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ABSTRACT
Sound can be music to please the ear, however the waves produced can be utilized as
“Acoustic Tweezers” for the manipulation of cells and particles in a fluid medium.
The ability to dexterously and noninvasively manipulate biological specimens such as
organisms, cells, proteins, and DNAs in a compact system is critical for many applications in the
fields of life sciences, biomedicine and chemistry. Acoustic tweezer technology is a revolutionary
way to satisfy this requirement. Firstly, this technique manipulates cells or particles using gentle
mechanical vibrations. These vibrations create a pressure gradient in the medium to move
suspended micro-objects yielding a contamination-free, non-contact, and label-free manipulation.
Secondly, acoustic tweezers have minimal impact on cell viability and function, which operates at
a power intensity and frequency similar to the widely used medical ultrasound imaging. Thirdly,
the acoustic tweezer device can operate in a single micro-device without any external moving parts
or complicate setups, which offer additional advantages in ease of use, versatility and portability.
In this dissertation, we have developed a series of acoustic tweezers that can achieve
manipulation of micro-objects in a liquid medium: 1) tunable acoustic wells to control cell-cell
distance and geometry of suspended cell assemblies; 2) 3D acoustic tweezers to dexterously
transport single cells in a three-dimensional manner; 3) simple, low-cost and reusable acoustic
tweezers used for various disposable devices; and 4) application of the reusable acoustic tweezer
technology in precisely manipulating and patterning micrometer-sized protein crystals for X-ray
crystallography.
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Chapter 1
Motivation and Overview
Acoustic tweezers manipulate micro/nano objects through the use of propagating sound
waves. The simple design, noninvasiveness, and non-contact, label-free nature, has made it ideal
for diagnostics, therapeutics and fundamental biological research. This dissertation work is focused
on technology development and application of this technology. Sections 1.1 outlines the motivation
of this dissertation. Section 1.2 generally introduces the acoustic tweezer technology. Section 1.3
reviews the applications of the acoustic tweezer devices. Section 1.4 briefly describes the whole
dissertation work. Some sections in this chapter have been prepared for a review or has been
reported on Lab on a chip[1].
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1.1 Motivation
In recent years, acoustic tweezer technologies have begun to receive significant attention
in bioengineering, biology and biomedicine communities. The propagating or interacting acoustic
waves create a pressure gradient in the medium within a compact device to move suspended microobjects. Recent researchers have demonstrated that the integration of microfluidics with acoustic
tweezers provide a new and effective means to control fluids or manipulate micro-objects within
fluids. These advanced acoustic tweezer devices offer the following unique and inimitable
combination of features:
Noninvasive: The operation intensity and frequency of acoustic tweezers are in a similar
range to those used in ultrasonic imaging, which is widely used for noninvasive heath monitoring
of pregnancy. Therefore, we expect acoustic tweezer technology to be safe for other biological
specimens such as cells and biomolecules. The biocompatibility is partially demonstrated through
cell viability and proliferation tests.
Versatile: Acoustic tweezer technologies enable fluidic control such as mixing, translation,
jetting and atomization, along with particle manipulation such as focusing, patterning, separation,
sorting, assembly and concentrating. Acoustic tweezers are capable of manipulating most microobjects, regardless of their shape, electrical, magnetic or optical properties; this manipulation
technology is suitable to target objects within a size range from the nanometer to millimeter scale;
this method is also capable of manipulating multiple objects simultaneously for massive
manipulation applications.
Non-contact: Acoustic tweezers employ primary acoustic radiation force to manipulate
particles and cells in fluids; acoustic tweezers manipulate fluid by means of acoustic streaming
which is induced by leaking of acoustic waves into the fluid. The non-contact nature of acoustic
tweezer manipulation may avoid sample contamination during operation.
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Simple and inexpensive: Compared to optical tweezers, which are the gold standard
manipulation technology, acoustic tweezers are simple, compact, inexpensive and highly reliable.
Acoustic tweezers can be activated through simple driving circuits and a power supply rather than
the complex and expensive optical setups for optical tweezers. We expect that the simple and
inexpensive acoustic method will be integrated into portable diagnostic instruments for better
clinical diagnostics and therapeutics.

1.2 Acoustic Tweezers Technology

1.2.1 Basics of acoustic waves
Sound is a mechanical vibration: Sound is a regular mechanical vibration, and travels as
a waveform through different forms of matter. Sound usually has longitudinal or compressional
waves during its propagation in solid matter. Normally, sound travels through solid, liquid or gas,
however some materials absorb much of the sound waves and prevent their propagation. Sound
waves cannot travel through the vacuum of space due to the nature of mechanical vibration, which
is different from electromagnetic waves such as light and radio waves related to electrical and
magnetic fields.
Sound wave motion: Sound waves are disturbances in matter, where the individual parts
of the matter may only show periodic motion while the waveform travels. All sound waves share
similar characteristics since wave motion follows the same principles. In addition, up-and-down
wave motion creates transverse waves of water (Figure 1-1A), while back-and-forth wave motion
creates the longitudinal or compressional waves of sound (Figure 1-1B).
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Figure 1-1. Wave motion: (A) The motion of a water wave and (B) the motion of a sound wave as
a compression wave.
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Characteristics of sound waves: The wavelength, amplitude, velocity, and frequency are
used to characterize a waveform:
Wavelength: The wavelength of a sound wave is defined as the distance from one crest to the next
crest or the maximum of the wave to the next maximum. The wavelength of normal audible sound
is approximately between 17 meters and 17 millimeters. The wavelength of acoustic waves used in
acoustic tweezers is typically between micrometers to millimeters.
Amplitude: The amplitude of a sound wave is the height of the wave given as the peak-to-peak
valve, which is normally in the nanometer range.
Velocity: The velocity of a sound wave is used to describe how fast a crest is traveling from a fixed
point. The speed of sound waves traveling in air is about 340 meters/second, while the speed of
sound waves in LiNbO3 is 3990 meters/second.
Frequency: The frequency of a sound wave is the rate of a crest passing a given point. Sound
frequencies at a range of 20 Hz–20 kHz is audible to the human ear. While the operation frequency
range of acoustic tweezers is typically from several KHz to several hundred MHz.
Formula: The wave relation can be given as
v = λ*f
where v is the velocity in meters/second (m/s), λ is the wavelength in m, and f is the frequency in
cycles per second or hertz (Hz).
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1.2.2 Bulk acoustic wave based acoustic tweezers
Bulk acoustic wave (BAW) based acoustic tweezers are named by manipulating
cells\particles\liquids with BAWs. Usually, to generate BAWs, we apply RF signals to a
configuration as a piezoelectric materials sandwiched by top electrode and bottom electrode (Figure
1-2). Here, the acoustic vibration is normally along the thickness direction. Then, this acoustic
source are directly coupled into the liquid or via a coupling layer for formatting a resonance
chamber (Figure 1-3). The acoustic waves generated by the bulk acoustic wave transducer such as
piezo ceramic element (PZT) traveled along the vertical direction and reflected by the solid
materials such as a glass slides. Then, the propagating acoustic waves and reflected waves formed
a standing wave in the resonance chamber. This pressure nodal plane was used to manipulate
suspended micro-objects in the fluids. In addition, the standing acoustic waves also can be formed
by two opposing sound sources.
The theoretical studies of forces analysis on particles under the standing acoustic wave
field has been extensively discussed. As known, the force acting on particles in an acoustic standing
wave field is mainly the result of the primary acoustic radiation force (Fr), originating from the
standing wave.[1] Particles in a standing acoustic wave field experience the acoustic radiation
force, which can be expressed as
(1)

(2)

where p0, Vp, λ, k, x, ρp, ρf, βp, βf, are acoustic pressure, volume of the particle, wavelength,
wave vector, distance from a pressure node, density of the particle, density of the fluid,
compressibility of the particle, and compressibility of the fluid, respectively. Researchers have
demonstrated that the relative magnitude of primary Fr on red blood cells is 2 pN.[1]
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Figure 1-2. Schematic of acoustic wave’s generation with bulk acoustic wave transducer. The
transverse vibrations of the piezoelectric materials are produced by RF signal activation.

Figure 1-3. Schematic of acoustic wave’s generation with bulk acoustic wave transducer. The
transverse vibrations of the piezoelectric materials are produced by RF signal activation.
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1.2.3 Surface acoustic wave based acoustic tweezers
Surface acoustic wave based acoustic tweezer approach is a manipulation technique using
surface acoustic waves to move cells/particles. This technology can noninvasively and dexterously
arrange particles or cells into desired patterns, or transport target micro-objects to desired location,
which shows potentials for many biomedical applications including microarrays, tissue
engineering, and regenerative medicine.
Surface acoustic wave (SAW), known as Rayleigh SAW, consists both a longitudinal and
a vertically polarized shear component. Rayleigh SAW strongly leaks into media contacting with
the wave propagation surface. SAWs are generally produced by applying a RF signal to a
piezoelectric substrate. The piezoelectric material responses to the RF signal, and in turn generates
mechanical vibrations. A typical SAW substrate consists a least one set of interdigital transducers
(IDTs) deposited on top of a piezoelectric substrate (Figure 1-4).
By bonding a PMDS chamber on top of the SAW substrate, an acoustic tweezer device can
be obtained. Once IDTs were activated, SAWs were produced on the surface of the LiNbO3
substrate. These acoustic waves propagated in the fluid, reflected within the chamber and
established a 3D differential acoustic potential field. The suspended micro-objects such as cells
were driven to the pressure node, where they can experience a minimal acoustic radiation force.
For example, the acoustic tweezer device can consist of a pair of IDTs deposited on a piezoelectric
substrate in parallel (Figure 1-5A) or orthogonal (Figure 1-5B) arrangements. The figure 1-5 C and
D showed the distribution of particles before and after the 1D and 2D patterning.
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Figure 1-4. The piezoelectric substrate deposited with a gold IDT. SAWs are generated and
propagating along the substrate surface in both directions.[1]

Figure 1-5. Images of the ‘‘acoustic tweezers’’ devices for (a) 1D and (b) 2D particle patterning,
respectively. (c) 1D particle patterning results. (d) 2D particle patterning results. [1]
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1.3 Applications of Acoustic Tweezers

1.3.1 Single particle/cell manipulation
In the previous section, we described the SAW-based acoustic tweezer approach. This
technology has been applied to non-invasively manipulate a single particle or cell in stagnant fluid
which is critical in many biomedical applications, such as the investigation of cell-to-cell
communication and interaction. When a single particle is exposed to a SSAW field in stagnant
fluid, the primary acoustic radiation force acts drives the particle to either a pressure node or
antinode (up to the particle’s acoustic properties), trapping it at minimal acoustic radiation force
location. After the particle being trapped, researchers can move it by tuning the frequency or phase
of the constituent SAWs.[2] Ding et al. demonstrated SSAW-based manipulation of single
particles, cells and C. elegans worms within a microfluidic chamber. [29] They fabricated the
device by directly bonding a 2.5 x 2.5 mm2 PDMS chamber to a LiNbO3 substrate among two
orthogonal pairs of chirped IDTs (Figure 1-6A). By activating these two pairs of chirped IDTs, the
device can move the objects trapped in the pressure nodes along X or Y directions independently.
Figure 1-6B shows the performance of this technique, as a single bovine red blood cell was
manipulated as a pre-programmed pattern, taking an image at each different position and
compositing the images to display the cell’s trajectory. The particle speed was examined as a 10
μm polystyrene bead is accelerated to a velocity as high as 1.6 mm/s. In terms of potential for cell
damage, researchers found that HeLa cells showed insignificant physiological change after being
treated with high power acoustic fields for 10 min. Finally, C. elegans worms was put inside the
chamber to demonstrate that an entire organism can be moved without visible damage, as shown
in Figure 1-6C.
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Figure 1-6. Single particle/cell/C.elegans manipulation. (A) Device schematic and working
mechanism of single particle manipulation with SAW-base acoustic tweezers. (B) A trajectory of
a single bovine red blood cell transporting in two dimensions by frequency switching. (C) A whole
C. elegans worm was transported and stretched.[1]

12
1.3.2 Particle/cell enrichment
Concentrating particles, cells, and micro-organisms is essential for applications in
diagnostics and biomedicine development. Common techniques for concentrating macro-scale
objects include gravity filtration and centrifugation. These techniques rely on an objects massive
body and physical resilience to high shear stress. Therefore, such approaches are inadequate when
looking at microscopic objects, where the body forces are weak compared to the liquid medium’s
forces (viscosity and surface) and/or the objects are fragile and can be damaged from high
centrifugal forces. To combat these issues there has been much research in using acoustic waves to
concentrate microscopic objects in a safe, noninvasive manner without relying on the object’s mass.
The first studies considered bulk acoustic waves for mass aggregation of cells and particles
using ultrasonic standing waves[3]–[5]. Objects aggregate at nodal points from axial acoustic
radiation force until gravity eventually sediments the aggregates. This technique has advanced over
the years and is being used to semi-controllably aggregate cells via pulses of acoustic energy[6].
The cells form smaller 2D clusters and gradually form larger 3D clusters as the number of pulses
increase. These modes of cellular aggregation have potential for 2D and 3D cellular structures in
tissue research and development. Recently this strategy has shifted to using SSAWs for highthroughput object trapping with cell enrichment applications.
Current research has been done on a more high-throughput way of enriching micro-objects,
a need for rare cell and micro-organism detection, which may not be present within a single drop
of blood. One such device used a microtube channel coupled through a coupling gel layer to a SAW
substrate, the microtube was placed perpendicular to acoustic wave propagation[7]. While the
device was under continues flow, cells and/or particles were trapped at periodically distributed
pressure nodes along a SSAW pressure field. This device can collect objects until the nodal points
are saturated, at which time the tube can be uncoupled from the SAW substrate, emptied and reused
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for further cell/particle enrichment. A diluted cell sample was shown to be concentrated by factors
from 100-1000 with over 90% recovery efficiency all while keeping the cells healthy by means of
a viability test. A similarly designed device used microchannels with trifurcated outlets and two
pairs of parallel IDTs to trap, align and concentrate cells/particles through a two-step process during
continuous flow [8]. A cell solution is introduced at the inlet of the device and pushed to the first
pair of IDTs which create SSAWs allowing a single pressure node in the center of the channel. The
cells are aligned to the pressure node and travel to the first trifurcation where cell-free liquid can
escape through side channels, this concentrates the cells to the middle channel. The cells are then
focused into a second set of IDTs and lead to a second trifurcation for further enrichment. Finally,
the concentrated cells are collected through a single outlet. This device displayed concentration
factors of 59-75 fold with recovery efficiencies ranging from ~81-91%. Both of these techniques
can be used to enrich rare cells, such as circulating tumor cells, or rare micro-organisms found in
the blood. Concentrating such pathological markers allows for a definitive diagnosis; keeping the
markers viable through the use of SAWs enables further biological characterization. While these
devices show a great potential for enriching micro-objects, they cannot separate the trapped objects,
e.g. red blood cells from CTCs, which leads to the last technique that can separate and enrich two
distinct objects based on size and/or density.
A very popular method to concentrate micro-objects via SAWs is through acoustic
streaming in a liquid droplet. While there are a few ways to achieve the acoustic wave symmetry
breakage within a droplet, a common technique is to place the liquid droplet such that only part of
the drop lies on the SAW transmission pathway created by an IDT[9], [10]. Some groups have
developed unique IDTs specifically to narrow this path of propagation for more efficient streaming
within droplets[11], [12]. Upon activation of the IDT, symmetric acoustic waves incident on part
of the droplet causing asymmetric propagation into the droplet, this leads to a vortex streaming
pattern which rotates clockwise or counterclockwise depending on the incident wave
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frequency[11]. Earlier studies of this phenomena found that they could collect and concentrate
particles in the center of the droplet. Current studies found that two disparate objects of different
densities[13] or sizes[14] can be separated and concentrated to either the center of the droplet, for
highly dense and small particles, or at the periphery of the droplet, for low density and large
particles. (Figure 1-7) To achieve density separation the liquid medium which the cells/particles
are suspended must be adjusted such that it has a density between the two object densities to be
separated. If the density of the medium is higher or lower than the both the objects than they will
both collect at the center or the periphery of the droplet. The acoustic power must also be tuned so
that the fluid velocity caused by the SAW streaming will pick up the less dense objects but not the
more dense objects. This technique was shown to concentrate and separate subtle density
differences such as parasite infected RBCs (1.077–1.080 gcm-3) from uninfected RBCs (1.080–
1.110 gcm-3) with a 100-fold enrichment. The separation of different sized particles works through
changing the frequency of the SAWs instead of the power. To demonstrate size separation particles
of 6 and 31 µm were successfully partitioned at a 20 MHz frequency. The separation is
accomplished from the different dominant forces each size experiences. Larger particles collected
at the periphery due to radiation force dominance whereas the smaller particles collected toward
the center of the droplet from drag force dominance[14]. In addition to the separation of two distinct
objects, these droplet enrichment technologies have demonstrated potential in diagnostic point-ofcare testing for parasite detection, nucleic acid amplification, and immunological assays.
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Figure 1-7. Characterization of the separation mechanism during the enriching processes (A) SAW
induced flows within the drop. (B-C) Two types of beads were concentrated after actuation (D-E)
Lighter beads (green) were centrifuged and distributed at the periphery. [13]
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1.3.3 Particle/cell focusing
As discussed in previous sections, cells/particles will be pushed to the pressure nodes or
pressure antidotes depending on their acoustic contrast factors when they present in a standing
acoustic wave field. The operation principle of acoustic based cell deflection is very similar to the
1D linear cell patterning except that cells are flowing through the acoustic flied.
Acoustic focusing is a very effective means of aligning moving cells into a single file
format in a fluidic channel. Focused cell streams will find many important applications where
regulated moving cell arrays is desired to facilitate downstream operation and detection.
Particularly, cell focusing is a fundamental component of flow cytometers. Most of the commercial
flow cytometer systems rely on sheath flow to focus cells hydrodynamically. While hydrodynamic
focusing has been demonstrated to be a very effective cell focusing method, the use of sheath fluid
limits the performance improvement of current flow cytometers. High ratio of sheath flow rate to
sample flow rate is required to focus cells into a tight stream, so increasing sample flow rate has to
be accompanied by a much larger increase of sheath fluid. On the other hand, the maximum
allowed linear velocity is determined by the optical system as a minimum residence time in the
focal spot is required for obtaining reliable signals. As a result, it is difficult to increase the sample
flow rate for current flow cytometers which have a typical working sample flow rate of 10-20
ul/min.
In contrast, acoustic focusing is able to align cells without the need of sheath fluid, thereby
increasing the sample flow rate significantly. Goddard et al. reported the first acoustic focusing
based flow cytometer.[15] The acoustic focusing unit is realized by attaching the piezoelectric
transducer onto a circular glass tube with an operating frequency of 417 kHz. The linear shape
pressure node is established in the center of the flow cell where cells and particles were focused.
Based on this work, the first commercialized acoustic focusing based flow cytometer Attune was
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developed by Thermo Fisher. In this system, the acoustic focusing unit is assisted by sheath fluid
to add addition pressure to form a narrow cell stream. The operating frequency was also optimized
to be >2 MHz to reduce the risk of acoustic cavitation. It is reported that the system allows a sample
flow rate from 12.5-1000 ul/min.
In addition to realizing the same function as hydrodynamic focusing, acoustic focusing is
promising to enable much more applications. As discussed in the previous section, the number of
pressure nodes in each fluidic channels is not limited to one. Graves and co-workers developed a
parallel stream based flow cytometry system based on multi-nodal acoustic focusing.[16] A 1.6 cm
wide rectangle glass capillary was used as a flow cell, and up to 37 cell flow streams was
demonstrated with a working frequency >1.5 MHz. By employing a CCD camera as the detection
unit, CD4+ positive cell counting was demonstrated. The concept of parallel flow cytometry is a
promising way to overcome the current limit of processing rate (~50,000 events/s), which will make
flow cytometry a more favorable method for rare event analysis. The multi-nodal acoustic focusing
could be an enabling component for upstream cell manipulation, and facilitate the design of
downstream optical detection unit.
Jakobsson et al. further demonstrated that acoustic focusing is able to not only align cells
into a narrow stream but also control the orientation of non-spherical cells.[17] Non-spherical cells
or particles often poses addition challenges to optical detection in flow cytometers, as they may
have different optical scattering properties with different orientations towards the detection optics.
Jakobsson et al. employed two independent PZTs to control horizontal and vertical resonance of a
rectangle fluidic channel individually. [18]By changing the power of one PZT, the shape of the
pressure node can become asymmetric so that it can favor one orientation of the cells over another.
The orientation of red blood cells were shown to be controlled by adjusting the power input of PZT.
Above discussed acoustic focusing methods are based on the ultrasound resonance in a flow
channel. Shi et al. reported the first SAW based acoustic focusing unit. The major advantage of
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SAW based acoustic focusing is that it does not rely on the resonance chamber allowing more
flexible choices of channel material, e.g. PDMS. [19] Although SAW is generated from the channel
surface, it has been shown that SAW focusing is also 3-Dimensional.[20] Therefore, it is also
suitable for flow cytometry applications. Based on the SAW focusing, Chen et al. reported a
sheathless PDMS based microfluidic flow cytometer with an integrated optical fiber detection unit.
Because of the small foot print of SAW focusing unit and optical fiber detection units, the system
is a promising candidate as a future miniaturized flow cytometer.[21]

1.3.4 Particle/cell sorting
Acoustic tweezers has been shown to move single particles under static flow. It is able to
move particles under continuous flow as well. By changing the position of particles under the
continuous flow, acoustic tweezers can serve as a cell sorting unit in FACS systems. The general
mechanism of particle deflection is caused by either the acoustic radiation force or acoustic actuated
fluid flow under a continuous flow. To design an acoustic based cell sorting unit, one key parameter
is the sorting throughput. In general, higher sorting throughput requires an effective sorting distance
in a shorter period of actuation time. In acoustic sorting, if we assume the power input is not a
limiting factor, the actuation time will solely rely on the effective acoustic field length, which can
also be considered as the sorting resolution. In an ideal situation, the throughput of an acoustic
sorting unit is determined by the actual acoustic field length. The shorter the length, the higher the
possible sorting throughput. Practically, if the acoustic active area is too large, it will require larger
inter-particle distance to maintain a single particle level sorting thereby decreasing the actual
effective sorting throughput.
BAW based sorting which means the acoustic wave field is established by the resonance
of the fluidic channel is the first mechanism to be used for acoustic based sorting. Johansson et al.
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used standing BAW to generate a movement of fluid flow at the interface of two fluid with different
densities.[22] Cells then can be deflected by the drag force of the acoustic actuated fluid flow.
However, the actual sorting throughput is less than 1 cells/s. Shung and coworkers later employed
a LiNbO3 based high frequency transducer to generate an instantaneous acoustic radiation pressure
to liquid droplets, and achieved a sorting rate of 60 droplets/s.[23] Based on the acoustic focusing
and acoustic sorting, Jakobsson et al. developed the first whole acoustic based FACS system.[17]
Two piezoelectric transducers were employed for particle focusing and sorting, respectively.
Particles were first aligned to one side of the channel. If a target particle is detected, the sorting
transducer will establish a 1.7 mm long standing acoustic wave field with a pressure node in the
center of the channel. As a result, the target particle can be deflected to the collection outlet with a
throughput of 150 particles/s., which is currently the highest throughput for BAW based cell
sorting. However, even the highest sorting throughput is still not comparable to the commercial
sorters with a typical throughput of 10,000 events/s. The reason is that, as discussed above, the
throughput is largely affected by the actual acoustic field length. For BAW, it is difficult to for
extremely localized acoustic field due to the dimension of the transducers and the resonance of the
vibration. In this case, typical lengths of the acoustic field is usually larger than 1 mm.
In contrast, the more flexible SAW is easier to confine the length of the acoustic field.
Therefore, the throughput of current SAW based acoustic sorting unit usually can achieve much
higher throughput. Franke et al. utilized travelling SAW induced acoustic streaming for droplets
and cell sorting. [24]–[27]To confine the area of the sorting region, a small PDMS post is used as
a coupling media for SAW, which SAW induced streaming only can occur within the area of the
PDMS post. So the length of the SAW actuated region is only ~150 um. A theoretical maximum
sorting throughput of 3000 droplets/s is achieved.
Ding et al. reported a SSAW based multi-channel cell sorting unit. The device is based on
chirped IDTs which can be excited through a range of frequencies.[28] (Figure 1-8) As a result, the
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position of pressure nodes can be changed when changing the input frequency. A five channel cell
sorting capability is demonstrated, and a droplet sorting throughput of ~200 droplets/s is reported.
Recently, in order to further improve the throughput of SSAW based cell sorting, Ren et al.
designed focus IDTS (FIDTs) to replace the commonly used parallel IDTs. It is shown that FIDTs
can significantly shrink the length of sorting region to ~160 um as well as focus the acoustic energy
to the sorting spot. A theoretical maximum sorting throughput of ~13000 particles/s, and an actual
sorting throughput of 3000 particles/s were demonstrated for 10 um polystyrene particles. [28]
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Figure 1-8. (A-B)The working mechanism of multichannel sorting. (C) Images shows that HL-60
cells can be sorted out to one of five desired outlet channels.[1]

1.3.5 Particle/cell separation
It has been known that the primary acoustic radiation force acting on solid particles
depends on the volume, density, and compressibility of the particles since 1950s. Early acoustic
separation work mainly focused on separating or concentrating solid particles for liquid medium.
Due to the distinct effects of acoustic waves on solid particles and liquid medium, the realization
of this type of separation is relatively straightforward and requires less complexity of engineering
designs. Compared to the widely used centrifuge based separation, acoustic methods allow the
separation of solids and liquids to occur under continuous flow, which will facilitate the automation
of integration of downstream operations. Many important applications, such as plasmapheresis, cell
washing, and cell concentration, have been demonstrated based acoustic separation.
The more complex separation scenario is to separate solid particles with different physical
properties. If there are two particles with different sign of acoustic contrast factors, they can be
easily separated as they will migrate to pressure nodes and pressure antinodes, respectively.
However, there are not many practical applications for this type of separation as most of the cells
and particles have the same sign of acoustic contrast in normal buffer medium. The more common
case is that two particles have the same sign of acoustic contrast factor but different physical
properties. In this case, the two particles will experience different amplitude of primary acoustic
radiation force, which will lead to different migration time from pressure antinodes to pressure
nodes. By the utilizing the differential migration time, it is possible to achieve the separation of the
two particles. However, there has been not much progress on using acoustic wave as physical
property based cell separation method until the past decade. The major reason is that to achieve
high resolution acoustic separation, it requires well-controlled fluidic flow and precise sample
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collection channels. With the advancement of microfabrication and microfluidic technologies, we
have witnessed a rapid growth of acoustic based cell separation methods in recent years.
Laurell and coworkers firstly reported the typical setup for current BAW acoustic
separation devices.[30] A standing acoustic wave field is established perpendicularly to the flow
direction inside a silicon and glass hybrid microfluidic channel by attaching a piezoelectric
transducers. The sample flow is introduced through two side inlets, while a sheath fluid is
introduced from the center inlet to confine the sample streams to the side of the flow channel. Since
the pressure node is designed to locate in the center of the channel, particles in the sample fluid
will be pushed to the center of the channel by the primary acoustic radiation force. By carefully
balancing the input power and flow rate, particles with different physical properties can be collected
from different outlets. Simultaneous separation of 3, 7, and 10 um of PMMA particles was
demonstrated using this device. The same group further optimized the original setup by adding an
acoustic focusing unit to the system. The acoustic focusing can further control the initial position
of cell streams thereby minimizing the separation errors caused by the dispersion of initial cell
position and velocities. Another technical improvement is the employment of a temperature control
unit that maintain the system temperature within +/-0.5 °C. This is because the resonant frequency
of the separation system is very sensitive to temperature change. A 5 °C change of temperature
may lead a completely new resonance mode. Therefore, maintaining a stable temperature help to
ensure the consistent performance of separation. With the above mentioned technical
improvements, the separation of multiple prostate cancer cell lines from white blood cells was
demonstrated with the new setup. Recently, the separation of subpopulations of white blood cells
(lymphocytes, monocytes, and granulocytes) was also reported based on the similar setup. Antfolk
et al. recently reported a slightly modified separation setup, which removes the hemodynamic
focusing part. [31]The consideration of such modification is that if the acoustic impedance of sheath
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fluid and sample fluid does not match with each other, it will cause the relocation of fluid which
will in turn affect separation performance.[31]
In addition to the BAW based acoustic separation, Huang and coworkers reported the first
SAW based separation device.[7], [32]–[34] The fluidic channel configuration is similar to BAW
based separation device, whereas the channel material is PDMS which makes the fabrication of
SAW separation device more convenient. A wide variety applications has been demonstrated using
SAW based separation, including platelets separation, bacteria and blood cell separation, and the
separation of extracellular vesicles.
Although the conventional setup of acoustic separation has been demonstrated effective in
many applications, the maximum separation distance is limited to be a quarter wavelength of the
acoustic wave which usually ranges from 75-200 um. The small effective separation distance makes
acoustic separation require high precision alignment of cell streams and acoustic field, which is
very prone to separation error. To overcome the limitation, Ding et al. made use of the flexibility
of SAW, and reported the taSSAW separation method where the direction the standing SAW field
with an angle to the direction of fluid flow.[32] As a result, the separation distance is not limited to
between one pressure node and one pressure antinode but can occur over a series of pressure nodes
and antinodes. The taSSAW method demonstrated the successful separation of different size of
polystyrene particles as well as cancer cells and white blood cells without the need of accurate
alignment of SSAW field. Li et al. further elucidate the relation between separation throughput and
key design parameters (tilt angle and the length of acoustic field), and improved the separation
throughput of cancer cells and white blood cells to be 1.2 mL/h, which is ~20 times over the original
design. Because the improved separation throughput and long-term operation stability, the taSSAW
method realized the first acoustic based separation of circulating tumor cells (CTCs) from
metastatic breast cancer patients. [33](Figure 1-9)
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Figure 1-9. (A) Illustration of acoustic cell separation. (B) Working mechanism of acoustic cell
separation. (C) Image of an acoustic cell separation device. [33]

1.3.6 Liquid handing
While there is a lot of attention for on-chip acoustic tweezer applications, there is extensive
research being done on acoustic waves in gaseous environments, such as air, which is known as
acoustic levitation. In order to levitate, trap and manipulate objects within a gaseous environment,
bulk acoustic waves are utilized from ultrasonic transducers. Most levitation apparatuses consist of
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an ultrasonic transducer and a solid reflector in order to create standing waves with equally
distributed nodes and antinodes. Recent research has shown the levitation of solid and liquid matter
with an array pattern of ultrasonic transducers arranged as a floor, and a reflector as the ceiling,
giving rise to standing waves in the vertical plane, which can manipulate objects in the horizontal
plane[3]. This device can manipulate droplets to be translocated between transducers, coalesce with
other liquid or solid particles, and even undergo explosive atomization, all of which takes place in
air. In addition to this technique, by altering the reflector’s height or morphology[35], heavy objects
can be manipulated over long distances (~10 mm) without any changes to the transducer frequency.
(Figure 1-10) Some more interesting set-ups used ultrasonic transducers with[36] and without[37]
reflectors arranged in a concentric circle in the XZ plane, allowing matter to be levitated,
transported, spun or set in orbit in the vertical plane. Another way to achieve acoustic levitation
uses four ultrasonic phased arrays which are placed orthogonal to one another, creating a box in
the XZ plane[38]. This device can pick up small objects, such as 2 mm polystyrene particles, for
three-dimensional manipulation. The standing waves create a crosshair pattern at the mid-point of
all four phase arrays which can be controlled in all directions. Through the use of acoustic
levitation, objects can be manipulated in a contact-free and material-independent manner without
requiring sample preparation. Applications can be envisioned in the biochemical and medical fields
for crystallization of drugs and proteins as well as matter enrichment via evaporation[39]. A
particularly interesting application was demonstrated for the successful transfection of cells using
levitated droplet manipulation[3].
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Figure 1-10. Mechanism of the non-contact manipulation of drop in air. [3]

1.4 Overview of dissertation
This dissertation describes our research efforts on exploring the physics of acoustic
micromanipulation and the development of an acoustic tweezer platform for cell or crystallography
applications. A series of works are presented based on the standing surface acoustic wave
microfluidic devices. Chapters 1-6 are expanded versions of published, submitted or prepared
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research or review manuscripts. A short motivation and a brief literature review are given at the
beginning of each chapter to distinguish the novelty of our works.
In Chapter 2, we develop tunable acoustic tweezers that are capable of controlling cell-cell
interactions. This technology can precisely control intercellular distance, assemble cells with
defined geometries, maintain cellular assemblies in suspension, and translate these suspended
assemblies to adherent states, all in a contact-less, biocompatible manner.
In Chapter 3, we present three-dimensional acoustic tweezers which use surface acoustic
waves to create 3D trapping nodes for the capture and manipulation of micro-particles and cells
along three orthogonal axes. In order to explore the physical principle behind the formation and
regulation of these complex, volumetric nodes, we first studied how acoustic vibrations affected
micro-manipulations in a microfluidic chamber using both theoretical models and experimental
validations. These 3D acoustic tweezers were applied to living cell printing.
In Chapter 4, we report reusable acoustic tweezers used for disposable devices. By
configuring and regulating the pressure nodes on a piezoelectric substrate, cells and particles were
patterned and transported into a superstrate, accordingly. This technology could offer a simple,
accurate, low-cost, biocompatible, and disposable method for applications in the fields of point-ofcare diagnostics and fundamental biomedical studies.
In Chapter 5, we employed reusable acoustic tweezers for manipulating and patterning
protein crystals in disposable capillaries. This method, which does not damage the fragile protein
crystals, can precisely manipulate and pattern micrometer and sub-micrometer sized crystals for
data collection and screening. The technique is robust, inexpensive, and easy to implement. This
method not only promises to significantly increase efficiency and throughput of both conventional
and serial crystallography experiments, but also will make it possible to collect data on samples
that were previously intractable.
Chapter 6 summarizes this dissertation and gives perspectives for future research.

Chapter 2
Controlling Cell-Cell Interactions Using Tunable Acoustic Well
In this chapter, we develop a versatile tunable acoustic well technique that is capable of
controlling the intercellular distance and cell-cell interactions. As an example of the power of this
system, this technology was employed to quantitatively investigate the gap junctional intercellular
communication. The methodology, including device fabrication and analysis methods, presented
in this chapter set the foundation for following chapters. Section 2.1 outlines the motivation of this
chapter. Section 2.2 explains the principle of the tunable acoustic well approach. Section 2.3 details
all the acoustic tweezer device fabrication, experimental setups, and data collections. Section 2.4
and Section 2.5 are given on the investigation of spatial effect on the gap junctional intercellular
communication via tunable acoustic wells, and further applications of this technology in the field
of cell-cell interaction. The work presented in this chapter has been reported in PNAS[40].
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2.1 Motivation
Multicellular systems rely on the interaction between cells to coordinate cell signaling and
regulate cell functions. Understanding the mechanism and process of cell-cell interaction is critical
to many physiological and pathological processes, such as embryogenesis, differentiation, cancer
metastasis, immunological interactions, and diabetes [41]–[43]. Despite significant advances in this
field, to further understand how cells interact and communicate with each other, a robust,
biocompatible method to precisely control the spatial and temporal association of cells, and to
create defined cellular assemblies is urgently needed[44]. While several methods have been
employed to pattern cells, limitations still exist for the demonstrated methods including those that
make use of optical, electrical, magnetic, hydrodynamic, and contact printing technologies [45]–
[49]. Firstly, most of the methods require modification of the cell’s native state. The magnetic
assembly method, for example, requires cells to be labelled with magnetic probes.
Dielectrophoresis (DEP) typically requires the use of special medium (e.g., non-conductive) which
may lack essential nutrients or have biophysical properties (such as the osmolality) that may
adversely affect cell growth or physiology[48]. Optical tweezers provide a label-free and noncontact approach, but typically require high laser power to manipulate cells, leading to a high risk
of cell damage[49]. Secondly, the working principles of the existing technologies mostly preclude
the combination of high precision and high throughput into a single device. It is difficult for highthroughput methods (such as magnetic assemblies) to achieve single-cell level precision, whereas
the high-precision methods often require complex experimental setup to manipulate multiple cells
simultaneously. Thirdly, most of the existing methodologies lack the ability to maintain cell
assemblies in suspension, thereby limiting the application of these methods for the study of cellcell and cell-matrix interactions.
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As an alternative to using optical, electrical, or magnetic forces to manipulate cells, it has
been demonstrated that biological specimens can also be manipulated using acoustic forces [50]–
[53]. Acoustic force can be applied through either bulk acoustic waves (BAW) or surface acoustic
waves (SAW). Compared to the conventional BAW-based approaches [51], [52], SAW-based
approaches [53] are becoming increasingly important in applications in cell biology and medicine
as SAWs allow simpler device fabrication and experimental setup, higher manipulation resolution
and flexibility, and better compatibility with optical imaging systems (allowing usage of transparent
devices). Thus far, the SAW-based approach has been reported to be able to manipulate single cells,
but it has not yet been demonstrated for controlling cell-cell distance and interactions. This is
mainly due to the difficulties in achieving sufficient level of regulation of pressure nodes, which is
needed to control the position of the cells with a high degree of precision. In this study, we
demonstrate a SAW device that can accurately and reproducibly control pressure nodes and
perform various functions for cell-cell interaction studies. Through superposing two orthogonal
standing SAWs with differential input frequencies, we achieved highly regulated dot-array
configuration of pressure nodes that facilitate high-precision control of cell-cell interactions, rather
than the net-array pressure node configurations employed in previous SAW devices [2], [53]. This
acoustic tweezers cell-manipulation method does not require any modification of the growth
conditions, allowing cells to be cultured in their native media. It is highly adaptable to the
requirements of various applications and is capable of delivering both high precision (controlling
intercellular distance at the micron-scale) and high throughput (forming thousands of cell
assemblies with tunable geometric configurations) in a single device. In addition, our method offers
unprecedented flexibility over the control of cell assemblies. The geometry of cell assemblies can
be finely tuned by changing the acoustic field. Moreover, the system is capable of holding cell
assemblies in suspension at precise locations while assessing their biological functions without the
use of permanent structures. These suspended cell
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Figure 2-1. (A) Experimental results indicate that dot-like pressure node configurations are formed
with RF input signals of different frequency (Frequency along horizontal direction=13.35 MHz,
and Frequency along vertical direction=13.45 MHz, respectively). The distance between two
neighboring nodes is half of a wavelength (~150 μm). (B) Experimental results indicate that netlike pressure node configurations are formed with RF input signals of the same frequency (13.4
MHz). 10 µm polystyrene beads (black dots) are pushed to the pressure node regions. The length
for each square is √2/2 of the applied wavelength (~212 μm).
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assemblies can be allowed to settle to the surface to adhere and disperse. To demonstrate the power
of this technology, we applied the system to explore gap junctional intercellular communication
(GJIC) and quantitatively investigated various forms of functional intercellular communication by
visualizing gap junctional dye exchange among coupled cells.

2.2 Working mechanism
To develop a SAW device that is able to control both cell-cell distance and cell arrangement
requires the formation of isolated pressure nodes with tunable pressure gradients. Thus, we
established a dot-array configuration of pressure nodes by manipulating two orthogonal standing
SAWs with slight frequency difference rather than the net-like configuration of pressure nodes
(Figure 2-1). When two orthogonal IDTs pairs are deposited onto a 128° Y cut lithium niobate
(LiNbO3) piezoelectric substrate with a 45° angle to the X-direction, they will share the same
resonance frequency pattern (Figure 2-2). The generation of two overlapping orthogonal standing
SAWs relies upon different input resonance frequencies for different IDT pairs. Figure 2-3 show
the schematic and actual setup of the device, respectively.
A 6 × 6 mm2 polydimethylsiloxane (PDMS) square chamber is bonded to a LiNbO3
piezoelectric substrate at the middle of two orthogonal pairs of IDTs. The IDTs in our experiment
have a combination of 40 pairs of electrodes that have a width and spacing gap of 75 μm. To ensure
that the standing acoustic field is uniform throughout the chamber, the acoustic aperture is designed
to be 9 mm in both directions. Each pair of IDTs is independently connected to a radio-frequency
(RF) signal source to generate SAWs with different frequencies. Once the input signals are applied,
square-shaped pressure node dot-arrays will form on the substrate. Those standing
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Figure 2-2. Resonance frequency of a SAW device with wavelength of ~300 μm. The blue and red
transmission curves indicate that vertical and horizontal IDT pairs share the same resonance
frequency pattern. The insert picture shows that two orthogonal IDTs pairs are deposited on a 128°
Y-cut lithium niobate substrate with a 45° angle to the X-axis of the substrate. Two resonance
frequencies (13.35 MHz and 13.45 MHz), which are highlighted by two high transmission peaks
show in the figure, are chosen to form the acoustic well in our experiments.

SAWs leak and establish a differential acoustic potential field to the adjacent fluid medium; this
three-dimensional acoustic field above each two-dimensional square pressure node can function as
an “acoustic well” (Figure 2-3B). Cells can be manipulated in each acoustic well using the
combination of acoustic radiation force and drag force driven by acoustic streaming. By modulating
two input RF signals, we can precisely activate and tune the position and dimension of the acoustic
well. As a result, a cluster of cells in a tunable acoustic well can be precisely manipulated. Cells
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trapped in this fashion can be made to form cell assemblies with controllable cell number,
orientation, and configuration.

Figure 2-3. Schematic of “tunable acoustic tweezers”. (A) Illustration of the experimental setup.
(B) Illustration of the function of the acoustic well. The pressure gradient causes the cells to be
pushed into the middle of the pressure node.

2.3 Methods

2.3.1 Device fabrication
The SAW microfluidic device is fabricated in three steps: 1) SAW substrate fabrication, 2)
microchannel mould fabrication, and 3) SAW microfluidic device assembly.
1) SAW substrate fabrication: 128° Y-cut X-propagation lithium niobate (LiNbO3) was
used as piezoelectric substrates. In order to fabricate IDTs on the substrate, a layer of photoresist
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(SPR3012, Micro-Chem) was spin-coated onto the LiNbO3 wafer. The design of IDTs on the mask
was transferred onto the photoresist layer by UV exposure, and developed with a MF CD-26
developer (Microposit). Then, a double layer of chrome and gold (Cr/Au, 50 Å/200 Å) was
deposited onto this photoresist-patterned LiNbO3 wafer with an e-beam evaporator (Semicore
Corp). SAW substrate as IDT patterns on a piezoelectric substrate was obtained by a lift-off
process.
2) Microchannel mould fabrication: 4 inches silicon wafer was chosen as a substrate. To
get a microchannel with a height of 100 µm, the silicon wafer was spin-coated with a monolayer
of photoresist (SU8 2100, MicroChem), and baked. The microchannel design on the mask was
transferred onto the photoresist layer by UV exposure, and developed with a SU8 developer
(MicroChem).
3) SAW microfluidic device assembly: microchannel mould was first exposure under the
1H, 1H, 2H, 2H-perfluorooctyl-trichlorosilane (Sigma Aldrich) evaporation for hydrophilic
coating. Then, PDMS component A (Silicone Elastomer Base) and component B (Curing Agent)
(Dow Corning) were mixed at rate of 10:1, cast onto the silicon mould, and cured at 65 °C for 60
min. Then, PDMS mould with microchannels were removed, pouched with holes for inlet flows,
bonded onto the SAW substrate with oxygen plasma cleaning.

2.3.2 Experimental setup
The SAW microfluidic device was placed inside of a customized stage cell culture chamber
(INUBTFP-WSKM-GM2000A, Prior Scientific, Rockland, MA). The solution of cells was injected
into the device using a syringe pump (KDS210, KD Scientific, Holliston, MA). Two independently
controllable AC signals generated by a function generator (AFG3102C, Tektronix, Beaverton, OR)
and amplified by two amplifiers (25A100A, Amplifier Research, San Diego, CA) were connected
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to two pairs of IDTs individually to generate two sets of orthogonal propagated standing SAW. The
power of the applied SAW was maintained at a range from 1 to 100 mW in our experiments.

2.3.3 Cell culture and sample preparation
All the cell lines were purchased from ATCC. HEK 293T (CRL-3216) and U87 cells were
cultured using Earle's Minimum Essential Medium (MEM) Earle's (Corning, Cellgro)
supplemented with 10% FBS and 1% penicillin-streptomycin solution. HeLa (CCL_2) cells were
cultured using Dulbecco's Modification of Eagle's Medium (DMEM)/Ham's F12 50/50 Mix
supplemented with 10% FBS and 1% penicillin-streptomycin solution. hTERT-HMVEC (CRL4025) cells were cultured using EndoGRO-LS Complete Culture Medium (Millipore). All of the
adherent cell lines were maintained in T-25 cell culture flasks and sub-cultured twice per week.
HeLa S3 (CCL-2.2) cells were cultured using F-12K medium (ATCC) supplemented with 10%
FBS and 1% penicillin-streptomycin solution (Corning, Cellgro). HeLa S3 cells were maintained
in suspension using shaker flasks (VWR, mini shaker) at 80 rpm and sub-cultured twice per week.
All the cell lines were maintained in a 37 °C cell culture incubator with 5% CO2 level. Before each
experiment, adherent cells were released from culture flasks using 0.05% trypsin digestion
(Corning, Cellgro), whereas suspension cells were directly taken out from the flasks. Cells were
then centrifuged at 118 G and re-suspended with culture medium to the desired concentration (0.5
– 1.2 x 106 cells/mL). For staining experiments, cells were incubated with 250–500 nM CalceinAM solution (Invitrogen) in cell culture medium at room temperature for 15 min. Cells were then
centrifuged at 118 G to remove the staining solution and re-suspended with cell culture medium to
the desired loading concentration. For the on-chip experiment, Cell culture conditions inside the
SAW microfluidic device was maintained by a customized cell-culture chamber. Humidified air
with 5% CO2 was continuously flowing into the incubation chamber throughout the experiment,
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and humidity saturation was maintained by evaporation of DI water inside the chamber. The
temperature was maintained at 37 °C with an integrated temperature control system. The cells were
kept inside the sealed incubation chamber at a stable 37°C and 5% CO2 condition.

2.3.4 Image acquisition and analysis
The incubation chamber with the SAW microfluidic devices were mounted onto an
inverted microscope (TE2000U, Nikon, Tokyo, Japan). Images (phase contrast and fluorescence)
were acquired with a 10X objective and a charge-coupled device (CCD) camera (CoolSNAP HQ2,
Photometrics, Tucson, AZ) connected to a computer. To remove the double-image effect from the
lithium niobate substrate, a polarizer was placed on top of a 10X objective. For quantitative dye
transfer analysis, an automated motorized stage was used to scan through the whole microfluidic
chamber to obtain multiple data points in each experiment. All of the images were analyzed with
the ImageJ software package (National Institutes of Health, Bethesda, MA,) to characterize the
intercellular distance.

2.4 Results and discussions

2.4.1 Manipulation of intercellular distance
Once the array of pressure nodes is established as described in the previous section, tuning
the intercellular distance of two cells becomes possible. When two cells are located within a unit
square of the pressure antinode lattice (150 μm x 150 μm area), both of them will be pushed towards
the same point (central pressure node). Thus, by controlling the movement towards the pressure
node, the distance between two cells can be controlled. To achieve precise control of intercellular
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distance, the movement of cells must be stopped immediately upon regulation of the acoustic field.
We first tested this process with 10 μm polystyrene beads. To attain a greater degree of control,
particles were first arranged in lines with random distance along the lines by activating one pair of
IDTs, thus creating standing waves aligned in one direction only. Once particles were stable, we
applied a modulated RF signal in the orthogonal direction by activating the orthogonal pair of IDTs
in order to push particles towards one another. The modulated signal was set to a pulse signal with
0.5 s duration and 2 s interval. The whole process was recorded and analyzed to study the movement
process (Figure 2-4). When plotted, the pattern of movement showed a clear step-like shape that
matched the period of the modulated input signal. The results indicate that the movement of
particles is fully controlled by the input signals. This demonstrates the feasibility of using this
acoustic method to tune the distance between two objects with micrometer level resolution (Figure
2-5).
We further examined if this method allows us to distinguish between two distinct states,
direct contact and non-contact with a small distance, in the context of forming cell-cell contact for
intercellular communication studies [54], [55]. GJIC requires direct contact between cells, while
communication that relies upon soluble factors is highly dependent upon the distance between the
cells sending and receiving the signals. The generation of these two states is important in order to
isolate effects from the two types of intercellular communication. Figure 2-5A demonstrates that
the distance between cells can be controlled using the same manner described above. The smallest
movement step can be as small as ~0.9 μm. Figure 2-5B shows two HEK 293T cells with different
desired intercellular distances of 15, 10, 5, and 0 μm, respectively. We then probed functional gap
junctional communication with an assay using a membrane impermeable fluorescent dye, CalceinAM. After cells were moved to the desired position, the SAW field was removed and cells were
maintained in cell culture medium at 37°C and 5% CO2 environment. Figure 2-5C shows that when
the cells are in direct contact, fluorescent dye can be transferred to the neighboring cell after one
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hour, indicating the formation of functional gap junctions. When cells were separated by a distance
of 3 μm, no transfer of dye was observed after the same time interval (Figure 2-5D). It should be
noted that, depending upon their initial positions, separated cells may be moved out of their original
positions in the current experimental setup due to evaporation-induced fluid instability.
Next, we performed statistical analysis of 139 cell pairs to study the dependence of cell
contact formation on initial distance. After 30 min on-chip incubation, cell-cell contact formation
probability was observed to increase with shorter intercellular distance (Figure 2-6). The cell pair
group with 0–3 μm intercellular distance has a probability of cell-cell contact formation of 73%,
while the cell pair group with 9–15 μm initial intercellular distance forms junctions with a
probability of 13%. The results indicated that the control of cell initial distance is able to generate
the two types of intercellular communication under current experimental conditions. However, for
applications where long-term, precise control of intercellular distance is critical, additional
measures need to be taken to minimize the effects of flow instability on intercellular distance.
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Figure 2-4. The distance control of two particles within an acoustic well. After aligning 10 µm
polystyrene beads using a one-dimensional standing surface acoustic wave (Supplementary Video
3), the distance between two beads within an acoustic well was regulated by applying a pulsed RF
input signal (0.5 s duration and 2 s interval) to the perpendicular IDT pair. When plotted, the
distance between the pair of beads results in a step-like curve, which matches well with input
signals, indicating effective control of inter-particle distance.
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Figure 2-5. Control of intercellular distances using acoustic wells. (A) The dependence of cell-cell
distance on the input signals. A pulse signal (500 ms duration and 2 s interval) was applied to
control the intercellular distance. (B) Using the tunable acoustic well, two HEK 293T cells are
positioned with varied intercellular distances, 15, 10, 5, and 0 μm, respectively. (C) Two HEK
293T cells in contact with one another and visible dye transfer after 60 min. (D) Two HEK 293T
cells were positioned with a distance of 3 μm. Dye transfer between the two cells is not observed
after 60 min. Scale bar: 20 μm.
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Figure 2-6. Dependence of cell-cell contact formation probability on intercellular distance. The
probability of forming cell contact after 30 min incubation is shown with different initial distance.
Generally, the larger the initial distance, the less probability of cell-cell contact formation. The
results demonstrate our device’s stability on distance control. The stability can be further improved
by optimizing the channel dimension to reduce fluid-induced disturbance. Error bars represent
relative counting error (n = 22, 35, 30, and 52, respectively).
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2.4.2 Formation of suspended cell assembly
In addition to enabling the control of intercellular distance, the well-defined acoustic
pressure nodes created by this device are also suitable for manipulating a group of cells in order to
form different geometric configurations. When a group of cells are present within the confines of
an acoustic well, they can be manipulated in concert and assembled into defined patterns using the
acoustic radiation force. The acoustic well is highly tunable in terms of size and shape as indicated
in experimental results (Figure 2-7). When we applied different input powers and frequencies (10
mW and 13.45 MHz, 30 mW and 13.35 MHz, respectively) to the two orthogonal IDT pairs, a
rectangular shaped acoustic well was generated. Using rectangular acoustic wells, cell chains with
a cell number of two, three, and four can be formed by controlling the concentration of HeLa cells
loaded into the device (Figure 2-7A-D). The direction of the rectangular acoustic well can also be
re-oriented by 90° (Figure 2-7B and D) by switching the input powers of the two pairs of IDTs (30
mW and 13.45 MHz, 10 mW and 13.35 MHz, respectively). Similarly, when the same amplitude
(20 mW) was applied in both directions, a square-shaped acoustic well can be formed. In this case,
cells in the acoustic well were assembled as a single-layer cluster (Figure 2-7. 3E-G). It is also
possible to shrink the size of the acoustic well by increasing the input power (30 mW), forming 3D
cell spheres as a result (Figure 2-7H).
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Figure 2-7. The formation of cell assemblies with different geometries. (A)-(D) Linear shape of
HeLa cell assemblies when applying linear shaped acoustic wells. (E)-(G) Single-layer and (H)
spherical shape of cell assemblies obtained when applying spherically shaped acoustic wells. Scale
bar: 50 μm.

2.4.3 Formation of gap junctional coupling
Our SAW device can be employed to initiate and investigate GJIC. To examine whether
HEK 293Tcells can form functional gap junction channels in suspension state, a mixture of CalceinAM stained cells and unstained cells were patterned into linear arrays and maintained in culture
medium for the entire duration of the experimental period with the acoustic field (Figure 2-8A).
After 30 min of initial incubation, vivid dye coupling from donor cells to recipient cells can be
observed in all the linear arrays regardless of cell number. As expected, the larger the cell numbers,
the longer it takes to observe evident dye coupling at the terminal cells (Figure 2-8B-D). If the cells
are patterned in a linear array, their communication (as observed by the transfer of dye) occurs
linearly. If cells are patterned in a cluster, their communication format will be changed as well. As
shown in Figure 2-8E, after tuning the acoustic well to assemble cells into a cluster, multiple cells
receive the signal simultaneously from the donor cell. As a control, we used the gap junction
inhibitor 18 a-glycyrrhetinic acid to block gap junction transfer[56]. The inhibitor
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Figure 2-8. Dye coupling between HEK 293T cells with defined arrangement. (A) Schematic of
experimental setup. (B) Bright-field image and time-lapse fluorescence images of cell pair, (C) a
three-cell system, (D) a linear cell assembly, and (E) a two-dimensional, multiple-cell system
trapped within a well-controlled acoustic field. The dye transfer between the cell assemblies can be
observed over time. (B)-(D) The dye molecules transferred sequentially because of the defined
linear assembly.(D)-(E) Different from the linear cell assemblies, the spherical cell assembly allows
dye transfer to occur with all neighboring cells simultaneously. Scale bar: 50 μm.
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Figure 2-9. Inhibition of dye transfer using a gap junction inhibitor. To confirm the role of gap
junctions in the observed dye transfer (using a membrane impermeable fluorescent dye, CalceinAM, see Ref. 1), we used a gap junction inhibitor, 18a-Glycyrrhetinic acid (18a-GA, see Ref. 2),
to block gap junction based intercellular communication. (a) The control group shows active dye
transfer among patterned cells. (b) Patterned HEK 293T cells were incubated with serum-free
culture medium containing 100 μM 18a-GA. After 60 min, no evident dye transfer was observed.
The results indicate that gap junctions are involved in the observed dye transfer phenomenon.
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significantly reduces the dye coupling under our experimental conditions (Figure 2-9).
Collectively, these data demonstrate that HEK 293T cells can form functional gap junction
channels in suspension, without the need for adhesion to a substrate. This platform for the acoustic
manipulation of cells provides a simple and rapid way to examine the formation and function of
GJIC in suspended cultures. Moreover, this technology is capable of controlling the patterns of
cells, enabling the study of intercellular communication within groups of cells with varied
architectures (e.g., linear vs. sphere).

2.4.4 Control cell assemblies from suspension to adherent state
As discussed in the previous section, cells can be held at a stable distance above the
substrate when an acoustic field is present, so it is possible to maintain assembled cells in the
chamber without contacting the surface. The surface is thus free to be modified to facilitate cell
attachment. As a result, cell-cell interaction and cell-matrix interaction can be studied either
separately or sequentially in this device. To demonstrate this feature, we first created a linear pattern
of HEK 293T cells using the method outlined above (Figure 2-10A). When the SAW is present,
the linear cell assembly is maintained in suspension for 1 hour because of the combination of
acoustic radiation force and acoustic streaming induced hydrodynamic force. During this period,
only cell-cell adhesion occurs, despite the presence of a receptive surface that had been coated with
collagen to facilitate cell attachment. After 1 hour, the SAW was removed, which allowed the cells
to drop to the surface and attach to form a cell-matrix interaction. After another 40 min, HEK 293T
cells first adhered to the surface and expanded their morphology along the surface (Figure 2-10B).
After assembling cells in suspension, the geometric configuration of cell assemblies can
also be translated to the surface as cells become adherent. To exploit the capability of this method
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for the study of intercellular communication under adherent conditions, we investigate the distinct
gap junctional coupling properties of hTERT-HMVEC (human microvascular endothelial cells,
CRL-4205) and HeLa S3 (CCL-2.2) cell lines. Endothelial cells are known to express gap junction
proteins (e.g., Cx43) and allow small molecules to pass through the gap junction channels[57]. A
mixture of Calcein-AM stained and unstained HMVEC cells were patterned into linear assemblies
under the SAW field as described in the previous section. Once the linear pattern was stable, the
SAW field was removed to allow cells to settle down and attach to the surface. HMVEC cells
started to attach and spread 25 min after settling down, while the geometric configuration of the
cell assembly was well maintained (Figure 2-10C). After all the cells became adherent to the
substrate, significant dye transfer was occurring from stained (donor) cells to unstained (recipient)
cells within 40 min (Figure 2-10D). In contrast, the HeLa cell line do not express connexin proteins,
essential components of gap junction channels, and therefore lack the ability to exhibit dye transfer
[58]. As shown in Figure 2-10E, HeLa S3 cells showed similar attachment and spread dynamics
after patterning in suspension. However, dye coupling between adherent HeLa S3 cells was not
observed even 2 hours after they became completely adherent (Figure 2-10F).
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Figure 2-10. The translation of suspended assemblies to the adherent state. (A) Schematic of
experimental setup and procedure. Linear assemblies of cells were formed under the control of a
tunable acoustic well. After the removal of the acoustic field, cells were allowed to drop to the
surface and attach. (B) The process of in-suspension assembly and attachment. HEK 293T cells
were first assembled in suspension. The acoustic field was maintained for 1 hour in order that cells
could be kept in suspension regardless of the properties of the surface. Once the acoustic field is
removed, cells quickly attach to the collagen-coated surface and start to spread while maintaining
the same assembly as in suspension. In-suspension assembly and attachment of (C) HMVEC and
(E) HeLa S3 cells, respectively. Dye transfer between attached (D) HMVEC and (F) HeLa S3
cells, respectively, with defined geometry. Scale bar: 20 μm.
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2.4.5 Quantitative evaluation of gap junctional intercellular communication.
As demonstrated in the previous sections, the acoustic well allows flexible cell assembly
with high-precision spatial control. Here we used GJIC as an example to illustrate that our
technology offers unprecedented precision and versatility for quantitative intercellular
communication studies. In particular, we used a preloading assay to evaluate the gap junctional dye
transfer dynamics. Preloading assays allow for minimal disruption of cell integrity and normal
physiology by avoiding microinjection and high power laser irradiation. However, conventional
preloading assays are not suitable to study the dynamics of dye transfer with high temporal
resolution due to the inability to control the beginning of cell-cell contacts and the geometry of cell
assemblies[59]. With the assistance of acoustic wells, we are able to interrogate early dye transfer
dynamics using a preloading assay. In addition, the differences in dye transfer dynamics between
the suspension and adhesion states of cells can be studied using the acoustic well. In this section,
we demonstrate two unique features of our acoustic well technology: 1) the capability to
quantitatively interrogate very early dye transfer dynamics of cell assemblies (homotypic or
heterotypic cell assemblies); and 2) the capability to hold cell assemblies in suspension at precise
locations while quantitatively assessing their biological functions.
We first studied dye transfer dynamics of adherent cells with different cell configurations
(both homotypic and heterotypic cell pairs). We chose an endothelial (HMVEC) and a glioma cell
line (U87) as our model. It has been widely reported that the process of angiogenesis in glioma is
very active and there are strong interactions between glioma cells and endothelial cells via either
soluble factors or gap junction based communication[60]. After assembling cell pairs using the
acoustic well, the dye transfer dynamics of endothelial cell pairs, glioma cell pairs, and endothelial
and glioma cell pairs was recorded (Figure 2-11A-C), analyzed, and plotted (Figure 2-11D-F),
respectively. In a system of two cells separated by a membrane, measurement of dye transferring
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is used to quantify the gap junction communication. The dye transferring rate k(t) (in units of min1) is employed to describe the kinetics of dye transfer between coupled cell pairs, and can be written
as
k(t)= - (1/t) ln[(Fe-F(t))/(Fe-F0)]
where Fe, F0, and F(t) are cellular fluorescence intensity at equilibrium, zero time, and time t,
obtained from the measured cellular fluorescence after photobleaching compensation. By
calculating the intensity plots using above Fick’s equation[61], transfer rates of different time
points can be obtained. Figure 2-11G shows that the average dye transfer rates at each time intervals
for all three types of cell pairs change over time. At the early time points (0‒20 min), the transfer
rates are slower than the later stages. The trend of transfer rate is different from what has been
previously reported from LAMP (local activation of a molecular fluorescent probe) experiments
which showed consistent dye transfer constant over the time period[61]. The reason lies in that the
acoustic well experiments enable the examination of dye transfer immediately after cell-cell
contacts. As a result, very early dye transfer dynamics can be captured during which the gap
junction channels are still forming. Conventionally, gap junctional dye transfer is often studied
when channels have already reached equilibrium due to the inability to control the starting point of
cell-cell contact. At later stages (after 60 min), the transfer rates of the three type cell pairs tend to
be consistent, indicating that the formation of gap junction channels approaches equilibrium. When
comparing the transfer rates at late stages for the three configurations, U87 to U87 pairs are similar
to HMVEC to HMVEC pairs (0.040 min-1 +/- 0.013 min-1 vs. 0.044 min-1 +/- 0.005 min-1). Both of
the transfer rates are faster than the heterotypic cell pair U87 to HMVEC (0.029 min -1 +/- 0.007
min-1). In addition to compare dye transfer rates when they are in the stable stage, we also calculated
the time that is needed for the dye transfer to reach equilibrium. For U87 to U87, HMVEC to
HMVEC, and U87 to HMVEC pairs, the times are 58 +/- 11 min, 67 +/- 12 min, and 81 +/- 23 min,
respectively. The results indicated the same conclusion as using the dye transfer rates: dye transfer
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between the homotypic cell pairs is faster than the heterotypic cell pairs. The results are also
consistent with existing understanding that fewer junctions are formed when different cell types
are coupling [62].
The acoustic well not only allows the comparison of gap junctional communication
dynamics between different adherent cell pairs, but also enables the comparison of dye transfer
dynamics between cells in suspension and adhesion states. We examined the dye transfer dynamics
of HEK cells in both adhesion and suspension states. To maintain cells in suspension the acoustic
field was maintained throughout the experiment. The fluorescence images of dye transfer between
adhesion HEK 293T cell pairs and suspension HEK 293T cell pairs were shown in Figure 2-12A
and B, respectively. By calculating the fluorescence intensity profile (Figure 2-12C and D) using
the same way as the previous experiments, dye transfer rates of different time periods can be
obtained (Figure 2-12E). Fig. 6G shows that both adhesion pairs and suspension pairs have similar
dye transfer dynamics. The time to reach equilibrium also showed no significant difference between
adhesion and suspension HEK cell pairs (75 +/- 25 min vs. 85 +/- 25 min). The results suggest that
cell adhesion has little impact on the overall rate of gap junctional dye transfer dynamics for HEK
293T cells. However, the effects of cell adhesion on dye transfer dynamics may vary for different
cell types. It should also be noted that the large variance in the observed intercellular dye transfer
among different cell pairs may be caused by the heterogeneity of cell populations and cell cycle
states.
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Figure 2-11. (A)-(C): Once cells were loaded into the chamber, standing SAWs were applied to
assemble cell pairs in suspension. After cells came into contact with each other (in 10‒30 s), the
acoustic field was removed to let cells settle down on the fibronectin-coated surface. Cells were
first incubated 10‒15 min to attach on the surface and spread. Fluorescence images were then taken
every 3‒5 min to record the dynamics of dye transfer. The images of dye transfer between U87 to
U87, HMVEC to HMVEC, and U87 to HMVEC cell pairs were shown, respectively. (D)-(F):
Fluorescence intensity plots over time for U87 to U87, HMVEC to HMVEC, and U87 to HMVEC
cell pairs, respectively. (G) Dye transfer rates at different time periods for the three types of cell
pairs. Error bars represent the standard deviation of multiple cell pairs (n=20). These rates are for
20 minute (or 10 minute) intervals ending at the time shown on the x-axis Scale bar: 20 μm.
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Figure 2-12. (A) and (B) show fluorescence images of dye transfer between adhesion HEK 293T
cell pairs and suspension HEK 293T cell pairs in similar way, respectively. (C)-(D) Fluorescence
intensity plots over time for adherent and suspension cell pairs, respectively. (E) Dye transfer rates
at different time periods for the two types of cell pairs. Error bars represent the standard deviation
of multiple cell pairs (n=20). These rates are for 20 minute (or 10 minute) intervals ending at the
time shown on the x-axis. Scale bar: 20 μm.

2.5 Conclusion
We present a highly versatile tool for controlling the spatial arrangement of cultured cells
through using tunable acoustic wells. Because the position and shape of acoustic wells can be
precisely modified, our technology has the unique ability to form cellular arrangements with
complex geometries, as well as to push the individual cells together with micrometer precision. In
addition, the contact-less, label-free nature and mild force amplitude allow the acoustic method to
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manipulate cells with a minimal level of disruption to the cells. In this work, we demonstrated that
the acoustic well is capable of performing multiple important tasks for intercellular communication
studies. These tasks include the control of intercellular distance, the engineering of homotypic or
heterotypic cell assemblies, the monitoring of the exchange of small molecules among suspended
cells, and the transformation of cellular aggregates from suspended to adherent states and
subsequent investigation of assembly and communication in adherent cells.
The ability to assemble and maintain cells in suspension with defined geometry is a unique
feature of this acoustic tweezers system. In this work, we exploited this functionality to GJIC for
adherent HEK 293T cells in suspension in a defined assembly, despite the fact that these cells
normally are cultured as adherent monolayers. While this study demonstrates the power of the
technology, it is only one demonstration of its use. This technology is ideally suited to investigate
the mechanisms of cell-cell communication occurring within cells maintained in suspension. This
capability has particular relevance to experiments performed upon neoplastic cells, as metastatic
phenotypes are known to be associated with cellular morphologies such as aggregates, cell balls,
or even single-file chains that resemble cells maintained in suspension. Furthermore, neoplastic
cells isolated from human body fluids such as blood, cerebral spinal fluid, pleural effusions, and
peritoneal fluid typically have morphologies that differ from their tissue of origin and oftentimes
resemble cells cultured in suspension.
This SAW-based method also enables the label-free study of the correlation between cellcell adhesion and cell-matrix adhesion (for example, the cross talk between cadherin and integrin)
[63], [64]. Current methods require surface modification to avoid integrin activation and employ
fibronectin-coated beads to trigger integrin to study the impacts on biomechanics[65] such as cellcell adhesion. Using the acoustic well, cell-cell adhesion can be first induced in suspension, and
after the removal of SAW field, cells will descend to the modified surface to activate integrin. This
acoustic well technology was demonstrated to create cell assemblies in suspension that can be
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translated to patterns upon adhesion to the substrate. When cells initially attach and spread on the
surface, the geometry can be maintained strictly. For cells that tend to migrate quickly, however,
the geometry of the patterned cells may be disrupted after long-term cell culture. As a result, in
some cases the acoustic assembly alone cannot replace the method of surface modification to
precisely define the region of cell growth. However, this technology can be easily combined with
surface modification methods or other approaches to enhance the efficiency of forming cell
colonies. In addition, this feature makes the acoustic method very suitable to study cell migration
as it avoids physical confinement introduced by surface modification while generating a defined
geometry as a controllable starting point.
We have demonstrated how acoustic radiation forces can be exploited to generate a
controllable motive force that can be used for high-precision fabrication and manipulation of cell
assemblies. By modulating the gradient and position of pressure nodes within this device, we were
able to precisely control the intercellular distance of cells cultured in suspension, to assemble cells
with defined geometries, to maintain cellular assemblies in suspension, and to then convert these
suspended assemblies to adherent states. The ability to precisely manipulate and pattern cells using
the acoustic well provides a powerful tool for myriad investigations, particularly those that involve
the study of intercellular communication. We expect that the implementation of this technology
will significantly advance fields of study focused upon cell-cell interactions, such as immunology,
developmental biology, neuroscience, and cancer metastasis.
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Chapter 3
3D Acoustic Tweezers: Three-dimensional Manipulation of Single Cells
In this chapter, we present three-dimensional (3D) acoustic tweezers which use surface
acoustic waves to create 3D trapping nodes for the capture and manipulation of micro-particles and
cells along three orthogonal axes. As a demonstration of an application of this technology, living
cells were printed into shapes such as a “3” “D” “A” and “T” by acoustically-controlled seeding of
single cells. Sections 3.1 introduces the motivation of this work. Section 3.2 presents the principle
of three-dimensional (3D) acoustic tweezers. Section 2.3 and Section 3.4 describe the experimental
process, demonstration of the 3D manipulation of single cell, and cell printings. Lastly, a discussion
is given on the application of the technology on 3D bio-manufacturing. The work presented in this
chapter has been submitted to PNAS.
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3.1 Motivation
The ability to precisely manipulate living cells in three-dimensions at the single cell level
plays a significant role in many biomedical studies with applications in regenerative medicine,
tissue engineering, neuroscience, and biophysics [66]–[68]. However, current bioprinting methods
need to reconstruct and mimic three-dimensional (3D) cell-to-cell communications and cellenvironment interactions. This therefore requires the accurate reproduction of a multicellular
architecture[69]. Several approaches have been developed to produce complex cell patterns,
clusters, assembled arrays, and even tissue structures. These approaches use many disparate
technologies which include: optics, magnetic and electrical fields, injection printing, physical
constraints, or surface engineering [49], [70]–[74]. However, there lacks a technique that can
facilitate the formation of complex multicellular structures with high precision, high versatility,
multiple dimensionality, and single cell resolution, while maintaining cell viability and function.
As an alternative to the aforementioned technologies, “acoustic tweezers” which
manipulate biological specimens using sound waves, offer several unique advantages [1], [75].
Firstly, acoustic tweezer technology is the only active, cell manipulation method that uses gentle
mechanical vibrations. Acoustic vibrations create a pressure gradient in the medium to move
suspended micro-objects resulting in a contamination-free, contact-less, and label-free manner.
Sound waves are preferred for cell manipulation in the following ways: 1) Cells maintain their
native state (e.g., shape, size, reflective index, charge, or polarity) without the need for surface
modifications or labelling; 2) Cells can remain in their original culture medium or extracellular
matrix gel solution. Furthermore, acoustic tweezers are safe tools for biological manipulation. The
acoustic approach has an approximately 10 million times lower power intensity than optical
tweezers. Therefore, acoustic tweezers have minimal impact on cell viability and function.
Moreover, acoustic tweezers operate at a power intensity and frequency similar to widely-used
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medical ultrasound equipment that is safe enough for sensitive clinical applications such as imaging
of a fetus in the womb. Finally, an acoustic tweezer platform can be constructed as a single
integrated micro-device without any moving parts or complicated setups. This offers additional
advantages in ease of use and versatility.
Thus far, sound waves have been demonstrated to successfully perform many micro-scale
functions such as the separation, alignment, enrichment, patterning, and transportation of cells and
micro-particles [1], [33], [75]–[77]. None of these acoustic approaches, however, have performed
3D manipulation of single cells. This is mainly due to the limited understanding of the relationship
between a 3D acoustic field and the induced acoustic streaming. Previously, this has resulted in
insufficient control of a single cell in a 3D space using acoustic waves. In this work, we report a
standing surface acoustic wave (SSAW)-based technique that is able to create an array of stable 3D
trapping nodes, and manipulate the position of those nodes along the X, Y, or Z axis, independently.
This resulting 3D acoustic tweezer device is based on our recently developed acoustic well
approach40. We first explored the physics of 3D manipulation in a microfluidic chamber using
SSAWs. In this work, we illustrate the regulation of the acoustic field and the induced streaming
in a microfluidic chamber. By regulating the 3D distributed acoustic field and acoustic streaming,
induced by two superimposed orthogonal SSAWs, we achieved an array of 3D trapping nodes in a
microfluidic chamber. By independently tuning the relative phase angle of each SSAW or by
varying the input power, the position of these 3D trapping nodes can be precisely controlled in a
3D environment. As a result, the three-axis trapping and manipulation of a single micro-particle
and a cell was realized. Finally, we applied our 3D acoustic tweezers for printing with live cells,
and successfully produced prescribed cell culture patterns.
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Figure 3-1. Illustration of our “3D acoustic tweezers”: (A) Configuration of the surface acoustic
wave generators, used to generate volumetric nodes, surrounding the microfluidic experimental
area. The insert image indicates a single particle within a “3D trapping node” which is
independently manipulated along the X, Y, or Z axis. (B) Numerical simulation results mapping
the acoustic field around a particle that shows the physical operating principle for the 3D acoustic
tweezers. The 3D trapping node in the microfluidic chamber is created by two superimposed,
orthogonal, standing surface acoustic waves and the induced acoustic streaming.
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3.2 working mechanism
In order to manipulate suspended objects along three orthogonal axes with surface acoustic waves
(SAWs), the formation of 3D trapping nodes and the precise 3D movement of these nodes is
required. Thus, we superimposed two orthogonal SSAWs on a lithium niobate (LiNbO3)
piezoelectric substrate. The propagation of these waves into a microfluidic chamber produced a 3D
distributed acoustic field and induced acoustic streaming which interacted with each other to create
stable 3D trapping nodes within the fluid-filled chamber. The position of these nodes were precisely
manipulated in the transverse (X), horizontal (Y) or vertical (Z) directions by adjusting the phase
angle of each individual interdigital transducer (IDT) pair (X- or Y-axis motion control) or the input
acoustic power (Z-axis motion control), respectively.
Two orthogonal SSAWs were employed to perform particle/cell manipulation in a
microfluidic chamber. Two pairs of IDTs were deposited onto a 128° YX-cut LiNbO3 substrate,
which were positioned along the X and Y axis respectively. The IDTs were made up of 40 pairs of
electrodes with a 75 μm spacing, and finger width, and a 1 cm aperture. A polydimethylsiloxane
(PDMS) layer with a 1.8 mm × 1.8 mm × 100 μm fluidic chamber was bonded to the substrate, at
the center of the two orthogonal pairs of IDTs. Figure 3-1A shows an illustration of the device
configuration. Each pair of IDTs were individually connected to a double channel radio-frequency
(RF) signal generator and two amplifiers, which generated SSAWs with different frequencies and
independent SSAW phase angle control. Once the pairs of IDTs were activated, a 2D displacement
field (including both longitudinal and transverse vibrations) was produced on the surface of the
LiNbO3 substrate[78]. The acoustic waves propagated in the fluid, reflected by the chamber walls,
and established a 3D, differential acoustic-potential field. Meanwhile, these acoustic waves also
induced 3D acoustic streaming in the microfluidic chamber. The interaction of the fluidic and
acoustic fields produced 3D trapping nodes within the chamber (Figure 3-1B). Along the vertical
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direction, suspended micro-objects were pushed and levitated to a stable trapping node due to the
competitive interaction of the acoustic radiation force, the gravitational force, the buoyance force
and the Stokes drag force induced by acoustic streaming. After increasing the input acoustic power,
the vertical trapping position was raised up due to a rebalancing of these forces. Along the
horizontal plane (X-Y plane), the objects were pushed towards the center of the 3D trapping node.
These trapping positions can be independently manipulated along the transverse (X) or horizontal
(Y) directions by changing the input phase angle. As a result, micro-objects were trapped into a 3D
node and manipulated along three axes within a microfluidic chamber (Figure 4-1A).

3.3 Methods

3.3.1 Experimental setup
The acoustic device was mounted either on a motorized stage or inside the cell culture
chamber (INUBTFP-WSKM-GM2000A, Prior Scientific, Rockland, MA) on an inverted
microscope (TE2000U, Nikon, Tokyo, Japan). The particle or cell solution was manually injected
into the acoustic tweezers device. The images and the videos of the particles or cells were acquired
with a 10X microscope objective and a charge-coupled device (CCD) camera (CoolSNAP HQ2,
Photometrics, Tucson, AZ) or a high speed camera (SA4, Photron, Japan) connected to a computer.
Two controllable AC signals generated by a double channel function generator (AFG3102C,
Tektronix, Beaverton, OR) and amplified by two amplifiers (25A100A, Amplifier Research, San
Diego, CA) were connected to one pair of IDTs. The other pair of orthogonal arranged IDTs were
powered by a similar setup. The total input power was maintained between 1 to 100 mW during
the entire experiment.
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3.3.2 Data analysis
Acoustic radiation force: In our experiments, We purchased all the cell lines from ATCC.

3T3 (CRL-1658) cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM, ATCC)
supplemented with 10% (vol/vol) FBS and a 1% penicillin–streptomycin solution. HEK 293T

(CRL-3216) cells were cultured using Earle’s Minimum Essential Medium (EMEM)
(Corning, Cellgro) supplemented with 10% (vol/vol) FBS and a 1% penicillin–
streptomycin solution. Both adherent cell lines were kept in T-25 cell culture flasks and
subcultured twice per week. HeLa S3 cells (CCL-2.2) were cultured in a medium (F-12K
medium, ATCC) supplemented with 10% FBS and a 1% penicillin-streptomycin solution.
The cells were kept in this suspension within shaker flasks (VWR, mini-shaker) at 100 rpm
and sub-cultured twice per week. All the cells are cultured in a 37 °C cell culture incubator
with a 5% CO2 atmosphere. Before the on-chip experiments, cells were harvested, and resuspended into fresh medium at the desired concentration (0.8 – 1.2 x 106 cells/mL). After
seeding cells into the device (coating with 2% fibronectin overnight), cells were cultured
inside the customized cell-culture chamber. This chamber can provide a stable 37°C and 5%
CO2 atmosphere for cell culture. In addition, the humid environment necessary for cell culture was
maintained by the evaporation of DI water inside the sealed chamber.

3.3.3 Cell preparation and culture
We purchased all the cell lines from ATCC. 3T3 (CRL-1658) cells were cultured in
Dulbecco’s Modified Eagles Medium (DMEM, ATCC) supplemented with 10% (vol/vol) FBS and
a 1% penicillin–streptomycin solution. HEK 293T (CRL-3216) cells were cultured using
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Earle’s Minimum Essential Medium (EMEM) (Corning, Cellgro) supplemented with 10%
(vol/vol) FBS and a 1% penicillin–streptomycin solution. Both adherent cell lines were
kept in T-25 cell culture flasks and subcultured twice per week. HeLa S3 cells (CCL-2.2)
were cultured in a medium (F-12K medium, ATCC) supplemented with 10% FBS and a
1% penicillin-streptomycin solution. The cells were kept in this suspension within shaker
flasks (VWR, mini-shaker) at 100 rpm and sub-cultured twice per week. All the cells are
cultured in a 37 °C cell culture incubator with a 5% CO2 atmosphere. Before the on-chip
experiments, cells were harvested, and re-suspended into fresh medium at the desired
concentration (0.8 – 1.2 x 106 cells/mL). After seeding cells into the device (coating with
2% fibronectin overnight), cells were cultured inside the customized cell-culture chamber.
This chamber can provide a stable 37°C and 5% CO2 atmosphere for cell culture. In addition, the
humid environment necessary for cell culture was maintained by the evaporation of DI water inside
the sealed chamber.

3.4 Results and discussions

3.4.1 Study on the induced three-dimensional acoustic and fluidic fields
In order to create a 3D trapping node in a microfluidic chamber, the mechanism by which
SSAWs manipulate objects within such a chamber must be understood. A simple acoustic tweezers
device, consisting of a PDMS chamber and a pair of IDTs (positioned along the X axis of a 128°
YX LiNbO3 substrate), was used to investigate this mechanism. Two sets of SAWs, travelling
towards each other, were produced after applying a radio-frequency signal to the IDTs. A SSAW
was formed via the superposition of these SAWs. This type of resulting wave is considered a
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Rayleigh wave. These waves confine most of the energy to the surface due to the exponential decay
of their amplitude with the depth of the substrate. Once the waves interfere with the liquid in the
microfluidic chamber, periodically distributed vibrations are created which lead to periodically
distributed acoustic fields and acoustic streaming in the microfluidic chamber (Figure 3-2A).
The pressure nodes (PNs) and pressure antinodes (ANs) distributed on the substrate’s
surface, and the distance between adjacent PNs or ANs is half -wavelength of a SAW. Due to the
gradient of the acoustic potential, an acoustic radiation force was generated to push the suspended
cells or micro-particles from ANs to PNs. The distribution of the acoustic radiation force in the
microfluidic chamber was observed and shown in Figure 3-3A. The experimental results show that
all the suspended 10.11 μm polystyrene particles were pushed to the parallel PNs by the primary
radiation force, which is dominated over the stokes drag force in X-Y plane (Figure 3-2B).
In addition to the aforementioned acoustic field, we also found streaming patterns over PNs
in the X-Z plane. The streaming flows rise vertically from PNs on the substrate towards the center
of the channel, where they trap particles with a diameter larger than 1 μm in the microfluidic
chamber. We performed an experiment to investigate the acoustic streaming within the microfluidic
chamber induced by a SSAW. We started the experiment by pre-marking the location of DNs by
patterning 10.11 μm polystyrene particles into parallel lines. Then, we fixed the focal plane of the
microscope near the substrate (around 40 μm above the surface). Once the SSAW was applied, the
1 μm fluorescent particles, used as the markers to trace the streaming lines, flowed up from the PNs
on the substrate, defocused, and then flowed down to the neighboring PNs on the substrate in the
X-Y plane. A time series of frames, captured from video, were superposed to show the streaming
pattern (Figure 3-4).
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Figure 3-2. Analysis of our “1D SSAW microfluidic”: (A) Illustration showing how a standing
surface acoustic wave enables particle manipulation in a microfluidic chamber. The standing waves
along the X axis on a 128° YX lithium niobate substrate introduces an acoustic field and acoustic
streaming in the microfluidic chamber which can push and levitate suspended objects. (B)
Illustrations of the forces along the Z direction and X-Y plane in the trapping node.
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Figure 3-3. Study of the acoustic radiation force: A diagram of the radiation force distribution
between the periodic array of nodes and antinodes and the correlated experimental manipulation of
10.11 μm polystyrene particles along the X-Y plane without, and then with, an applied standing
surface acoustic wave. Scale bar: 100 μm.
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Figure 3-4. Study of acoustic streaming: Visualization of the acoustic streaming pattern along the
periodic array of displacement nodes and antinodes, and the overlapped experimental acoustic
streaming lines along the X-Y plane, under a standing surface acoustic wave. Path lines formed
from 1 μm red fluorescent polystyrene particles as they flow up from the pre-marked displacement
nodes and rotating as our simulations predicted. Scale bar: 100 μm.

Figure 3-5. Vertical (Z-axis) acoustic manipulation: Experimental demonstration of vertical
position control of a single 10.11 μm polystyrene particle by varying the input power. The images
taken in the XY plane show the stable trapped single particle was lifted up and through the
microscope’s focal point by increasing the input power.
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3.4.2 Manipulation in the vertical direction
Based on our understanding of the acoustic and fluidic fields induced by a SSAW, we
explored the vertical manipulation of trapped objects. Using the aforementioned device with one
SSAW, we examined the forces acting on 10.11 μm polystyrene particles in detail. Along the
horizontal plane (X-Y plane), the suspended particles experience a greater acoustic radiation force
than the Stokes drag force (induced by the acoustic streaming) causing the particles to be pushed
toward the PNs. Along the vertical direction, the particle experiences an acoustic radiation force,
Stokes drag force, the gravitational force and a buoyance force as shown in Figure 3-2B. Due to
the minimal acoustic potential and small gradient within the PNs, the acoustic radiation force in the
PNs is comparable to the opposing forces. Once these forces are balanced, the suspended object
will be trapped in a stable, vertical position. By the input power of the SAWs, the acoustic radiation
force and the Stokes drag force along the Z direction can be regulated accordingly. As a result, the
trapped object will move to a new stable position along the Z axis.
In addition, we conducted additional experiments to manipulate particle in the vertical
direction of the chamber. By applying a SSAW with a frequency of 12.99 MHz and an input power
of 1 mW, the particles were levitated to the PNs. We can gradually levitate a single trapped particle
towards the top of the microfluidic chamber by increasing the input power (Figure 3-5). The focal
plane of the microscope is kept at the same position in Figure 3-6A; therefore, the defocusing
indicates that a single particle was levitated vertically as the input power increases. The absolute
position of the trapped particle in the vertical direction is calibrated to a reference plane and can be
readily obtained by measuring the change in the focal planes while tracking the particle. With this
method, we quantitatively characterized the vertical trapping position of the particle with respect
to the input power. This method can levitate single particles to any vertical position within the
chamber.
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3.4.3 Three-dimensional trapping and Manipulation
After understanding the actuation mechanism behind a 1D SSAW, we investigated 3D
trapping and manipulation by employing orthogonally-arranged 2D SSAWs. Figure 3-6A
illustrates the 2D distribution of pressure nodes from the 2D SSAWs on a substrate: the interaction
of PNs (blue lines) formed node points (blue filled circles) with minimum acoustic potentials, and
the interaction of ANs (red lines) formed antinode points (red filled circles) with maximum acoustic
potentials. Similar to the 1D SSAW configuration, the 2D SSAWs can induce acoustic fields and
streaming into the liquid of the microfluidic chamber. The interaction of these two fields forms an
array of 3D trapping nodes in the microfluidic chamber with each node superposed on each
displacement node of the transverse vibrations.
Next, we employed the acoustic tweezer device with two orthogonal pairs of IDTs to
experimentally demonstrate 3D trapping and manipulation. By applying two different RF signals
(12.99 MHz; 12.02 MHz, respectively) to the two pairs of IDTs (along X and Y axis, respectively),
3D trapping was achieved as shown in Figure 3-6B. The square trapping region (marked with white
lines) consists of a pressure node point and four nearby antinodes. The 10.11 μm green fluorescent
polystyrene particles were levitated to a 3D trapping node above a displacement node point in the
microfluidic chamber. Close to the substrate, the trajectories of the 1 μm red fluorescent polystyrene
particles indicate that the streaming flows come from the edges of the square-like region (ANs) and
stream towards the center. There, the flow raises up and rotates back towards the edges. Combining
the effects of the acoustic radiation force and acoustic streaming induced by 2D SSAWs, we have
demonstrated that a 3D trapping node can be generated in the volumetric space above this cubic
region within a microfluidic chamber.
In order to achieve 3D manipulation, we need to precisely move the trapping nodes along
the X, Y, and Z directions. We have demonstrated that the vertical (Z direction) movement of the
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trapped particles can be achieved by tuning the input power on the IDTs. To move trapped particles
in the horizontal plane (X-Y plane), we employed a phase shift strategy: changing the relative phase
angle lag (Δϕ) of the RF signals applied to each pair of IDTs can move the PNs on the substrate.
The change in distance of the DNs (ΔD) along the X or Y direction is given as ΔD = (λ/4π)Δϕ.[79]
As a result, the trapped particles are moved the same distance along the same direction. For
example, at a relative phase angle lag of π/2, the trapped particles move with a distance of λ/8. With
our 3D acoustic tweezers, the randomly distributed 10.11 μm polystyrene particles were first
pushed and levitated to 3D trapping nodes in a dot-array configuration. Gradually increasing the
relative phase angle lag of the RF signal from 0 to 3π/2 along the Y axis, while maintaining the
other parameters, all of the trapped particles were marched along the Y direction while in the dotarray formation. By decreasing the input power of the RF signals to zero, all the trapped particles
settled to the bottom, but kept the dot array formation. The entire process was recorded and is
shown in Figure 3-6C. The focusing and defocusing indicates that our 3D acoustic tweezers are
capable of manipulating micro-particles along the Z direction. The manipulation of particles along
the X direction can be achieved in a similar way. With the wide tuning range of the relative-phaseangle lag, we can translocate micro-objects to any desired location within the entire microfluidic
chamber and maintain any desired formation of the trapping array, which results in a significant
improvement in manipulation dexterity, compared to our previous work [40]. By demonstrating a
vertical range from the substrate surface to the ceiling of the microfluidic chamber, our approach
can manipulate micro-particles within the entire volume of a microfluidic chamber. Our 3D
acoustic tweezers provide new possibilities for massively parallel, and multi-axis manipulation.
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Figure 3-6. 3D acoustic manipulation: (A) Illustration of the 2D distribution of pressure nodes on
the substrate. Blue lines represent pressure nodes that have minimal acpoustic potiental (the blue
lines represent pressure antinodes). (B) Superimposed images of 3D trapping and streaming
patterns. 10 μm green fluorescent polystyrene particles were trapped into a suspended array of
single dots, and 1 μm red fluorescent polystyrene particles tracked the motion of the acoustic
streaming vortex (the arrows indicate the direction of the streaming near the substrate surface). (C)
The image sequence shows the 3D trapping and manipulation of particles with a stable array
configuration. A trapping node (blue circle) can levitate particles along the Z direction (moving
into focus) and pushing particles together, transporting them along Y axis, and dropping them back
towards the substrate (moving out of focus). Scale bar: 100 μm.
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3.4.4 Cell printing using 3D acoustic tweezers
In order to demonstrate the potential practical applications of this technology, we
performed 3D printing of living cells onto a substrate with customized cell patterns using our 3D
acoustic tweezers. Our earlier works have demonstrated that the use of acoustic tweezers caused a
minimum impact on cell viability, functionality and gene expression 41. When an acoustic field was
applied, living single cells were captured into the 3D trapping nodes. Then, cells were transported
along the X or Y directions in a horizontal plane by tuning the phase angle of each IDT pair
accordingly. After the delivery of the cells above the target location, the trapped cells were lowered
onto the substrate, or onto the other cells that were already in place, by tuning the input power of
the acoustic field. As a result, the cells were printed with precise control of the cell number, spacing,
and configuration. To demonstrate 3D printing of live cells, we captured a single suspended 3T3
mouse fibroblast and transported it to a desired location on the substrate after injecting a cell
suspension into the microfluidic chamber (Figure 3-7A, indicated with red arrow). After placement
via our 3D acoustic tweezers, the cells started adhering and then spreading on the substrate. In this
way, a linear cell array was created by depositing cells one by one (Figure 3-7A). We could also
position another 3T3 cell on top of the previously adhered cells under the precise control of the 3D
acoustic tweezers (Figure 3-7A, indicated with blue arrow) to form a 3D cell assembly. To further
demonstrate the capabilities of the 3D acoustic tweezers, we applied our technology to print living
cells into complicated configurations, such as numbers and letters. Through single cell seeding of
HeLa S3 cells under precise acoustic control, we printed cells into the following patterns: “3” “D”
“A” “T”, which stands for “Three-dimensional Acoustic Tweezers” (Figure 3-7B). Cells were able
to adhere to the surface and then spread along the surface (Figure 3-7B). We also demonstrated that
the adhered cells were able to split and proliferate in the prescribed morphological patterns. Hence,
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we have demonstrated a versatile acoustic cell printing technique that is able to achieve single cell
resolution and to manipulate multiple cell types without affecting cell viability.

Figure 3-7. Printing living cells with 3D acoustic tweezers: (A) Single cell printing. After
previously deposited 3T3 cells were attached to the substrate, another single cell was picked up,
transported and dropped at the desired location on the substrate, as indicated by the red arrow (or
on top of another cell, as indicated with the blue arrow). The single cell adhered and spread along
the surface. (B) Formation of arbitrary cell culture patterns forming a “3” “D” “A” and “T” by
printing of single HeLa S3 cells via 3D acoustic tweezers. Scale bar: 20 μm.
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3.5 Conclusion
In this work, we demonstrated three axis manipulation of micro-particles and cells in a
microfluidic chamber with two-dimensional SSAWs. We experimentally investigated the
mechanism behind 3D trapping with acoustic tweezers. We showed that the 3D trapping originates
from the interactions between induced acoustic fields and acoustic streaming in a microfluidic
chamber. We created 3D trapping node arrays in the microfluidic chamber by superimposing two
orthogonal displacement nodes and antinodes. These 3D trapping nodes were then translated
horizontally or vertically by tuning the location of the displacement nodes or input power. We
further demonstrated three axis manipulation by lifting and pushing micro-particles into 3D
trapping node arrays, translating them horizontally, and finally allowing them to sink to the surface.
In our current IDT design, 3D trapping nodes are created and manipulated in a massively parallel
formation. However, the independent operation of a 3D node could be realized with dynamic
regulation of the pressure nodes on the substrate through IDT design and RF signal control. Since
it uses gentle acoustic vibrations, our method has several demonstrated advantages such as
dexterous 3D manipulation, digitally programmable and potentially automated operation, noncontact handling of cells, and a label-free technique. Finally, this is all done in a simple, low-cost
device without any moving parts.
Using these 3D acoustic tweezers, we demonstrated the printing of living cells with
dexterous acoustic manipulation. We demonstrated that single cells could be picked up, delivered
to desired locations, and allowed to adhere and spread on the surface or on top of previously
deposited cells (Figure 3-7A). We printed cells into prescribed adherent patterns by acoustic single
cell seeding. Cells under acoustic control were patterned with control over the number of cells, cell
spacing, and the confined geometry, which may offer a unique way to print neuron cells to create
artificial neural networks for applications in neuron science and regenerative neuron medicine.
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With spatial resolution control down to a single cell, this technology shows the potential to enable
layer-by-layer positioning of living cells to create 3D tissue-like structures. This technology may
open a new path for 3D bioprinting as it addresses the central challenge of replicating tissue
structures or even fabricating artificial organs that are made up of multiple cell types and complex
geometries, but with single cell control resolution [69]. In addition, we expect this technology to
rebuild the three-dimensional architecture of a tumor, which will aid in the emerging investigation
of heterogeneous genetic alterations during the tumor growth and metastasis process[58]. The
ability to precisely transport single cells along three axes using our 3D acoustic tweezers may
facilitate investigations of a myriad of biological questions, particularly those that are involved in
the spatial regulation of cells in 2D or 3D environments [80].
Other than bioprinting, our 3D acoustic tweezers can also aid in the imaging and analysis
of biological specimens. Taking a confocal microscope as an example, the implementation of our
device can provide precise transportation of a target cell or small tissue to the focal area of the
microscopic lens. Then the vertical position of the target object can be moved with respect to the
focal plane in order to generate a confocal image [81]. Furthermore, these 3D acoustic tweezers
may be the fundamental building block in future integrated imaging and analysis systems including
microscopy, flow cytometer or a fluorescent-activated cell sorter (FACS).

77

Chapter 4
Reusable Acoustic Tweezers for Disposable Devices
In this chapter, we describe an acoustic tweezer platform used for disposable devices.
Standing surface acoustic waves are coupled to a removable, independent Polydimethylsiloxane
(PDMS)-Glass hybridized microfluidic superstrate device for micromanipulation. By configuring
and regulating the pressure nodes on a piezoelectric substrate, cells and particles were patterned
and transported into said superstrate, accordingly. This chapter is organized as follows. Section 4.1
presents the motivation of this work. Section 4.2 describes the mechanism of the reusable acoustic
tweezers. Section 4.3 and Section 4.4 show the device assembly process, the demonstration of the
local standing surface acoustic wave transmission, and detailed cell manipulation. A summary is
given in Section 4.5. The work presented in this chapter has been submitted to Lab on a chip.

78
4.1 Motivation
Manipulating Manipulating micro-objects, such as cells and particles, is critical in
fundamental biological studies, biomedical diagnostics and therapeutics.[82]–[84] Micro-object
manipulation can also play many key roles in the identification of common pathologies which
plague developing countries. For example, separation and enrichment of immune cells or infected
cells from a sample of whole blood or sputum has diagnostic implications for a plethora of diseases
such as tuberculosis (TB) and asthma. Similarly extraction of particles from different reagents is
needed in point-of-care identification of pathologies such as human immunodeficiency virus
(HIV).[85]–[87]

Particularly, in the developing world, medical devices using cell/particle

manipulation need to be simple, accurate, low-cost, disposable, and portable.[87], [88]
Acoustic tweezers are an attractive approach to manipulate suspended micro-objects such as
cells and microparticles using acoustic waves.[1], [50], [75] Gentle mechanical vibrations,
generated by acoustic transducers, induce a pressure field to move micro-objects in a non-contact,
label-free, and contamination-free manner. Recently, both bulk acoustic wave (BAW) and surface
acoustic wave (SAW) based approaches have shown their prowess in the manipulation of macroto nano- scale objects, regardless of an object’s optical or electrical properties.[75], [89] A wide
range of applications in static or continuous flow such as manipulating cells, moving organisms,
aligning protein crystals, and patterning nanomaterials have been demonstrated by either BAW or
SAW tweezers.[2], [25], [33], [40], [53], [90]–[99] However, expanding the applications for
acoustic tweezers is still limited by the complexity of device fabrication: a typical BAW-based
microfluidic device is made of materials such as silicon and glass, which are challenging to
implement with existing fast-prototyping methods, such as soft lithography. Although SAW
microfluidics offer an attractive alternative by directly bonding polydimethylsiloxan (PDMS)
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microfluidic channels onto a piezoelectric substrate with interdigital transducers (IDTs), concerns
still remain with the relatively high-cost and low-reusability of the devices.
A superstrate, as defined here, is a disposable device which separates sample-handling units
from excitation piezoelectric transducers, and will alleviate prior concerns for acoustic-wavegenerating units. In a typical superstrate device, the traveling SAW is generated as an excitation
source by a reusable SAW substrate, which usually is made with lithium niobate (a relatively
expensive single piezoelectric crystal wafer). Then, this traveling wave transmits through a fluid
coupling layer and propagates toward a disposable superstrate. Devices with superstrates[95]–[99]
have been introduced into many diagnostic and analytical practices. For instance, droplet mixing,
droplet rotating, and liquid pumping were achieved by coupling a superstrate such as a glass
substrate, a silicon phononic crystal, or a microfluidic device. [11], [26], [100]–[103] In addition,
particle or cell trapping was accomplished in an SU8-glass composite microfluidic device from an
acoustic resonance excited by a traveling SAW.[104] However, dexterous cell/particle
manipulation has yet to be demonstrated using a low-cost, simple, disposable superstrate device.

In this work, we developed a reusable acoustic tweezers approach to realize acoustic
manipulation of cells or particles with a SAW platform and disposable superstrate devices. A
typical PDMS-glass microfluidic device was used as the superstrate, because plastic and polymer
materials such as PDMS, polyethylene, or polycarbonate have been widely used to make disposable
devices due to advantages including low cost, simple fabrication, and rapid prototyping. However,
soft materials, such as PDMS, usually have a high acoustic attenuation coefficient, significantly
absorbing the acoustic energy, which make it difficult to form an acoustic resonance.[105], [106]
To address this, we replaced traveling SAWs with standing SAWs (SSAWs) as an excitation
source. By locally transmitting SSAWs into the superstrate, cells or particles are manipulated in a
disposable device. Our method relies on the regulation of pressure nodes in a piezoelectric substrate
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to conduct cell/particle manipulations. In comparison with the acoustic resonator approaches, our
method can provide a more dexterous control of the acoustic field in the disposable device, which
can be employed for all on-chip manipulations such as trapping, patterning, separating, sorting, and
transporting. Our approach offers a simple, low-cost, versatile, and disposable strategy for clinical
diagnostics and fundamental biomedical studies.

4.2 Working mechanism
Figure 4-1A illustrates the working mechanism of the acoustic tweezers on a disposable
superstrate device. The systems apparatus includes a SAW substrate and a disposable PDMS-Glass
device, which were assembled together with a thin layer of coupling gel (Figure 4-1B). The SAW
substrate is a lithium niobate piezoelectric material coated with a pair of paralleled IDTs or two
pairs of orthogonally arranged IDTs. One-dimensional or two-dimensional SSAWs can be
generated by activating the SAW substrates. The SSAWs propagate on the surface of the substrate
and introduce a distribution of pressure nodes between the IDTs. These SSAWs locally propagate
into the top layer of coupling gel, and then transmit through the glass substrate entering the
microfluidic chamber. Once the transmitted acoustic waves meet with liquid, a pressure field is
formed in the PDMS-Glass chamber. As a result, the cells and particles injected into the disposable
device will be trapped to positions above the pressure nodes on the SAW substrate. After an
acoustic manipulation experiment, the PDMS-Glass device can be easily removed from the SAW
substrate. Another disposable device can be subsequently assembled onto the same SAW substrate,
which can be done by adding another drop of coupling gel without any need to clean the SAW
substrate. In addition, cells and particles can be trapped and manipulated into differing patterns or
transported by regulating the configuration or the location of the pressure nodes on the SAW
substrate.
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Figure 4-1. Reusable acoustic tweezers for disposable devices. (A) Schematic of our coupling
method: A disposable microfluidic device can be coupled onto a SAW substrate with a thin layer
of coupling gel. After an acoustic manipulation experiment, the disposable device can be removed,
and the SAW substrate can be reused for another manipulation experiment. (B) Image of the
disposable devices and the SAW substrate.
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4.3 Methods

4.3.1 Device fabrication
To fabricate a SAW substrate we first chose 128° YX-propagation lithium niobate
(LiNbO3, 500 μm thick, double-side polished) as the piezoelectric substrate. IDT fabrication
followed the standard soft-lithography and lift-off technique. The LiNbO3 wafer was spin-coated
with a 7 μm thick photoresist layer (SPR3012, MicroChem, USA). Then, the designed IDT patterns
(40 electrode pairs with wavelengths of 150 μm, 200 μm, 300 μm, 400 μm, respectively) were
transferred from the mask to the substrate by UV exposure and developed in a photoresist developer
(MF CD-26, Microposit, U.S.A). After depositing metal layers (Cr/50 Å, Au/600 Å) by e-beam
evaporation (RC0021, Semicore, U.S.A), IDTs were obtained with a lift-off process. To make a
PDMS-Glass device, a single-layer PDMS channel was created by standard SU8 soft-lithography.
After drilling holes for an inlet and outlet with a puncher (0.6 mm diameter, Harris Uni-Core,
U.S.A), the molded PDMS was bound to a piece of cover glass (100 μm thick) by oxygen plasma
treatment (PDC001, Harrick Plasma, U.S.A.). The PDMS-SAW substrate composite device was
made by directly hybridizing the molded PDMS to SAW substrate with oxygen plasma treatment
(PDC001, Harrick Plasma, U.S.A.).

4.3.2 Coupling the disposable devices onto SAW substrate
In The disposable PDMS-Glass device was assembled on top of a SAW substrate with a
layer of coupling gel, and fixed with metal clamps. The uncured UV epoxy (NOA 61, Edmund
Optics Inc, and U.S.A.) was chosen as the coupling material to introduce the acoustic waves from
the substrate to the above device. In comparison with water or KY gel, UV epoxy can offer a lower
evaporation rate, and a better coupling performance.
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4.3.3 Experimental setups
In the particle manipulation experiment, the device assembly was mounted on the stage of
an inverted microscope (TE2000U, Nikon, U.S.A.). Solutions of 10 μm diameter polystyrene
particles (Bangs liberates Inc, U.S.A.) were injected into the microfluidic chamber of the disposable
device by a syringe pump (KDS210, Kd Scientific, Germany) before turning on the acoustic field.
Two independent radio frequency (RF) signals, generated by a double channel function generator
(AFG3102C, Tektronix, U.S.A.), were amplified with two amplifiers (25A100A, Amplifier
Research, U.S.A.). These signals were applied to IDTs individually in order to generate SSAWs
and achieve phase control. The motion of particles were monitored or recorded with a CCD camera
(CoolSNAP HQ2, Photometrics, U.S.A.). In the cell patterning experiment, a cooler plate (CP-31,
TE Technology, U.S.A.) was used to control the temperature around 0~10 oC during SSAW
exposure. Solutions of HeLa S3 cells (CCL-2.2, ATCC, U.S.A.) were injected and patterned in the
same way as the particles. Images were acquired through a top-down microscope (SMZ1500,
Nikon, U.S.A.) with a CCD camera (DS-L2, Nikon, U.S.A.). The input voltages on the devices
were 20~75 Vpp for manipulating polystyrene beads, and 40~50 Vpp for patterning HeLa S3 cells.

4.4 Results and discussions

4.4.1 Demonstration of SSAW coupling
To develop a disposable device which makes use of an acoustic tweezer platform, we
introduced SSAWs into a superstrate containing a PDMS-Glass microfluidic device. Before the
coupling experiment, the distribution of pressure nodes on the SAW substrate were tested using a
pair of parallel IDTs with a wavelength of 300 µm along the X axis of a 128° YX-propagation
lithium niobate substrate. We directly measured the vibration amplitude on a bare SAW substrate
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using an optical method. 1D SAW substrate for directly amplitude measurement with an optical
vibrometer system (MSA-500 Micro System Analyzer, Polytec Ltd, Hopkinton, MA). An
additional 4 mm x 4 mm gold film with a thickness of 200 nm was deposited in the middle of the
IDT pair (along the X axis of a 128° YX cut lithium niobate substrate) to reflect right during the
optical measurement. Figure 4-2A shows a two-dimensional map of the transversal vibration
distribution after applying a RF signal (12.99 MHz, 34.5 Vpp) to the IDT pair. The cross section
of the 2D map as a sine wave presents the transversal vibration amplitude distribution along the
wave propagation direction. The peak (red) and trough (blue) of the sine wave indicate the pressure
antinodes, while the stable points on the substrate (green) show the pressure nodes.
Once optimized, we employed the same SAW substrate for our coupling experiment. After
assembling the microfluidic device onto the SAW substrate, 10 µm polystyrene particles were
injected into the microfluidic chamber. All the particles were driven and trapped into the parallel
lines with an interval distance of 150 µm as the half-wavelength of the excitation wave when
applying an excitation frequency of 12.99 MHz (Figure4-2B). We compared the spatial distribution
of patterned particles (black curve) in the disposable device with the pressure nodes (red circles)
on the SAW substrate (Figure4-2C), which match well. In addition, we coupled the same disposable
device onto a SAW substrate with a pair of parallel IDTs using a wavelength of 150 µm. All the
particles were similarly patterned in parallel lines with an interval distance of 75 µm in the
disposable device, when applied a 23.33 MHz and 34.5 Vpp RF signal (Figure4-2D). By coupling
the same disposable devices onto the SAW substrate with a wavelength of 200 µm or 400 µm, the
particles were patterned into parallel lines with an interval distance of half-wavelength of the
excitation waves, respectively. These patterning results at different excitation wavelengths indicate
that the interval distance depends on the wavelength of the excited SSAW rather than the resonant
frequency of the disposable device. Therefore, we can achieve dexterous manipulations by
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controlling the pressure nodes on the SAW substrate, regardless of engineering considerations such
as chamber dimension and channel material.

Figure 4-2. Characterization of local SSAW transmission. (A) 2D map of the transversal vibrations
on the lithium niobate substrate with a pair of parallel IDTs using a wavelength of 300 μm. The
red and blue colors indicate the pressure antinodes on the substrate, and the green color indicates
the pressure nodes. (B) 10 µm polystyrene particles were patterned into parallel lines with an
interval distance of 150 μm by coupling 1D SSAWs with a wavelength of 300 μm. (C) The plot of
spatial distribution of pressure node displacement on the substrate (A) and particles patterning
distribution in the disposable device (B) match with each other. The red circles show the
distribution of the vibration amplitude, and the locations with a vibration amplitude of
approximately zero indicate the pressure nodes on the substrate. The black curve indicates the
location of patterned particles. (D) By using the same disposable device, 10 µm polystyrene
particles were patterned into parallel lines with an interval distance of 75 μm by coupling 1D
SSAWs with a wavelength of 150 μm. Scale bar: 100 µm.
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Figure 4-3. Quantitative study of the disposable acoustic tweezers. (A) The particles were driven
to a parallel line pattern via a coupled SSAW with particle trajectories shown by blue lines. (B)
The velocity of particles were plotted under different input voltages (29.1, 37.2, 45.8, 59.4, and
75.0 Vpp). Scale bar: 100 µm
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4.4.2 Quantitative study
We further conducted experiments to quantitatively study our coupling method. In this
experiment, we assembled a PDMS-glass device on a SAW substrate with a wavelength of 300
µm. 10 µm polystyrene particles were injected and randomly distributed into the microfluidic
chamber. Then, we applied a RF signal with a frequency of 12.99 MHz and an input voltage of 50
Vpp to the IDTs. All the particles were patterned into parallel lines. During the process, the particles
experienced an acoustic radiation force and a Stokes drag force, which drove the particles along
the direction of wave propagation. The velocity of the particles reveals the acoustic radiation force.
A video of the moving particles was recorded at this input voltage. The trajectory of single particles
are shown in Figure 4-3A, and the velocity of single particles were analyzed. Then, we applied RF
signals with the same frequency under five different input voltages (29.1, 37.2, 45.8, 59.4, and 75.0
Vpp) after injecting new particles into the same device configuration each time. Each experiment
under a given input voltage was repeated three times. The velocity of particles were measured and
plotted in Figure 4-3B.

4.4.3 Moving a single particle using the disposable acoustic tweezers
In order to transport cells or particles, we used a phase shift strategy to manipulate the
location of the pressure nodes. By adjusting the relative phase angle lag (Δϕ) of the RF signals
applied to a pair of IDTs, the pressure nodes on the SAW substrate can be moved a distance (ΔD)
along the perpendicular direction to the IDTs. As a result, the SSAW transmitted through a glass
substrate can transport a trapped particle at the same distance and along the same direction (Figure
4-4A). The transported distance can be given as ΔD = (λ/4π)Δϕ.[79] For example, the trapped
particles can be moved with a distance of λ/4 by a relative phase angle lag of π. In Figure 4-4B, a
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single 10 μm polystyrene particle was trapped with a SSAW of wavelength 300 μm, and moved
150 μm by gradually tuning a relative phase angle from 0 to 2π.

Figure 4-4. Transportation of a single particle using the disposable acoustic tweezers. (a) Schematic
of particle transportation with phase angle shift using our SSAW coupling approach. (b) A single
particle was moved by tuning a relative phase angle lag from 0 to 2π using a coupled SSAW. Scale
bar: 100 µm.
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4.4.4 Manipulating cells using the disposable acoustic tweezers
In addition to particle patterning and transportation, we further explored our disposable
acoustic tweezers with cell manipulation. We assembled a PDMS-glass microfluidic chip onto a
SAW substrate with two orthogonally arranged parallel IDT pairs. A HeLa S3 cell suspension was
injected into the PDMS-glass microfluidic chip. Without an acoustic field, all the cells were
randomly distributed. Once a two-dimensional acoustic field was applied, the cells were trapped
into a dot-like array (Figure 4-5A). The patterned cell assemblies were dropped onto the glass
substrate (coated with fibronectin) of the PDMS-glass microfluidic chip by removing the acoustic
field. Within 20 minutes, all the cells began to attach onto the glass substrate. The PDMS-glass
microfluidic chip was removed from the SAW substrate with the cell patterns well preserved. As a
result, the cells in the disposable device can be cultured in a normal cell culture incubator. We
recorded the images of a target cell assembly every 5 minutes. Figure 4-5B shows that the cells
were adhered to the glass substrate, and started to undergo a spreading of morphology within a halfhour of incubation.
To exam the biocompatibility of our method, WST-1 assays were conducted to measure
the viability of cells after acoustic treatment. We chose culture medium (first bar) and cells without
any treatment (last bar) as a negative and positive control, respectively. Figure 4-5C shows that
cells treated at 65 °C for 1 hour (second bar) has a similar absorbance value as the culture medium
(lower than 0.2); and the cells passed through the disposable device with (third bar) or without
(forth bar) coupled SSAWs have a similar viability as the positive control (between 1.6 and 1.8).
The p-values between the groups of the disposable device with or without coupled SSAWs and the
positive control were calculated as 0.2150 and 0.7139, respectively. Both p-values are larger than
0.05, which indicates that our method has minimal impact on the cell viability.
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Figure 4-5. Cell manipulation using of the disposable acoustic tweezers. (a) Images of 2D cell
patterning with coupling method (without and with SSAW field). (b) Time-lapsed images of
trapped cells (HeLa S3) in a disposable device after being trapped, removed from the lithium
niobate substrate, and cultured in the incubator for a half-hour. (c) Cell viability test using WST-1
assay. HeLa cells were treated through the disposable device with or without coupled SSAWs or
incubated at 65°C for 1 hour. Cells without treatment or culture medium were used for a positive
or negative control. Scale bar: 50 µm.
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4.5 Conclusion
We present an acoustic tweezer technology which introduces a SSAW field into a
disposable PDMS-glass device. Our platform technology can trap suspended micro-objects for
patterning with a tunable geometry or transportation through phase shifts. The successful
application of our approach is demonstrated by manipulating and culturing cells in a disposable
device with confirmed cell viability. Based on the non-contact and label-free acoustic tweezers, our
approach offers a simple, low-cost, and biocompatible method for manipulating cells and particles
which can be integrated into various micro total analytical systems (μTAS), particularly in pointof-care diagnostics. [107], [108]

Chapter 5
Precise Manipulating Protein Crystals Using Acoustic Tweezers
In Chapter 4, we have presented reusable acoustic tweezers for disposable devices. In this
chapter, we applied our reusable acoustic tweezers to address a shortcoming in the field of X-ray
crystallography. Using our reusable acoustic tweezer approach, we demonstrated the precise
manipulation and patterning of micrometer and sub-micrometer sized crystals for data collection
and screening, without damaging the fragile protein crystals. Section 5.1 introduces the background
of X-ray crystallography and current limitations in protein crystal handling. Section 5.2 details the
protein crystal manipulation experiments and crystallographic data collection. In Section 5.3, the
device optimization, the manipulation and linear patterning of protein crystals, and the
compatibility of acoustic method are studied and discussed. Lastly, we summary this protein crystal
manipulation method in Section 5.4. The work presented in this chapter has been reported in
Small.[93]
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5.1 Motivation
X-ray crystallography is one of the most powerful techniques used to characterize the
atomic-level details of molecules and complex structures at several size scales. The structural data
provided by this technique have enabled significant advances in virtually all fields of chemistry,
biology, and biomedicine. Macromolecular crystallography has been used to understand the
fundamental processes of life, such as photosynthesis,[109] how the ribosome functions,[110],
[111] how transcription occurs,[112] or how transporters[113], [114] or receptors[115]–[117]
function. It is also used for structure-guided drug design to facilitate the identification and
optimization of novel treatments for myriad diseases.[118], [119] Moreover, crystallography helps
to drive commercial development of many products, including improvements in crop yields,[120]
the production of biofuels using micro-organisms,[121], [122] and the engineering of enzymes as
biocatalysts[123], [124] for many industrial processes.
Typical crystallography experiments require three essential components: an X-ray source,
diffraction-quality crystals, and a detector. Over the last several decades, significant advances have
been made in X-ray sources. Modern synchrotron and free electron laser (FEL) sources are now
capable of delivering greater than 1012 photons in short pulses in a coherent beam of 1 µm or less
in size.[125]–[127] In addition, the latest generation of hybrid pixel array detectors allows for data
collection rates above 100 Hz, noise-free readout, and shutterless data acquisition.[128]–[130] For
data collection, the crystalline samples must be precisely oriented in the X-ray beam. Despite the
advances in source and detector technology, the manipulation and harvesting of crystals is still
carried out in much the same way as it has been for decades. While this is a reasonable method for
large crystals in well-behaved solutions, this approach is extremely challenging or impossible for
crystals of a few micrometers in size or less. Considering that many of the highly sought after
targets in crystallography, including membrane proteins, viruses, and protein complexes, are
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inherently difficult to crystallize, the manipulation of micro- or nanometer sized crystals represents
a significant bottleneck in the pathway from purified biomolecule to structure. While many
beamlines at modern synchrotron and FEL sources can extract usable data from crystals as small
as 2 – 5 µm or less in size, moving these crystals from the crystallization experiment to the beam
remains a largely unresolved challenge in the field.
Attempts have been made to automate the manipulation of protein crystals using robotic
devices,[131] optical tweezers,[132] or photoablation of thin films containing crystals.[133] All of
these methods require expensive, highly sophisticated equipment and generate forces or heat that
is detrimental to the fragile crystals. In addition, these methods suffer from low throughput. The
most successfully implemented method for manipulating crystals uses acoustic droplet
ejection.[134] This method ejects small droplets containing crystals onto a surface. It requires an
expensive, complex setup. In addition, individual crystals are randomly positioned within the drops
and must be individually located. This requires scanning through the drop with the X-ray beam,
which exposes the crystal to unnecessary radiation damage and significantly hampers the
throughput.
Herein, we describe a device that makes use of surface acoustic waves (SAWs) to
manipulate and pattern protein crystals. SAWs are sound waves that are generated and propagate
along the surface of elastic materials. During propagation of the waves, most of the energy is
confined within one or two wavelengths perpendicular to the surface of the substrate. The precise
control of the phase front at the micrometer level makes SAWs well suited to control subjects at
the micro/nanometer scale. The use of SAW-based methods to manipulate plastic beads, cells, and
even living organisms has recently been successfully implemented.[2] These SAW devices are
compact and inexpensive. They use similar power intensities and frequencies as those used in
ultrasonic imaging, which has proven to be extremely safe and biocompatible. With its
biocompatibility, versatility, simplicity, and cost-effectiveness, this ‘acoustic tweezers’ technology
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is particularly suitable for precise and gentle control of the spatial organization of biological
specimens.

5.2 Methods

5.2.1 On-chip operation and setups
After coating a thin layer of coupling materials (UV epoxy) onto the LiNbO3 substrate, this
substrate was immobilized on the stage of a microscope (Nikon, Eclipse Ti, LV100DA-U). The
PDMS or capillary containing crystals or particles were carefully aligned onto the LiNbO3 substrate
under guidance of an alignment marker. The movement of the crystals or the particles was observed
and recorded by a camera (Nikon, DS-Fi1) connected to the microscope. The standing SAW field
was generated by energizing the IDTs with a double channel function generator (3102C, AFG) and
amplified by two amplifiers (25A100A, Amplifier Research).

5.2.2 Data Collection and Refinement
Data were collected at 25º C using a MicroMax-007 rotating anode generator equipped
with a Saturn 944+ detector for Proteinase K, the A1 beamline at MacCHESS using an ADSC
Quantum-210 detector for the pre- and post-SAW lysozyme crystals and at the PXRR X25
beamline at NSLS at 1.1Å using a Pilatus 6M detector for the HEWL multi-crystal data set. Data
collection statistics are provided in Table 1. Data was indexed and scaled using HKL2000[1] while
refinement and initial automated model building was conducted using PHENIX. This was followed
by several additional rounds of manual model building using Coot [110] and refinement using
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PHENIX. Superposition of models and structure figures were made using PyMol (Schrodinger,
LLC).

Figure 5-1. A SAW device used to manipulate crystals. Schematics showing (a) a top view and (b)
a side view as well as (c) a photograph of the device are shown. The capillary tube, which can be
square, round, or rectangular in cross-section, is coupled to the lithium niobate substrate using
coupling gel or water.
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Figure 5-2. The SAW technology can be applied using various crystallography-compatible
materials. Polystyrene beads are patterned using the SAW device and move to pressure nodes in
(A-B) glass capillaries (A: before patterning with SAW device; B: bottom, after patterning), (C)
polyimide capillaries, or (D) PDMS device. The distance between the nodes is equal to ½
wavelength. Scale bar: 100 µm.

5.3 Results and discussions

5.3.1 Demonstration of acoustic protein crystal manipulation
In order to demonstrate that protein crystals can be effectively and precisely manipulated
using SAW technology, we fabricated a device by depositing interdigital transducers (IDTs) on a
lithium niobate piezoelectric substrate (Figure 5-1A). For this device, each IDT had 40 pairs of
electrodes with a period of 300 µm (for more detailed Materials and Methods, please see the
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Supporting Information). A capillary tube was then coupled to the substrate (Figure 5-1B and C).
We first tested the ability of this device to effectively generate standing SAWs using 10 µm
polystyrene beads in various materials (such as glass, polyimide, and polydimethylsiloxane
(PDMS)) employed by crystallographers. The linear SAW pattern was observed in glass capillaries,
polyimide capillaries, and PDMS channels on glass substrates (Figure 5-2B-D). The polyimide
seems to be an excellent material for further optimization due to the low absorption of X-rays and
reasonable acoustic properties.

Figure 5-3. The SAW device can effectively manipulate and pattern protein crystals. Time lapse
images of crystals of various sizes and morphologies moved by the SAW device are shown in (A),
(B), and (C). Clusters of crystals (D, top) can also be separated and patterned (D, bottom). The
inter-crystal distance is equal to ½ wavelength of the input acoustic waves. Scale bar: 100 µm.
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5.3.2 Optimization of the setups
One of the advantages of using SAW technology for fragile crystalline samples is the
biocompatibility and low force used to pattern objects. The crystals or particles in the capillary
under the coupled acoustic field are mainly subjected to acoustic radiation force and Stokes drag
force. The Stokes drag force is a passive force, which is proportional to the velocity of the particle
and opposite in direction of the particle migration.[25], [53], [79], [95], [96] The maximum force
is located between a pressure node and a pressure antinode. When the standing SAWs propagate
through the coupling materials and capillary wall (or glass substrate of a PDMS device), the
acoustic radiation force pushes the suspended crystals or particles into the pressure nodes. The
induced Stokes drag force then counters the acoustic radiation force. The velocity of the particles
will thus reveal the acoustic radiation force acting on the particles. We recorded the movement of
10 µm polystyrene particles in a coupled PDMS device under the acoustic field with input acoustic
power from 6 dBm to 14 dBm at a frequency of 13.4 MHz. The maximum velocities of 20 particles
under different acoustic powers were used for force analysis. The acoustic radiation forces on 10
µm polystyrene beads is characterized as several pN.
To demonstrate the ability of this device to move protein crystals, we loaded crystals of
hen egg white lysozyme into a glass capillary and initiated SAWs while maintaining the two input
radio frequency signals in the power range of 6 to 12 dBm. The protein crystals were observed to
move in the capillary. Time lapsed images of this movement are given in Figure 5-3A-C. By
modulating the phase angle between the two input signals or by tuning the input frequency around
the resonance frequency, the position of the pressure nodes and thus the crystals could be
continuously altered. In addition, we observed that we could separate and align a cluster of crystals
into a regular linear array (Figure 5-3D). The inter-crystal spacing was consistent along the SAW
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field and equal to one half of the input wavelength, as expected. Importantly, no visible damage
was observed during or after patterning the crystals using this method.

5.3.3 Compatibility of acoustic crystal manipulation
Any method that manipulates crystals for X-ray crystallography must be non-destructive
and non-damaging of the samples. Crystals of proteins or other biomolecules generally contain
approximately 50% water and thus tend to be very fragile and are also very sensitive to changes in
environment, such as changing temperature. This necessitates the use of a technique that does not
generate heat and uses gentle forces to move and pattern the crystals. The SAW technology is
ideally suited for this purpose, as the acoustic radiation force required to move the objects in
solution is very low (< 10 pN,). To further assess the effect of SAW on protein crystals, we collected
complete data sets for protein crystals (Lysozyme and Proteinase K) that had been subjected to
SAWs for an extended period of time (30 seconds) and compared these to data collected from
crystals not placed in the SAW device. For both cases where data was collected using a Cu-K-α
home source (Proteinase K) or a synchrotron source (MacCHESS A1, Lysozyme), we did not
observe a difference in any of the data-collection statistics (Table 1). High-quality electron density
maps were generated for the crystals that had been subjected to SAWs and the resulting models
were equivalent to those generated in the absence of SAWs (Figure 5-4, RMSD = 0.15 Å for
Proteinase K and = 0.08 Å for Lysozyme). To demonstrate the application of this technology for
data collection on multiple crystals we first patterned a slurry of small (< 20 µm) crystals in a
polyimide capillary tube and then collected 5 – 10 diffraction images in series from multiple
crystals. We were able to assemble a high-quality, complete data set from these images with no
noticeable effect from the SAW patterning (Table 5-1, Mult. Xtals). As shown in Table 5-1, the
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data collection parameters, including the resolution, the R-factor, and the size of the unit cell, were
unaffected by the SAW treatment.

Figure 5-4. SAWs do not affect the diffraction quality of crystals. Protein crystals of proteinase K
that had either been subjected to SAWs for an extended period of time or not subjected to a SAW
field both yielded high-quality data that was used to derive the electron density map shown in (A)
SAW-treated and (B) untreated. A model of proteinase K (blue backbone atoms) and the
corresponding 2FO – FC map (gray) from which this model is derived is shown. The data collection
statistics are given in Table 1. No noticeable difference is observed in models derived from data
before patterning (cyan) or after patterning (green) for either (C) proteinase K or (D) lysozyme.
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Table 5-1. Comparison of Data Collection Statistics

5.3.4 Two-dimensional patterning of protein crystals
Having established that the SAW forces do not damage crystals, we proceeded to improve
the throughput of this method. Since SAW devices are capable of patterning objects in two
dimensions (2D) using orthogonal waves, we surmised that 2D arrays of crystals could be generated
with this method. We fabricated a device with a PDMS chamber and two orthogonal pairs of IDT’s
with a wavelength of 300 µm. By superimposing two orthogonal standing SAWs with different
input frequencies (13.38 MHz and 13.44 MHz), a 2D array of pressure nodes can be created. To
test the efficacy of this device we patterned 10 µm polystyrene beads. The randomly positioned
beads (Figure 5-5A) moved into the acoustic wells (Figure 5-5B) in the presence of the SAWs.
Note that the starting concentration of beads in the suspension determines the bead density in the
wells (i.e., number of beads per well). Similarly, when a suspension of protein microcrystals (Figure
5-5C) is driven by SAWs, a similar array of protein crystals emerges (Figure 5-5D). With the beads
in suspension, the starting concentration of crystals determines the number of crystals per well. A
large number of crystals is shown here to demonstrate the ability of the device to separate the
crystals into the wells. With optimization of the starting concentration, an array of single crystals
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can be obtained. It is important to note that, despite the wide variation in size and shape of these
crystals, they were all successfully patterned into the acoustic wells and resultant 2D array.

Figure 5-5. The SAW device can effectively manipulate and pattern protein crystals. Time lapse
images of crystals of various sizes and morphologies moved by the SAW device are shown in (A),
(B), and (C). Clusters of crystals (D, top) can also be separated and patterned (D, bottom). The
inter-crystal distance is equal to ½ wavelength of the input acoustic waves. Scale bar: 100 µm.
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5.4 Conclusion
As crystallographers move towards targets of higher molecular weight and complexity, it
will be extremely important to maximize the quality and quantity of data collected from available
crystalline samples. The recent advent of femtosecond serial crystallography has demonstrated the
capability of collecting complete, high-quality data sets from samples of micrometer or submicrometer sized crystals. This approach, however, often requires vast quantities of sample owing
to the low efficiency (hit-rate) of the sample delivery system. Acoustic methods, such as those
detailed herein, promise to significantly increase the efficiency and throughput of serial
crystallography methods as well as more conventional screening and data collection approaches.
This technology offers high precision and high biocompatibility. It is easy and inexpensive to
implement, using low-cost materials that are amenable to diffraction studies. It also has the
advantage of aligning crystals with defined spacing and geometry. This eliminates the need to
locate individual crystals, thus minimizing unwanted radiation damage and increasing throughput.
We expect that the implementation of this method will significantly increase the efficiency and data
quality of current crystallographic studies and provide opportunities to collect data in cases that
would otherwise be problematic or impossible.

Chapter 6
Conclusions and Prospects

6.1 Achievements
In this dissertation, we further developed surface acoustic wave based acoustic tweezers
and have demonstrated that our acoustic tweezers can achieve the following functions: 1) Control
cell-cell distance and cell-cell interactions; 2) 3D manipulation of single cell; 3) Reusable acoustic
tweezers for disposable devices; 4) Precise manipulation of protein crystals for macromolecular
crystallography using disposable acoustic tweezers.

Controlling cell-cell interactions using tunable acoustic tweezers: We present a unique tunable
acoustic tweezer approach that can precisely control cell-to-cell distance and cell-cell interactions.
Our technology can achieve high precision and high throughput simultaneously while preserving
the integrity of cells. It is capable of creating cell assemblies with precise spatial control both in
suspension and on a substrate. We envision the exploitation of this powerful technology, for
example, in the study of cell-cell interactions, such as immunology, developmental biology,
neuroscience, and cancer metastasis; and in the studies of cell-cell and cell matrix adhesion. The
work has been reported in PNAS, and highlighted at Nature Method as “Cell positioning with
acoustic waves” (Nature methods, 2015, 12,174), and at National Science foundation as “acoustic
tweezers manipulate cell-to-cell contact”. (Figure 6-1).
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Figure 6-1. Our work has been highlighted at Nature Method as “Cell positioning with acoustic
waves” (Nature methods, 2015, 12,174), and at National Science foundation as “acoustic tweezers
manipulate cell-to-cell contact”.

Three dimensional manipulation of single cell using 3D acoustic tweezers: We present 3D
acoustic tweezers which can trap and manipulate single cells and particles along three orthogonal
axes of motion via surface acoustic waves. This method has a transformative impact due to its
capability to accurately print 3D multicellular architectures for applications in biomanufacturing,
tissue engineering, regenerative medicine, neuroscience, and cancer metastasis research.

Reusable acoustic tweezers for disposable devices: We demonstrate an acoustic tweezer platform
used for disposable devices. With the label-free and non-contact nature of acoustic waves, the
presented technology could offer a simple, accurate, low-cost, biocompatible, and disposable
method for applications in the fields of point-of-care diagnostics and fundamental biomedical
studies.
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Precise manipulation of protein crystals for macromolecular crystallography using
disposable acoustic tweezers: Advances in modern X-ray sources and detector technology have
made it possible for crystallographers to collect usable data on crystals of only a few micrometers
or less in size. Despite these developments, sample handling techniques have significantly lagged
behind and often prevent the full realization of current beamline capabilities. In order to address
this shortcoming we have developed a surface acoustic wave-based method for manipulating and
patterning crystals. This method, which does not damage the fragile protein crystals, can precisely
manipulate and pattern micrometer and sub-micrometer sized crystals for data collection and
screening. This method not only promises to significantly increase efficiency and throughput of
both conventional and serial crystallography experiments, but also will make it possible to collect
data on samples that were previously intractable. The work has been reported in Small and featured
as the front cover image, and highlighted at National Science foundation (Figure 6-2).

Figure 6-2. Our work has been featured as cove image at Small and highlighted at National Science
foundation as “acoustic tweezers device expends the range of x-ray crystallography”.
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6.2 Prospects
Despite the recent successful developments on acoustic tweezers, the field is still in its
infancy. Effort needs to be put in before this technology can benefit our daily lives.
Firstly, we have further developed acoustic tweezers to achieve controlling cell-cell
distance and cell-cell interaction, and three dimensional manipulation of single cell. However, it is
still challenging to achieve a more dexterous cell manipulation such as precisely manipulating a
single cell without influence neighboring cells. Efforts would be appreciated in understanding basic
physics of acoustic tweezers and dexterous control of the acoustic field and induced acoustic
streaming. For example, the stratagem of the sophisticated wave-front control in photonics and
optics can be borrowed in developing independent manipulation of single pressure node as well as
single cell.
Secondly, due to the nature of the sound waves, acoustic tweezers feature as a noninvasive,
and non-contact, label-free manipulation technology. Despite the fact that acoustic tweezers have
been applied in different fields including manipulating cells (focusing cells in mini-flow cytometry,
sorting cells in mini-FACS, separating rare cells from a whole blood for clinical diagnostics,
patterning, assembling and enriching cells for different cell biological studies), patterning protein
crystals for X-ray crystallography, moving small animals and more, a revolutionary application has
yet to be realized.
Finally, there is a significant gap between the acoustic tweezers in a laboratory to the
clinical diagnostic analyzers or therapeutic instruments in a real world. A simple, efficient, and
low-cost method have been presented in the dissertation: reusable acoustic tweezers used for
disposable devices. However, we still need to drive these simple devices with expensive and
complex function generators and amplifiers. There are great needs to make the entire acoustic
tweezer setups portable and low-cost.
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