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Techniques that can dexterously manipulate single particles, cells,
and organisms are invaluable for many applications in biology,
chemistry, engineering, and physics. Here, we demonstrate stand-
ing surface acoustic wave based “acoustic tweezers” that can trap
and manipulate single microparticles, cells, and entire organisms
(i.e., Caenorhabditis elegans) in a single-layer microfluidic chip.
Our acoustic tweezers utilize the wide resonance band of chirped
interdigital transducers to achieve real-time control of a standing
surface acoustic wave field, which enables flexible manipulation of
most known microparticles. The power density required by our
acoustic device is significantly lower than its optical counterparts
(10,000,000 times less than optical tweezers and 100 times less than
optoelectronic tweezers), which renders the technique more bio-
compatible and amenable to miniaturization. Cell-viability tests
were conducted to verify the tweezers' compatibility with biologi-
cal objects. With its advantages in biocompatibility, miniaturiza-
tion, and versatility, the acoustic tweezers presented here will
become a powerful tool for many disciplines of science and engi-
neering.
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ellular-scale manipulation is essential to many fundamental
biomedical studies. For example, the ability to precisely con-
trol the physical location of a cell facilitates the investigation of
cell—cell and cell—environment interactions (1). Manipulation
techniques could also provide tools to help researchers observe
the behavior of entire organisms such as Caenorhabditis elegans
(2, 3). Additionally, these techniques might also aid in molecular
dynamics/mechanics studies by allowing researchers to precisely
monitor and control the interactions between biomolecules.
Trapping and manipulating microparticles was first demon-
strated via optical techniques in 1986, when Arthur Ashkin,
Steven Chu, and colleagues first demonstrated trapping of single
micrometer-sized dielectric particles with a laser beam, a method
now commonly known as optical tweezers (4). Optical tweezers
have since been used to trap and manipulate many kinds of micro/
nano objects, including dielectric spheres, metal particles, cells,
bacteria, DNA, viruses, and molecular motors (5-7). Although
optical tweezers have demonstrated excellent precision and ver-
satility for a number of functionalities, they have two potential
shortcomings: First, they may cause physiological damage to cells
and other biological objects from potential laser-induced heating,
multiphoton absorption in biological materials, and the formation
of singlet oxygen (8); and second, they rely on complex, potentially
expensive optical setups that are difficult to maintain and minia-
turize. Many alternative bioparticle-manipulation techniques (9-
22) have since been developed to overcome these shortcomings,
however, each technique has its own potential drawbacks. For ex-
ample, magnetic tweezers (17-19) require targets to be prelabeled
with magnetic materials, a procedure that affects cell viability;
electrophoresis/dielectrophoresis based methods (9-11, 20-22)
are strictly dependent on particle polarizibility and medium con-
ductivity and utilize electrical forces that may adversely affect cell
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physiology due to current-induced heating and/or direct electric-
field interaction (23). In this regard, acoustic-based particle manip-
ulation methods present excellent alternatives (24, 25). Compared
to their optical, electrical, or magnetic counterparts, acoustic-
based methods are relatively noninvasive to biological objects and
work for most microparticles regardless of their optical, electrical,
or magnetic properties.

To date, many acoustic-based particle manipulation functions
(e.g., focusing, separating, sorting, mixing, and patterning) have
been realized (25-43). None of these approaches, however, have
achieved the dexterity of optical tweezers; in other words, none of
the previous acoustic-based methods are capable of precisely
manipulating single microparticles or cells along an arbitrary path
in two dimensions. The standing surface acoustic wave (SAW)-
based acoustic tweezers presented in this article represent the
first acoustic manipulation method to precisely control a single
microparticle/cell/organism along an arbitrary path within a sin-
gle-layer microfluidic channel in two dimensions. In our system,
SAWs are generated by interdigital transducers (IDTs) deposited
on the surface of a piezoelectric substrate. The use of SAWs
allows our device to utilize higher excitation frequencies, which
results in finer resolution in terms of particle manipulation com-
pared to bulk acoustic waves (BAWs). Additionally, we demon-
strate similar manipulation of biological objects, including cells
and entire organisms (C. elegans). C. elegans is an attractive
model organism for many biological and medical studies, mainly
because of its relatively small size (approximately 1 mm long),
optical transparency, well-mapped neuronal system, diverse re-
pertoire of behavioral outputs, and genetic similarities to verte-
brates (2). However, trapping and manipulating C. elegans has
proven to be difficult and generally involves anesthetics, vacuum,
cooling, or direct-contact mechanical procedures (2, 3, 44). To
our knowledge, our acoustic tweezers are the first to achieve con-
tact-free, noninvasive, precise manipulation of C. elegans.

Results and Discussion

Design and Characterization. The working mechanism and device
structure of the acoustic tweezers are illustrated in Fig. 1. A 2.5 X
2.5 mm? polydimethylsiloxane (PDMS) channel was bonded to a
lithium niobate (LiNbOs;) piezoelectric substrate asymmetrically
between two orthogonal pairs of chirped IDTs (Figs. S1 and S2).
Chirped IDTs have a linear gradient in their finger period
(Fig. 14) that allows them to resonate at a wide range of frequen-
cies (45). The chirped IDTs in our experiment have 26 pairs of
electrodes with the width of electrode and spacing gap increasing
linearly from 25 to 50 pm by an increment of 1 pm. The aperture
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Fig. 1. Device structure and working mechanism of the acoustic tweezers.

(A) Schematic illustrating a microfluidic device with orthogonal pairs of
chirped IDTs for generating standing SAW. An optical image of the device
can be seen in Fig. S2. (B) A standing SAW field generated by driving chirped
IDTs at frequency f; and f,. When particles are trapped at the nth pressure
node, they can be translated a distance of (AA/2)n by switching from f; to f,.
This relationship indicates that the particle displacement can be tuned by
varying the pressure node where the particle is trapped.

of the chirped IDTs is 3.5 mm, larger than the width of the 2.5 x
2.5 mm? square channel to ensure full coverage of the standing
field. Each pair of chirped IDTs was independently biased with a
radiofrequency (rf) signal to generate SAWSs; the interference be-
tween them forms a standing SAW field on the substrate. The
standing SAW leaks into the adjacent fluid medium and estab-
lishes a differential pressure field in the fluid; this field generates
acoustic radiation forces that act on suspended particles. The

acoustic radiation forces drive particles to nodes or antinodes
in the acoustic pressure field, depending on their elastic proper-
ties (15, 38-43). Most objects, including polystyrene beads, cells,
and C. elegans, are pushed to the pressure nodes because of den-
sity and/or compressibility variations relative to the background
medium. The large bandwidth of the chirped IDTs translates into
a wide spectrum of accessible standing SAW wavelengths, which
defines the large manipulation range of the device. Using chirped
IDTs with varying input rf, we can shift the location of the pres-
sure nodes generated from standing SAW interference. As a re-
sult, a single particle/cell/C. elegans that is trapped in the pressure
node can be freely manipulated in two dimensions.

Fig. 1B shows a schematic of the standing SAW and related
pressure field along one dimension (x axis) of the device. We refer
to the stationary pressure node in the center of the IDTs as the 0
order node (shown as a long dash dot line in Fig. 1B), progressing
to the first order, second order, third order, etc. outward from the
center. Because absolute node location (x, = n)/2 for n™ order
pressure node, A is the SAW wavelength) is directly related to the
SAW wavelength, which is dependent on the signal frequency
(f = c/A, where c is the SAW propagation velocity on the surface
of substrate), all higher-order (n > 0) pressure nodes can be
moved simply by altering the applied signal frequency. The node
displacement (Ax,) can be described by: Ax, =n(h —2;)/2 =
n(c/fi —c/f,)/2, as shown in Fig. 1B for a frequency change
from f; to f,. The equation indicates that the particle displace-
ment is directly proportional to the node order.

Fig. 24 shows the simulated two-dimensional pressure field
surrounding each pressure node, with arrows denoting the acous-
tic radiation force vectors. The simulation results indicate that a
particle between adjacent pressure anti-nodes will experience an
attractive force toward the pressure node between them. Fig. 2B
examines one-dimensional particle motion under varying acoustic
power in response to the same frequency shift (also see
Movie S1); Fig. 2C plots the particle’s velocity during this process.
At the lower end of the force spectrum (11 dBm, magenta curve
in Fig. 2B and C), a 10-pm fluorescent polystyrene bead can be
continuously moved with velocity of approximately 30 pm/s,
while at the opposite end of the force spectrum (27 dBm, red
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in well defined steps, while holding stationary in the
y direction.
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curve in Fig. 2 B and C), particle velocities as high as approxi-
mately 1,600 pm/s are achieved.

We conducted a force analysis to quantitatively determine the
magnitude of the acoustic radiation force exerted on the particles
at various power inputs. The experimental radiation force is
plotted in Fig. 2D, calculated from the difference between the
drag force (found using the velocity data in Fig. 2C) and the time
derivative of particle momentum (also calculated from the velo-
city data in Fig. 2C). The force exerted on a 10-pm particle
(shown in Fig. 2D with discrete points) fits well with the theore-
tical sinusoidal dependence of the force on the distance to the
pressure node (solid lines). Since the acoustic radiation force
depends on particle size, compressibility, and standing SAW
amplitude, the force exerted on particles (reaching as high as
150 pN for a 10-pm particle) can be predicted and tuned. To
demonstrate the stability of our device, the displacement repro-
ducibility is exhibited in Fig. 2E, where a 4-pm polystyrene bead
is moved back and forth in the x direction, while being held
stationary in the y direction (see Movie S2). The displacement
can be reproduced over hundreds of cycles (see Movie S2).
Lastly, we repeatedly step a pressure node in the positive x direc-
tion to demonstrate particle translation over a larger length scale
(approximately 100 pm in Fig. 2F), again holding the y direction
constant (also see Movie S3). Fig. 2F, Inset shows the stacked
image of the linear movement of a 10-pm polystyrene bead.

The power density required to manipulate 10-um polystyrene
beads in our setup is approximately 0.5 nW/pum? for particle
velocities of approximately 30 pm/s, which is much lower than its
optical counterparts (10,000,000 times less than optical tweezers
and 100 times less than optoelectronic tweezers) (20, 46). The
working frequency range of the chirped IDTs used in our setup
was 18.5 MHz to 37 MHz, corresponding to SAW wavelengths of
approximately 100 pm to 200 pm. The displacement resolution
for this device is dependent on the node order and frequency and
is theoretically limited by the frequency resolution of the function
generator. In our case, imperfect alignment of the PDMS channel
and slight frequency fluctuations from the function generator
could be responsible for the minor dispersion in the step displa-
cement in Fig. 2F. Finally, we note that with the current setup,
the acoustic radiation force on objects smaller than 1 pm is
theoretically equivalent to the drag force in solution, limiting our
current device to microscale objects. Manipulating nano-objects
might be possible by using high-frequency SAWs, since the acous-
tic force is proportional to SAW frequency (15, 41).

Two-Dimensional Manipulation of Single Particles, Cells, and Organ-
isms. To demonstrate single particle/cell manipulation in two
dimensions, we tuned the input frequency of both pairs of ortho-
gonally arranged chirped IDTs (as shown in Fig. 14). Each pair
of chirped IDTs independently controls particle motion along a
single direction, thus the orthogonal arrangement enables com-
plete control in the device plane. The dexterity of this approach is
shown in the layered image in Fig. 34, where a 10-pm polystyrene
particle is trapped and moved along a path to write “PNAS” (see
Movie S4). Fig. 3B presents the capture and subsequent manip-
ulation of single bovine red blood cell to trace the letters “PSU”
(see Movie S5), demonstrating the applicability of the acoustic
technique to biological samples.

To further demonstrate the biocompatible nature of this tech-
nique, we conducted HeLa cells viability and proliferation assay
after exposure to high-power (23 dBm) standing SAW fields
for 6 s, 1 min, and 10 min. The results (see Fig. 4 and Methods)
indicate that after 10 min in the standing SAW field, no significant
physiological damage was found on the cell viability and prolif-
eration. Additional control experiments were conducted to exam-
ine the heating effects of our acoustic device on the channel.
After 10 min of acoustic power at 23 dBm, the temperature
increased from 25 °C to 27.9 °C. For an exposure time of 1 min,
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Fig. 3. Independent two-dimensional single particle and cell manipulation.
(A) Stacked images used to demonstrate independent motion in x and y using
a 10-pm fluorescent polystyrene bead to write the word “PNAS."” (B) Stacked
images showing dynamic control of a bovine red blood cell to trace the letters
“PSU.” The diameter of bovine red blood cell is about 6 pm.

the temperature increase was less than 2 °C (see Fig. S3). At a
higher input power level (25 dBm), which was required for C.
elegans manipulation, the temperature was stabilized at 31°C
even after 10 min.

In addition to microparticles and cells, this acoustic device
can also be used to manipulate entire multicellular organisms,
such as C. elegans. This task is challenging for optical techniques
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Fig. 4. Experimental results for cell viability and proliferation tests. HelLa
cells were incubated for 20 h after being treated in SAW field for 6 s,
1 min, and 10 min, respectively, under the input power of 23 dBm, and then
(A) metabolic activity was measured at 450 nm after 2 h BrdU labeling and
following 2 h reagent WST-1 reincubation, to verify the cell viability. Subse-
quently, (B) DNA synthesis was determined using Cell Proliferation ELISA to
verify the cell viability. As control experiments, cells were examined without
SAW treatment and at 65 °C for 1 h. The culture medium with no cell was also
measured as comparison. Each group was tested five times.
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because high power density must be applied over larger areas,
leading to impractical total power requirements. Using the same
experimental conditions as single cells and particles, we trapped
and independently translated C. elegans in the x and y directions
(Fig. 5 A-D, also see Movie S6). The C. elegans was moved in
either the x or y direction when we turned on the power and swept
the frequency and returned to normal behavior after the power
was shut off. As seen in Fig. 5 E and F, the C. elegans can also be
immobilized along their entire length and be stretched in a stand-
ing SAW acoustic field. The immobilization and stretching can
be maintained for extended periods of time without inducing
physiological damage, allowing long-term, full-body studies to be
undertaken.

Finally, our acoustic tweezers can also simultaneously manip-
ulate large numbers of particles. Although at this stage the tech-
nique cannot select an individual particle from a group, parallel
manipulation of multiple particles can be achieved with clusters
of particles at a single pressure node, single particles at different
pressure nodes, or clusters of particles at distinct pressure nodes.
This manipulation can occur over a variety of length scales (see
Movies S7 and S8). These videos show that whereas the acoustic
tweezers are capable of dynamically manipulating single particles/
cells/organisms, they are also capable of simultaneously manipu-
lating more than tens of thousands of particles/cells.

Conclusion

In summary, we have demonstrated standing SAW-based acoustic
tweezers that can manipulate single particles/cells/organisms in
a microfluidic chip. This acoustic device has significant advan-
tages in biocompatibility and versatility. The lower power density
requirement renders our technique extremely safe to biological
samples. The simple structure/setup of these acoustic tweezers

-
500 um o ‘““
D ~= C S

500 pm

Fig. 5. Single C. elegans manipulation. One single C. elegans was (A)
trapped, (B) moved in y direction, (C) moved in x direction, and (D) moved
in y direction again and released, with the average velocity of approximately
40 pm/s. An optical image of C. elegans (E) before and (F) after being fully
stretched.
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can be integrated with a small rf power supply and basic electro-
nics to function as a fully integrated, portable, and inexpensive
particle-manipulation system. The technique’s versatility has
three aspects: (1) it is capable of manipulating most microparti-
cles regardless of shape, electrical, magnetic, or optical proper-
ties; (2) it is capable of manipulating objects with a variety of
length scales, from nanometer (if we use higher SAW frequency)
to millimeter (as demonstrated in C. elegans); and (3) it is capable
of manipulating a single particle or groups of particles (e.g., tens
of thousands of particles). The acoustic tweezers’ versatility, bio-
compatibility, and dexterity render them an excellent platform for
a wide range of applications in the biological, chemical, and phy-
sical sciences, including the fundamental studies of mechanical
properties of micro- and nanoscale particles such as cells, DNAs,
proteins, and molecules. Additionally, the ability to massively
move particles with great speed (up to 1,600 pm/s) could make
this technique a key tool in many high-throughput assays such as
cell sorting and separation. Finally, this device could be used to
help researchers examine the behavioral and neuronal response
of small organisms (such as C. elegans) to mechanical and chemi-
cal stimuli.

Methods

Experimental Setup. A 2.5 x 2.5 mm?2 PDMS channel was bonded to a LiNbO;
piezoelectric substrate asymmetrically between two orthogonal pairs of
chirped IDTs, to form the acoustic device. Two major steps were involved
in the fabrication: (1) the fabrication of chirped IDTs, and (2) the fabrication
of PDMS microchannel (see S/ Text for more details). The manipulation device
was mounted on the stage of an inverted microscope (Nikon TE2000U). Two
rf signals were generated from two function generators (Agilent E4422B) to
drive the two pairs of chirped IDTs independently. Solutions of bovine red
blood cells (approximately 6 pym in diameter, Innovative Research, Inc.),
C. elegans, or fluorescent polystyrene beads with diameters of 2, 4, 7, 10,
and 15 ym were injected into the channel before the rf signals were applied.
A CCD camera (CoolSNAP HQ2, Photometrics,) and a fast camera (Casio EX-
F1) were connected to the microscope to capture the manipulation process.

Cell Viability and Proliferation Assays. HeLa cell viability and proliferation tests
were conducted through the measurements of metabolic activity and DNA
synthesis to further exam the noninvasiveness of our technique (37). HelLa
cells were incubated in Dulbecco’s modified Eagle medium (DMEM)-F12 med-
ium (Gibco), with 10% fetal bovine serum (Atlanta Biologicals), penicillin
(100 U/mL), and 100 pg/mL streptomycin (Mediatech) to about 90% conflu-
ence before trypsinization (Trypsin + 0.05% EDTA, Gibco) and dilution to
2 x 10 cells/mL in medium. We treated 100 uL HeLa cell suspensions in five
different conditions, respectively: (1) untreated cells (positive control); under
SAW radiation for (2) 6 s; (3) 1 min; (4) 10 min; and (5) at 65°C for 1 h
(negative control). After treatment, Hela cells were seeded into Costar
96-well black clear-bottom plate (Corning Life Sciences) with seeding density
of 2 x 10% cells/well in 100 pL culture medium. 100 pL fresh medium was
added into separate well as blank control. Cells were then incubated for
20 h after which we added 10 pL/well BrdU labeling solution (Roche Applied
Science). After labeling for 2 h we added 10 pL/well water-soluble tetrazo-
lium salts (WST-1; Roche Applied Science) and reincubated for another 2 h.
Then we measured absorbance of each well at 450 and 690 nm (reference)
with an absorbance reader (BioTek). Subsequently, BrdU incorporation was
determined with Cell Proliferation ELISA, BrdU (colorimetric) (Roche Applied
Science) and the absorbance of each well at 370 and 492 nm (reference) was
measured with the absorbance reader. Five separate studies were conducted
for each condition under input power of 23 dBm, and the averages were
given. The results were tallied in Fig. 4.
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