in the separation
channel was varied by changing the amplitude of the electrical
signal to the piezoceramic transducer, from 3.5 V to 11.0 V (peak
to peak) for the transducer in the separating zone, at a frequency
of 2.0 MHz. The inlet and outlet flows were controlled by regulating
the pressures within four liquid containers for the cell sample,
cell free central inlet liquid and two outlet flow fractions. The
total volumetric flow rates were set accordingly; sample inlet,
100 uL min~ ", central (buffer) inlet, 400 pL. min ", central outlet,

100 pL min~* and side outlet 400 pL min~".

Acoustophoresis separation experiments

Prior to acoustophoretic separation, the mixture of live and dead
cells (2 x 10° cells per mL) was kept at RT. A small-homogenized
volume (300 pL) of this cell suspension was transferred to a 5 mL
round-bottom polystyrene tube and connected to the inlet tubing

Pre-alignment Segment
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of the device before each acoustophoretic run. One cell fraction
at a time was processed repeatedly for each separation voltage
(starting from the highest voltage to the lowest) and the center
and side outlet fractions were collected and cell concentration in
each fraction was measured.

Examination of the outlet fractions

After each acoustophoretic cell separation (at specific voltages),
cells from the center and side outlet fractions were analyzed
using a Bio-Rad TC20™ (Hercules CA, USA) automated cell
counter with trypan blue to quantify cell viability. Loading of the
sample was performed according to manufacturer’s instructions.
For each cell fraction tested using the cell counter, three parameters
were obtained: total cell count per mL, viable cell count per mL as
well as viability (%) and cell size.

Cell preparation for flow cytometry and analysis

MCEF-7 cells and N2a cells from all cell-death inducing experiments,
and respective controls, were analyzed by flow cytometry. Cells were
collected immediately after trypsinization, permeabilized and
fixed using the FIX&PERM® Cell Permeabilization Kit (ADG, cat#
GAS-002M). Cell populations were further stained with the
Annexin-V AF488 conjugated antibody and Sytox®Red to separate
out apoptotic cells and dead cells, respectively (according to
manufacturer’s instructions, Invitrogen, Life Technologies). The
gating strategy used for flow cytometry analysis is as follows: cells
were first gated on a forward scatter/side scatter (FSC-A/SSC-A) dot
plot to exclude cell debris. These events were further visualized
using a FSC-A/FSC-H dot plot and single cells were gated. Single
cells were further visualized using a SytoxRed/Annexin-V dot plot
and different cell populations were identified on the forward
scatter/side scatter (FSC-A/SSC-A) dot plot.

Post acoustophoresis hESC fractions were analyzed for pluri-
potency using the mouse anti SSEA4-PE conjugated antibody.
To analyze the cells we first gated them on a forward scatter/
side scatter (FSC-A/SSC-A) dot plot to exclude cell debris.

Separation Segment

Piezoceramic Plezoceramic
transducer transducer
Sample Buffer Center Side
inlet inlet outlet outlet
* Live cells
* Dead cells

Fig. 1 Top view of the acoustophoresis microfluidic chip. A suspension of cells enter the acoustophoresis channel through the sample inlet, where cells
are 2 dimensionally pre-aligned in the first acoustic field by means of an acoustic field and form two defined bands that will bifurcate and meet in the
second acoustic field. In this separation channel, prealigned cells are flow laminated to proximity of the walls and the trajectories of individual cells are
deflected in an acoustic field according to their acoustic properties and morphology towards the channel center. Focused cells exit the microchannel
through the center outlet while the unfocused cells exit through the side outlet.
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This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ib00288e

Open Access Article. Published on 15 February 2016. Downloaded on 7/11/2025 8:41:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

These first gated events were further visualized using a FSC-A/
FSC-H dot plot and single cells were gated. Single cells were
further visualized using the PE-A/% of Max histogram. Fluores-
cence was quantified using a FACS Aria III flow cytometer and
analysis was performed using FlowJo version 9.8.2 for MAC.

Data analysis

Cell recovery, contamination, purity and diameter data were
analyzed using GraphPad Prism 6.0 (GraphPad Software Inc.,
San Diego, CA, USA). Data are presented as mean and standard
error of the mean (SEM). Purity was calculated as the number of
live cells within the center outlet divided by the total number
of cells in the center outlet. The recovery of viable cells was
calculated as the number of live cells in the center outlet
divided by the sum of live cells in the center outlet and the
number of live cells in the side outlet. Cell contamination was
calculated as the number of dead cells in the center outlet
divided by the sum of dead cells in the center outlet and the
dead cells in the side outlet.

Results and discussion

Acoustophoresis offers non-contact and label-free cell separa-
tion based on size and intrinsic cell properties’* without being
detrimental to cells or altering their phenotype."” Indeed, Yang
and colleagues demonstrated that microfluidic acoustophoresis
could be used to effectively concentrate viable breast cancer cells
(MCF7)."® Osmotically induced cell death reduces the cell size
and when mixed with larger, viable cells, the authors successfully
concentrated the viable cells based on their higher acousto-
phoretic velocity compared to smaller apoptotic cells."®

In this study, we used a new generation of acoustophoresis
chip by applying a 2D pre-alignment that has previously been
successfully used to concentrate tumor cells from blood.**
Here, we are specifically investigating the effect of the acoustic
energy density of the acoustic standing wave and its relationship
to separation performance using several different cell types and
cell death stimuli. Hence, we explored the possibility to use
acoustophoresis to separate out viable cells from dead cells that
have succumbed under defined death conditions including the
natural process of nutrient starvation.

To vary the acoustic energy density we applied a sinusoidal
electrical signal to the piezoelectric transducer of amplitudes
ranging from 3.5 V to 11.0 V (peak to peak) for the transducer in
the separation zone. Increasing amplitude leads to a higher
acoustic radiation force on the cells and deflects them at a
faster rate towards the acoustic pressure node. In order for two
different cell populations to be suitable for separation by
acoustophoresis, the cells from each population need to have
different acoustically induced sideway velocities, either by
difference in cell size, mass density or compressibility. It is
worth noting that the size of a particle or cell is often a domi-
nant factor since the acoustically induced velocity of a cell
scales with the particle’s diameter to the power of two."> Thus,
larger cells commonly migrate faster towards the pressure node

This journal is © The Royal Society of Chemistry 2016
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than smaller cells. However, the density and the compressibility of
the cells will also have an impact on their acoustic velocity.

Concentration of viable MCF-7 breast cancer cells following
osmotic shock

To separate live cells from dead MCF-7 cancer cells, we mixed a
population containing equal number of viable cells and cells
treated by osmotic shock (10x PBS) for 18 h. By using this
method, we expected to retrieve a typical small (in diameter)
cell population of dead/dying cells that could be easily sorted as
reported by Yang et al. (2012).'° However, in contrast to data
reported by Yang and colleagues, we did not observe a clear cell
size difference even after 24 h of osmotic shock treatment.
Under our conditions, cells treated with 10x PBS regained their
cell size when placed under physiological PBS solution (data
not shown). The suspension of dead cells was indistinguishable
from the viable cells, which range from 10-18 um in diameter
(Fig. 2B). Despite the lack of measurable size differences, we
could separate live cells from dead cells using our method.
Indeed, by using an actuation voltage of 3.5 V, we successfully
separated viable cells at a purity of 97.5 £+ 2.5% with a recovery
of 18.8 £ 5.8% (Fig. 2C and D, respectively, n = 5). By using a
higher voltage (4.5 V), we obtained higher recovery (49.7 +
7.1%) and yet with high purity (96.2 & 1.5%). Further increasing
the actuator amplitude (6.5 V) yielded a recovery of 85% but
reduced the purity to 73.2 + 5.1% and therefore a higher dead cell
contamination (17.9 £+ 3.7%).

The measured size distributions of live and dead MCF-7 cells
do not support a claim that acoustophoretic separation is
mainly governed by size differences. Rather, we interpret this
as an outcome of changes in cell mass density, which is altered
in cells undergoing cell death," and/or changed compressibility
due to intracellular degradation and that the cell membrane
becomes more permeable when cells die.?’ Taken together, we
demonstrate here that it is possible to effectively separate live
MCF-7 cells from dead/dying cells using a 2D acoustophoresis
chip. However, we found no support for the separation being
solely dependent on cell size and thus we hypothesize that it is
likely also due to the differences in compressibility or density.

Separation of viable neuronal cells from cell population
undergoing cell death

In order to separate live neuronal cells from different death
inducing stimuli, we again used the acoustophoresis technique
as above. In this instance, we used the neuroblastoma cell line
N2a over-expressing alpha-synuclein, a cell line previously
reported by Reyes and colleagues to model the cell-to-cell
transfer of the protein in the prion-like progression of Parkinson’s
disease.'” Neuronal cells are highly sensitive and in high concen-
trations are widely used for cell therapies including grafting, a
method of great scientific and clinical interest.”' Our N2a cells
were subjected to different death inducing stimuli including
10x PBS (for comparison refer to our MCF-7 data), staurosporine
(STS), a well-known apoptosis inducer isolated from Streptomyces
staurosporeus®>>* and DMSO, a chemical highly toxic to cells.**

Integr. Biol., 2016, 8, 332-340 | 335
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Fig. 2 Acoustophoretic concentration of viable MFC-7 cells. High purities obtained after sorting of non-differentiated MCF-7 live cells spiked with cells
treated with 10x PBS for 18 h (50% live/50% dead). (A) Bright field image of MCF-7 cells in culture using a Nikon Eclipse TE200 microscope. Scale bar:
200 pum. (B) Relative cell size distribution of the live and dead cell populations (n = 6). (C) Purity (n = 6). (D) Recovery and contamination in the center

fraction of the acoustophoresis chip (n = 7).

First, we induced osmotic shock by treating the N2a cells
(Fig. 3A) with 10x PBS for 18 h. We then spiked a viable batch
of N2a cells to obtain a similar ratio of viable to non-viable of
50%. After acoustophoresis, we obtained the purity of viable
cells between 93.0% =+ 2.0% and 94.9% =+ 0.8 at piezo voltages
between 5.5 V and 6.5 V, respectively (Fig. 3C). At 5.5 V the
recovery was of only 31.1% = 4.9, but at 6.5 V the recovery was
more than the double (75.1% = 3.2) (Fig. 3D). For both voltages,
the contamination was less than 3.5% (Fig. 3D). Notably,
the majority of cells had a size between 10 um and 14 pm in
diameter, with no apparent size difference between live and
dead cells (Fig. 3B). Next, we used STS, a chemical that is less
likely to affect cell size compared to 10x PBS. N2a cells were
treated with STS for 18 h resulting in 60.6% =+ 8.2 (n = 5) viable
cells. Live and dead cells had a cell diameter between 5 um and
11 pum (Fig. 4A) but no apparent difference in cell diameter were
observed between the two populations. The maximum purity of
viable cells (92.45% =+ 2.2) was obtained at a separation voltage
of 6.0 V (Fig. 4B). At this voltage, however, the recovery was only

336 | Integr. Biol, 2016, 8, 332-340

22.1% =+ 3.8 (Fig. 4C). At a piezo voltage of 7.0 V, we obtained
a high purity (89.5% + 2.6) with an acceptable recovery of
55.7% =+ 4.7 with low dead cell contamination (6.8% =+ 2.3).
Next, we examined whether cell death induced by DMSO
(10%) could be separated from viable cells. We suspected that
the hydrophobic solvent properties of DMSO known to effectively
dissolve numerous organic compounds may alter the stiffness
of the cells and thereby alter the acoustic contrast factor.
Interestingly, we found a somewhat different acoustophoretic
characteristic of N2a cells that were killed by 10% DMSO
for 18 h. Cells killed by DMSO were not efficiently separated
by acoustophoresis and we were not able to reproduce the
separation efficiency obtained with STS-treated cells. Instead,
we obtained high variability with low purity of viable cells
within the center outlet. N2a cells treated with 10% DMSO
gave a proportion of live cells of 47.8% =+ 8.4 on average. The
maximum purity obtained was of 78% + 5.0 at 6.0 V (Fig. 4E),
where recovery and contamination was of only 28.9% =+ 4.2 and
7.7% =+ 2.0, respectively (Fig. 4F). The cell diameter of both live

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Acoustophoretic concentration of viable neuroblastoma (N2a) cells. (A) Phase contrast image of non-differentiated N2a cells in culture. Scale bar:
200 pum. (B—D) Describe the data related to non-differentiated N2a cells spiked with cells treated with 10x PBS for 18 h (50% live/50% dead). (B) Relative
cell size distribution of the live and dead cell populations (n = 6). (C) Purity (n = 6). (D) Recovery and contamination in the center fraction of the

acoustophoresis chip (n = 6).

and dead populations ranged between 5 pm and 14 pm (Fig. 4D).
These results indicate that the properties of dead cells may differ
depending on different cell death stimuli and thus affect the
effectiveness of the acoustophoresis technique.

In our last set of experiments using N2a cells, we induced a
slow progressing apoptotic cell death by starvation®® and left
the N2a cells in the same differentiation medium over 6 days to
induce cell death. When N2a cells were left to differentiate for
6 days, microscopy observations revealed that the cells started
shrinking and dying. After 6 days of in vitro starvation, we
obtained a proportion of 67.6% + 4.2 live N2a cells. Fig. 4G
shows that both live and dead cells span sizes from 5 um to
14 pm. At 6.5 V and 7.0 V, a high purity was obtained with
94.2% =+ 0.8 and 94.2% = 1.0, respectively, with recoveries of
41.15% =+ 2.14 and 55.8% = 3.6 respectively (Fig. 4H and I). The
successful acoustic separation using starvation/long-term culturing
may not be explained solely by the differences in cell size between
the two populations. It is well known that starvation induces an

This journal is © The Royal Society of Chemistry 2016

unfolded protein response and autophagy.”® These two cellular
processes can potentially change both cell stiffness and cell
compressibility and thereby alter the acoustic contrast factor.

Altogether, our results show that acoustophoresis can be
successfully applied to effectively concentrate viable neurons in
suspension from a large proportion of dead cells. We also
demonstrate that the acoustophoretic technique of separating
dead and live neurons can be accomplished using different cell
death stimuli (10x PBS, STS, DMSO and starvation/long-term
culturing). Importantly, our data indicate that acoustophoretic
separation of dead/live cells can be achieved even when there is
no apparent size difference between live and non-living cells.
In order to confirm the cell size, we analyzed different cell
populations using a coulter counter (data not shown) and flow
cytometry, which inversely correlate with the cell size and cell
morphology/granularity, respectively, and as expected, our flow
cytometry data confirmed the great morphological overlap of
live and dead cells (Fig. S1-S4, ESIY).
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Fig. 4 The neuroblastoma cell line N2a shows different acoustic properties relative to different death-inducing stimuli. (A—C) Describe the data related
to N2a cells differentiated for 3 days (D3) and induced to dye with 1 mM staurosporine (STS) at day 2 of differentiation for 18 h. (A) Relative cell size
distribution of the live and dead cell populations (n = 5). (B) Purity (n = 5). (C) Recovery and contamination in the center fraction of the acoustophoresis
chip (n = 5). (D—F) Describe the data related to N2a cells differentiated for 3 days (D3) and induced to die with 10% DMSO at day 2 of differentiation for
18 h. (D) Relative cell size distribution of the live and dead cell populations (n = 5). (E) Purity (n = 5). (F) Recovery and contamination in the center fraction
of the acoustophoresis chip (n = 5). (G-1) Describe the data related to N2a cells differentiated for 6 days (D6) with a natural death of 50-60%. (G) Relative
cell size distribution of the live and dead cell populations (n = 6). (H) Purity (n = 6). (I) Recovery and contamination in the center fraction of the

acoustophoresis chip (n = 6). Error bars are presented as SEM.

Separation and concentration of viable human embryonic stem
cells (hESCs)

Pluripotent stem cells (PSCs) are considered to be a very
promising therapeutic strategy for regenerative medicine and
as a platform for drug discovery. Culturing of PSCs and their
differentiation into specific cell subtypes is an expensive tech-
nique due to the use of growth factors needed for optimal
culturing conditions. It is considered that the removal of dead
PSCs or contaminants (e.g. feeder cells (irradiated mouse embryo

338 | Integr. Biol, 2016, 8, 332-340

fibroblasts (MEFs) or spontaneously differentiated cells)), at the
initial stage, may promote healthier environmental conditions
for cell growth and proper cell differentiation.?” Therefore, the
concentration of viable cells during cell passages using a sorting
system can be applied. Thus, we decided to evaluate the possi-
bility to sort viable human embryonic stem cells (hESCs) from a
mixed population of half dead/dying cells by means of acousto-
phoresis (Fig. 5A). We obtained a maximum purity of 88.1% +
5.8 at 4.5 V, with similar purities obtained with voltages ranging

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Acoustophoretic concentration of viable human embryonic stem cells. Non-differentiated hESC H13 cells spiked with cells treated with 10 x PBS
for 18 h (50% live/50% dead). (A) Immunolabeling of hESC H13 cell cultures. Undifferentiated cells are identified by staining with stem cell markers
anti-Oct4 (green) and anti-SSEA4 (red). Cell nuclei identified by nuclear DAPI stain (dark blue). Scale bar: 100 um. (B) Relative cell size distribution of the
live and dead cell populations (n = 7). (C) Purity (n = 7). (D) Recovery and contamination in the center fraction of the acoustophoresis chip (n = 7).

from 4.5 V to 6.5 V (Fig. 5C). In this voltage range, contamination
was below 7% (Fig. 5D). However, we observed big differences in
recovery at these voltages (Fig. 5D). At 4.5 V, the recovery was of
8.2% =+ 1.4 whereas at 6.5 V the recovery was 42.3% = 2.9. Thus
efficient sorting without compromising cell purity was obtained
at an actuation voltage of 6.5 V. We also found that hESCs in
suspension were small with diameters ranging from 5 um to
6 um (Fig. 5B). In order to confirm that we were sorting a pure
population of hESCs (without MEFs and differentiated cells),
FACS analysis was performed on cells before and after acousto-
phoresis (Fig. S7, ESIT). All cells were SSEA4 positive which
indicated that they were all hESCs, which were not differentiated.
In addition, we also confirm that there was no contamination with
MEFs, which would be noted as a distinct population on the side
and forward scatter plot using FACS.

Immunohistochemical analysis was additionally performed
on cultured cells. Cells were stained with SSEA4 (red) and Oct3/
4 (green), both stem cells markers, and cell nuclei with Hoechst

This journal is © The Royal Society of Chemistry 2016

(blue) (Fig. 5A). It was verified that all of the cells in the colonies
were positive, which clearly identified them as undifferentiated
stem cells.

To conclude, acoustophoresis has the potential to be used as
a flow-through method to concentrate viable PSCs without
using anti-apoptotic agents such as ROCK-Y, which are often
employed to treat PSC prior to FACS sorting®® for removing
spontaneously differentiated cells.

Conclusion

In this study, we report the successful purification of live viable
cells from dead non-viable cells using the acoustophoresis
technique. We explored the piezo-actuation voltage, i.e. acoustic
energy density, on cell sorting by measuring its effect on purity
and cell recovery and further examined the effect of different
death-inducing stimuli on the acoustophoretic sorting efficiency.
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We observed that the increase of piezo-actuation voltage is
proportional to the increase of recovery at the expense of cell
purity. In addition, we found that different death inducing
stimuli have different effects on the intrinsic cell properties
thereby affecting acoustophoretic cell sorting. We also verified
that cell separation may not only depend on the cell size but is
likely also an effect of the death stimulus altering their acoustic
contrast of the cells relative to the medium. Further work is
required to investigate in detail the change in acoustophysical
properties of dying cells with respect to size, density and
compressibility in relation to different death inducing stimuli.
Finally, our work demonstrates that 2D acoustophoresis is a
promising cell sorting technique, which gently and efficiently
separates viable cells from dying cell populations as it requires
no cell immunolabeling techniques.
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