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This paper presents a two-stream microfluidic system for transporting cells or
micro-sized particles from one fluid stream to another by acoustophoresis. The two
fluid streams, one being the original suspension and the other being the destination
fluid, flow parallel to each other in a microchannel. Using a half-wave acoustic
standing wave across the channel width, cells or particles with positive acoustic
contrast factors are moved to the destination fluid where the pressure nodal line
lies. By controlling the relative flow rate of the two fluid streams, the pressure
nodal line can be maintained at a specific offset from the fluid interface within the
destination fluid. Using this transportation method, particles or cells of different
sizes and mechanical properties can be separated. The cells experiencing a larger
acoustic radiation force are separated and transported from the original suspension
to the destination fluid stream. The other particles or cells experiencing a smaller
acoustic radiation force continue flowing in the original solution. Experiments
were conducted to demonstrate the effective separation of polystyrene microbeads
of different sizes (3 um and 10 um) and waterborne parasites (Giardia lamblia and
Cryptosporidium parvum). Diffusion occurs between the two miscible fluids, but it
was found to have little effects on the transport and separation process, even when
the two fluids have different density and speed of sound. © 2012 American Institute
of Physics. [do0i:10.1063/1.3671062]

I. INTRODUCTION

Manipulation of cells at the microscale plays a critical role in cellular analysis and modern
clinical diagnostic studies."> Some of these operations include separation or aggregation in con-
tinuous fluid flow, sorting and trapping of specific cells, and transport between solutions. For
example, specific cells in a blood sample may need to be separated and concentrated and
moved to another solution for subsequent analysis. Recently, miniaturized lab-on-chip systems
provide an extremely attractive and useful technology for integration of all the cellular analysis
procedures, including micro-manipulation of cells, cell identification and functional assay or
cellular assay, into a small and portable device.*> Compared to conventional batch systems,
miniaturized lab-on-chip devices operated in continuous mode offer some advantages such as
small sample volume requirement, precise handling of samples, potency to integrate into point-
of-care or in-the-field devices and potency for automation and fast optimization of processes
where continuous feedbacks of the process efficiency and parameters are performed on-line.

The techniques of cell micro-manipulation are normally based on several well studied
physical mechanisms such as sedimentation, dielectrophoresis, electrophoresis, acoustophoresis,
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and optical tweezers. The sedimentation method utilizes the balance between gravity and buoy-
ancy force® acting on cells in a microfluidic environment. Dielectrophoresis, in which a force is
exerted on the cell in a non-uniform electric field, is another phenomenon that is commonly
used. The strength and direction (attractive or repulsive) of this force depends on the extend of
polarization of the cell, which in turn depends on the dielectric properties of the cell, and this
can be an effective way of separating and trapping specific cells in a heterogeneous population.’
A similar phenomenon using ultrasonic waves in microfluidic environment, called acoustopho-
resis, has also been reported.g’9 For example, studies have demonstrated the use of acoustopho-
resis to separate a mixture of microparticles that differ in size.'®'! Furthermore, an acoustic
radiation force can also act on cells based on the differences in density and compressibility of
the cells (instead of dielectric properties, as in dielectrophoresis) with respect to the surrounding
fluid medium.'? Again, the differing magnitude and direction of this force acting on cells with
different densities and compressibilities can be used to separate and sort cells based on their
mechanical properties. The use of ultrasonic waves for cell separation is preferable compared to
the other mentioned physical mechanisms because it allows manipulation and separation of
cells without any direct contact with the cells and with a relatively low power. For example,
while ultrasonic waves typically use a power intensity at the order of 10°~10° W/m?, another
popular physical technique—optical tweezer—uses a typical power intensity at the order of
10° W/m?."

In this paper, we describe a new microfluidic device that uses acoustophoresis to continu-
ously separate and transport species between two streams of fluids. The acoustic radiation force
is applied through an ultrasonic standing wave set up across the width of the microchannel.
This force moves species to the pressure node (at the center of the channel) or anti-node (at the
side walls) depending on the acoustic contrast factor of the species which is determined by its
density and compressibility with respect to the surrounding fluid. As reported in previous
works, this acoustic force has been successfully applied in steady fluid flows to concentrate
cells and increase cell-cell contact area,8 and in a continuous micro-flow to separate cellular
species, such as blood cells and lipid particles.” Continuous cell separation has recently
received increasing interest for some applications such as separation of circulating tumour cells
from blood as well as automation and fast optimization of cell separation.'*'

Recent applications of the acoustophoresis to cell/particle separation or extraction in micro-
devices are usually performed in a single fluid medium.'® However, there are situations where
the extracted species need to be re-diluted in another solvent for subsequent analysis such as in
flow cytometry and in hemolysis experiments. For example, cells extracted from culture solu-
tions need to be re-diluted in another solvent for flow cytometry.'’~' Hence, it is desirable to
design a multi-fluidic flow system for simultaneous cell extraction and re-dilution, transporting
cells from one solvent to another. Such a system can be designed by having the pressure node
in the destination fluid, so that the cells with positive acoustic contrast factor will be extracted
and transported from its original solvent to the destination solvent as they move to the pressure
node. For cells with negative acoustic contrast factors, the source and destination solvents are
interchanged, as the cells concentrate to the pressure anti-node.

Petersson et al.”® reported a particle transport system between two types of solvents using a
three-stream setup with an ultrasonic standing wave. Particles suspended in one solvent enter a
microchannel etched in silicon through two side inlets, while the destination solvent enters
through a center inlet. With this three-stream setup, the pressure node due to the standing wave is
located at the midpoint of the channel within the central fluid stream. Thus, the particles or cells
with positive contrast factors are transported from their original solvent at the sides of the channel
to the destination solvent in the middle as they concentrate towards the pressure nodal line. At
the end of the channel, the three streams branch out into three outlets and the species are col-
lected in the middle stream, suspended in the new solvent. Augustsson ef al.>' reported a strategy
to perform buffer exchange of particle and cell suspensions between two medium. In their design,
an acoustic chamber with multi-segments and multiple consecutive cross-flow junctions was used
to deform the fluid streams and shift the interface from the pressure nodal line. Utilizing this
design, high medium exchange efficiency was achieved at high volume flow rate.
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When two or more fluid medium or solvents are present in the system, the relative position
of the pressure nodal line and the fluid interface is a key factor to design and operation of the
microdevice. With proper design and operation conditions, the pressure nodal line can be
shifted into the appropriate fluid medium for the desired outcome. Kapishnikov et al.?* reported
a microchannel with the width of one-quarter of the acoustic wavelength. Ultrasonic trans-
ducers, vibrating at the same frequency, were placed on both sides of the microchannel. The
coupling layers to the transducers and the phase difference between the two transducers were
carefully adjusted so that the acoustic pressure node is formed near to one of the channel walls
and a pressure anti-node is formed at the other wall. Two fluid streams were used, with the par-
ticles originally suspended in the stream next to the wall with the pressure anti-node. Again,
under the action of the acoustic radiation force, particles with positive acoustic contrast factor
are transported to the other fluid stream where the pressure nodal line resides. Kapishnikov’s
method simplifies Petersson’s three-stream system to one with only two streams. However, a
relatively complex acoustic system to control the relative phase difference of the two trans-
ducers is needed to maintain the positions of the pressure nodal and anti-nodal lines in the
microchannel. The thicknesses of the channel wall and the coupling layers also need to be care-
fully designed for the system to work properly with the transducers. Furthermore, fluid medium
with similar density and speed of sound were usually considered in the previous studies on me-
dium exchange. The deformation of the acoustic field caused by the difference between the two
highly dissimilar mediums and effects of diffusion between the two medium streams were not
studied in detail.

In this paper, we present a two-stream microfluidic system to separate and transport species
(cells or polystyrene beads) from one solvent to another by acoustophoresis, using just a single
transducer coupled to the bottom of the microchannel. An acoustic standing wave with its half-
wavelength corresponding to the channel width was setup so that a pressure nodal line is
located near the center of the channel. Due to the differences in density and compressibility of
the two fluid streams, the nodal line will also be shifted from the center of the channel. We
will show that the shift in the nodal line position is small, and we can effectively manipulate
the location of the fluid interface, relative to the nodal line, by adjusting the flow rates of the
two streams. By placing the nodal line within the destination solvent or fluid, species with posi-
tive acoustic contrast factors can be transported across the fluid interface into this fluid medium.
As the system is set up for miscible fluid streams with dissimilar properties, the effects of diffu-
sion at the fluid interface on the ultrasonic pressure field and nodal line location will also be
investigated. Compared to the elaborate setup used by Augustsson ef al.,*' the current design is
simpler, but it is only suited to handle a small volume flow.

In Sec. II of this paper, we present a simple theoretical analysis of the fluid flow in
the fully developed region of the channel based on the laminar flow theory. The acoustic field
set up in the microchannel and the acoustic radiation force acting on spherical species are
also presented. The newly fabricated microdevice and experimental setup are described in
Sec. III, and the results from a series of experimental studies are given in Sec. IV. We show
that a stable two-stream flow with an acoustic standing wave can be used to separate and
transport cells and particles from one solvent to another, under proper control of the fluid
flow rates.

Il. THEORY

In our studies, a microchannel with two inlets and two outlets was used. Two streams of flu-
ids are pumped into the channel at the two inlets. Due to the low Reynolds number, the flow is
laminar, and the flow state in the channel is mainly governed by the fluid densities, viscosities,
and flow rates. At steady state, the flow becomes fully developed after a certain distance from the
inlets. The fluid interface between the two streams lies parallel to the channel walls over most
part of the microchannel until a small section before the outlets (shown in Figure 1(a)). The ideal
interface location is a function of the input volume flow rates and the dynamic viscosities of the
two incoming fluid flows. Within the fully developed region, an acoustic standing wave will be
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FIG. 1. Flow state of two parallel fluid streams within micro-channel. (a) Schematic diagram of microchannel and parallel
fluid streams. The channel has two inlets and two outlets for two streams of fluids. The fluids exhibit laminar flow and a
fully developed region is present over most of the channel, except regions near the inlets and outlets. An ultrasonic standing
wave is set up across the channel width in the fully developed region. (b) Interface location between two fully developed
parallel streams. When the two fluids have the same flow rate and viscosity, the interface lies at the center of the channel;
the deviation is zero. When the flow rate or viscosity is changed, the fluid interface deviates from the center. For a given ra-
tio of viscosities, the interface location can be controlled by the relative flow rate.

set up to transport species between the two fluidic streams. Figure 1(b) shows a parametric study
of the interface location as a function of the relative flow rate and relative dynamic viscosity of
the fluids. When the two fluid streams have the same viscosity and flow rate (ua/ug =1 and Qa/
Qg =1), the fluid interface is located exactly at the center of the channel width. The interface can
be shifted towards one of the fluid stream by decreasing the flow rate of that fluid. When the two
fluid streams have different viscosities, the interface is shifted towards the less viscous fluid even
when the flow rates are equal. Nevertheless, the interface location can be controlled by adjusting
the relative flow rate.

Due to the small dimension of the channel, the Reynolds number for the fluid flow is small.
Hence, we model the fully developed flow region by the 2D Stokes flow equation,

- =0, ey

where P is the static pressure in the fluid, u, is the x component of the fluid velocity, p is the
dynamic viscosity of the fluid, and y is the coordinate along channel width. The two side walls
are modeled with no-slip boundary conditions, and continuity in both velocity and traction at the
fluid interface is enforced. Typically, the velocity profiles take on a parabolic shape. Cells or
micro-particles moving through the microchannel will be subjected to fluid drag force and acous-
tic radiation force of the ultrasonic standing wave. The species are usually much smaller than the
channel dimensions that they do not disturb the flow field. The fluid drag force F acting on the
species can be estimated using the Stokes drag expression for a sphere in infinite fluid domain,
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Fp= —6unR (i, — i), (2)

where R is the species radius; if, is the species velocity, and i is the fluid velocity at that point.
In our case, the mass of the micro-species is so small that the species will attain the fluid veloc-
ity in a very short time. The suspended species also experience a buoyancy force which is the
sum of the gravitational force and lift force. Due to the small differences in the densities of the
species and the fluid and the very low Reynolds number of the flow (Re < 1), the buoyancy
force is neglected in our model.

The frequency of the ultrasound field is chosen such that it is close to the resonant fre-
quency of the standing wave across the channel width. We use a simplified 1D model for the
acoustic field across the channel width, and the pressure is assumed to be harmonic in time, as
given by p(x,t) = R(p(x)e'"), where w is the angular frequency. The governing equation for
the pressure field is given by the Helmholtz equation,
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where p is the acoustic pressure amplitude and c is the speed of sound in the fluid medium. At
the fluid interface, continuity in acoustic pressure and velocity is enforced. At the two channel
walls, the rigid boundary condition is applied.

The acoustic force F, acting on the species is given by*

p Ao ?) 30 (7
FA37TR3V<f12p622P22>7 “)

where v is the fluid velocity due to the acoustic field, the angled brackets denote time-averaged
quantities, p is the density of the fluid, and f; andf, are factors dependent on the density and
sound speed of both the surrounding fluid and the suspended species.
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where the subscript s indicates properties of the suspended species. In the case of a homogene-
ous fluid medium, where a sinusoidal wave is set up between the walls, the factors combine to
give the commonly known acoustic contrast factor
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where, f§; and f§ give the compressibility of the suspended species and the surrounding fluid,
respectively. In the present case where two different fluids are used, the standing wave set up
will have a slightly different profile from a sinusoidal wave. Nevertheless, the ultrasonic field
will still exert an acoustic radiation force on species suspended in the fluid and push the species
with positive contrast factor towards the pressure nodal line at the center of the channel.

For two miscible fluids, there is a certain degree of diffusion between the two fluids at the
interface. To study the diffusion of the fluids across the interface (in the y-direction along the
channel width), we use a 2D steady state model given by the following governing equation:

& Oc Oc
—u

a2 ﬁx_uyﬁ_y:()’ @)

where u, and u, are the x and y components of the fluid velocity, respectively; and D is the diffusion
coefficient. In the present investigation of two fluid streams consisting of deionized (DI) water and salt
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FIG. 2. Acoustic field for different salt (NaCl) concentration. (a) Distribution of the acoustic radiation force for different
NaCl concentrations at the cross-section 2000 um downstream from the inlets. The calculated acoustic radiation force is
normalized by the maximum magnitude in each case. DI water with input flow rate of 0.6 ul/min at the upper inlet and
2 mol/l NaCl solution with input flow rate of 2.4 ul/min at the lower inlet. Diffusion coefficient is D =0.2 e-9 mz/s. The cor-
responding density, viscosity, and sound speed at different NaCl concentration are calculated according to Refs. 24 and 25.
(b) Simulation results of the resonance frequencies for different NaCl concentrations at the cross-section 2000 yum down-
stream when different flow rate ratio were used. Total volume flow rate within the channel was set to be 3 ul/min. (c) Inter-
face location for various flow rates and concentrations of NaCl. The interface is the location within the diffusion layer
which has the mean NaCl concentration of the two fluids.

(NaCl) solution, c represents the concentration of the NaCl. The diffusion along the x-direction along
the channel is neglected as it is overwhelmed by the convective term due to the fluid velocity in the x-
direction. Along the side walls, the boundary condition is given by dc¢/dy = 0.

Figure 2(a) shows the distribution of the acoustic radiation force for several cases where the
salt concentration is changed, while the other fluid stream is kept as DI water. For a low concen-
tration of salt (0.1 mol/l), the acoustic force profile takes on a sinusoidal shape, similar to the
case of a single fluid stream. As the salt concentration increases and there is higher mismatch in
the acoustic impedance between the two fluid streams, the acoustic radiation force increases at
the fluid interface. It is noted that the pressure node location is also shifted as the salt concentra-
tion varies, but the shift is rather small (less than 10% of the channel width). Due to the changes
of the salt concentration, the resonance frequency of the two fluids will also change. Figure 2(b)
illustrates the resonance frequencies corresponding to different salt concentrations. It can be seen
that the resonance frequency changes by about 10% over the range of concentration of NaCl
from O to 4 mol/l. However, the resonance frequency is quite insensitive to the change in volume
flow rate ratio. Figure 2(c) shows the corresponding interface locations.

By controlling the relative flow rate of the two inlet fluids, the interface between the two
fluid streams within the channel can be shifted from the pressure nodal line of the acoustic
standing wave so that the species laden fluid stream is narrowed. When different species flow
through the acoustic standing wave, the species that experience a sufficiently large acoustic
radiation force will be transported across the interface from the original fluid medium into the
other parallel stream (as shown by the larger red dots in Figure 3). Equation (4) indicates that
the magnitude of the acoustic radiation force on a sphere is proportional to the gradient of the
acoustic field, contrast factor, and the volume of the species. If two species have same acoustic
property (positive contrast factor) but different sizes, the larger one will experience a larger
acoustic radiation force than the smaller one. Consequently, the larger species will move faster
to the pressure node than the smaller one. With proper sizing of the microchannel, volume flow
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FIG. 3. Sketch of the separation process of two species. Two different species were carried into the micro-channel through
upper inlet. (a) Without acoustic field, all species (denoted as large and small dots) flow within the original suspension. (b)
When the acoustic field is applied, the larger species that experienced a larger acoustic radiation force move faster than the
smaller one towards the node. At the end of the channel, the larger species crossed the fluid interface into the destination
fluid, while the smaller species did not cross the interface and remained within the original medium.

rate, and the acoustic field strength, different species can be separated by their size at the end
of the micro channel. The present method is able to separate different species based on their
size and acoustic property, and transported the separated species into the destination fluid
stream simultaneously.

1ll. MATERIALS AND METHODS
A. Materials

Syringes and Tygon tubings were obtained from Cole Palmer. Polystyrene beads were pur-
chased from Thermo Scientific. Cryptosporidium parvum, Giardia lamblia, anti-C. parvum anti-
body and anti-G. lamblia antibody were obtained from Waterborne Inc. Phosphate buffered sa-
line (PBS) was obtained from Sigma Aldrich. Ultrapure water with a resistivity of 18.2 MQ cm
was obtained from a Milli-Q system.

B. Experimental setup

The acoustic micro-channel system used in the experiments is shown in Figure 4. The micro-
channel chip consists of an H-shape microchannel which has two inlets and two outlets. This
channel is made by deep reactive etch on a silicon base (Oxford Plasma 100 DRIE/ICP system:
200 etch/deposit steps, vertical error *=0.1°, and amplitude of undulations on side walls of
100400 nm), and it is covered by glass on top. The channel width corresponds to the half wave-
length of the ultrasound used so that a standing wave is set up between the side walls. A piezo-
ceramic transducer (Sparkler Ceramics Pte Ltd, India, resonance frequency is 1.875MHz for first
thickness mode) is attached to the bottom surface of the channel with the width of the transducer
covering the whole length of the micro channel. Ultrasound gel is used to ensure good coupling
between the transducer and the microchannel. The assembled system is measured using a LRC
meter, and the resonance frequency of the piezo-ceramic is found to be 1.88 MHz. The transducer
is then driven by a sinusoidal signal using a function generator (Agilent 33120 A). The voltage
applied on the piezo-ceramic is 20 Vpp for all the experiments. At this working condition, no
acoustic cavitation and no acoustic streaming were observed, as the acoustic intensity was found
to be low (about 75 mW/cm?). Furthermore, since the transducer is directly driven by the func-
tion generator without any power amplifier, the driving current was very low, about several milli-



012802-8 Liu, Hartono, and Lim Biomicrofluidics 6, 012802 (2012)

Cover ' Top view
- - Micro-channel

' N

8500

Piezo /

5000
9000

2500

Unit: pm
Support Front view 8o
Glass 3le
NARNAAARNAAARNAAANAARA]
Piezo )
(a) Sketch of all components (b) Sketch of Piezo and Micro-channel.

FIG. 4. Acoustic micro-channel system. (a) Exploded view showing the various components in the system. (b) Top and
front views of the microfluidic channel with piezoelectric transducer at the bottom.

amperes for the applied voltage of 20 Vpp. The power dissipation by the piezo-ceramic transducer is
very small and no temperature change was observed in the experiments. The flow of species in the
fluid channel is observed through the top glass cover via a microscope with a CCD camera (Leica
Microsystems Vetzlar GmbH). Typical flow rate of the fluid used in the following experimental stud-
ies varies from hundreds of ul/h to several mL/h. These flow rates correspond to the Reynolds num-
ber in the range of Re ~ 0.3-0.5, meaning that the flow within the channel is laminar.

C. Preparation of cell samples

To stain the parasite cells, both of the C. parvum and G. lamblia were separately mixed
with their corresponding antibodies. The mixtures were incubated at 37 °C for 30 min. The para-
site cells were then collected via centrifugation and were reconstituted into a drinking water so-
lution. A 1ml syringe was then used to contain the suspensions of cells and was connected to
the inlet of the acoustic chip. A syringe pump (New Era Pump System™™) was used to purge
the channel as well as to flow the cell samples into the channel.

D. Cell separation analysis and viability test

For cell separation analysis, the cells obtained from the outlets of the channel were col-
lected and centrifuged. The concentrated cell samples were analyzed using a haemocytometer.
Cell separation efficiency was calculated as the percentage of target parasite cells among all the
parasite cells collected at that outlet. For parasite cell viability test, cells were flowed into the
microchannels at different flow rates. The cells obtained from the outlets of the channel were
immediately mixed with propidium iodide. Under fluorescence lighting, a number of the green
and red stained cells are counted using a haemocytometer.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Using the acoustic micro-system described in Sec. III, a series of experiments were con-
ducted with polystyrene microbeads in DI water and NaCl solution and parasites in DI water
and PBS buffer. The experimental results demonstrated the effectiveness of separation of spe-
cies based on size, and transportation of the suspended species from one fluid stream to another
using acoustophoresis.

A. Polystyrene particle transport between two miscible fluid streams

Spherical polystyrene particles of diameter 10 um were first used to demonstrate the parti-
cle transport between two fluid streams. These spherical polystyrene particles were suspended
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FIG. 5. Particle distributions in bi-fluid flow. (a) Captured image under UV light when no acoustic field applied, particles
flow within its original solvent (DI water colored red). (b) Captured image under UV light when the acoustic field applied,
particles are transported across the fluid interface. (c) Particle distribution and fluorescent density distribution along a cross
section (2200 um) downstream. Sample size: 100 (acoustic field applied) and 120 (no acoustic field applied).

in the first fluid stream (which we denote as the source fluid) of DI water dyed with red rhoda-
mine B. Since the polystyrene particles are fluorescent green, the suspended particles show up
as green dots against a red background under UV light. A second fluid stream of DI water,
which is the destination fluid, flows parallel to the first stream; it is not dyed and hence appears
as dark or black under UV light (Figure 5). The flow rates of the first fluid stream with particles
and the destination fluid stream are set to be 100 uL/h and 200 pL/h, respectively. The concen-
tration of the particles used is about 8 million particles per mL. Figures 5(a) and 5(b) show the
captured images of the particle distribution in the bi-fluidic flow with and without acoustic field,
respectively. The curve (dashed) in Figure 5(c) shows the normalized dye intensity across the
channel width at 2200 um downstream of the channel entrance. The variation in the dye inten-
sity indicates the distribution of the source fluid (high intensity of 1) and the destination fluid
(low intensity of 0). There is a gradual variation in the intensity, instead of an abrupt change in
intensity, due to diffusion between these two miscible streams. We use the normalized intensity
value of 0.5 to denote the “interface” between the two fluid streams and the range from 0.2 to
0.8 as the region of diffusion. From Figure 5, the diffusion region lies between 241 um to
303 um, and the interface is located at 285 um.

To study the distribution of the particles, the width of the channel (400 um) was divided
into forty parts of equal width (10 um), and the number of particles passing through each part
was counted over a fixed time period. This number is expressed as a fraction of the total num-
ber of particles flowing through the channel, giving a histogram of the particle distribution
along the channel width. The results for the cases with and without acoustic field are shown
and compared in Figure 5(c). Without the acoustic field, the particles are suspended uniformly
in the original source fluid, as shown by the spread of the histogram with bars shaded in black.
When the acoustic field is applied, the particles were concentrated to a small region (as shown
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TABLE L. Statistic results for water/water case.”

Percentage of particles Percentage of particles
Particle diameter through upper outlet (%) through lower outlet (%) Sample size
10 um 6.25 93.75 48
20 um 8.40 91.60 119

YFlow rate of DI water with particles: 100 uL/h and Flow rate of DI water without particles: 400 ul/h.

by the histogram with unshaded bars) near the center of the channel where the acoustic pressure
nodal line lies. This nodal line is located in the destination fluid, and the particles had been
transported across the fluid interface from one fluid to the other.

By adjusting the relative outlet pressures of the two fluid streams at the outlets of the chan-
nel, the fluid interface can be shifted with respect to the pressure nodal line. The transported par-
ticles in the destination fluid stream are then collected at the lower outlet (in this case). Table I
shows the experimental results of the particles collected with the destination fluid stream in the
presence of the acoustic standing wave. It can be seen the acoustic field is effective in transport-
ing more than 90% of the particles from the source fluid to the destination fluid.

Next, we study the transport of polystyrene beads across two dissimilar fluids: DI water
and NaCl solution. The setup is the same as the previous experiment, except that the destination
fluid is changed to a salt solution. Figure 6 shows the color intensity distribution across the
channel width which indicates the fluid distribution, interface, and diffusion region for various
concentrations of salt solution from 0.15mol/l to 3.075 mol/l. The distributions of particles are
also indicated by the shaded and unshaded histograms for cases in the absence and presence of
acoustic field, respectively. Again, the results show that the polystyrene particles were carried
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FIG. 6. Normalized color density and particle distribution for different NaCl concentrations in the destination fluid while
the source fluid is kept as DI water. (a) 0.154 mol/l NaCl solution. (b) 0.615 mol/l NaCl solution. (c) 1.23 mol/I salt solution.
(d) 3.075 mol/1 salt solution.
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FIG. 7. Comparison of the diffusion layer and pressure node between experimental and simulation results. (a) The region
of diffusion observed in experiments, given by the region where the dye intensity falls between 0.2 and 0.8, compares
favorably with the numerical prediction for different concentration of NaCl. (b) The mean locations of the particles together
with the minimum and maximum locations (shown in blue) are in good agreement with the location of the pressure node
(predicted by numerical model and shown in red) for different concentration of NaCl.

in the original source fluid (dyed DI water shown as high dye intensity) when there is no acous-
tic field was applied. When the acoustic field was applied, the particles crossed the fluid inter-
face and moved to the pressure nodal line in the destination fluid (salt solution shown as low
dye intensity) and were transported along with the salt solution. The experimental results also
show that the pressure nodal line is shifted slightly when different concentrations of salt were
used. Higher concentration of salt caused a larger shift in the nodal location, and this is in
agreement with the trend predicted by the theoretical model (shown in Figure 7). The diffuse
region across the channel width observed experimentally, as defined by the region with intensity
between 0.2 and 0.8, also matched the results in the theoretical model. The mean locations of

Interface 3 um beads 10 pm beads

Nalls of channel

9 pm

Interface 3 pum beads 10 pm beads (b)

FIG. 8. Captured images of the polystyrene beads as they flow through the micro-channel. Upper fluid stream is a suspen-
sion of 3 um and 10 um beads in DI water with a flow rate of 50 uL/h. Lower fluid stream is clean DI water with a flow rate
of 200 uL/h. (a) No ultrasound field was applied and all beads flow within the original suspension. (b) Ultrasound field
applied at 20 Vpp and the larger beads are separated and transported to the lower fluid stream.
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FIG. 9. Relative separation efficiency of 10 and 3 um polystyrene beads as well as C. parvum and G. lamblia.

the particles in the destination fluid for various salt concentrations are close to the pressure
node locations predicted by the theoretical model. The experimental results show some spread
in the particle location in the destination fluid (Figure 6). This spread of the particles is about
50 um, which is well within the width of destination fluid.

B. Particle and parasite separation and the transportation

Next, we demonstrate the separation of polystyrene beads of different sizes (3 yum and
10 um in diameter) and waterborne parasites (G. lamblia and C. parvum) using the ultrasonic
standing wave. In this experiment, a narrower Si micro-channel, whose width is 200 um and the
corresponding resonance frequency is 3.85 MHz, was used. The experimental setup and proce-
dure are same as those used in Sec. IV A. This narrower channel has higher resonance fre-
quency and it provides a higher acoustic field gradient and higher acoustic radiation force. Its
small dimensions also allow the species to be separated over a shorter distance, making experi-
mental observations easier. The transducer was driven by sinusoidal signal of 20 Vpp. Figure 8
shows the captured images under UV light when polystyrene beads were used. A mixture of
two types of fluorescent beads (3 yum and 10 um) in DI water was pumped into the micro chan-
nel through the upper inlet at 50 uL/h. Another parallel stream of DI water was also pumped
through the lower inlet at 200 uL/h. Without the ultrasound field (Figure 8(a)), all the beads
flow within the original fluid stream along the microchannel. When the ultrasound field was

100 pm
—

Moving C parvum

Pure PBS Buffer ™ >

Glamblia

FIG. 10. Captured image of separation of G. lamblia and C. parvum in a microchannel under an ultrasound standing wave.
The flow rate of the parasite solution was set to 50 uL/h and the flow rate of the parallel PBS buffer to 200 uL/h. The PZT
transducer was driven by a sinusoidal waveform of 20 Vpp. The mobile G. lamblia were separated from C. parvum and re-
diluted into the lower PBS buffer stream, demonstrating the separation and re-dilution process using the acoustic field.
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FIG. 11. Viability of parasites after being exposed to acoustic field at 20 Vpp at different exposure times.

applied, the larger beads move towards the center of the channel where the acoustic pressure
node lies, while the smaller beads continue flowing within the original suspension. At the end
of the acoustic channel, the larger beads were separated from the original suspension and trans-
ported into the lower parallel fluid simultaneously. Separation efficiency of 85.3% and 100%
were achieved for 10 um beads at the lower outlet and 3 um beads at the upper outlet, respec-
tively (Figure 9).

The experiment was repeated with two species of waterborne parasites, G. lamblia and
C. parvum, obtained from Waterborne Inc. Typically, the G. lamblia are larger (~15 um) than
the C. parvum (~5 um). These two parasites, dyed by green fluorescent dye, were first sus-
pended in drinking water at a concentration of 10° cells/mL and pumped into the channel
through the upper inlet at the flow rate of 50 uL/h. A parallel stream of PBS buffer was pumped
though the lower inlet at the flow rate of 200 uL/h. Figure 10 shows the captured images under
UV light. Under the action of the ultrasound field, the larger G. lamblia were transported to the
lower stream of PBS buffer and collected at the lower outlet. The smaller C. parvum continue
to flow within its original stream of DI water. Separation efficiency of 77.5% and 84% were
achieved for C. parvum and G. lamblia, respectively (Figure 9). Furthermore, after being
exposed to acoustic field, the viability of the parasites could be tested by exposing them to a
mixture of fluorescein isothiocyanate (FITC)-labeled antibody and propidium iodide. The anti-
body can stain both of live and dead parasites whereas propidium iodide can only stain dead
parasites. The parasites were exposed to an ultrasound excited by 20 Vpp for different cell resi-
dence time inside the acoustic chip of 34, 20, and 10s, which correspond to the three different
flow rates of 30, 50, and 100 uL/h, respectively. Figure 11 shows the percentage of cell viability
as a function of cell residence time. We observed negligible difference in the degree of cell via-
bility for these different residence times. These results suggest that the parasites survive the
acoustic field employed in our experiment and they remain viable.

Overall, the above experiments demonstrate the effective separation and transportation of
particles (polystyrene beads) and cells (waterborne parasites) across two fluid medium in a
microchannel using an ultrasound field.

V. CONCLUSION

A new technique for transporting micro-particles and cells using ultrasonic acoustophoresis
between two miscible fluid streams has been presented. The experimental setup is simple, using
just a microchannel with a piezoelectric transducer attached at the base. By controlling the rela-
tive flow rate of the two fluid streams, the fluid interface can be maintained at a specific offset
from the pressure nodal line. This enables the separation and extraction of suspended species
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from one fluid medium to another simultaneously. Diffusion between the two miscible fluids
was observed in the experiments, but it is found to have little effects on the ultrasound field

and transport process.
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