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Optoacoustic tweezers: a programmable, localized cell
concentrator based on opto-thermally generated,
acoustically activated, surface bubblest

Yuliang Xie,** Chenglong Zhao,i* Yanhui Zhao,* Sixing Li,® Joseph Rufo,”
Shikuan Yang,? Feng Guo® and Tony Jun Huang*@®

We present a programmable, biocompatible technique for dynamically concentrating and patterning
particles and cells in a microfluidic device. Since our technique utilizes opto-thermally generated,
acoustically activated, surface bubbles, we name it “optoacoustic tweezers”. The optoacoustic tweezers
are capable of concentrating particles/cells at any prescribed locations in a microfluidic chamber without
the use of permanent structures, rendering it particularly useful for the formation of flexible, complex cell
patterns. Additionally, this technique has demonstrated excellent biocompatibility and can be conveniently
integrated with other microfluidic units. In our experiments, micro-bubbles were generated by focusing a
405 nm diode laser onto a gold-coated glass chamber. By properly tuning the laser, we demonstrate
precise control over the position and size of the generated bubbles. Acoustic waves were then applied to
activate the surface bubbles, causing them to oscillate at an optimized frequency. The resulting acoustic
radiation force allowed us to locally trap particles/cells, including 15 um polystyrene beads and Hela cells,
around each bubble. Cell-adhesion tests were also conducted after cell concentrating to confirm the
biocompatibility of this technique.

Introduction

A programmable cell concentrator is characterized by its
ability to trap and concentrate cells at any pre-defined
position, control the extent of cell aggregation, and form cell
arrays consisting of multiple concentrating spots. Compared
with conventional cell concentrators, which are primarily used
for pretreatment of diluted cell samples, a programmable cell
concentrator has more functionalities and can have broader
applications, such as point-of-care diagnostics,"” cell micro-
arrays,”" tissue engineering,” regenerative medicine,® and
cell-cell communication pathway studies.”® For instance, in
diagnostic systems which involve diluted samples, concentrat-
ing target cells at predefined locations can increase local cell
concentration, thus locally enhancing detection sensitivity and
improving the flexibility and performance of the device.® The
importance of controlling the extent of cell aggregation is
demonstrated in the analysis of the cell contact inhibition
phenomenon; in these studies, the behavior of cells which are
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concentrated until they come in close contact with one another
is examined in order to distinguish cancerous cells from
normal cells."® In another example, the ability to simulta-
neously concentrate cells at several pre-defined spots has
significantly contributed to the study of cells’ collaborative
relations in tissue engineering,’ in which programmable cell
arrays of various configurations and separation distances
allow researchers to investigate certain cell behaviors, such as
cell-cell communication with extracellular signaling mole-
cules.””®

While the significance of an on-chip, programmable cell
concentrator is well understood, developing the methods to do
so has not been a trivial process. Over the past few years,
several effective on-chip, cell-concentrating techniques have
been developed based on a variety of mechanisms. For
example, the hydrodynamic effect can be utilized to trap cells
within certain shaped channels;"™"* optical or optoelectronic
tweezers are able to manipulate cells with high precision;**™*°
bulk or surface acoustic waves can trap cells in well-defined
20-24 the electrokinetic effect can be exploited

to generate electrical fields and transport particles to regions
25-34

resonant cavities;
near the electrodes. These techniques exhibit impressive
on-chip, cell-concentrating capabilities; however, most of
these techniques lack the ability to dynamically concentrate
particles at any prescribed position and consequently form
programmable, complex patterns (i.e., as a programmable cell
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concentrator). In this regard, it is essential to develop a
programmable, biocompatible, on-chip cell concentrator.

The use of acoustically activated bubbles to trap particles
shows great potential for realizing a programmable cell-
concentrating technique. In such systems, acoustic waves
(kHz range) oscillate the air-liquid interface of a bubble.**”
The oscillatory response is localized and confined to a region
comparable with the radius of the bubble (~100 um). It has
been observed that particles located in this region can be
trapped near the surface of the bubble due to an emergent
acoustic radiation force.***° Although bubble-based systems
are able to locally trap particles in well-defined areas,
difficulties exist in dynamically controlling the size and
location of the bubbles. This limitation hinders the ability of
such systems to concentrate cells in a programmable manner.
Attentive solutions to this challenge involve the fabrication of
cavities using lithography techniques.*™** This strategy
enables researchers to control the size and location of the
bubbles; however, once the cavities are prepared, the size and
location of the bubble can no longer be changed. In this sense,
the lithography-based method operates in a static manner.

In this article, we present an ‘“optoacoustic tweezers”
technique for dynamically concentrating particles/cells at any
desired location within a microfluidic chamber and forming
dynamic particle/cell patterns. This technique utilizes the
opto-thermal effect**™° to generate bubbles’” in a micro-
chamber and acoustic radiation forces to trap particles/cells.
By taking advantages of both opto-thermal bubble generation
and acoustic-based trapping mechanism, the ‘“‘optoacoustic
tweezers” technique is capable of creating programmable,
complex patterns in a biocompatible manner. It has the
following advantages:

(a) Programmability: The size and location of the bubbles
are controlled by the power and position of a diode laser, thus
our technique is capable of generating bubbles at arbitrary
locations in the microchamber without the use of permanent
structures. Acoustic waves are then applied to the bubbles,
enabling us to trap particles at any location in the micro-
chamber.

(b) Localized cell-concentrating effect: The acoustic trap-
ping force is local, rather than global, allowing us to trap
particles/cells around the bubbles, while leaving others
undisturbed. This local cell-trapping property, combined with
the ability to create programmable, complex bubble arrays,
can achieve flexible cell patterns of varying complexity. This
cell-concentrating capability has not been previously demon-
strated by any other methods.

(c) Biocompatibility: The bubble-based acoustic method
operates at low power and thus is rather biocompatible. The
laser only turns on during the bubble-generation process; it is
off during the cell-concentrating process. Therefore, the
“optoacoustic tweezers” technique is expected to be biocom-
patible, which is confirmed by the results from cell-adhesion
tests.

(d) Simplicity: Unlike optical tweezers, our experimental
setup does not require high-power laser or high-numerical-

This journal is © The Royal Society of Chemistry 2013

View Article Online

aperture lenses. All setups are easy-to-assemble and easy-to-
operate.

With these advantages, it is expected that the “optoacoustic
tweezers” technique presented here could be valuable in many
applications**" in engineering, chemistry, medicine, and
physics.

Theory

When acoustic waves are applied to a bubble in liquid
medium, the bubble oscillates and attracts cells to the surface
of the bubble, achieving a biocompatible mechanism for
locally concentrating cells. There are two forces exerted on
cells when they are introduced into the flow field near an
acoustically actuated bubble: drag force (F4q) and radiation
force (F,). In order to optimize the local cell-trapping effect, the
amplitude of these two forces must be precisely controlled.

The drag force, a result of acoustic streaming, is exerted on
the cells when they are injected into the acoustic flow field.
Acoustic streaming>**** is generated by the non-uniform
oscillation of the surface bubble; this oscillation causes the
air-liquid interface to vibrate with different velocities, causing
vortex-shaped streaming patterns. Fq acts opposite to the
relative velocity of a cell in a fluid. The amplitude of F4 on a
cell, approximated as a spherical particle here, is:

F4q = 6mnRs (1)

where 7 is the viscosity of medium, Ry is the radius of the cell,
and v is the relative velocity between cell and fluid. In eqn (1),
since v is difficult to calculate at each position in the flow field,
the upper-limit of Fy can be estimated using the maximum
acoustic streaming velocity:

Fq,,, = 6TRUy, (2)

U= "uRir® (3)

where Fq_is the upper-limit of drag force; Uy, is the maximum
acoustic streaming velocity; R, is the radius of bubble; r is the
distances between cells and bubble; @ = 2xf, fis the oscillating
frequency; and u, is the surface velocity of bubble, which is
determined by the oscillatory frequency and amplitude.

55759 ig derived from the time-

The acoustic radiation force
averaged, second-order momentum terms in the Navier-Stokes
equation. Unlike the streaming effect, F, can either attract cells
towards the bubble or repel them from the bubble. The

amplitude of F; is described as below:*°
4 3 appd s
F.= gnRs dmigBR 1 (4)
B =3(ds — dm)/(2d; + drn) (5)
where d; is the density of cells, d,, is the density of medium,

and B determines the direction of the acoustic radiation force
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(B > 0, particles are attracted to the bubble; B < 0, particles are
repelled away from the bubble). Since cells have a higher
density than the medium, they tend to be attracted to the
bubble’s surface.

The relative amplitudes of Fy, and F; determine whether
the cells’ motion will be dictated by the drag force or the
radiation force. To quantify this, the ratio between Fq ,_and F;
is described below:

Fayax _ 2 n
F; 4 tBdy

fIRS? (6)

Eqn (6) shows that with higher oscillating frequency or
relatively large cell size, F; will play a more important role than
Fq in the motion of the particles, causing the cells to be
attracted to the bubble’s surface. Otherwise, F4 will determine
the trajectories of cells and they will follow the streaming
pattern.

For a given device, 1, B, and d,,, in eqn (6) are constants. R
is defined by the cells chosen to be concentrated. Therefore,
optimizing f is vital for the performance of the device.
However, choosing f is not trivial because bubbles can only
be effectively actuated near certain resonant frequencies,
which are tightly related to the bubble’s size. The resonant
frequencies for a spherical bubble at oscillating mode n are
described as:*°

,'3:4%@—1)(%1)(%2)#&% @)
where f,, is the resonant frequency at oscillation mode n and o
is the surface tension of medium. Optimizing device perfor-
mance requires considering both eqn (6) and (7). An optimized
fshould be near the f;, for a bubble with radius R,; at the same
time, the value of f must keep Fq, /F; smaller than 1, so that
the radiation force will dictate particles’ motion. This theory
can predict the experimental condition for trapping cells near
the acoustically activated bubbles; however, the effectiveness
of acoustic operation is determined by the location and size of
the bubble. In the next section, the opto-thermal effect is
applied to generate highly controllable bubbles for acoustic
cell trapping.

Experiments

Device setup

A schematic of the bubble-generation system is shown in
Fig. 1a. A diode laser (wavelength of 405 nm) was coupled into
an upright optical microscope (Eclipse LV-100, Nikon). The
objective lens (10 x , NA = 0.3) on the microscope was used to
focus the diode laser as well as image the sample on a CCD
camera (DS-Fi1, Nikon). The sample was a cell suspension
which was contained in a glass chamber. The chamber was
formed by separating two glass slides (top slide 25 x 25 mm,
bottom slide 25 x 50 mm, VWR) with tape (Scotch Magic
Tape). The resulting thickness of the chamber was about 70
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Fig. 1 Schematics of experimental setups. (a) The optical setup to generate
surface bubbles via the opto-thermal effect. (b) Glass chamber to accommodate
cell suspensions and micro-bubbles. The piezo transducer was used to generate
acoustic waves.

pm. A gold film with 50 nm thickness was evaporated onto the
top glass slide (Semicore evaporator). This film can absorb
laser power and heat the surrounding water, resulting in the
generation of surface bubbles. The laser was focused onto an
area of approximately 1200 um” on the gold film. The laser
power, which was measured by a power meter (FieldMaxII-TO,
Coherent) after the objective lens, was adjustable from 0 to 46
mW. Changing the location of the laser spot can be achieved
by either moving the chamber in the xy plane or modulating
the diode laser. In our experiment, a motorized stage was used
to move the glass chamber and change the laser-focusing
position. Once the cell suspension was injected into the
chamber, the chamber was sealed with petroleum jelly
(Equate). A piezo transducer (Model 273-073, RadioShack
Corp.) was bonded to the bottom slide using epoxy and was
used to generate acoustic waves. After surface bubbles were
generated by the focused diode laser, the piezo transducer was
actuated by a function generator (8116A, Hewlett Packard) at a
frequency of ~100 kHz. This caused the surface bubbles to
oscillate and allowed one to trap cells close to the bubbles.

Cell-adhesion test

HelLa cells were grown in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12) media (Gibco, CA),
supplemented with 10% fetal bovine serum (Atlanta
Biologicals, GA), penicillin (100 U ml™"), and 100 pg ml™*
streptomycin (Mediatech, VA), to about 90% confluence before
trypsinization (Trypsin +0.05% EDTA, Gibco, CA). After
centrifugation at 800 rpm for 5 min, cells were re-suspended
in fresh medium or PBS buffer (1x, pH 7.4) to a final
concentration of about 2 x 10° cells ml1~" for the experiment.
In the cell-adhesion experiment, the bottom glass slide was
replaced by a cell culture slide (Thermanox). All other elements
in the setup were left unchanged. About 10 pl of cell solution
was added to the chamber. After the cells were concentrated at
prescribed locations, the periphery of the platform was sealed
with petroleum jelly to prevent evaporation, and the entire
device was placed in a CO, incubator. Concentrated HeLa cells
were cultured at 37 °C and 5% CO, for 2 h to assess the
biocompatibility of this device by observing cell attachment.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 (a) Schematics of the bubble-generation process. When the laser is
focused on the gold film, the opto-thermal effect causes water to evaporate,
and a bubble is generated in the micro-chamber. During this process, the
heated water also causes convection flow in the chamber. (b) The bubble-
expansion process with different levels of laser power. After the laser is turned
off, the bubble exhibits a sudden decrease in size.

Results and discussion

Bubble generation using opto-thermal effect

In this experiment, the micro-bubble was generated by the
laser-induced, opto-thermal effect. This method offers excel-
lent control of the position and size of the micro-bubble,
factors that play key roles in the trapping and patterning of
cells. Fig. 2a demonstrates the mechanisms for bubble
generation. When the diode laser (405 nm wavelength) is
focused onto the gold film, the gold film absorbs energy from
the laser and is rapidly heated. As a result, the water in contact
with the gold film is also heated, and the convection flow is
generated due to the heating effect (dashed lines in Fig. 2a).
Above a certain laser power threshold, the water in the
chamber reaches its boiling point, and a micro-bubble is
generated at the interface of the gold film and the water inside
the chamber. The laser power threshold in our experiment was
about 35 mW. When incident laser power exceeded 35 mW, a
micro-bubble was generated. Fig. 2b shows the size of the
bubble both during and after the bubble-generation process.
The bubble expands very fast when the laser is first turned on
(0-40 pm diameter increase in the first 0.1 s). After this short
time period, the rate of bubble expansion increases with
increasing laser power. In 10 s, the bubble diameter can reach
up to 100 pm using a 46 mW laser. During the bubble-
generation process, the bubble stays in contact with the gold
film; this allows the position of the surface bubble to remain
stable. Stable positioning of the bubble is required in order to
define a location for cell trapping.

This journal is © The Royal Society of Chemistry 2013
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In order to avoid possible heat damage to the cells during
the experiment, the laser was turned off after the bubble-
generation process. Upon removing the laser, it was observed
that the bubble promptly shrunk in size due to the sudden
temperature decrease (Fig. 2b). After the sudden shrink in size,
the bubble’s size (with diameter 60-80 um) can remain stable
for hours, which is long enough to perform cell manipulation.
In addition, bubble diameters greater than 80 pm can be
obtained if the laser is focused on the glass slide for a longer
duration; however, the bubble size we used here (60-80 um) is
optimal for the following bubble-based acoustic cell trapping
experiments. Optimizing these parameters is essential for the
effective trapping of cells.

Bubble oscillation characterization

By successfully controlling the bubble’s size with the laser, we
were able to optimize R, (30-33 um) and f (about 100 kHz). The
optimized f was approximately the same as the 5th harmo-
nious resonant frequency of a 32 um radius bubble (f; = 97.5
kHz). The vibration of the bubble’s surface was detected by a
fast camera (Fastcam SA4, Photron) at 225 000 fps. Fig. 3a and
3b show the oscillation of the bubble at 100 kHz using an
acoustic wave with amplitude of 10 V peak-to-peak (Vpp). The
bubble oscillates near the 5th harmonious mode as predicted.
The oscillation amplitude was measured by recording the
position change of the arrow-indicated point in Fig. 3b, which
is about 2 pm (Fig. 3c). Surface velocity (u,) was calculated by
the period and amplitude from Fig. 3c, which is about 0.8 m
s

When operating with HeLa cells (Rg=10 pm), the calculated
F, (by eqn (4)) at different r are displayed in Fig. 3d. F;
increases drastically when cells get near the bubble, which
indicates that the trapping of cells to the bubble surface is
stable. The ratio between the Fy , and F; is also illustrated in
Fig. 3e. When the radiation force is larger than the maximum
drag force, we can expect that HeLa cells will move toward the
bubble’s surface under experimental conditions. The following
cell-trapping experiment verifies this theoretical calculation.

Locally concentrating HeLa cells

HeLa cells were used to test the cell-concentrating perfor-
mance of the device. The acoustic parameters used followed
the calculated frequency (100 kHz) and amplitude (10 Vpp).
Initially, HeLa cells were distributed randomly throughout the
chamber (Fig. 4a); after turning on the acoustic waves, it was
observed that cells moved towards the bubble’s surface and
aggregated there (Fig. 4b) within 20 s. After the cells had
aggregated, the acoustic waves were turned off, and cells were
found to be concentrated within 100 um of the bubble’s
center. It should be noted that the concentrating effect was
local, meaning that only the cells near the bubble (distance
within about 500 pm), rather than all of the cells in the
chamber, were trapped at the bubble’s surface.

The cell-concentrating process was further investigated
quantitatively. Two parameters were used to evaluate the
device’s cell-concentrating performance: (1) Average distance
between cells was used to describe how cells aggregate with
each other. Before the bubble was actuated, this value was
about 246.4 + 49.97 um. After the bubble was actuated, this

Lab Chip, 2013, 13, 1772-1779 | 1775
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Fig. 3 (a) The bubble with a radius of 32 pm oscillates at the 5th harmonious mode at 100 kHz. (b) The bubble oscillates between the statuses represented by blue
and red lines. The arrow indicates the point used to measure the oscillating amplitude. (c) The change in position of bubble’s surface (arrow in (b)), the bubble
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Fig. 4 (a) Hela cells distribute randomly throughout the chamber before bubble actuation. (b) Hela cells move and aggregate near the bubble’s surface after bubble
actuation. (c) Statistics show that cells aggregate both with each other and close to the bubble’s center. (d) Cell-adhesion test results show all cells are attached to the
culturing slides, indicating that our approach has good biocompatibility.
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value decreased to 91.26 + 54.96 pm, indicating that cells
came closer due to the oscillation of the bubble. (2) The
average distance from cells to the bubble’s center was used to
evaluate the extent to which the device is able to trap cells near
the bubble. This value changed from 212.9 + 29.99 um to
58.87 + 45.35 um after acoustic treatments. Considering that
the bubble has a radius of 30 um, this value indicates that the
cells were trapped very close to the bubble’s surface. Another
experiment with a mixture of Hela cells (radius: ~10 pm) and
yeast (radius: ~2.5 um) showed that the movement of Hela
cells is dominated by the radiation force, because the ratio of
Fq, /F; is smaller than 1. As a result, they are more easily
trapped near the bubble’s surface. On the contrary, the
movement of yeast cells is dominated by the drag force, and
they tend to follow the streaming lines around the bubbles
under the same operation parameters (Fig. S1, ESIf). This
phenomenon confirmed the prediction from our theory that
the value of Fy  /F; increases as the radius of particles/cells
decreases.

Cell-adhesion tests were also conducted to confirm the
biocompatibility of this system. In such experiments, the cell-
culturing slides replaced the commonly used glass slides and
all other elements were left unchanged. After the cells were
concentrated, they were cultured for 2 h and allowed to attach
onto the slides. Fig. 4d shows the cell-culturing results. It was
observed that all of the cells in the microscope’s vision
adhered to the cell-culturing slides and were kept alive after
the bubble was activated acoustically. The results indicate: (1)
Laser heat should be non-invasive towards the cells in this
experiment because the laser is focused on the gold film,
rather than directly on the cells, and the laser is turned off
once the cell-concentrating process starts. (2) Compared with
the acoustic methods for ultrasound-mediated drug deliv-
ery,*"®> sonoporation and sonolysis,®* our bubble-based
acoustic technique operates at a much lower acoustic power,
thus avoiding potential damage to cells. (3) The generated
bubble is extremely small compared with the total area of the
microchamber, and most cells do not attach directly to the
bubble’s surface. Therefore, the generated bubble has little
disturbance on cells’ living environments. Overall, this
technique is demonstrated to be biocompatible and suitable
for cell-related studies and applications.

Programmable particle/cell concentrating

Our technique’s ability to concentrate particles/cells at multi-
ple positions was examined on both polystyrene particles (15
pm in diameters) and HeLa cells. In Fig. 5a and 5b, surface
bubbles were generated in pre-defined patterns (two bubbles
in a line for Fig. 5a, and a square with a bubble in the center
for Fig. 5b). When acoustic waves were applied, polystyrene
particles were trapped near each bubble’s surface. This
resulted in the patterning of the particles/cells that closely
resembled the well-defined bubble array. The distance
between each aggregation of particles was approximately equal
to the distance (~200 pm) between bubbles. We further
proved that this optoacoustic tweezers method can be readily
used to form pre-defined patterns of cells. As an example,
triangle (Fig. 5c¢) and centered triangle patterns (Fig. 5d),

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Patterns of particles and cells generated by optoacoustic tweezers. (a, b)
Patterning of polystyrene particles with 15 um diameters. (c, d) Patterning of
Hela cells with about 20 um diameters. The scale bar represents 100 pm.

which are usually difficult to obtain by other cell-patterning
mechanisms, were achieved.

The formation of complex, dynamic patterns relies on two
unique characteristics of our device: the ability to generate
well controlled bubbles at any location in the microchamber;
and the capacity to locally, rather than globally, trap particles/
cells near the generated bubbles. Precise control over the size
and location of the generated bubbles allows us to form any
desired pattern, and the local trapping effect enables us to
pattern target cells at each of these locations, while leaving
others undisturbed. In the experiment, we also found that
acoustic power and exerting time influenced the pattern.
Higher acoustic power caused a larger acoustic radiation force,
resulting in the trapping of more cells near the bubble; longer
working times permitted more cells to aggregate near the
bubble surface. Overall, the optoacoustic tweezers method
shows great potential in concentrating cells in a program-
mable, biocompatible manner.

Conclusion

In summary, we have integrated an acoustic-based -cell
trapping mechanism with an opto-thermal bubble generation
method in order to develop a simple, effective, programmable,
biocompatible approach for concentrating cells locally in a
microfluidic chamber. This device features several unique
advantages: (1) The size and location of opto-thermally
generated surface bubbles can be dynamically controlled by
changing the power and position of a laser focused on a gold
film. Strong acoustic radiation forces (larger than 100 pN) can
be exerted on nearby cells by applying acoustic waves to the
surface bubble array. By combining these two effects, this
method can effectively collect cells at any prescribed position
in the chamber. (2) This device has great biocompatibility.
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HeLa cells were trapped effectively in a region extending no
further than 100 um from the center of the bubble. The cells
were successfully attached to a culturing slide and were kept
alive after the trapping process.

In the future, this device is expected to be further improved
in several aspects. Spatial light modulators can be used to
modulate the diode laser. In this manner, more complicated
surface bubble patterns can be achieved simultaneously,
which can further improve the functionalities of this device.
Moreover, there is still a great deal of room to miniaturize the
entire setup. For example, a blue-ray DVD laser head,
including the laser source and focusing lens, can be integrated
with a microfluidic channel to replace the bulky optical
microscopy unit. Overall, advantages such as programmability,
biocompatibility, and ease-of-fabrication/use render the optoa-
coustic tweezers method presented here desirable for a variety
of applications, including bio-sensing, cell microarrays, cell
analysis, and tissue engineering.
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