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Acoustic-based techniques can manipulate par-
ticles in a label-free, contact-free, and biocompatible manner.
However, most previous work in acoustic manipulation has
been constrained by axisymmetric patterns of pressure nodes
and antinodes. Acoustic holography is an emerging technique
that offers the potential to generate arbitrary pressure
distributions which can be applied to particle manipulation
with higher degrees of freedom. However, since current
acoustic holography techniques rely on acoustic radiation
forces, which decrease dramatically when the target particle
size decreases, they have difficulty manipulating particles in the
micro/nanoscale. Here, we introduce a holography technique
that leverages both an arbitrary acoustic field and controllable
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fluid motion to offer an effective approach for manipulating micro/nano particles. Our approach, termed acoustofluidic
holography (AFH), can manipulate a variety of materials, including cells, polymers, and metals, across sizes ranging from

hundreds of micrometers to tens of nanometers.

acoustics, acoustofluidics, nanoparticle manipulation, cell pattern, acoustic tweezers

ver the past several decades, various techniques for
manipulating particles have been developed, provid-
ing insights into areas such as protein folding' and
enzyme kinetics.” These “tweezing” techniques, which include
optical,> magnetic,* plasmonic,” and optoelectronic tweezers,’
have been used to trap individual viruses, bacteria, and cells. Of
these techniques, optical tweezers offer the highest degree of
spatial resolution, and as a result they have been used in studies
ranging from single molecule to cellular manipulation.”
Although they are a powerful tool for force spectroscopy and
biomolecular manipulation, optical tweezers require complex
optics, including high-powered lasers and high numerical
aperture objectives, and are potentially damaging to biological
samples.” Acoustic-based particle manipulation techniques
have emerged over the past decade as a noninvasive and
label-free alternative to optical tweezers.””'” Although acoustic
manipulation techniques may not offer the spatial resolution of
optical tweezers, they possess advantages in terms of their
ability to perform manipulations on a massively parallel scale
and can control particles over a much larger size range from
nanometers to millimeters.'*~*°
Several different platforms for acoustic-based particle
manipulation have been successfully demonstrated. The most
common design relies on the manipulation of standing wave
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fields.""”'~** In this approach, the interference between
acoustic waves traveling in different directions generates a
periodic, gridlike distribution of pressure nodes and antinodes,
enabling particles of different properties to be trapped at
specific positions.”*” Although simple to implement, these
standing wave-based acoustic tweezers are constrained to
particle trapping and manipulation in a gridlike spatial pattern.
They are generally unable to form the customized, arbitrary
patterns of particles needed for many applications in materials
science, biology, and medicine. As an alternative to the
common standing wave approaches, single acoustic beams
(e.g., Bessel beams) have been utilized to trap individual
particles in liquid,””*" similar to the configuration used by
optical tweezers. With this method, single microparticles or
droplets can be trapped and dynamically manipulated in three
dimensions. Although this method enables the forces exerted
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Figure 1. Schematic of the configuration and mechanism of cell/particle patterning via acoustofluidic holography. (a) Schematic of the
experimental setup. The liquid—air interface serves as the image plane; cells/particles originally contained in the AFH structure are confined
and translated to the designed pattern as acoustic waves are turned on. (b) Mechanism of acoustofluidic holography-based patterning. When
the incident acoustic wave propagates to the liquid—air interface, the acoustic radiation pressure will deform the liquid surface. The resulting
standing wave near the interface and the acoustic streaming bring the cells/particles to the wave crest and form complex patterns. Fy,
hydrodynamic force; Fp, acoustic radiation force. Blue circle: circulating streaming in the fluid domain confined by the boundary wall. (c)
Designed interface deformation in the shape of the letter “D”. (d) The pressure distribution of the deformed space. Because of the acoustic
impedance mismatch, the pressure near the interface is zero. (e) Photograph showing the deformation when the acoustic wave is turned on.

on individual particles to be well controlled, with a single
Bessel beam only one trapping position exists; this limits the
use of single acoustic beams in high-throughput applications or
biomedical applications where many cells or other bioparticles
are often involved. Furthermore, unlike optical tweezers, which
utilize a spatial light modulator to change the location of the
trapping point, changing the focus of an acoustic beam requires
a change in the position of the transducer or stage, leading to
relatively large working areas and complex experimental setups.

Extensive research efforts have been made to achieve more
complex pressure distributions through the use of acoustic
metamaterials,>> phononic crystals,*** and phased arrays.*
However, most research in these areas has been conducted
using air as the transport medium, which restricts the use of
these acoustic manipulation platforms; most biomedical
applications require the manipulation of cells and bioparticles
to be completed in their native liquid environment. Recently,
acoustic holography, which was oriéginally proposed for image
reconstruction of physical objects,”® has shown great potential
for dynamic particle manipulation.””*® With regards to
acoustic holography in the ultrasound regime, there are two
commonly used configurations: either a phased array
composed of multiple transducers is utilized,” or an acoustic
kinoform is placed in the beam propagation path which
discretizes and reconstructs the wavefront.” While results have
been promising, the diffraction limit and fluid turbulence have
limited current acoustic holographic technologies to manipu-
lating relatively large (hundreds of micrometers), low-density
particles which have negative acoustic contrast factors.””*’
Similar trapping and manipulation using current acoustic
holographic technologies have yet to be demonstrated for
many particles of interest, including most cell types,
extracellular vesicles, metals, and many polymers because
most have positive acoustic contrast factors and are physically
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smaller than 100 um.*' In general, most solid particles

suspended in aqueous solutions have positive acoustic contrast
factors,*' meaning that current systems are severely limited in
practical applications. Furthermore, these recent works ignore
the fluid motion and induced hydrodynamic effect generated
by the acoustic waves, which also contribute to particle
#27%5 Consequently, due to these constraints
manipulation techniques based on acoustic holography have
thus far been limited to niche applications and proof-of-
concept demonstrations.

Here, we demonstrate an acoustofluidic holography (AFH)
platform that overcomes the limitations of previous approaches

movement.

and enables manipulation of micro/nanoparticles, such as cells,
polymers, and metals, with a wide range of physical properties,
in arbitrary spatial distributions and paths. Moreover, the
combined acoustic and hydrodynamic physics employed in
AFH enables the manipulation of particles with sizes as small
as tens of nanometers, as well as the high-resolution patterning
of individual cells. The experimental setup illustrated in Figure
la is simple and versatile. The AFH platform is composed of
an acoustic transducer and a 3D printed container with a
custom-designed acoustic holographic kinoform at the bottom;
the kinoform spatially modulates the phase of the incident
acoustic plane wave from the transducer, and the container
height is set to be the distance between the kinoform and the
image plane. Diffraction of the incident wave creates a
complicated but controlled three-dimensional pressure dis-
tribution pattern throughout the container where fluid is
loaded to the same height as the container walls.

The AFH approach also involves a second component of
particle manipulation in the form of engineered fluid motion.
By controlling the acoustic radiation pressure and distribution,
both inner and outer fluid deformation can be triggered as
desired (i, liquid—air interface deformation and vortex
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Figure 2. Cell and particle patterning via acoustofluidic holography. (a) The flowchart of the AFH-based particle/cell patterning process.
The interface deformation patterns are designed and transferred to the corresponding pressure distribution, then back-propagated to derive
the bottom phase distribution. When acoustic waves are turned on, blue 10 gm PS particles accumulate at convex surface deformation
positions (top row showing photos of the patterns formed in the container). (b) Top-view (x—y plane) fluorescence images of patterned
HeLa S3 cells and zoomed-in image of cells. Cell patterns of the letters: “D”, “U”, “K”, and “E” are formed while the insets at the left corners
show the calculated deformation pattern. Each patterned letter image is reconstructed from nine smaller fields-of-view captured by a
microscope. Scale bar: 600 gm. (c) Zoomed-in image of patterned cells within the letter “K”. Scale bar of zoomed-in image: 50 pm.

streaming). Thus, particles inside the fluid domain will
experience both a hydrodynamic force and an acoustic
radiation force. With acoustic waves propagating throughout
the fluid, a circulating flow can be excited along the wave
propagation path, while the side walls of the container can help
to confine the fluid domain and minimize the evaporative
driven fluid motion. This circulating flow provides the support
to bring small particles to the liquid—air interface, which serves
as the observing plane for the applications. Meanwhile, the
acoustic radiation force simultaneously pushes the particles to
specific position (e.g, forming nonaxisymmetric patterns or
concentrating at a single spot). Different from previously
proposed holographic-based manipulation techniques’”*’
which were implemented in an unbounded medium, here the
AFH configuration has a finite size and the side walls of the
container confine the fluid with nonslip boundary conditions.
While it is shown to have very small impact on acoustic wave
propagation (see Supporting Information (SI) Figure S1), the
fluid motion inside the container can be better controlled and
interact with the complex acoustic field. With the same
experimental configuration, multiple functionalities are pre-
sented including patterning, rotation, concentration, and
separation. Moreover, we show that by encoding dual patterns
into one structure, different phenomena can be triggered under
different excitation frequencies. This work presents an essential
step for the use of holographic acoustic manipulation
techniques in practical applications such as bioprinting, tissue
engineering, cell separation, and micro/nanomaterial synthesis
and assembly.

RESULTS AND DISCUSSION

As shown in Figure 1a,b, when an arbitrary engineered acoustic
wave impinges on a liquid—air interface, the radiation pressure
balances the gravity force acting on the fluid and generates a

steady deformation at this interface*® (SI Figure S2). With this
approach, the interference between the incident wave and the
reflected wave generates a localized standing wave with the
pressure nodes below the liquid—air interface (as shown in
Figure 1b). Meanwhile, an acoustic streaming flow is generated
toward the deformed space, which also corresponds to the
lateral in-plane wave propagation direction (SI Figure S4b and
SI Movie S1). Because of the combined effect of the acoustic
radiation force generated by the localized standing wave and
the hydrodynamic force generated by the in plane streaming,
cells/particles migrate to the convex space and become trapped
due to the balance of forces (see SI Figure S4 for the detailed
patterning mechanism and SI Figure SS for the typical
measured pressure, streaming velocity, and force), thus
forming the designed pattern (Figure 2 and SI Movie S2).
The vertical deformation of the water surface h fits the pressure
equilibrium equation

pogh — YVh=2p 1)

where p, is the density of the water, g is the acceleration due to
gravity, y is the surface tension of the water, and p, is the
acoustic radiation pressure. The acoustic radiation can be
indicated using the expression given by Gor'kov*’

f 30,
Eg4=-V Vp : 2<P12>_ 2 (vyvp)
ZPOCO 4 (2)

2 2(p, = py)

_ Ao _BTh

where f1 =1 o f2 = ts
PP P 0

the volume, density, acoustic velocity of the particle (with
subscript of p), density, and acoustic velocity of the liquid
(with subscript of 0), respectively. p; and v, are the pressure
and velocity of the acoustic field.

) Vp) ppy Cp) Po and Co are
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Also, the hydrodynamic force resulting from acoustic

streaming can be calculated with the measured flow velocity
42
v

Fy = 6nav 3)

where 7 is the dynamic viscosity.

We first demonstrate patterning of 10 pm polystyrene
particles as shown in Figure 2a. Then, we demonstrate cell
patterning using HeLa S3 cells forming four letters: “D””, “U”,
“K’”, and “E” at the liquid—air interface (Figure 2b). After the
cells are transported to form the desired pattern, they
subsequently will bond to each other and maintain their
position and shape. Although the cell patterns may show some
small gaps due to minor disruptions in the flow, the natural
affinity of cells enable complex cellular arrangements to be
fabricated via AFH. One interesting finding in the experiment
is that the feature width of the actual cell pattern is observed to
be smaller than the acoustic pressure field resolution (~4/2).
This improved patterning resolution is a result of the decreased
width of the interface deformation pattern compared to the
width of the pressure field (see SI Figure S6). Thus, as cells are
trapped in the deformation space, they are confined in the area
near the tip of the interface. To show the potential of AFH in
more practical biological applications, we further demonstrated
the use of AFH to pattern NIH3T3 cells in a Petri dish (SI
Figures S9 and S10). Cells were placed in a hydrogel solution
within the Petri dish, and the Petri dish was placed on top of
the AFH device. Then, the cells were patterned by turning on
the acoustic waves. The hydrogel was cross-linked sub-
sequently by exposing to blue light to gelate the cell pattern
in the hydrogel. Patterned cells were observed to grow and
form clusters with the prescribed shapes.

Along with tissue level cell patterning, the ability to
manipulate and pattern cells with high resolution offers many
potential applications in the fields of biophysics, cell—cell
communications, regenerative medicine, and tissue engineer-
ing. With the common acoustic phase hologram,*?”**%
phase information covering from 0 to 27 is encoded in the
bottom structure, which translates to numerous different
thickness steps and requires high-resolution fabrication
methods to fulfill the needs of high-frequency input. Here,
we introduce the concept of binary phase AFH and show that
it can be implemented to enable capabilities in high-resolution
cell manipulation with commonly used rapid prototyping
methods. In the binary AFH configuration, phase information
is transferred from the transducer to the liquid domain using
only two distinct “bits” in the kinoform design. These bits
correspond to an acoustic phase of —0.027 or & rad, and
represent theoretical 0’s and 1’s, respectively. With this binary
phase AFH setup, although the mean square error will increase
by roughly two times, corresponding to a lower fidelity, the
phase steps required to generate the bottom kinoform are
reduced significantly from thousands of distinct numbers to
two values. The value of each binary pixel determines the
thickness of the kinoform at that location, and variations in the
thickness of the design that shift the phase by multiples of 27
will maintain the bit value. This means that larger height
differences can be used to accommodate varying fabrication
resolutions while achieving a high-resolution patterning
capability for the binary AFH with higher frequencies. Thus,
the required thickness resolution can be lowered to ~30 ym
compared to ~0.1 ym for the common AFH design. As shown
in Figure 3, 15 MHz is used to obtain a pixel width of 50 ym
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Figure 3. Binary acoustofluidic holography for high-resolution cell
patterning. (a) Illustration of binary AFH-based high-resolution
cell patterning. White area indicates “1” which corresponds to the
phase of 7 rad, black area indicates “0” for —0.02 rad. (b) The
original designed pattern with the letter “D”, calculated pressure
distribution, binary bottom phase, and phase distribution along
the red dashed line. Inset: pixelwise designed pattern (left),
microscopic image of the liquid—air interface (right). (c) Pattern
of the NIH3T3 cells. (d) Cell growth after 2 days. Scale bar: 50

pm.

(A/2). While the pixelwise pressure distribution and interface
deformation were designed as shown in Figure 3b, due to the
acoustic radiation force in the interface deformation space and
fluid streaming toward the deformation space, the actual
pattern width is observed smaller than the pixel width (half of
the wavelength), so that the pattern of the letter “D” is formed
with high resolution. As a result, binary AFH can be used to
form highly compact cell patterns and develop fibers with
prescribed shapes after cultivation. It is also worth noting that
high-frequency excitation may induce associated energy loss
when combined with a 3D printed plastic structure due to the
viscoelasticity and reflection by multiple interfaces (i.e,, PZT to
plastic and plastic to fluid). Thus, a trade-off between the
desired frequency (e.g., 15 MHz), the spatial resolution, and
the transmitted energy must be made when attempting to
generate specific patterns.

In addition to the patterning of the particles inside the fluid
domain, AFH is also able to drive single particle rotation in
particles that are floating at the liquid—air interface. As shown
in the Figure 4a,b, we designed a kinoform which can generate
a vortex-shaped pressure distribution, corresponding to a
circle-shaped interface deformation pattern with a concave
position in the middle. Meanwhile, vortex streaming is
generated in the bulk liquid near the interface, which can
rotate the floating particle (SI Movie S3). With different
excitation voltages, the streaming velocity and particle rotation
speed can be controlled (see SI Figure S11b). The rotation
speed is observed to be roughly proportional to the input
power from 20 Vpp to about 45 Vpp, while beyond this point
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Figure 4. Single particle rotation via acoustofluidic holography. (a) Illustration of AFH-based rotation. A hydrophobic particle which
remains floating on the liquid—air interface was used here. Inset (b) shows the pressure field, interface deformation, and calculated and
experimentally observed flow fields. Scale bars: 50 ym. (c) Two different pressure fields are encoded into one AFH structure for reversible
rotation. When excited at 1.65 MHz, the particle will rotate clockwise along with the vortex streaming. When switched to 1.75 MHz, the
rotation direction is reversed due to the pressure field change. Scale bars: 250 ym.

the precession of the particle inhibits further improvements of
the rotation speed.’”” Moreover, two distinct pressure
distributions can both be encoded into a single AFH structure
with different frequencies exciting the differing patterns,*
which enables us to tune not only the speed of the particl but
the direction of rotation as well. As shown in Figure 4c, two
vortex-shaped pressure distributions with counterclockwise
and clockwise polarities are encoded with excitation
frequencies of 1.65 and 1.75 MHz, respectively. Under 1.65
MHz excitation, the acoustic pressure distribution generated is
a counterclockwise vortex, resulting in clockwise rotation of
the particle. As the frequency is switched to 1.75 MHz, the
particle will rotate in the clockwise direction due to the altered
acoustic pressure and streaming fields (SI Movie $4).

We further demonstrate the manipulation of different types
of particles and cells by the acoustic vortex in which the
appropriate amplitude and phase information is simultaneously
encoded into a single structure (Figure Sa,b and SI Movie SS).
While the most commonly used acoustic holography methods
modulate the acoustic pressure or phase independently, here
we utilize double-phase holography to enable full wave
modulation that can generate a more complex acoustic field
using a single, low-cost structure. In our study, by
decomposing the complex acoustic field into two phase
components, an acoustic vortex with a spiral-shaped phase
distribution as well as a vortex-shaped pressure field is
designed. With this configuration, a 3D vortex streaming
field is observed in the bulk liquid with both horizontal and
vertical streaming (see SI Figure S12). As the vertical
circulating flow is generated akin to the Eckart streaming,
angular momentum can be transferred to the fluid due to
vortex phase. Similar to the previous cell pattern phenomenon,
with the image plane set in the near field particles are observed
to form the vortex-shaped pattern. But interestingly, by
increasing the distance between the bottom structure and
image plane (~40 1), we found that instead of forming the
vortex-shaped pattern, particles tend to migrate to the middle
of the liquid—air interface. This phenomenon may be due to
the increased attenuation of the acoustic wave at longer
propagation distances and subsequent transfer of energy and

a Concentration pomt b

Pressure (kPa) Phase

Velocity (mm/s)
450 ;11 —-— n 0 0.9

4
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Figure S. Particle/cell concentration via acoustofluidic holography.
(a) Tllustration of the particle/cell concentration mechanism
detailing the process of AFH-induced vortex streaming in both
horizontal and vertical directions. Particles are ultimately
concentrated at the center of the AFH device, along the liquid—
air interface. (b) The pressure distribution, phase, and flow field of
the designed image plane. (c) Particles with different physical
properties and sizes ranging from micrometers to nanometers can
be concentrated via AFH. Insets: initial states of the particles
before the acoustic signal is turned on (left), TEM image of the
extracted silver nanoparticles (right). Scale bars: 100 pm for
fluorescent images and 100 nm for TEM image.

angular momentum to the surrounding fluid. Thus, we further
investigated how the vertical and lateral hydrodynamic forces
and acoustic radiation force influence the pattern with different
distances between the bottom of the devices and the image
plane. As shown in SI Figure S13c,d, we found that with
relatively small distances (~10 4), particles tend to form the
vortex-shaped pattern, while with larger distances (~40 1)
particles are concentrated and form the disklike pattern. We
theorize that the reason for this observation is that with smaller
distances, acoustic waves are less attenuated and the acoustic
radiation force plays a more important role in forming the
pattern; with larger distance, as we discussed above, acoustic
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Figure 6. Particle/cell separation via acoustofluidic holography. (a) Illustration of the selective concentration mechanism. Larger particles
will experience a larger acoustic radiation force and hydrodynamic force which enables them to be separated from the mixture solution. (b)
Separation of 970 and 530 nm particles. Scale bar: 100 gm. (c) Separation of 4.19 and 10 gm particles. Scale bar: 200 gm. (d) Fluorescent
images at different z-planes and fluorescent intensity distribution along the lateral axis.

waves have larger attenuation along the z-axis, and particles are
brought to the middle of the interface by the acoustic
streaming. This results in increased vertical streaming and
enables small particles to be concentrated along the streamline
to a single spot near the liquid—air interface (Figure S). The
acoustic waves in this configuration simulate a stick stirring the
liquid, thus, in order to maintain the curved path of the liquid
motion, a centripetal force is needed to direct particles toward
the center. Meanwhile, the acoustic radiation force will
continuously help to trap the particles near the interface.

Utilizing both the acoustic radiation force and hydro-
dynamic force in the bulk liquid, we are able to concentrate
particles and form a disk-shaped pattern with particles that
have different material properties and sizes ranging from tens
of micrometers to tens of nanometers (as shown in Figure Sc
and SI Figure S13, SI Movie S6), as well as for living matter (E.
coli bacteria) which has a self-propulsive force. With an
excitation frequency below 10 MHz, the acoustic radiation
force and hydrodynamic force balance each other and create a
size limit of ~1 um; however, the motion of submicron and
nanosized particles is dominated by hydrodynamic force. With
a weak acoustic radiation force and vertical hydrodynamic
force, particles are brought to the interface and then follow the
streamlines (see SI Figure S12) to be gradually concentrated at
the middle of the interface.

In addition to concentrating the particles/cells for
applications such as biosensing, cells can also be patterned
into disklike shapes and further connect with each other after
culture (SI Figure S14). This function may be beneficial in
biomedical applications*’ such as tumor modeling and cancer
therapy. In the experiments, 1.65 MHz acoustic waves are used
to concentrate the particles larger than 1 pm while 7.21 MHz
waves are used to concentrate the submicron and nano-
particles. Cell viability testing was also performed to study the
influence of the acoustic wave and hydrodynamic effects. Both
the concentrated and control cells tested are shown in SI

Figure S1S. The results show over 95% viability in the
concentrated sample, suggesting that AFH is a highly
biocompatible manipulation technique.

Matching theory with experimental results, we found that
the concentration phenomenon corresponds to the relation-
ship between the excitation frequency, amplitude, and particle
size. When the liquid contains a mixture of particles with
different sizes, larger particles move along the vertical
circulating streaming and reach the interface faster due to
relatively larger acoustic radiation force and are also pushed
toward the middle due to the lateral hydrodynamic force.
Meanwhile, the smaller particles follow the circulating
streaming direction and are brought back to the fluid domain
by the hydrodynamic force, preventing their vertical migration.
These differences in particle trajectories allow us to separate
particles with different sizes (SI Movie S7). As shown in Figure
6 and SI Figure S16, by using different combinations of
frequency and power, we can separate 970 nm particles from
530 nm particles, 1 ym particles from 3 ym particles, and 4.19
um particles from 10 pym particles. We observe that the
fluorescent intensity in the middle area of the surface is
significantly larger than the surrounding area, which indicates
that the majority of the 10 ym particles have migrated to the
center. On the other hand, the 4.19 um particles remain
randomly distributed since the acoustic radiation force and
lateral hydrodynamic force they experience is not comparable
to the vertical hydrodynamic force. The significant contrast in
the concentration density of particles with different sizes
demonstrates the potential for using AFH for particle
separation based on differences in size.

CONCLUSIONS

In this study, we introduce a multifunctional acoustofluidic
holography technology. Contrary to conventional acoustic-
based particle manipulation, which requires standing wave
fields with gridlike pressure node distributions or complex
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configurations to trap particles, the AFH device described here
confines the complex acoustic wave distribution and fluid to a
small space where acoustic streaming can be harnessed to
stimulate fluid motion and further manipulate particles in
either translational or rotational manners. A combination of
acoustic radiation forces and hydrodynamic forces can
manipulate particles with different material properties and
sizes, enabling many potential applications in various fields.
Meanwhile, with the same experimental configurations differ-
ent holography techniques are explored in our studies to
achieve different types of engineered fluid motion. These
techniques include the classic phase holography, which is used
to generate a predesigned pressure or phase distribution, as
well as multiple-frequency holography, which is used to
generate distinct acoustic fields under different excitation
frequencies. In addition, double-phase holography is intro-
duced to simultaneously modulate the pressure and phase
fields, which brings a higher degree of freedom during particle
manipulation.’® Finally, binary holography is utilized to
achieve high-resolution cell patterning. Techniques for high-
resolution cell patterning typically require the use of complex
equipment or expensive fabrication techniques; however,
binary holography enables high-resolution cell patterning
using an easily accessible, low-cost fabrication technique (i.e.,
3D printing). While various binary holography studies have
been conducted in optics,””*” it has been previously
unexplored in the field of acoustic manipulation. One potential
reason for this discrepancy is because in optics an amplitude
binarized field can be relatively easily achieved via a photomask
or spatial light modulator; however, acoustics faces technical
challenges due to its strong transmission effect in liquid, which
leads to difficulties in fabricating a binary amplitude kinoform
for underwater acoustics. In our study, we applied a binary
phase holography method which avoids the amplitude
modulation and simplifies the fabrication criteria, thus,
shortening the bridge between high-resolution particle
patterning and low-cost devices.

In addition to the holographic modulation of the acoustic
wave, the resulting engineered fluid motion (ie., liquid—air
interface deformation and acoustic streaming) is equally
important to the performance of AFH. For example, we have
demonstrated that liquid—air interface deformation is essential
for cell patterning; when a thin coverslip is placed on top of the
liquid surface to prevent the interface deformation, cells can no
longer be patterned and instead remain suspended in the fluid
domain (see SI Figure S7). Liquid—air interface deformation is
required for cell patterning because it provides a stable space
where cells can be trapped. In addition, the interface serves as a
natural barrier that prevents the vertical migration of cells away
from the patterned area due to undesired turbulent flow. As a
result, the actual cell pattern formed near the interface shows a
narrower feature width than the designed acoustic pattern due
to the decreased width of the deformation space, leading to a
“resolution breakthrough” phenomenon as compared to the
acoustic field resolution alone. The interface deformation
interaction can also be seen as a type of low-pass filter’” that is
able to remove noise from the acoustic field pattern, which
without filtering typically exhibits roughness in its 2D
projection (see SI Figure S8). As such, cell patterns formed
in the deformation space are clearer compared to the patterns
dominated by purely acoustic radiation forces. Noting that
although a recently reported soft membrane-based acoustic
particle patterning method can also achieve complex and
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nonperiodic cell patterning with a thin PDMS structure,” their
method still heavily relies on complex fabrication techniques
and acoustic radiation force-based manipulation. In addition,
the target sample volumes (a thin liquid layer) are limited by
the fragile thin film structure. Compared to their design, our
AFH technology has advantages in its ability to not only
pattern particles, but also rotate, concentrate, and separate
particles. As a result, AFH can be more easily implemented as a
robust experimental platform.

In summary, we demonstrate four different functionalities
using acoustofluidic holography including: patterning, rotation,
concentration, and separation using either biological samples
or micro/nanoparticles (see SI Figure S17 for the design
flowchart for different functions). Although only four basic
functions are shown here, more complex functions and
applications (e.g,, size-selective cell patterning and enrichment,
nanocapsule synthesis) can be envisioned based on this
versatile platform. Furthermore, the working sample volume
can be conveniently adjusted (from ~10 uL to ~1 L)
depending on the required application. With the binarized
kinoform developed in this work, not only is the design of the
device simplified, but the subwavelength structured kinoform
can be fit to higher excitation frequencies which enables the
manipulation of cells into prescribed patterns with high
resolution. With higher-resolution fabrication techniques
(e.g., nanofabrication), the patterning resolution can be further
enhanced. Encoding several acoustic pressure designs or
prescribed amplitude-phase distributions into one structure
allows different functions to be performed simultaneously or
individually with a single device. Although our AFH contains a
relatively small number of pixels (from ~600 to ~9000 pixels,
1 pixel is a square with the length of half of the wavelength)
compared to previous work (~15 000 pixels),” it is enough to
drive fluid motion and allows for fluid control and particle
manipulation; the AFH design strategy can also be extended to
larger scales with more pixels and larger volumes. Ultimately,
this AFH technology greatly simplifies the experimental setup
of current acoustic-based particle manipulation techniques
while achieving the high spatial resolution and versatility
required for a diverse set of applications in materials science,
biology, and medicine.

MATERIALS AND METHODS

Design of the Acoustofluidic Holographic Kinoform. The
iterative angular spectrum method®****™” is applied here, where the
surface deformation computation can be calculated by combining the
intensity distribution with a transfer function derived from the
pressure equilibrium equation.*® The surface deformation can be
indicated as

H/(k,, ky; z,) = P(k,, ky; z,)G(k,, ky; z,) (4)
where k, k, k, indicate the wavenumber in join, x, y directions,
respectively, z,, z, are the vertical coordinates of the liquid surface
plane and bottom plane, respectively. The calculated transfer function

G(kx,ky;zs) is

1

Gk, kj z) = —————<
y pg + 1k + k%)

(s)

where pj is the density of the liquid, g is the gravity acceleration, and y
is the surface tension of the liquid. Pr(kx,ky;zs) is the Fourier transform
of the acoustic radiation pressure which is expressed as
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N2
Bk, ks 2,) = f[w]
Poco (6)

where p(x,y;z,) is the pressure distribution on the z, plane.
On the basis of the angular spectrum method, we have

i k212
P(k,, k,; z) = P(k,, k,; Zb)el(ls )k =k =k, )

This allows us to relate the bottom pressure to the interface
deformation through the following relationship

F "7--1 M [,CZ
G(k,, ky; z,)
—2p) [Pk =k}
= P(k"’ ky; zs) = P(kx; ky; Zb)el(ZS K=k (8)

Thus, by designing for the desired deformation at the liquid—air
interface, we can back calculate the pressure distribution to the image
plane. Further back-propagation allows us to predict the phase
distribution of the bottom plane and design the required 3D printed
kinoform structure. The derivation is detailed in the Supporting
Information.

When designing the acoustofluidic holography device, we first
decompose the input from the bottom pressure field into multiple
spatial frequency components by a 2D Fourier Transform and
propagate to the interface. Then, multiple transfer functions are used
to calculate the surface deformation. The deformation amplitude for
the interface can be converted to the pressure distribution at the
interface. After that, the pressure distribution along the bottom can be
obtained, enabling us to calculate the required thickness of the 3D
printed kinoform structure at each spatial location. Several iterative
processes need to be employed in order to minimize the erroneous
components.

It is worth mentioning that as kaz + ky2 approaches k, the

2_12_,2
@2k =k =" i inher-

spectral transfer function h(k,, ky; z)=¢
ently undersampled in this region which causes aliasing errors. To
address this problem, we applied spatial frequency truncation and the

cutoff spatial frequency is given by’

2
kcut—off =k %
D* + 2(z, — z,) (9)
where D is the length of the bottom structure. This cutoff eliminates
the under sampled angular spectra and protects the imaging plane
from the influence of higher spatial frequency components.

Design of Acoustic Vortex Shapes. The process to design the
acoustic field to generate the 2D vortex shape is similar to the design
process for shaping the deformation of the liquid—air interface. We
utilize a band limited iterative angular spectrum method which leads
to 2D vortex streaming with a propagating acoustic energy flux. The
amplitude is controlled during the calculation and back-propagated to
form the phase map. Since the particle is floating on the liquid—air
interface, only 2D vortex streaming is utilized here and the vertical
streaming in the fluid domain will not influence the rotation
performance.

The design of the 3D acoustic vortex field with 3D streaming is
obtained with the help of double-phase holography, which transfers
the amplitude and phase separately (details in Supporting
Information). With the image plane setting on the liquid—air
interface, a 2D vortex streaming similar to the particle rotation case
is generated. Meanwhile, there are two vortices streaming in the
vertical direction which also contribute to the motion of the particles
immersed in the liquid. Instead of generating an exact vortex pressure
distribution in a free field, the acoustic field is used to initiate the
vortex and transfer angular momentum near the interface when the
body force is perpendicular to the interface. As for the 3D vortex
streaming design, particles are pushed to a single point in the fluid

domain with a relatively large volume, which is difficult to achieve
using traditional acoustic tweezers.

Meanwhile, in the near-field holographic calculation, the higher
spatial frequency components have very little influence on the field
distribution. This is because most of the higher spatial frequency
components are directed toward the middle area of the surface. Thus,
even in free space the forward propagating wave will mostly travel
toward the surface instead of being reflected by the wall. In addition,
the wall is designed to be thick enough to dissipate most of the energy
of the components with higher spatial components. Therefore, even
though the wall and water have similar acoustic impedances, the wall
has a much higher attenuation as compared to the water. The detailed
discussion comparing the free-space propagation and confined space
propagation is presented in the Supporting Information.

Dual-Frequency Acoustofluidic Holography Design. Rever-
sible clockwise and counterclockwise particle rotation is achieved by
encoding two vortex shape distributions into one structure. This
exploits the chromatic variation within the Fresnel focal depth for
multiple frequencies. When two different pressure distributions are
encoded into one structure, both of the fields exist simultaneously
once the transducer is turned on with either designed frequency
applied.***® The pressure field will be in-plane with one
corresponding excitation frequency while the field respective to the
other frequency will be out-of-plane due to the wavelength
dependence of the phase offsets during propagation. The relationship
between the two frequencies and two imaging distances is
approximated as

frethae = Jode (10)

where f,, f, d,, and d. are the frequency designed for a
counterclockwise vortex, the frequency designed for a clockwise
vortex, the imaging distance of the counterclockwise vortex, and the
imaging distance of the clockwise vortex, respectively.

As the phase offset generated by the structure is calculated, the
thickness map of the structure can be described by

Ap(x, y)

t(x, y) = t, —
() K -k (11)

where f, is the original settled thickness, A@(x,y) is the calculated
phase map, k, is the wavenumber of the structure, and ki is the
wavenumber of the liquid. Then, the thickness map is converted to
the real structure using a 3D printer (MJP3600, 3D Systems, U.S.A.)
with a crystal material whose acoustic velocity and density are
measured as 2350 + 50 m/s and 1.22 g/cm? respectively. The
printer’s spatial resolution limit is x,y, 33 um; z, 13 pm.

Binary AFH Design. The binarization of the AFH is based on the
modified direct binary search method.®® While most traditional
methods use a random binary phase as their initial condition, our
AFH device utilized truncated phase holography as its initial state,
which enables higher convergence speed during calculation. The
mean square error is computed as every pixel of the binary pattern is
toggled one by one. The value of a given pixel will be preserved when
the mean square error is improved, and it will be changed if the mean
square error becomes worse. The iteration will stop when any change
in the binary information induces a degradation of the mean square
error. The binary AFH is specifically designed for high-resolution cell
pattern while reducing the critical fabrication requirement for high-
frequency excitation.

Flow-Field Simulation. The governing equations of acoustic
streaming are eqs 22 and 23 in the Supporting Information. With the
acoustic field distribution, the body force that generates acoustic
streaming, which relates to acoustic particle velocity, can be calculated
by eq 21 in the Supporting Information. By applying the force to the
3D simulation domain with proper boundary conditions, the
governing equations are solved to yield the acoustic streaming
pattern. The detailed formulation, model description, and parameters
are contained in the Supporting Information.

Experimental Setup and Materials. The experimental setup
includes the 3D printed box with the kinoform structures encoded
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onto the bottom, a rectangular transducer (STEMINC, U.S.A.), and a
thin layer of couplant gel (Couplant D, Olympus, Japan) between
them for efficient acoustic energy transmission. Three different
transducers are used for generating the frequencies of 1.65/1.75 MHz
(4.5 cm X 4.5 cm), 7.21 MHz (3.0 cm X 3.0 cm), and 15 MHz (1.0
cm X 1.0 cm). A function generator (AFG 3011, Tektronic, U.S.A.)
generates the pulsed sinusoidal waveform with the frequencies around
the center frequency of the transducer; this signal is passed through an
amplifier (25A100A, Amplifier Research, U.S.A.), whose output is
connected to the acoustic transducer. The height of the 3D printed
container is set to be equal to the distance between the bottom
structure and the image plane (e.g., 20 1), where the fluid domain is
filled with particles. The experimental phenomenon was observed
under an upright microscope (BXS1WI, Olympus, Japan) while the
pictures and video were captured by the camera under either bright or
fluorescent field. A video of 1 um polystyrene particles was analyzed
using either the PIVLab toolbox®" in Matlab, or Image] (NIH, U.S.A.)
to determine the flow field velocity distribution and streamlines,
respectively. The acoustic field is measured using a hydrophone
(HNCO0100, Onda Corporation, Sunnyvale, CA) which is employed
along with an oscilloscope (DPO4104, Tektronix, U.S.A.). A custom
3D scanning platform controlled by LabVIEW software (NI
Corporation, TX) is used to scan the field.

For the particle/cell patterning experiment, HeLa S3 cells, NIH3T3
cells (fibroblast), and 10 gm polystyrene particles were used. Two
different sizes of structures are used for patterning in large (2.5 cm X
2.5and 2 cm X 2 cm) and small (1 cm X 1 and 0.5 cm X 0.5 cm)
areas. The image plane distance determines the height of the
container, and the structure size corresponds to the size of the
container. The typical pulse length and repetition frequency is
dependent on the designed distance between the bottom structure
and the image plane. For example, with the excitation frequency of
1.65 MHz and the distance between the bottom structure and the
image plane of 20 /, the pulse length is set to be 12.1 us (20 cycles),
and the interval is 24.2 us (40 cycles). It was also observed that with
longer pulse lengths, the patterning time can be decreased but more
particles will remain trapped inside the fluid domain instead of the
liquid—air interface. For small-area particle patterning, 1 g L™
Pluronic F68 (Sigma-Aldrich, U.S.A.) is used as the surfactant to
decrease the surface tension. 5% w/v Gelatin methacryloyl (Sigma-
Aldrich, U.S.A.) is used for gelating the cell pattern. Both HeLa cells
and NIH3T3 cells were cultured in DMEM (Gibco, Life
Technologies) containing 10% fetal bovine serum (Gibco, Life
Technologies) and 1% penicillin-streptomycin (Mediatech). Cells
were maintained in a cell culture incubator (Nu-4750, NuAire) with a
temperature of 37 °C and a CO, level of 5%.

For particle rotation experiments, 100, 300, and 500 um
polyethylene particles (Cospheric, U.S.A.) are tested to achieve
rotation in either the clockwise or counterclockwise directions. For
particle/cell concentration experiments, HeLa cells, E. coli bacteria
(ATCC, VA, US.A.), PLGA, polystyrene (Sigma-Aldrich, U.S.A.),
and metal particles (nanoComposix, U.S.A.) with sizes of 1 ym, 530
nm, 400 nm, and 80 nm are all used to prove the versatility of the
AFH configuration. In the particle separation experiment, 10 ym, 4.19
pum, 3 ym, 1 um, 970 nm, and 530 nm polystyrene particles (Sigma-
Aldrich, U.S.A,, Bangs Laboratories, U.S.A.) with different fluo-
rescence tags are tested in pairs, demonstrating the capacity to
separate particles ranging from several micrometers to nanometers.

Cell Staining and Viability Test. For the HeLa S3 cells (ATCC,
US.A.) staining, 1 mL of calcein AM (0.5 mmol L7', Life
Technologies, U.S.A.) was added to 1 mL of cells suspended in
phosphate buffer saline (PBS), followed by incubation at room
temperature for 30 min. Stained cells were then centrifuged and
resuspended in 1 mL of PBS. The E. coli bacteria (ATCC, U.S.A.) is
stained using a BacLight Live/Dead viability kit (Thermo Fisher,
U.S.A.). Fifty microliters of HeLa S3 cells is collected after AFH
treatment. The cells are double-stained with calcein AM (CAM) and
propidium iodide (PI) after the 20 min incubation. The viability is
measured by counting CAM-positive and PI-negative cells under a
microscope. For the confocal images of the cultured NIH3T3 cells,
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Alexa Fluor 488 (Thermo Fisher, U.S.A.) is used for the cells, and 7-
aminoactinomycin D (Thermo Fisher, U.S.A.) is used for the cell
nucleus.
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