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Introduction
Cell density and mechanical properties (e.g., bulk modulus or
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Acoustic Cell Separation Based
on Density and Mechanical
Properties

Density and mechanical properties (e.g., compressibility or bulk modulus) are important
cellular biophysical markers. As such, developing a method to separate cells directly
based on these properties can benefit various applications including biological research,
diagnosis, prognosis, and therapeutics. As a potential solution, surface acoustic wave
(SAW)-based cell separation has demonstrated advantages in terms of biocompatibility
and compact device size. However, most SAW-reliant cell separations are achieved using
an entangled effect of density, various mechanical properties, and size. In this work, we
demonstrate SAW-based separation of cells/particles based on their density and compres-
sibility, irrespective of their sizes, by manipulating the acoustic properties of the fluidic
medium. Using our platform, SAW-based separation is achieved by varying the dimen-
sions of the microfluidic channels, the wavelengths of acoustic signals, and the properties
of the fluid media. Our method was applied to separate paraformaldehyde-treated and
fresh Hela cells based on differences in mechanical properties; a recovery rate of 85%
for fixed cells was achieved. It was also applied to separate red blood cells (RBCs) and
white blood cells (WBCs) which have different densities. A recovery rate of 80.5% for
WBCs was achieved. [DOI: 10.1115/1.4046180]

Keywords: surface acoustic wave (SAW), cell separation, cell density, cell mechanical
properties

highly concentrated hemoglobin; this density difference provides
a criterion for cell separation. The abnormal mechanical proper-

compressibility) are important for cellular phenotyping, diagnosis,
and prognosis [1-4]. For example, changes in the densities of red
blood cells (RBCs) can be an indicator of membrane loss, abnor-
mal surface-to-volume ratios, and/or alterations to the intracellular
ion count or water content [5]. Additionally, RBCs have a greater
density than white blood cells (WBCs) due to the presence of
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ties of cells can often be linked to inherited genetic disorders
(e.g., sickle cell anemia and hereditary spherocytosis), noninfec-
tious diseases (e.g., diabetes and cancer), or infectious diseases
(e.g., malaria) [6-8]. Given these facts, methods that can rapidly
separate cells of different densities, as well as mechanical proper-
ties, are critical for detecting diseases such as cancers and infec-
tions, and they also benefit many applications in biology,
chemistry, and medicine [9-14].

Density-based cell separation is conventionally achieved with
centrifugation [15]. Despite its robust performance, the process of
centrifugation exerts strong rotational forces on cells which might
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alter their natural functionality, and requires bulky instrumenta-
tion. On the other hand, separating cells based on differences in
mechanical properties usually relies on interactions between cells
and cell-sized structures (e.g., pores, pillars, curves, and narrow
channels) in either bulk or microfluidic devices [16-22]. For exam-
ple, Yang et al. [23] demonstrated fresh/fixed RBC separation by
manipulating the trajectories of either subgroup after passing
through a narrow channel while suspended in a viscoelastic media;
Holmes et al. [24] showed that RBCs treated with different concen-
trations of glutaraldehyde display a varied displacement in a deter-
ministic lateral displacement device. Hvichia et al. utilized cell-
sized microfluidic channel to separate circulating tumor cells from
WBCs 25], which features larger deformability (i.e., softer) than
WBCs. Nevertheless, using devices with numerous cell-sized struc-
tures that contact cells increases the risk of clogging or contact-
based damage to the cells. Therefore, it is desirable to develop a
cell density and mechanical property-based separation method that
is compact, noncontact, and does not disrupt cellular functions.

The surface acoustic wave (SAW) [26-28] has demonstrated
great momentum in cell separation [29-37] due to its compact, non-
contact, and biocompatible operation [38—42]. Traditionally, to sep-
arate cells in an acoustofluidic (i.e., the fusion of acoustics and
microfluidics) device, a SAW field is established in a two-
dimensional (2D) plane that is parallel [43] or tilted [44] with
respect to a microfluidic channel [45,46]; cells passing through this
SAW field deflect in response to acoustic radiation forces [47,48].
The most widely used SAW separation mechanisms are based on
an integrated effect of cell size, density, and mechanical properties
[49] in which the cell size is often the dominant factor. As an exam-
ple, since the range of densities present in a cell population may be
very narrow [2], the cellular mass and volume, which may vary by
as much as 50%, have a much greater impact on distinguishing dif-
ferent cell types during acoustic radiation force-based separation.
However, utilizing a method that is heavily dependent on size may
mask differences in compressibility or other mechanical properties
that are present between different cell types. In another case, meta-
static cancer cells show a similar volume but “softer”” phenotype to
that of their healthy counterparts due to the changes in the
cytoskeleton structures [9,50]; in both cases, a cell’s density and
mechanical properties, rather than size, may provide more appro-
priate parameters to distinguish between cell populations.

In this work, we present an effort to decouple the effects of size
from density and other mechanical properties during acoustic cell
separation by adjusting the acoustic properties (i.e., density and/or
speed of sound) of the fluidic medium. Manipulating the fluid
properties allows us to determine whether cells equilibrate at posi-
tions of pressure nodes (PNs) or antinodes (ANs). In addition,
since all the cells migrate to their equilibrium positions at either
pressure nodes or antinodes, regardless of their initial positions,
this separation approach no longer requires a sheath flow to set
the initial positions of cells. To demonstrate the design, mecha-
nism, and performance of our cell separation platform, we first
conducted a numerical simulation to elucidate the mechanism of
particle/cell migration due to the acoustic radiation force. Second,
we demonstrated the capability of our acoustofluidic devices in
separating polydimethylsiloxane (PDMS) and polystyrene micro-
particles in water. Third, we added Ficoll to the fluidic domain to
modify its properties and separate different cell types. We demon-
strated density-based (i.e., RBCs and WBCs) and compressibility
(or bulk modulus)-based (i.e., paraformaldehyde-treated and fresh
Hela cells) cell separations. With the ability to separate cells with
different densities and mechanical properties, the application of
our contactless, biocompatible SAW separation technology is
expected to be a powerful tool in many biological, chemical, bio-
physical, and medical applications.

Methods

Materials. Ficoll (MW =70 and 400kDa) were purchased from
Millipore-Sigma (Burlington, MA). Polystyrene microparticles
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with fluorescence (excitation at 480nm; emission at 520 nm)
(Warrington, PA) and 5 um diameter were purchased from Poly-
sciences, Inc. PDMS microparticles were prepared following the
protocol. A single gram of a 10:1 mixture of PDMS prepolymer to
curing agent (Sylgard 184, Dow Corning, Inc., Freeland, MI) was
combined with a 1% (w/w) sodium dodecyl sulfate solution; we
sonicated this solution for 20 min to emulsify the PDMS polymer
with the sodium dodecyl sulfate, and then incubated the mixture
at 65°C for 60min and left it at ambient conditions for 12h to
allow curing.

Cells. Hela cells were grown in Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12) media (Fisher Sci-
entific, Hampton, NH), supplemented with 10% fetal bovine
serum (R&D Systems, Minneapolis, MN), penicillin (100 U/mL),
and 100 ug/mL streptomycin (Mediatech, Manassas, VA). The
cell lines were maintained in T-25 cell culture flasks in a 37°C
incubator at 5% CO, and were cultured twice per week. Before
each experiment, an adherent culture was released from flasks
using 0.05% trypsin digestion (Cellgro, Corning, NY), and was
rinsed with Trypsin neutralizer solution (Life Technologies, Carls-
bad, CA). After centrifugation at 800 rpm for 5min and rinsing
with phosphate-buffered saline (PBS) buffer (1x, pH 7.4), cells
were resuspended in a PBS solution for experiments. To change
the mechanical properties of Hela cells, they were treated using
4% (wt/vol) paraformaldehyde (Santa Cruz Biotechnology, Dal-
las, TX) for 10 min at room temperature, then were resuspended
in a PBS solution.

Blood cells collected within 24 h of experiments were first lysed
using RBC lysis buffer for 5min to remove most erythrocytes.
WBCs were collected by centrifuging the blood at 800x g and
resuspended in the same volume as the whole blood in 1x PBS
solution with 0.1% pluronic F-68. To prepare samples with prede-
fined ratio between RBCs and WBCs, the suspended WBC sample
was mixed with a certain volume of whole blood.

Microfluidic Setup. Chrome-plated gold (Cr/Au, 50 A/500 A)
was deposited onto a 128 deg Y-cut lithium niobate (LiNbO3)
wafer (500 um thick) that had been patterned with a photoresist,
followed by a liftoff technique to form the pair of interdigital
transducers (IDTs). The PDMS-based microchannel was fabri-
cated per a standard soft-lithography and replica molding proce-
dure using SU-8 photoresist. Holes were punched in the PDMS
microchannel for inlets and outlets with a Harris Uni-Core 1.0 mm
punch. To bond the PDMS microchannel with a LiNbO3-based
SAW substrate, a plasma cleaner (Harrick Plasma, Ithaca, NY)
was used to treat the components with oxygen plasma for 3 min.
The PDMS microchannel was aligned and bonded to the SAW
substrate between the IDTs. The whole device was cured for at
least 3 days in a 65 °C oven before being used in testing; this was
done to avoid leakage between the channel and the SAW
substrate.

We completed our testing using an inverted microscope (Nikon
Eclipse Ti-U, Japan). To eliminate the virtual image from the
double-side polished LiNbO;5 substrate, a polarizer was placed in
the light path and adjusted to the requisite angle. Sample solutions
were prepared in 1ml plastic syringes (Becton, Dickinson and
Company, Franklin Lakes, NJ), such that a syringe pump (neM-
ESYS, cetoni GmbH, Germany) could be used to deliver the fluid
into the channel through polyethylene tubing (Becton, Dickinson
and Company). To control the flow, one pump injected samples
from the inlet; two other pumps were connected to the outlets for
withdrawal; and the last outlet was open. Radiofrequency signals
were generated (E4422B, Agilent, Santa Clara, CA) at desired fre-
quencies and were amplified (100A250A, Amplifier Research,
Souderton, PA) to generate the standing SAW fields. A CCD
camera (Coolsnap HQ2, Photometrics, Tucson, AZ) was posi-
tioned facing the XY plane of the device to record the motion of
microparticles at 10 fps. The trajectories of particles during
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particle separation were generated using IMAGEJ software to stack
the recorded video.

Recovery Rate. The recovery rate of a specific type of
particles/cells collected from an outlet was calculated from the
following equation:

Cc1V

recovery rate = —— (1)
CoVo

where c¢; is the concentration of a specific particle, v, is the flow-
rate from a specific outlet, ¢y is the original concentration of par-
ticles at the inlet, and v, is the flowrate from the inlet. The
recovery rate was calculated with three experimental replications
and represented by mean * standard deviation.

Viability Test. The viability of WBCs and Hela cells is tested
to verify biocompatibility of the separation process. Tested cells
were immersed at the highest concentration of Ficoll which we
have used in separation experiments (30% w/w), and then flowed
through the microfluidic channel with a flowrate of 10 uL/min and
an acoustic power of —8 dBm (maximum power used in experi-
ments). Cells were collected from the outlet during a 15 min oper-
ation period. The WBCs were stained with propidium iodide. As
control groups, viability tests were conducted on cells that were
immersed in Ficoll without SAW, PBS without SAW, and etha-
nol. In addition, Hela cells were collected at the outlets, they were
transferred to a DMEM/F12 medium and cultured at 37°C for
growth testing.

Numerical Methods. The SAW-induced acoustic field distri-
bution and the particle motion were numerically studied using
COMSOL MULTIPHYSICS 4.4. The SAW field was simulated with the
pressure acoustics module using a frequency domain study. Parti-
cle trajectories were simulated with the particle tracing for fluidic
flow module. To simplify the model, the standing SAWs were
considered uniform along the longitudinal direction of the chan-
nel; the acoustic field and the resulted particle migration in a 2D
channel cross section were numerically investigated to simplify
the analysis of three-dimensional motion of the particles. In addi-
tion, the piezoelectric substrate and the PDMS channel were not
included in the 2D numerical model, and their physical effects on
the acoustic field in the fluid were modeled by boundary condi-
tions. These simulations also solved the acoustic radiation force,
the Stokes drag force, and the particles’ motion in the lateral
direction (x—z plane). Parameters used in this numerical study
were listed in Tables 1 and 2.

The governing equation for the acoustic field p in the fluid
domain was the lossy Helmholtz equation, given as [51]

w? io(l +
—p+ 1+(7f)“ Vip =0 )
G Pr €y

Table 1 Parameters of liquids and particles used in numerical
simulations

Water Polystyrene PDMS
Density (kg/m®) 997 1050 965
Speed of sound (m/s) 1495 2350 1080
Dynamic viscosity (Pa-s) 0.001 N/A N/A

Table 2 Parameters of SAWs used in simulations

Acoustic phase velocity of SAW (m/s) 3900
Frequency (MHz) 13
Amplitude of vibration of SAW (nm) 1

Journal of Biomechanical Engineering

where p, pg ¢, @, B, i, and i indicate, respectively, the acoustic
pressure, density of fluid, acoustic phase velocity of fluid, angular
velocity, fluid viscosity ratio, fluid dynamic viscosity, and imagi-
nary unit. The acoustic particle velocity v (acoustic particle veloc-
ity) was coupled with the acoustic pressure p via the momentum
balance equation in fluid
Lo {1 Lo +2ﬁ)u
Pres

p 3
iwpy

This equation gave the velocity field v corresponding to a given
pressure from Eq. (2), which was solved by establishing boundary
conditions. The bottom of the 2D fluid domain was the actuation
boundary of the standing SAW, which was modeled as the accel-
eration of surface particles moving transversely

a—= —n @ 1+M
Pr Pr Ci

} = n - Agw?le™¥ — gk (wo-)]

“

where Ay, ks, o, and n correspond to the amplitude of SAW dis-
placement, wave number of SAW, channel width, and boundary
normal vector, respectively. The other three boundaries are
defined as lossy [51] to model the acoustic pressure loss upon
propagation through the PDMS/fluid interface

wp
Lp )
Pwlw

n-Vp=i

where p,, and ¢, are the density and the speed of sound in the
wall’s material, respectively.

Once the acoustic fields p and v are obtained from the 2D
model, the time-averaged acoustic potential in the fluid domain
and acoustic radiation force on a single spherical particle can be
calculated by the following equations [52]:

1 o g Py .
U=Volfiz—Re(p-p) — L Re(v-v) (©6)
Prcy 8

Fraa = VU @)

In Eq. (6), Vy is the particle volume; p,, and ¢, are the density and
sound speed of the particle, respectively; Re is the real part of a
complex value; and the asterisk indicates complex conjugation.
Two parameters in Eq. (7), ie., fi=1— (pf(;%)/(p,,c,%), and
f=2(p, — pp/(2pp+ pp, determine the direction of the par-
ticles’ motion, based on their densities and speed of sound,
which is closely related with the compressibility and bulk
modulus.

Results and Discussion

Working Mechanism. The acoustofluidic cell separation
device included a microfluidic channel for sample handling and a
pair of IDTs for acoustic actuation (Fig. 1(a)). The single-layer
microfluidic channel had a single inlet and three outlets. The
dimensions of microfluidic channel within the particle/cell deflec-
tion region were 340 um in width, 60 um in depth, and 10 mm in
length. The IDT pairs were positioned parallel to the microfluidic
channel. Each IDT contained 20 pairs of electrodes each 10 mm in
length and a gap between each electrode 150 um, yielding in an
operating frequency of 12.89 MHz (Fig. 1(b)). This operational
frequency enabled us to establish three low pressure zones and
two high pressure zones in the channel, as described in the follow-
ing discussion.

The design of the separation system was guided by numerical
studies into the acoustic pressure distributions and particle
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Fig. 1 (a) Schematic and (b) photo of the acoustic cell separation device
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Fig. 2 (a) Numerical studies conducted in the SAW-impacted region and outlet region. (b) The distribution of
acoustic pressure distributions in the SAW-impacted region, where a position with minimum acoustic pressure is
named a PN and a position with maximum pressure is named a pressure AN. ((¢) and (d)) The simulated trajecto-
ries of acoustic negative and positive particles in the standing SAW field. (e) Simulated trajectories of particles in
the outlet region, where particles start at equilibrium positions at the end of SAW impact region, and follow lami-
nar flow to each collecting outlets.
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motions in the SAW region and outlet region of the device
(Fig. 2(a)). In the SAW-impacted region, two parallel IDTs gen-
erated a two-dimensional standing acoustic field in the channel
that was symmetric in the Y-direction. Aligning the microfluidic
channel and the IDTs produced two maximum acoustic pressure
lines (i.e., pressure antinode lines) and three minimum pressure
lines (i.e., pressure node lines). The pressure nodes were
located at the two edges and the center of the channel, and the
antinodes were located in between (Fig. 2(b)). Using our simu-
lations, we showed that when randomly distributed particles of
lesser density and/or bulk modulus (i.e., slower speed of sound,
and larger compressibility) than those of the fluid medium are
exposed to the acoustic field shown in Fig. 2(b), they will move
to the pressure antinodes (Fig. 2(c)) according to Eq. (6). To
simplify our description of this phenomenon, particles migrat-
ing to pressure antinodes were referred to as “acoustic negative
particles.” Conversely, particles with larger density and speed

(@  ROI ROI2

of sound than surrounding medium, referred to as “acoustic
positive particles,” move to the pressure nodes (Fig. 2(d)). We
also simulated the motion of acoustic positive/negative par-
ticles along the length of the channel, and demonstrated that the
PDMS and polystyrene particles align on opposite nodes (Fig.
S1 available in the Supplemental Materials on the ASME Digi-
tal Collection.). After particles exit the SAW-impacted region
of the device, a branched channel was designed to collect par-
ticles at specific outlets. This design was guided by the motion
of particles in the laminar flow field. The red lines shown in the
simulation of Fig. 2(e) provide the trajectories of particles
which originated at the equilibrium positions of particles in the
standing SAW field. These simulation results showed that the
two particle trajectories which originated from the pressure
antinodes would flow toward outlet 2, whereas the lines origi-
nating from the pressure nodes would flow to outlets 1 and 3
(Fig. 2(e)).
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Fig. 3 (a) Separation of PDMS and polystyrene particles in water. (b) Bright-field images of the trajectories of PDMS
and polystyrene particles, where polystyrene particles focused at three PNs and PDMS particles focused at two pres-
sure ANs. (c) Fluorescent images of the trajectories of polystyrene particles that focused at three PNs. The recovery
rates of polystyrene particles collected from outlets 1 and 3 at (d) different flowrates and a constant —10 dBm power
input, and (e) different power inputs and a constant flowrate of 20 yuL/min.
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Fig. 4 (a) Motion of Hela cells and polystyrene particles in 25% (w/w) Ficoll medium at different ROIs. (b) A mix-
ture of Hela cells and polystyrene beads before SAW-impacted region, ROI 1. (c) Hela cells move to pressure antin-
odes, while polystyrene particles move to pressure nodes in the SAW-impacted region, ROI 2. ((d) and (e)) At the
outlet regions ROI 3 and ROI 4, Hela cells and polystyrene particles were collected from the corresponding outlets.

Separation of Polystyrene and Polydimethylsiloxane
Particles. Once we verified the mechanism of our acoustic sepa-
ration device through simulations, we experimentally tested our
device’s ability to separate PDMS (polydisperse diameters,
1-20 um) and polystyrene particles (diameter 5 um) in water (Fig.
3). In this demonstration, the PDMS particles have a lower density
and higher compressibility than water, meaning that they should
move to the pressure antinodes; the relatively stiff polystyrene
particles should aggregate at the pressure nodes. From region of
interest (ROI) 1 of Figs. 3(b) and 3(c), it can be seen that the mix-
ture of particles was distributed randomly before the SAW-
impacted region. When particles flowed through the SAW-
impacted region, they were focused into five lines (ROI 2, Fig.
3(b)). Fluorescent images confirmed that polystyrene particles
with green fluorescence focused at the three pressure node lines at
the sidewalls and the center of the channel, and the bright field
images confirmed that the PDMS particles aligned along the anti-
node lines (ROI 2, Fig. 3(c)). The focused particles exited from
the SAW-impacted regions to the outlets. The polystyrene par-
ticles that were focused at the central line flow out at outlet 1
(ROI 3, Fig. 3(b)); polystyrene particles focused at the two edges
of the channel were collected at outlet 3 (ROI 4, Fig. 3(c)). The
two lines of focused PDMS particles were collected at outlet 2
(ROI 4, Fig. 3(b)).

The recovery rate of polystyrene particles collected from outlets
1 and 3 was calculated according to Eq. (1) at different flowrates
and power inputs. To test the effect of the flowrate, the recovery
rate of polystyrene particles from outlets 1 and 3 was evaluated at
flowrates from 10, 20, 30, and 40 uL/min, and a constant
—10dBm of power input (Fig. 3(d)). At flowrates of 10 and
20 uL/min, the average recovery rate of the polystyrene particles
was 95% and 99%, respectively, indicating that almost all of the
particles were collected from the expected outlets. When the flow-
rate increased to 30 uL/min, the recovery rate began to decrease,
falling to 73%; at the largest flowrate tested in the experiments
(40 puL/min), the particle recovery rate dropped to 70%. When the
flowrate increased, the time that the particles spent in the SAW
region was reduced, interrupting the particles’ migration to their
equilibrium positions and resulting in a lower recovery rate. We
also explored how the power input influences the recovery rate of
polystyrene particles (Fig. 3(e)). We found that at a constant flow-
rate of 20 uL/min and lower power inputs (=16 and —14 dBm),

031005-6 / Vol. 142, MARCH 2020

the recovery rate was also low because the weak acoustic radia-
tion force was not sufficient to move particles to their equilibrium
positions. This was resolved when the power input was increased
to —12 and —10dBm, where the particle recovery rate increased
to 90%.

The numerical and experimental exploration of PDMS and
polystyrene particle separation demonstrated several key features
of our technique. First, this separation mechanism is based on the
difference in physical properties, rather than the size, of particles.
Despite wide distributed size of PDMS particles (i.e., 1 to 20 um),
they all focused at pressure antinodes that were distinct from the
polystyrene particles’ equilibrium positions. However, although
the separation mechanism is independent of the size of the par-
ticles, the authors would like to note that size still plays a factor in
the efficiency of this separation, and the device may not be able to
separate particles of any size. That is, particles that are too small
(diameter less than 1 um) are difficult to focus since the acoustic
radiation force is proportional to the volume of particles. Nonethe-
less, with sufficient power and active IDT length, smaller particles
could eventually reach their equilibrium positions with this tech-
nique. Second, this method does not require a sheath flow to
establish the initial positions of particles/cells; this means that
only a single inlet is needed to inject the mixture of particles, sim-
plifying the control of the system. Third, the throughput of separa-
tion could potentially be improved by increasing the channel
width and the flowrate. We designed a cell separation channel
with double the width (640 um); in this design, the particles were
focused into nine lines (five lines for polystyrene particles and
four lines for PDMS particles), while other operation properties
were unchanged (Fig. S2 available in the Supplemental Materials
on the ASME Digital Collection.). The increased number of node/
antinode lines in this device allows us to increase the total flow-
rate while maintaining the channel flow velocity and device
performance.

Particle/Cell Separation by Adjusting Acoustic Properties
of the Fluidic Medium. PDMS and polystyrene particles can be
separated in water due to their inherent differences in density and
compressibility. However, almost all cells (e.g., Hela cell and
WBCs) have larger densities than water due to their cellular con-
tent; this means that they all tend to move to pressure nodes in
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Fig. 5 Acoustic separation of RBCs and WBCs. (a) Bright-field images of WBC and RBC mixtures show the cells focused at
five lines at positions of PNs and ANs. (b) Fluorescent image showing the trajectories of WBCs stained by Hoechst in the mix-
ture, where WBCs are primarily focused at pressure ANs. (c) Plot of the recovery rate of RBCs and WBCs at three outlets.

water or buffer solutions, preventing acoustic separations using
this mechanism. To separate different types of cells using our
method, the acoustic properties of the fluidic medium need to be
manipulated so that one cell type will become acoustically nega-
tive, while the other type of cell will remain acoustically positive.
To achieve this manipulation, Ficoll was introduced into the
suspension medium. Ficoll is a high-molecular weight sucrose-
polymer formed by copolymerization of sucrose with epichloro-
hydrin [53-56]. The density of a Ficoll solution can be
conveniently controlled by its concentration [57]. As such, by tun-
ing the concentration of Ficoll, the equilibrium positions of cells
can be manipulated to pressure nodes or antinodes. Additionally,
research has shown that the addition of Ficoll to cell suspensions
does not negatively affect the cell viability [57].

This exploitation was confirmed by analyzing the trajectories of
Hela cells and polystyrene beads in 25% (w/w) Ficoll in PBS
buffer (Fig. 4(a)). In PBS, both Hela cells and polystyrene
particles would travel to pressure nodes. However, in the Ficoll
solution, the Hela cells move to pressure antinodes (Fig. 4(c)) and
are collected from outlet 2 (Fig. 4(e)). As expected, the polysty-
rene particles still migrated to the pressure nodes at the center and
two edges of channel (Fig. 4(c)), and could be collected from out-
lets 1 and 3 (Fig. 4(d)). This phenomenon is consistent with the
fact that although the density of polystyrene (1050kg/m®) is

©)B Fixed Hela cell

PN
PN
PN

OB Fresh Hela Cell

—

Recovery rate

similar to that of Hela cells, the significantly greater speed of
sound in polystyrene (2350 m/s) than water means that polysty-
rene particles remain acoustically positive. In addition, the Hela
cells are still able to attach and culture after separation, indicating
that the Hela cells remained intact in the Ficoll medium and under
the influence of the SAWs.

Acoustic Cell Separation Based on Density. In this section,
WBCs and RBCs were separated based on their differences in
density. The separation of WBCs and RBCs has been proven as a
very important process in many biomedical applications such as
the proteomic or genomic analysis of WBCs [58], where blood
samples need to be separated prior to analysis. However, using
acoustic-based methods to separate RBCs from WBCs is chal-
lenging; although the volume of RBCs is less than WBCs, the
larger densities of RBCs neutralize this difference so that the radi-
ation forces on WBCs and RBCs are very similar. As such, modi-
fying the fluid properties using our device should enable more
efficient acoustic-based separation of RBCs and WBCs.

In the experiment, a spiked WBC and RBC sample was used to
control their ratio between the cell types in the test sample.
Specifically, WBCs collected from 1 mL of whole blood were sus-
pended in a 30% (w/w) Ficoll solution in PBS; whole blood was
added to the mixture to yield a final RBC/WBC ratio of
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) — Fixed Hela cell
Fresh Hela cell
08 1
06 1
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0.2} =

Outlet 1 Outlet 2 Outlet 3

Fig. 6 Acoustic separation of fresh and paraformaldehyde treated Hela cells. (a) Paraformaldehyde-treated Hela cells focused
into three lines at the positions of PNs. (b) Fresh Hela cells focused into two lines at the positions of the pressure ANs. (c) Plot
of the recovery rate of the two different cell groups at the three outlets.
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approximately 20:1. The mixture was injected into our acousto-
fluidic channel at a flowrate of 10 uL/min. After turning on the
SAW, the blood cells in the channel focused into five lines (Fig.
5(a)). WBCs, visualized by staining of Hoechst, were mainly
focused at the two pressure antinode lines (Fig. 5(b)). The separa-
tion performance was further studied quantitatively by counting
the RBCs and WBCs collected at each outlet. We collected
~100 uL. cell suspensions from each outlet with the separation
process running continuously for 30 min; the experiments were
repeated three times and counting was done using a hemocytome-
ter (Fig. S3 available in the Supplemental Materials on the ASME
Digital Collection.). The recovery rate of WBCs at outlet 2 was
81.2+1.9% (mean * standard deviation); for RBCs, the recovery
rate at outlet 1 was 35.7%£7.2%, and 39.4£8.6% at outlet 3, yield-
ing a total recovery rate of 75.1%15.8% from the expected outputs
(Fig. 5(¢)). In addition, propidium iodide staining results showed
that 87% WBCs were intact after Ficoll and SAW treatment (Fig.
S4 available in the Supplemental Materials on the ASME Digital
Collection.). The excellent biocompatibility of our method is not
surprising because the chemical we added, Ficoll, has more than
50years of history in processing WBCs and other cell lines with
minimum cytotoxicity and osmotic pressures that keep cells intact
[59]. Furthermore, we expected the SAW treatment to minimally
perturb cells [60] as we have demonstrated in our previous work
[61]. The combined use of these two methods should not impact
the cell integrity.

Using our method, we were able to decouple the effect of cell
size from cell density during acoustic separation. Controlling the
fluid media allowed us to achieve the separation of RBCs and
WBCs by selectively moving them toward pressure nodes/
antinodes, respectively. However, the recovery rate of WBCs
shown here was not perfect, which we largely suspect was due to
heterogeneous properties of the cell populations. This is especially
true for WBCs, as some cells present multiple nuclei, which vary
the cell density and cause undesired cells motion [62]. Addition-
ally, some of the RBCs that have densities close to the WBCs are
inevitably collected from the incorrect outlet, which reduces the
recovery rate of RBCs.

Acoustic Cell Separation Based on Mechanical Properties.
To validate the potential for our device to separate cells based on
their mechanical properties (e.g., bulk modulus or compressibil-
ity), a mixture of fresh and paraformaldehyde treated Hela cells
was separated (Fig. 6). Obviously, these cell groups share similar
sizes and total protein amounts; however, the paraformaldehyde
treatment creates covalent chemical bonds between proteins in the
cell [63]. Such bonds anchor soluble proteins to the cytoskeleton
to increase the rigidity of the tissue [64]. Considering that the
speed of sound associated with a given solid medium is deter-
mined by its mechanical properties, including its bulk modulus
and shear modulus, the stiffening of the cytoskeleton due to para-
formaldehyde treatment will affect the acoustic potential and radi-
ation forces experienced by the cells. By choosing a proper
medium, the acoustic radiation force will move the
paraformaldehyde-treated cells (with larger bulk modulus, or less
compressibility) to pressure nodes, while fresh cells will be
moved to pressure antinodes, achieving cell separation.

In a 25% (w/w) Ficoll solution, paraformaldehyde-treated Hela
cells focused into three lines (i.e., the middle of the channel and
two lines near the channel wall) (Fig. 6(@)), matching with the
positions of the pressure nodes. Conversely, fresh Hela cells
focused into two lines, matching the positions of pressure antino-
des in the channels (Fig. 6(b)). The recovery rate of the cell sepa-
ration was also studied quantitatively using a hemocytometer to
count the cell populations collected from each outlet (Fig. S5
available in the Supplemental Materials on the ASME Digital
Collection.). For the flowrate of 5 pul/min, the recovery rate for
fixed Hela cell was 62.9%£19.6% for outlet 1 and 22.4+9.0% for
outlet 3, yielding a total recover rate of 85.3%=28.6% for the
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pressure node outlets; the recovery rate of fresh Hela cell at outlet
2 was 71.1%x4.4% (Fig. 6(c)). The success of this experiment
exemplified the capability of our method in size-independent cell
separations and showed how the device could potentially be
applied to separate cells that have biophysical markers for dis-
eases such as cancers.

Conclusion

We demonstrated an acoustofluidic cell separation device that
operates based on cell density and mechanical properties. By
designing the acoustic wavelength, channel dimensions, and
acoustic properties of fluid in the channel, particles/cells migrated
toward the pressure node or antinode positions according to their
density and mechanical properties to achieve separation. With this
method, we separated RBCs from WBCs through the difference in
their densities. We achieved an average recovery rate of 80.5%
for WBCs. We also separated cells with different mechanical
properties; as an example, Hela cells were treated with parafor-
maldehyde to increase their stiffness and mixed with fresh Hela
cells for separation. The results showed an 85% recovery rate of
fixed Hela cells from the designated outlets. Since this separation
method features great biocompatibility, compact device design,
and avoids sheath flows to simplify the operational procedure, it is
expected to benefit many biological studies and clinical
applications.
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