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Large-scale acoustic single cell trapping and
selective releasingy

Xiang Zhang, @2 Jacob Smith,® Amanda Chengyi Zhou,®
Jacqueline Thuy-Tram Duong,® Tong Qi,°® Shilin Chen,*® Yen-Ju Lin,? Alexi Gill,®
Chih-Hui Lo,® Neil Y. C. Lin,*" Jing Wen,® Yunfeng Lu @ ¢ and Pei-Yu Chiou*?

Recent advancements in single-cell analysis have underscored the need for precise isolation and
manipulation of individual cells. Traditional techniques for single-cell manipulation are often limited by the
number of cells that can be parallel trapped and processed and usually require complex devices or
instruments to operate. Here, we introduce an acoustic microfluidic platform that efficiently traps and
selectively releases individual cells using spherical air cavities embedded in a polydimethylsiloxane (PDMS)
substrate for large scale manipulation. Our device utilizes the principle of acoustic impedance mismatches
to generate near-field acoustic potential gradients that create trapping sites for single cells. These single
cell traps can be selectively disabled by illuminating a near-infrared laser pulse, allowing targeted release of
trapped cells. This method ensures minimal impact on cell viability and proliferation, making it ideal for
downstream single-cell analysis. Experimental results demonstrate our platform’'s capability to trap and
release synthetic microparticles and biological cells with high efficiency and biocompatibility. Our device
can handle a wide range of cell sizes (8-30 um) across a large active manipulation area of 1 cm? with
20000 single-cell traps, providing a versatile and robust platform for single-cell applications. This acoustic
microfluidic platform offers a cost-effective and practical method for large scale single-cell trapping and
selective releasing with potential applications in genomics, proteomics, and other fields requiring precise
single-cell manipulation.

7

Introduction

Recent studies have highlighted the significant heterogeneity
present in both the phenotypes and genotypes of cells."?
Conventional bulk cell assays, which operate under the
assumption of cellular homogeneity, average out the properties
of individual cells, thereby obscuring the variability and unique
characteristics inherent within a cell population. This limitation
has underscored the growing importance of single-cell level
analysis in biological research, encompassing fields such as
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immunology,®* cancer research,”” and drug development.®’
Consequently, techniques in single-cell level analysis of
genomics,'®™* proteomics,”* " and metabolomics'®™"® have
become pivotal in current research for the precise
characterization of cellular states and functions, making single-
cell analysis an essential tool for uncovering hidden genetic,
cellular, and structural details. To achieve high-precision
isolation and manipulation of individual cells for single-cell
analysis, a myriad of techniques has been developed over the
past decades. These methods include microwells,'**
micropatterns,”>** microtraps,>>* microvalves,**® droplet-
based techniques,®*® optical tweezers,”>*° and magnetic
tweezers,”"*> and the use of dielectrophoretic forces®*?** or
optoelectronic tweezers.>>*® However, they exhibit various
limitations, including low throughput, buffer incompatibility,
complex device fabrication, reduced biocompatibility due to
additional labeling, and reliance on expensive, bulky external
instruments. On the other hand, acoustic tweezers offer an
alternative that is contact-free, biocompatible, and low-cost for
manipulating individual cells, addressing some of these key
challenges.

Acoustic tweezers, primarily utilizing surface acoustic waves
(SAWSs),**™” can effectively manipulate microparticles and cells
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by generating acoustic potential wells through standing acoustic
waves. In SAWSs, standing waves are generated by interdigitated
transducers (IDTs), typically fabricated on a piezoelectric
substrate such as lithium niobate (LiNbO;). However, these
devices are constrained by a limited active acoustic
manipulation area due to the evanescent wave's decaying
nature.*® Recently, a novel acoustic device known as the
compliant membrane acoustic platform (CMAP),*>' enabling
near-field trapping of microparticles and cells over a large area.
Unlike SAWs, CMAP does not rely on acoustic standing waves;
instead, it utilizes large acoustic impedance mismatches to
create a near-field acoustic potential gradient for patterning
microparticles and cells at sub-wavelength resolution with
complex, non-periodic acoustic potential profiles. However,
CMAP cannot achieve single-cell level trapping and
manipulation due to the difficulty of fabricating a thin and soft
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membrane structure over a narrow and high aspect ratio PDMS
structure, only handling microparticles and cells in groups.
Additionally, once microparticles and cells are trapped, CMAP
lacks the capability to selectively release specific particles or
cells for downstream collection and further analysis.

Herein, we present a novel acoustic microfluidic device
designed for large scale single-cell trapping and selective
releasing. Acoustic potential wells, generated by spherical air
cavities within a PDMS substrate, provide the necessary acoustic
radiation force for individual cell trapping and isolation. These
potential minima are created as the acoustic wave travels
through the patterned PDMS substrate. After trapping is
complete, the near-infrared laser pulse can selectively disrupt
the air cavities, releasing the microparticles or cells with the
assistance of background flow. Our device not only allows large
scale single cell trapping but also enables their deterministic
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Fig. 1 (a) 3D diagram and schematic of the platform: the PZT substrate (orange), glass layer (transparent), PDMS structure embedded with

spherical air cavities (light blue), thin palladium metal coating (dark gray), and the top PDMS microfluidic channel. The serpentine PDMS
microfluidic channel (1 mm wide, 0.2 mm tall, and 10 cm long) allows for the trapping and selective release of particles and cells. The yellow beam
represents the near-infrared laser used for the selective release process. (b-e) Cross-section view of the device to illustrates the working
mechanism. (b) Acoustic off: microparticles and cells (represented by red and green spheres) remain randomly distributed and are not influenced
by the air cavities. The air cavities, depicted as white circles, are located within the PDMS structure. (c) Acoustic on: microparticles and cells are
trapped at the air cavities. (d) Laser on: laser is focused above the air cavities to selectively release the trapped particles. This process allows water
to fill the air cavities. (e) Post-release: the trapped particles (green) are released and subsequently flushed downstream by the background flow.
The red particles remain trapped due to the intact air cavities.
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release. Additionally, the fabrication process is simple and
requires no photolithography process, offering a low cost and
rapid prototyping method for applications in single-cell
analysis.

Results
Operation principle of the device

Fig. 1a presents the 3D diagram and schematic of the single
cell CMAP device. It consists of a PZT substrate to provide
acoustic excitation, a glass substrate with a PDMS structure
embedded with spherical air cavities, a thin palladium metal
coating to absorb near infrared irradiation, and a top
serpentine-shaped PDMS microfluidic channel that serves
both as a chamber and a fluid flow guide. Single-cell acoustic
trapping is achieved by utilizing the air cavities next to the
surface of a PDMS structure to create near-field acoustic
potential wells generated by the significant acoustic
impedance difference between air and the surrounding
materials. PDMS is selected for its impedance properties,
closely matching that of water, minimizing wave reflection
and ensuring efficient acoustic energy transmission into the
water layer.

The 3D spherically-shaped air cavities created by the
microspheres form a tapered PDMS layer between the water
and the air cavity, with the thinnest section at the center.
This central region, being the softest and most compliant,
keeps the lowest pressure area at the center of the air cavity
during acoustic vibration. This creates a single precision
trapping site at the center of each air cavity. This is
advantageous compared to prior studies that utilize 2D air
cavities formed by a planar PDMS membrane of the same
thickness.**" In those structures, microparticles tended to
trap along the contour of these air cavities rather than at a
single point.

Fig. 1b and c illustrate the process of acoustic trapping. After
individual microparticles and cells are trapped above the air
cavities, background flow is introduced into the channel to
flush out non-trapped particles. Next, a 1030 nm near-infrared
laser (Thorlabs QSL103A, 500 ps pulse duration) is used to
selectively release the particles. The near-infrared wavelength is
chosen to minimize cellular absorption and scattering, thereby
reducing photothermal or photochemical effects on cells. When
the laser is focused above the air cavities, the palladium layer
absorbs the laser energy, causing disruption of the thin PDMS
membrane underneath. Water then fills the broken air cavities,
nullifying the acoustic traps to release the particles above, which
are subsequently flushed downstream by the background flow.
The permanently nullified traps avoid re-trapping of cells
released in the upstream. The schematics of the selective release
are shown in Fig. 1d and e.

In Fig. 1d, the red particle is trapped above the intact thin
PDMS membrane. The green particle, however, is released by
laser-induced PDMS membrane rupture, which allows water
to enter the cavity and nullify the acoustic trapping. SEM
images showing the structure difference of an intact air cavity
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and a laser-disrupted cavity are presented in ESIf Fig. S7.
The 10 nm thin palladium layer coated on the PDMS surface
is for absorbing the laser energy but not changing the
compliant membrane nature of the PDMS structure. The
localized nature of the laser beam ensures that only the
targeted air cavities are disturbed, allowing for precise and
selective release of individual particles.

Device fabrication

Fig. 2 illustrates the fabrication process flow for manufacturing
the single-cell CMAP device. The process begins with drying a
liquid solution containing 5 um PMMA beads on a PVC
substrate, followed by pouring a PDMS precursor. A glass
substrate, which serves as a carrier, is then pressed onto the
uncured PDMS. After curing, the glass and PDMS layers are
released from the PVC substrate by immersing in acetone.
During this process, the PMMA microspheres, which were
embedded just beneath the PDMS surface, dissolve and
subsequently create air cavities as the solvent evaporates
through a residual PDMS membrane between the air-water
interface. Following this, a 10 nm thin palladium layer is
selectively sputter-coated onto the PDMS surface (Dep Sputter —
Denton Desk II) with a deposition time of 15 seconds.
Palladium is chosen for its wide availability in SEM sputter
coating. Other metallic materials should also work. This
deposition is guided by a plastic shadow mask cut with a CO,
laser (Glowforge Inc. 40W 3D laser cutter). After the plastic
shadow mask is lifted off, a desired shape is patterned on the
PDMS surface. Finally, a PDMS channel, molded using a CO,
laser-cut plastic mold, is O, plasma bonded onto the PDMS
layer containing the air cavities to complete the device.

Numerical simulation

The spherical shape of the cavities ensures a single tangential
contact point at the PDMS structure surface, creating a single
acoustic potential well directly above each air cavity. To verify
our design, a COMSOL acoustic-structure interaction model
is implemented (ESI} Fig. S8). Fig. 3a illustrates a three-
dimensional COMSOL simulation of a single air cavity,
showing the radiation potential profile for 10 pm polystyrene
microspheres in water. Fig. 3b reveals the cross-sectional view
of the three-dimensional simulation depicted in Fig. 3a. It
demonstrates a sharp gradient drop in radiation potential
from the bulk PDMS area to the air cavity area, indicating a
steep decrease in potential energy as the 10 pm polystyrene
microsphere moves from the bulk PDMS region towards the
center of the air cavity. The lowest point in the radiation
potential is located at the center of the air cavity. This steep
gradient drop confirms the effectiveness of the air cavity in
creating strong acoustic radiation forces. The presence of a
single, potential minimum indicates that the trapping
position is highly localized to the center of each air cavity.

To study the minimum separation distance between two
neighboring traps, we simulated air cavities with varying
spacing. In Fig. 3c, two air cavities spaced 15 um apart create
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Fig. 2 (a) PMMA microspheres (5 um) are deposited and dried on a PVC film substrate. (b) PDMS precursor is poured over the PMMA beads and
pressed by a glass substrate to ensure uniformity. (c) After curing, the PDMS and glass are released from the PVC substrate by immersion in
acetone, which dissolves the embedded PMMA microspheres, creating air cavities. (d) A thin palladium layer (10nm) is sputter-coated through a
CO, laser-cut plastic shadow mask onto the PDMS surface. (e) The shadow mask is lifted off, leaving the palladium selectively deposited in the
desired regions. (f) A PDMS microfluidic channel is O, plasma bonded with the PDMS layer containing the air cavities, completing the device

fabrication.

distinct potential wells, which allow for separate single cell
trapping at each cavity. However, as shown in Fig. 3d, when
the spacing decreases to 10 um, the potential wells merge,
preventing individual trapping at each site. These simulation
results predict that the minimum separation distance
between two neighboring traps is around 10-15 pm.

To calculate the radiation force on microparticles, we
calculate the spatial gradient of the potential energy
distribution. For a particle of size much smaller than the
wavelength (D < 1), the acoustic radiation force (ARF) can be
approximated by the following expressions:**

ARF = -vy™d (1)
- (@efl [
(2)

where ARF represents the acoustic radiation force (ARF), U™ is
the acoustic potential energy, a denotes the particle radius, and
p and v are the first-order acoustic pressure and velocity at the
particle, respectively. The compressibility (x) and density (p) are
subscripted as ‘p’ for the particle and ‘o’ for the surrounding
medium. The ARF is the negative gradient of the acoustic

Lab Chip

potential energy U™, This indicates that the ARF acts in the
direction opposite to the gradient of the acoustic potential.
Consequently, in our device, microparticles will be transported
to the potential minimum region by the acoustic radiation
forces (ARF) resulting from the non-uniform acoustic potential
distribution. In addition, based on Fig. 3b and eqn (1), the
gradient of the potential is steepest near the air cavity area,
indicating that the ARF is strongest in this region. As the
distance from the air cavity center increases, the potential
gradient becomes smaller, indicating that the ARF decreases in
magnitude.

Experimental trapping results of polystyrene microspheres

To characterize the forces applied on a single particle, we
conducted single particle position tracking to obtain distance
and velocity information. For the acoustic radiation force
analyzed in our experiments, all the 10 um polystyrene particles
were suspended in DI water and were pulled into the potential
wells by the acoustic radiation force. During this process, the
induced Stokes drag force counteracts with this acoustic
radiation force so that the acoustic radiation force can be
determined by examining the velocity of the particles. The
movements of 10 pm microparticles were recorded in individual
videos with a frame rate of 1200 s™' (Chronos 2.1-HD High

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) 3D COMSOL simulation of acoustic radiation potential generated by a single embedded air cavity within a 120 um x 120 pum PDMS area,
illustrating a strong localized potential well. (b) Cross-sectional profile of the radiation potential along the x-axis, highlighting a sharp gradient from
bulk PDMS to the air cavity center. (c) Acoustic radiation potential distribution of two air cavities spaced 15 um apart, showing distinct potential
wells that enable individual trapping at each site. (d) When the cavity spacing is reduced to 10 um, the potential wells merge, resulting in a single

broader well that prevents isolated trapping at each cavity location.

Speed Camera). The displacement of each single particle can be
determined using Trackmate software (Image]). Then, the
particle velocity can be calculated by using the displacements
and the time intervals between each frame. The Stokes drag
force acting on a particle can be expressed as:

Farag = 61NV (3)

where 7 is the fluid viscosity, r is the radius of a single
spherical particle, and v is the particle velocity. In our
experiment, microspheres are located at the bottom surface
in the microfluidic channel. The Stokes drag force increases
as a particle approaches the wall of a channel due to the
altered hydrodynamic interactions between the particle and
the fluid caused by the nearby surface. Therefore, the Stokes
drag force is corrected as follows:

Farag = 6TV (4)
where y is the correction factor for parallel translation along

surfaces. According to Faxén's correction,”>>* this factor can
be expressed using a fifth-order power series expansion:

This journal is © The Royal Society of Chemistry 2025
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This adjustment is crucial for accurately calculating the drag

(5)

force experienced by a particle near a flat surface, accounting
for the modified hydrodynamic interactions. Since for our case,

. rooL. .
particles are located at the bottom, the z ratio is 1. By plugging

the ratio into eqn (5), the resulting Faxén's correction is around
3.083. By incorporating the velocity data and applying Faxén's
correction into eqn (3) and (4), the drag force of the particle can
be calculated. Fig. 4a shows the measured trapping force and
the simulated acoustic radiation force (ARF) profiles for a single
10 pum polystyrene microsphere trapped by an air cavity. As the
10 um microsphere moves toward the air cavity center, the
simulated trapping force increases rapidly and returns to zero
when fully trapped. The measured trapping force closely follows
the trend predicted by the simulation, validating the accuracy of
the computational model. The maximum ARF on the trapped
particle is around 1289 pN, which is significantly larger than
the background flow drag force. The background flow is
maintained at 1.5 ml h™ (KD Scientific Model 100 Syringe
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Fig. 4 (a) The experimental and numerically calculated trapping forces and velocities of a 10 um polystyrene microsphere as a function of its

distance from the center of an air cavity. The error bars represent the variation in measured trapping force across multiple trials. (b) Random
distribution of 10 um red fluorescent polystyrene microspheres on the device without acoustic field. (c) Trapping of 10 um red fluorescent
polystyrene microspheres at air cavities on the device with an applied acoustic field.

Infusion Pump) and based on the dimensions of the
microfluidic channel (1 mm wide x 200 um high x 10 cm long),
the flow velocity is estimated to be approximately 304 um s™* at
locations 5 um above the channel surface. Calculations indicate
that the drag force exerted by this flow is around 88 pN, which
is significantly smaller than the acoustic radiation force (ARF).
Consequently, when the acoustic field is activated,
microparticles and cells will each be trapped at individual air
cavity. The non-trapped redundant particles will be flushed
away by the background flow, leaving only the trapped particles
for selective release in the next step.

Fig. 4b and ¢ demonstrate the microparticle trapping process.
The PDMS is stained with BODIPY dye, resulting in green
fluorescence for enhanced contrast and image quality. Fig. 4b
depicts the distribution of 10 um fluorescent polystyrene
microspheres (red) on the device surface in the absence of an
acoustic field. The microspheres are randomly distributed.
Background features tiny green circles, representing the locations
of the 5 pm air cavities, which are also randomly distributed.

Lab Chip

Maintaining an appropriate concentration of air cavities is crucial
to avoid overlapping and ensure individual trapping. Upon
activation of the acoustic field, the red microspheres migrate
rapidly towards the nearby air cavities and become securely
trapped as shown in Fig. 4c (see also the ESIf Video S1).

As shown in Fig. 4a, the effective trap range is approximately
10 um from the center of a trap. This explains why, once a 10
pm bead occupies the trap, a second bead cannot be effectively
captured. The same principle applies to single-cell trapping: the
shape of the potential energy profile remains consistent, with
the only difference being the peak velocity value. Consequently,
when a single cell occupies a trap, any additional cells are
unable to enter the strong trapping zone and are flushed away
by the background flow.

Trapping results of biological samples

Biocompatibility of the acoustic devices is tested using A20
lymphoma, a type of suspension cell (see the Experimental

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Random distribution of A20 lymphoma cells (red) on the device without acoustic field. (b) Acoustic trapping of A20 lymphoma cells (red) at air
cavities on the device with an applied acoustic field. (c) Viability assessment of A20 lymphoma compared to the control. (d) Proliferation assessment of
A20 lymphoma cells after 48 hours of incubation compared to the control. (*****number of trials measured, n = 5, ns: not significant).

section for details on cell culturing). A20 cells are stained with
SYTO 59 red fluorescent dye for about 30 minutes before the
experiment. As illustrated in Fig. 5a, without an acoustic field,
these cells are randomly dispersed on the device surface. When
the acoustic field is activated, as depicted in Fig. 5b, the red A20
cells migrate towards the nearest air cavities and become
securely trapped. This trapping result of the cells resembles the
results observed with polystyrene beads in Fig. 4c,
demonstrating the device's capability to trap suspension cells
efficiently with the acoustic field (ESIT Video S2).

LNCaP cells, a type of adherent cell (see the Experimental
section for details on cell culturing), are also used to test the
biocompatibility of our device. The green fluorescent color of
LNCaP cells is generated by transducing LNCaP cells with a
lentivirus carrying the GFP reporter gene, thus the PDMS is
stained with Nile Red dye to provide a red background for better
contrast. In Fig. 6a and b, the trapping process of LNCaP cells is
depicted before and after the acoustic field is activated. Upon
activation of the acoustic field, the cells migrate towards the air
cavities and are trapped (ESIf Video S3).

Following the trapping of A20 and LNCaP cells in the device
at 3 MHz and 17 Vp, for approximately 10 minutes, cell
viability was assessed using trypan blue staining (ATCC) and

This journal is © The Royal Society of Chemistry 2025

quantified with a hemocytometer (Hausser Scientific Reichert
Bright-Line), in accordance with the manufacturers' protocols.
For the control group, cells were placed in the device without
exposure to the acoustic field for the same duration as the
experimental group. The viability of A20 cells in the
experimental group was 97.92%, closely comparable to 98.36%
in the control group (Fig. 5c¢). Similarly, LNCaP cells in the
experimental group exhibited a viability of 94.87%, nearly
identical to the control group's 95.39% (Fig. 6c). Statistical
analysis using an unpaired ¢test revealed no significant
difference between the experimental and control groups (p >
0.05). To further evaluate biocompatibility, cell proliferation
was assessed. Portions of both control and experimental cells
were incubated for an additional 48 hours post-experiment
(from day 1 to day 3). Cell densities were estimated and
normalized at day 1 and day 3 using a hemocytometer. A20 cell
densities increased sixfold (Fig. 5d), while LNCaP cell densities
doubled (Fig. 6d), demonstrating the device's good
biocompatibility. Unpaired t-tests comparing cell proliferation
between experimental and control groups confirmed no
statistically significant differences (p > 0.05), further
supporting the device's compatibility with both cell viability
and proliferation.

Lab Chip
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Fig. 6 (a) Random distribution of LNCaP cells (green) on the device without acoustic field. (b) Acoustic trapping of LNCaP cells (green) at air
cavities on the device with an applied acoustic field. (c) Viability assessment of LNCaP cells compared to the control. (d) Proliferation assessment
of LNCaP cells after 48 hours of incubation compared to the control (*****number of trials measured, n = 5, ns: not significant).

Selective releasing of polystyrene microspheres

Fig. 7 demonstrates the selective release process of fluorescent
microspheres using a 1030 nm near-infrared picosecond laser
(Thorlabs QSL103A). For the laser selective release process, the
device is coated with a thin layer (10 nm) of palladium. In
Fig. 7a, 10 um red and green fluorescent polystyrene
microspheres are trapped at individual air cavities while the
background flow is on. Fig. 7b-d illustrate the sequential
selective release process. Our device is mounted on motorized
stages, positioning each microsphere sequentially under the
fixed laser focus. The laser selectively breaks the air cavities,
releasing green microspheres, which are then flushed
downstream by the background flow, leaving only red
microspheres trapped on the device (ESIT Video S4). The red
microspheres remain trapped as their air cavities are still intact.
The precision of this process is ensured by a shutter that opens
for 40 ms when the laser is directly above the target green
microsphere, preventing the accidental release of other
microspheres. The white dashed circles indicate the original
locations of the green microspheres after their release. This
selective release mechanism demonstrates the device's
capability to selectively release specific particles. Furthermore,
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this experiment also confirms our theoretical prediction
regarding the minimum spacing between neighboring traps. As
shown in the upper right corner of Fig. 7(c and d), our method
can selectively release one of two neighboring particles
separated by a distance of 11 um.

Selective releasing of biological samples

To demonstrate selective single cell release, a mixture of live
and dead A20 cells was prepared. Live cells were stained with
Calcein AM fluorescent dye, and dead cells were stained with
SYTOX Orange for 30 minutes before the experiment. After
washing with PBS to remove excess dye, the cells were mixed
in the culture medium. The live cells (green) were
sequentially released using the same process as in the
selective release of microspheres. The live cells (green) were
collected downstream, while the dead cells (red) remained
trapped (Fig. 8a-d) (ESI} Video S5).

To prevent potential thermal damage from the PZT, a
thermoelectric cooler was placed under the device during
operation (details in the Experimental section). Collected cells
were maintained at 37 °C in a portable incubator (Darwin
Chambers) to minimize temperature influence on cell viability.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Initial distribution of green and red fluorescent microspheres trapped by air cavities with the acoustic field on. (b-d) Gradual and
selective release of green fluorescent microspheres, leaving only red microspheres. The white dashed circles indicate the original locations of the

released green microspheres.

The average selective release rate was approximately 40 cells per
minute. Cell viability was assessed after collecting cells for 120
minutes. For the control group, cells were placed in the device
without exposure to either the acoustic field or the laser and
maintained for the same duration as the experimental group.
The experimental sample exhibited a viability of 96.84%, closely
comparable to the control group's 97.33% (Fig. 8e). An unpaired
t-test indicated no significant difference between the
experimental and control groups (p > 0.05). Cell proliferation
was also assessed by incubating cells collected from both the
control and experimental groups for 48 hours. The cell density
increased by approximately fivefold from day 1 to day 3, like the
control group, demonstrating good biocompatibility (Fig. 8f).
The unpaired #test showed no significant difference in
proliferation between the experimental and control groups,
confirming the device's suitability for biocompatible
applications.

Discussion

This work introduces a novel acoustic microfluidic device
designed for large-scale single cell trapping and selective

This journal is © The Royal Society of Chemistry 2025

releasing. This device utilizes spherical air cavities embedded in
PDMS to create acoustic potential wells, effectively immobilizing
both synthetic microparticles and biological cells. A near-infrared
laser is integrated to enable selective release without
compromising cell viability or proliferation, highlighting the
device's suitability for downstream single-cell analysis
applications. Additionally, our device is cost-effective and requires
no photolithography process, allowing rapid prototyping.

The spherical shape effect of air cavity

The spherical shape of the bead is critical for controlling the
trap's positioning. It forms a tapered PDMS film between the
water and the air cavity, with the thinnest part located at the
center. This softest, most compliant region ensures that the
lowest pressure area remains at the center of the air cavity
during acoustic vibration, enabling precise trapping position.

Although the active acoustic manipulation area
demonstrated in this manuscript is 1 cm? the operational
mechanism allows for extension of the manipulation area to
tens or even hundreds of cm?, enabling the trapping of more
than a million single cells. This scalability can be achieved by
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Fig. 8 (a-d) Gradual and selective release of live A20 cells (green), leaving only dead cells (red). The white dashed circles indicate the original
locations of the released live cells (green). () Comparison of A20 cell viability between the experimental and control groups. (f) Comparison of
A20 cell proliferation between the experimental and control groups on day 1 and day 3 (***number of trials measured, n = 3, ns: not significant).

parallelly connecting multiple PZT chips or by using a large-
sized PZT substrate.

The potential acoustic microstreaming effect

Acoustic microstreaming is a widely used phenomenon for
manipulating microscale objects through fluidic vortices
generated near vibrating microstructures.”>®® This effect is
particularly prominent at low frequencies (<1 MHz).

Lab Chip

However, traps created by acoustic streaming are inherently
unstable. To suppress acoustic streaming on our device, we
operate at a higher frequency of 3 MHz.

We observed that at a vibration frequency of 500 kHz,
significant acoustic streaming occurs near each trap, as
demonstrated by the movement of 1 pm tracer beads (ESIf
Video S6). In contrast, when the vibration frequency is
increased to 3 MHz, the acoustic streaming effect is almost
entirely suppressed.

This journal is © The Royal Society of Chemistry 2025
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Single cell trap efficiency and density

To evaluate the single cell trapping efficiency, 12 examination
field- of-view areas along the entire fluid channel were
randomly sampled. Successful single cell trapping is counted
when there is only one cell on one acoustic trap. If a cell's
position is not aligned with the acoustic trap position,
potentially due to cell adhesion to the device surface, it is
counted as a failed trap. If there are more than one cells
trapped on the same acoustic trap, potentially due to cell
clustering, it is also counted as a failed trap. Based on this
definition, our device yields a single cell trapping efficiency
of 94.09% with STD +/- 4.75%. (Fig. S97)

This high trapping efficiency is achieved as long as the
number of introduced cells is significantly lower than the
total number of available traps. With the current fabrication
method, 20 000 traps can be produced within a 1 cm?® area (1
mm tall x 10 cm long serpentine channel). As shown in
Fig. 5, approximately 50% of these traps are filled with single
cells, corresponding to around 10000 trapped cells on the
device.

Imperfections in the fabrication process can reduce the
number of functional air cavities. Based on an analysis of
experimental data (Fig. S10f), the yield of functional air
cavities is 90% of the total fabricated cavities. However, these
fabrication imperfections do not affect the single-cell
trapping efficiency as long as the number of functional air
cavities significantly exceeds the target number of single cells
to be trapped—typically at least 2x as many.

Permanently disabled traps and large area selective release

Furthermore, single cells trapped by air cavities are released
through laser disruption of the cavity membranes. Once
disrupted, a cavity does not reactivate for trapping. This
feature avoids single cells released in the upstream to get re-
trapped in the downstream after the laser beam is removed.
This mechanism is crucial for achieving large-area single-cell
trapping and selective release without increasing operational
complexity compared to previous methods. For instance, in
optical tweezers or optoelectronic tweezers (OET), projected
light patterns must cover the active area to trap cells, limiting
the active manipulation area or the number of cells that can
be trapped in parallel. Typically, these active manipulation
ranges are less than 100 pm for optical tweezers and 1 mm
for OET.*® In contrast, the mechanism demonstrated here
provides 2-4 orders of magnitude increase of capacity for
single cell trapping and releasing capability.

Future improvements

The current device can be further improved in two directions.
One is the fabrication of well-organized air cavities and
another is the automation of the single cell releasing process.
In Fig. 4, 5, and 6, the air cavities are randomly distributed
within the PDMS structure. Our current manufacturing
method does not allow for the patterning of these air cavities
in a periodic or orderly manner with even spacing. To ensure

This journal is © The Royal Society of Chemistry 2025
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that each air cavity is distinct and adequately spaced from
the others, we dilute the PMMA microspheres used to create
these cavities to a low concentration. For our single cell
trapping and selective release applications, the random
distribution of air cavities does not affect the device's
performance. However, in the future, developing a method to
fabricate air cavities in a periodic order could further
enhance the trapping density and throughput.

The second aspect that can be further improved is the
automation process. In the current selective release setup,
the scanning stage and solenoid shutter are manually
controlled. While we achieve a selective release rate of
approximately 40 cells per minute, automating the entire
process would significantly enhance throughput and reduce
labor cost.

Conclusion

We have developed a novel acoustic microfluidic device capable
of large-scale single-cell trapping and selective release. This
device uses spherical air cavities embedded in PDMS to create
acoustic potential wells, enabling the individual trapping of
both synthetic microparticles and biological cells across a 1 cm”
area, accommodating a broad size range from 8 to 30 pm. The
integration of a near-infrared laser facilitates selective release,
achieving a release rate of approximately 40 cells per minute
without compromising cell viability or proliferation. This
demonstrated mechanism also holds potential for extending
the manipulation area, enabling even larger-scale single-cell
processing. A simple fabrication process, which does not
require photolithography, supports the development of a low-
cost and disposable device. Overall, our acoustic microfluidic
system offers a robust, biocompatible, and cost-effective
method for single-cell trapping and selective release, with
significant potential for applications in genomics, proteomics,
and other fields requiring precise single-cell analysis.

Experimental section

Laser setup

The current laser setup includes a 1030 nm near-infrared
laser source (Thorlabs QSL103A), which emits a beam that
passes sequentially through a solenoid electromagnet shutter,
ND filters (Thorlabs mounted NIR Absorptive ND Filters),
and a 10x objective lens (Nikon CFI Plan Fluor, 10x). The
Thorlabs QSL103A laser operates with a pulse duration of 500
ps, a pulse energy of 40 pJ, and a repetition rate of 9 kHz. ND
filters attenuate the pulse energy from 40 pJ to about 0.025
nJ, and the 10x objective lens focuses the beam diameter
from 3 mm to approximately 15 um. The solenoid shutter
controls the laser beam by turning it on and off. The shutter
speed is around 40 msec. A polarizing beam splitter cube
(PBS 124, 1/2", 1200-1600 nm) redirects a portion of the
beam vertically downward to focus precisely on the platform
located below. Our platform is mounted on two Thorlabs
7825B single axis stages, one for the x-axis and the other for
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the y-axis, controlled by two Thorlabs TDC001 controllers.
This configuration allows precise positioning of the target
area under the focused laser beam, ensuring accurate control
and delivery of the laser beam to the desired target area.

Acoustic device operation

The setup for operating the acoustic device is like that in our
prior work.**™*® It consists of a power amplifier (ENI Model
2100 L), a function generator (Agilent Model 33220A), a T.E.
cooler (T.E. Technology Model CP-031HT), an ultra-long
working distance microscope lens (20x Mitutoyo Plan Apo),
an upright microscope (Zeiss Model Axioskop 2 FS), and a
mounted recording camera. In our experiment, three kinds
of cameras were used, (Zeiss Model AxioCam mRm), (IDS
camera UI-3080CP-M-GL), and (Chronos 2.1-HD High Speed
Camera). The function generator sends A.C. signals to the
signal amplifier, which is electrically connected to the PZT
substrate. The PZT will then convert the electrical signals into
mechanical waves, which vibrates the substrate and creates
acoustic traveling waves that propagate through the platform.
To prevent potential thermal damage generated by PZT, a T.
E. cooler is placed under the device while operating. The
device is positioned under the Mitutoyo lens mounted on the
Zeiss microscope.

Device fabrication

A 25 um thick PVC thin film is treated with oxygen plasma
for 1 minute to render the surface hydrophilic, facilitating
the spreading of a liquid solution containing 5 um PMMA
microspheres. The PMMA solution, originally purchased from
Lab 261 and diluted to 1 million per ml, is deposited onto
the PVC film and allowed to dry in a vacuum chamber for 8
hours, resulting in a random distribution of microspheres on
the film surface. Uncured PDMS is then poured over the PVC
film, covering the PMMA microspheres, and a 1 mm thick
cover glass is placed on top to create a sandwich structure
with the PVC film at the bottom, PMMA microspheres
embedded in PDMS in the middle, and the glass cover on
top. The PDMS is prepared using 220 wt% Sylgard PDMS
527A, 220 Wt% Sylgard PDMS 527B, 100 wt% Sylgard PDMS
184A, and 10 wt% Sylgard PDMS 184B (Curing Agent), based
on 1 g of Sylgard PDMS 184A. The structure is subjected to
vacuum to remove bubbles from the PDMS, and a weight is
placed on top to ensure even stamping. The entire structure
is baked at 60°C for 4 hours to cure the PDMS. After the
PDMS solidifies, the structure is immersed in acetone, which
dissolves both the PVC film and the PMMA microspheres,
leaving behind spherical air cavities within the PDMS. A
serpentine-shaped plastic mask is fabricated using a CO,
laser cutter, and the PDMS with embedded air cavities is
placed in a sputtering machine for 15 s (Dep Sputter -
Denton Desk II). Using the mask, around 10 nm thick
serpentine-shaped palladium layer is sputtered onto the
structure. A serpentine-shaped PDMS microfluidic channel (1
mm wide, 200 pm high, 10 cm long) is fabricated using a

Lab Chip

View Article Online

Lab on a Chip

mold. This microfluidic channel is then oxygen plasma
bonded to the bottom PDMS structure containing the air
cavities and palladium layer, completing the device assembly.

Numerical simulation

We used the acoustic-structural interaction module in
COMSOL Multiphysics 6.1 with a finite element approach to
simulate the acoustic radiation potential within the device
chamber. Fig. S81 shows a cross-sectional view of the 3D
model geometry used for simulation, which consists of a top
fluid layer (water) and a bottom solid layer (PDMS). The
central sphere represents an empty space corresponding to
the air cavity within the PDMS layer. To simulate the
vibration mode of the PZT element along its thickness, a
prescribed displacement in the y-direction is applied at the
bottom boundaries of the solid. An isotropic loss factor of 0.2
is included in the model to account for structural damping
in PDMS. The finite element (FE) solver calculates the
resulting total acoustic pressure in the fluid. This involves
solving the acoustic-structure interaction at the fluid-solid
interface, along with the inviscid momentum conservation
equation (Euler's equation) and the mass conservation
equation (continuity equation) within the fluid. Plane wave
radiation was set around the top fluid boundaries to allow
outgoing waves to leave the domain with minimal reflections
(see also ESIt Fig. S8).

Polystyrene and PMMA beads

10 um polystyrene green fluorescent beads are obtained from
Thermo Fisher Scientific, USA. 10 um polystyrene red
fluorescent beads are obtained from Thermo Fisher Scientific,
USA. 5 um plain PMMA microspheres are obtained from Lab
261, USA.

Cell culturing

Materials. RPMI 1640 medium and fetal bovine serum
(FBS) were purchased from Corning (Corning, NY).
Penicillin-streptomycin (PS) was purchased from Thermo
Fisher Scientific (West Hills, CA).

Methods. The A20 cell line was purchased from the
American Type Culture Collection (ATCC, Rockville, MD) and
cultured in Roswell Park Memorial Institute 1640 Medium
(RPMI 1640), supplemented with 10% (vol/vol) fetal bovine
serum (FBS, ThermoFisher Scientific) and 1% penicillin/
streptomycin (Mediatech). A20 cells are cultured in T25
Nunclon Sphera flasks (ThermoFisher Scientific) at a
concentration of 5 x 10° cells per mL in an incubator at 37°C
and 5% CO,. The medium is changed every two days and
cells are transferred into 6-well plates at a concentration of 5
x 10 cells per mL and used for experiments.

The LNCaP cell line was purchased from the American Type
Culture Collection (ATCC, Rockville, MD) and cultured in
Roswell Park Memorial Institute 1640 Medium (RPMI 1640),
supplemented with 10% (vol/vol) fetal bovine serum (FBS,
ThermoFisher Scientific) and 1% penicillin/streptomycin
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(Mediatech). GFP-LNCaP cells were generated by transducing
LNCaP cells with a lentivirus carrying the GFP reporter gene.
GFP-LNCaP cells are cultured in T75 Fisherbrand Tissue Culture
flasks (Fisher Scientific) at a concentration of 3 x 10° cells per
mL in an incubator at 37 °C and 5% CO,. The medium is
changed every two days and cells are resuspended and diluted
at a concentration of 5 x 10° cells per mL and used for
experiments.

All experiments were performed in compliance with
policies and guidance provided by the UCLA Institutional
Biosafety Committee (IBC), which is responsible for oversight
of all research activities - including teaching laboratories -
involving the use of hazardous biological material and
recombinant or synthetic nucleic acids, as required and
outlined in the NIH guidelines for research involving
recombinant or synthetic nucleic acid molecules (NIH
Guidelines) and the CDC/NIH Biosafety in Microbiological
and Biomedical Laboratories (BMBL). All the experiments
were approved by the UCLA Institutional Biosafety
Committee (IBC) and no experimentation with human
subjects was performed.
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this study are available within the article and its ESL}
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