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21 Abstract

22 We demonstrate a hybrid microfluidic system that combines fluidic trapping and acoustic
23 switching to organize an array of single cells at high density. The fluidic trapping step is

24  achieved by balancing the hydrodynamic resistances of three parallel channel segments forming
25  amicrofluidic trifurcation, the purpose of which was to capture single cells in a high-density

26  array. Next, the cells were transferred into adjacent larger compartments by generating an array
27  of streaming micro-vortices to move the cells to the desired streamlines in a massively parallel
28  format. This approach can compartmentalize single cells with efficiencies of =67%, in

29  compartments that have diameters on the order of ~100 um, which is an appropriate size for

30  single cell proliferation studies, and other single cell biochemical measurements.

31
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Introduction

Single cell analysis is enabling new insights into the heterogeneity within a cell
population that were previously concealed using traditional bulk ensemble measurement
techniques.'™ The field is currently receiving significant attention®’ and is expected to open up a
plethora of applications in basic and clinical research for fields ranging from oncology, to
immunology, neuroscience, and beyond.*'? Accordingly, there has been great interest in
innovating new techniques that can organize single cells into discrete chambers and monitor their
response to various stimuli, such as the presence of a drug, growth factor, or another cell.

One of the earliest single cell organization approaches is fluorescent activated cell sorting
(FACS) which to this day is still being used to deposit single cells into each well of a 96-well or
384-well plate.'® However, this plate-based format severely limits the number of cells that can be
analyzed in parallel. Additionally, the large volumes used in plate-based FACS sorting is poorly
suited for growing single cells in isolation and many types of single cell measurements, such as
the analysis of secreted cytokines, and cell-cell communication. Due to their smaller volumes,
microfabricated single cell analysis platforms are better suited to these types of measurements® "
' and have the additional advantage of increasing the imaging speed and reducing the
consumption of expensive reagents.

Single cell arrays have been organized with passive cell capture mechanisms, such as
sedimentation into micro-wells or fluidic trapping in weirs,'”* and active capture mechanisms
based on the use of magnetic, electric, or acoustic field to transport cells to desired locations.”*™°
Passive separation mechanisms are usually high throughput and have the advantage of reduced
complexity; however, these approaches have various limitations, such as low single cell
organization efficiency in the case of stochastic sedimentation approaches”'29 or high fluidic
shear of progeny in the case of hydrodynamically trapped cells,”' and both are generally
incapable of organizing more than one type of single cell into an array. Variations on these
approaches have shown the ability to transfer the trapped cells to larger chambers, such as by
inverting a microfluidic device®® ' or by exploiting the deformability of cells to squeeze them
into an adjacent compartment.’> However, it can be a challenge to automate the passive
sedimentation process and exchange fluids, such as fresh media and drugs, without disturbing the
assembled cell pattern. Additionally, cell damage can occur during cell deformation-based

trapping approaches, which can reduce the viability of the transferred cells.
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Alternatively, active field-based manipulation approaches are more programmable and
can control the positions of single cells with micron precision; however, they require multi-layer
devices and external power sources, which both increases complexity and suffers from other
fundamental limitations. For example, magnetic circuit approaches have the advantage of easy
scaling to control many thousands of single cells in parallel; however, magnetic systems require
magnetic nanoparticles to label the cells and manipulate them by a magnetic force.****
Dielectrophoretic approaches have the potential for label-free cell manipulation by utilizing the
dielectric contrast of cells relative to the surrounding media; however, this technique is not
amenable to high ionic strength fluids, such as cell culture media, and necessitates the use of
isotonic buffers to allow the electric fields to penetrate the fluid. Recently developed

35,36

optoelectronic approaches have similar problems as dielectrophoretic systems, though some

of these limitations have recently been surmounted with the development of phototransistors that
can operate directly in cell culture media.*”

Acoustic approaches have demonstrated the ability to control the positions and
orientations of single cells in a label-free manner, and they can additionally be operated directly
in cell culture media. Importantly, these approaches have been previously shown to hold multiple
cells individually™ and cluster groups of cells in microwells.** “Bulk acoustic wave” (BAW)
devices can be built from single layer silicon or glass microfluidic channels and designed to

41-45
Moreover,

resonate at well-characterized frequencies that correspond to the device geometry.
these systems can be operated with a simple piezoelectric transducer mounted underneath the
device; however, BAW devices have limited ability to change the position of the focusing nodes,
and thus have mainly been used in bulk continuous flow sorting applications. Surface acoustic
wave (SAW) devices can overcome some of these limitations by allowing the pressure nodes to
be controlled independently of the microfluidic channel geometry.***

Thus, given the constraints above, it is reasonable to assert that a combination of both
passive and active methods should offer the most adaptable, gentle, and parallelizable approach
to organize a single cell array. Towards this end, we have developed a “trap and transfer”
process, which exploits the synergistic combination of passive hydrodynamic trapping to
establish the initial positions of the single cells in an array, and then an active acoustic transfer
step to move the cells to larger chambers that are more suitable for single cell measurements.

After considering the different acoustic transfer approaches, we ultimately decided to use a BAW
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transfer mechanism because of its simplicity, biocompatibility, and because the microfluidic and
acoustic functionality can be seamlessly integrated into a single device layer. Uniquely, our
hybrid BAW transfer process demonstrates for the first time the parallel, high-precision
manipulation of individual cells with an array of acoustically induced streaming vortices. With
this approach, we have generated an array of single cells in low-shear compartments with an

efficiency of =67 %.

Results and Discussion

The basic setup is shown in Figure 1(a-b), presenting one of several different chip
designs. This chip has dimensions consistent with a glass slide (i.e. 25 x 75 mm) and fits 3,840
individual compartments. This design consists of 96 parallel microfluidic channels, each having
40 compartments in series at an areal density of approximately 4 compartments per mm?®
(cmpts/mm?). We have also tested smaller devices with the same basic design that have a
footprint of 15 mm x 25 mm consisting of 16 parallel channels with 31 compartments in series
with a total of 496 compartments. To demonstrate the feasibility of higher density designs, we
also tested chips that have a density of ~12 cmpts/mm?, allowing for more than 5,000 cells to be
organized in a device the size of a glass slide (see Electronic Supplementary Information for

Alternative Microfluidic Designs).
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Figure 1. Acoustofluidic single cell array. (a) Image of chip in the aluminum manifold. (b)
Schematic of entire set-up indicating the location of the chip, inlet, outlet, and piezoelectric
transducers. Here, the piezoelectric transducers were acoustically coupled to the microfluidic
chip using electrode gel (see Materials and Methods for more details).” (¢) Image of individual
acoustofluidic element with characteristic length (Ry) and comprised of a weir (1), bypass (2),

and compartment region (3). Scale bar indicates 100 pm.

The basic switching junction is a trifurcation, consisting of the weir (i.e. primary trap site), a
bypass channel, and a cellular compartment (Figure 1(c)). The hydrodynamic flow profile was
finely tuned to reliably capture single cells at the weirs, without unintentionally transferring the

cells into the compartments, except when desired.

Design of Hydrodynamic Circuit

We optimized the hydrodynamic trapping step by tuning the three volumetric flow rates
(Q4, Q,, and Q3), in which the hydrodynamic resistance of each branch is carefully controlled.
The overall pressure drop across the trifurcation allows the fluidic path to be modeled as three
parallel resistive paths, with each segment approximated by the well-known approximation for

hydrodynamic resistance in a rectangular channel:*

127nL

R,,, ~ ———
Tec " (wh3)-0.63n%’

w>h (1)

where 1 is the dynamic viscosity of the fluid, L is the length of the channel, and where w and 4
represent the cross-sectional dimensions of the channel, in which the smaller of the two
dimensions is defined as 4. The geometry of the weirs is designed such that an unoccupied weir
has the lowest fluidic resistance, whereas an occupied weir has higher fluidic resistance than the
bypass channel. This design ensures that after a weir traps a single cell, subsequent cells are
diverted towards the bypass channel until one of them gets trapped in the next unoccupied weir.
This process allows the weirs across the entire chip to be loaded within minutes.

Since our device was fabricated through single-level Silicon etch, we tuned the fluid
resistances by adjusting the lengths and widths of each channel section. The bypass channel was
designed to have a width commensurate to several cell diameters (in our case 35 um), which
helped to reduce clogging but required long serpentine bypass channels to match the desired

resistance ratios. The weirs have widths of 6 pm and lengths of 4 pm, from which we derive a
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condition that the length of the bypass channel must be at least ~1mm long to maintain the
condition R,/R>2, which ensures that most fluid flow goes through the trap as compared to the
bypass segment, thus increasing the probability of capturing cells in the weirs. To avoid
unintentionally moving cells into the compartments prematurely, we included physical
constrictions in the compartment region to raise the fluidic resistance. This section was designed
to achieve a resistance ratio R3/R,>2 with a similar purpose of biasing most fluid flow to go
through the bypass segment compared to the compartment. To visualize the flow patterns, we
show COMSOL calculations of the normalized velocity for the case when the weir is occupied
(Figure2(a)) or is empty (Figure 2(b)). As expected, the flow velocity is highest through the
unoccupied weir, followed by the bypass region, and finally lowest through the compartment

region and occupied weir (Figure 2(c)).

Page 6 of 23
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C [( C

Figure 2. Demonstration of hydrodynamic trapping in trifurcation design. COMSOL simulation
of an (a) occluded weir, (b) unoccupied weir, and (c) the entire acoustofluidic element. (d) Beads
captured in trap sites of acoustofluidic array. Legend indicates normalized velocity and scale bar

represents 100 pm.

Based on these simulations for the velocity field, we calculated the volumetric flow rate by
averaging the velocity across planes entering the trap, bypass, and compartment region then

multiplying by the corresponding cross-sectional area. In this way, we obtained values of Q1/Q2
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~ 2.4 and Q2/Q3 = 3.6, which is consistent with our analytical predictions. To confirm these
predictions, we injected 15 um polystyrene beads (50,000 beads/mL; Sigma Aldrich Corp.) into
the device and flowed them through the chip at a flow rate of 50 uL/min. We used large beads
for the purpose of completely occluding the weir, which causes the flow profile through the
region to more closely match the expected behavior of deformable cells entering the trap. As
expected, beads first populate the weir, thus decreasing flow through this region and causing
subsequent beads to travel through the bypass (Figure 2(d), see Supplementary Movie 1). In this
way, cells and beads can be hydrodynamically loaded into weirs, then intentionally transferred

into the compartment region when an acoustic force is activated.

Optimization of Acoustic Transfer Step

After hydrodynamic trapping (Figure. 3(a)), the beads or cells can be transferred into the
compartment regions by reversing the fluid flow to release them from their weirs and then
establishing a slow forward flow to move them into the adjacent compartments under acoustic
excitation. As can be seen, acoustic excitation of the chip caused the beads to be strongly
attracted to the leading corner of the compartment region, which is defined here as the transfer
point depicted as the end point of the dashed line trajectory in Figure 3(b). Thereafter, the
acoustic transducer was turned off and forward pressure was used to push the beads into the low-
shear compartment regions (Figure 3(c), see Electronic Supplementary Information for Shear
Stress Through the Acoustofluidic Element) to the final loading sites (Figure 3(d), see
Supplementary Movie 2). Thus, the purpose of the acoustic switch is to move the beads into the
streamlines that pass through the compartment. It is important to note that during this acoustic
switching step, we kept the flow at a low speed (e.g. < 50 pm/s) to allow the acoustic force to

dominate fluid convection.
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Figure 3. Image sequence detailing the acoustic switching mechanism. (a) Beads are captured in
weirs using an oscillatory pressure profile. Once each site is occupied, beads are unloaded from
weirs using backward flow. (b) Beads are slowly propelled towards the trifurcation junction
(their paths are indicated by the dotted lines) using positive pressure and are acoustically trapped
at the leading corner of the compartment region. (c¢) Beads are flowed into the compartment

region. (d) Beads are loaded in the compartment region. Scale bar indicates 200 pm.

To find the optimal parameters for acoustic attraction to the corners, we injected 8.5 um
polystyrene beads (50,000 beads/mL; Sigma Aldrich Corp.) into the chip and tracked the bead
motion towards the corner at frequencies ranging from 1.1 to 1.6 MHz and applied voltages
ranging from 2 to 5 V,,;, (as read by the oscilloscope following amplification). This frequency
range coincides with the expected structural resonance of the microfluidic channel (Ry, Figure
1), which was 555 um long and is matched to an acoustic wavelength of 1.35 MHz. Our method
involved first applying backward pressure to remove the beads from the weirs and away from the
switching junction, and next applying slow forward pressure to move towards the switching

junction when the acoustic field was turned on. A successful switching event is one in which the
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bead was captured by the corner within 5 seconds. We used a 10X objective to visualize many
switching processes simultaneously in a large field of view, which allowed us to obtain at least 6
measurements for each voltage/frequency pair, and the results are provided in Figure 4. As a
visual aid, the data points are color-coded, in which red depicts 100% capture on the corner and
blue depicts 0% capture. As a guide to the eye, we also provide a contour plot to show the

conditions where trapping was most efficient, which was in the range of 1.35 — 1.42 MHz and at

higher voltages.
100
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000000000000000000000000000000000000000000000000000
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Figure 4. Color plot of switching efficiencies of polystyrene beads onto the leading corners of
the compartment region upon acoustic excitation (n=6 compartments). Shaded regions indicate

average switching efficiencies over the specified range.

To confirm that this optimal frequency was caused by the channel dimensions and not by
a characteristic resonance of the PZT actuator, we additionally tested this effect with PZT

transducers having different resonant frequencies (705 kHz, 1.35 MHz, 2.9 Mhz). In all cases,

the devices showed peak performance around 1.40 MHz, similar to the results shown in Figure 4.

It is clear from Figure 4 that the particle switching effect has strong frequency dependence,
which would imply that the acoustic fields are amplified due to certain structural features of the
microfluidic channel; however, these measurements alone were not sufficient to conclude

whether the effect was due to the acoustic radiation force in a standing acoustic wave or whether

Page 10 of 23
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the particles are following the flow patterns produced by streaming vortices near the sharp
corner.

To better understand the acoustically excited flow patterns, we next injected 200 nm red
fluorescent tracer particles (0.1 wt % in CTAB; Sigma Aldrich Corp) into the fluid and used long
exposures to enable visualization of the streaming patterns near the trifurcation. In the absence of
an acoustic field, the flow patterns are random as expected (see Supplementary Movie 3). When
the transducer was actuated at 1.4 MHz and 5 Vpp, we observed very clear streaming vortices,
which spanned the length of the channels and were present with minor variations across all the
junctions in each field of view (Figure 5(a)). The high consistency of the streaming vortices
across the entire chip indicated that it is caused by the specific structural features of the
compartment rather than the specific position of the PZT transducer, overall size of the chip, or
other macroscale features. Streaming vortices form at all the sharp corners in the microfluidic
channels and establish steady state circulatory flow, which rotates in different directions
depending on the excitation frequency. Micron-sized objects are attracted to the center of these
vortices and rotate continuously inside them. Since the acoustic transducer is excited only when
the forward flow is established, the beads or cells are captured at the first vortex that they
experience, which is usually the leading corner as specified in Figure 5(a). From there, these
objects are carried along the laminar flow paths that terminate inside the compartments when the
acoustic transducer is turned off and forward flow is applied. We note here that while only
streaming vortices present at the trifurcation point are used for our transfer mechanism, multiple
vortices form throughout the device, particularly at locations with sharp edges and low flow (e.g.
entrance corner to the compartment region, upper bend in the compartment region, throat of the

compartment region).
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Figure S. (a) Red fluorescent image of nanoparticles under acoustic excitation at 1.4 MHz and 5
Vpp. (b) Normalized velocity magnitudes of 8.5 um polystyrene beads approaching the entrance
corner of the compartment region. Here, the dashed circles indicate the outline of the bead (or

cell) at its final position. Scale bar indicates 100 um.

Further evidence that the transfer effect is due to the presence of streaming vortices was
obtained by tracking the trajectories of individual beads in the vicinity of each corner. Using the
same 8.5 um beads described above, we tracked the trajectories of ~44 individual particles upon
acoustic excitation at 1.4 MHz and 5 V,, and overlaid them on the same plot (Figure 5(b)). As a
visual aid, the data points are colored according to their instantaneous velocity. The overall
shapes of the trajectories, their good match with the shapes of the streaming vortices, as well as
the strong spatial dependence of the bead velocity, all provide strong evidence that acoustic
confinement at the entrance corner of the compartment region is due to acoustic streaming. This
finding is consistent with previous studies in which large particles and cells were trapped in
steady acoustic streaming patterns around oscillating edges.”'>*

Following this, to better characterize the strength and driving mechanism of the acoustic
switching effect, we also measured the peak velocity of the beads as a function of the applied
voltage. These measurements were taken with a high-speed camera at 240 frames per second,
which could quantify trajectories of up to ~1 mm/s. The highest velocities were recorded close
to the sharp corner, which allowed us to approximately measure the contact force based on

extrapolation from the fluid drag on a sphere Figure 6(a). The results indicate that the peak

Page 12 of 23
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contact force is linearly related to the magnitude of the applied voltage, similar to the linear
relationships observed by others at high acoustic excitations.””> We estimate that at the strongest
acoustic excitations, the contact force is less than 100 pN, and should thus be gentle on the cells.
As can be seen, however, this contact force is sufficient to hold the particles in place at the
entrance corner to the compartment region during our transfer process. From Figure 6(b), it is
clear that the peak contact force scales linearly with voltage, which contrasts with the acoustic
radiation force that should roughly scale quadratically with the excitation voltage.*' Further, as a
final piece of evidence, we note that both highly elastic PDMS-based microparticles and stiff
polystyrene beads are attracted to the same position with comparable velocities. Since it is well
known that PDMS particles suspended in aqueous fluids exhibit an effective negative acoustic
contrast factor, whereas polystyrene beads exhibit a positive acoustic contrast, these two
materials should not be attracted to the same points in an acoustic energy landscape (see
Electronic Supplementary Information for Material Dependence of Acoustic Radiation Force).
The combination of these measurements thus allows us to reasonably conclude that the acoustic

switching mechanism is based on acoustic streaming rather than an acoustic radiation force.*'
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Figure 6. (a) Trajectories of 8.5 um polystyrene beads approaching the entrance corner of the

compartment region. (b) Plot of maximum force before contact versus voltage. R* = 0.9656.

Generation of Single Cell Arrays

After optimizing the acoustic transfer step, we next sought to demonstrate the feasibility
of this trap and transfer approach to organize a single cell array in a highly parallel manner.

Towards this end, we first quantified the ability to fluidically trap PC9 cancer cells (400,000
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cells/mL) in the weirs and demonstrated the consistent ability to achieve a weir occupancy
efficiency of 80 = 5 % single cells (Figure 7(a-e)). Blue, cyan, yellow, and red indicate 0, 1, 2,
and 3 trapped cells, respectively. We expect that the efficiency can be improved by reducing the
number of cell doublets entering the chip, and limiting cellular debris, which leads to clogging of
some of the channel (two blockages are clearly shown in Figure 7(c), and doublets are colored in

yellow).

o)

= EE:
=

&

~
o
T

D
o

=

[oa)
o
T

]

N
o
T

1
1

w
o
T

PC9 Trapping Efficiency (%)

= e E iﬁ ’L —( = Columns s
‘ — LB :>d3°r — = -ll 20}
A G ] g20 - - -7 12 ol .
» mwo — : :-h - | 1 .
;‘—CC:_.) LC__J g__, E_D N = .— - A 0 Empty Sinlgle Doulblet Three (I)r More
l >) eV | =) 0 il s Cells in Trap

Figure 7. Trapping efficiency for PC9 cells in the weirs of the trifurcation. (a) Representative
image of trapped cells. Number of cells captured in individual trap sites for trial (b) one, (c) two,

and (d) three. (e) Distribution of cells in n = 3 acoustofluidic chips. Scale bar indicates 200 pm.

Next, we transferred the cells into their corresponding adjacent compartments using an acoustic
sweep from 1.35 to 1.42 MHz, with a sweep rate of 1 Hz for over one second at an excitation of
16 V,,, (Figure 8(a), see Supplementary Movie 4). As can be seen, after the second step of this
process, we were able to consistently obtain a single cell array with an efficiency of 67 £ 4 %

(Figure 8(b-¢e)).
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Figure 8. Arraying efficiency for PC9 cells in the compartment region of the trifurcation. (a)
Representative image of arrayed cells. Number of cells captured in individual array sites for trial
(b) one, (c) two, and (d) three. (e) Distribution of cells in n = 3 acoustofluidic chips. Scale bar

indicates 200 um.

This number represents the fraction of single cells present in the compartment regions of the
acoustofluidic chip, and is dependent on the number of single cells originally trapped in the weirs
prior to acoustic switching. Accordingly, this data indicates that the acoustic switching efficiency

is approximately 83 %.

Conclusion

In conclusion, we have demonstrated a trap and transfer process for organizing a high-
density array of single cells. This approach relies on a combination of hydrodynamic capture of
cells in weirs and then transfer of the cells into more spacious compartment chambers using an
array of acoustic streaming vortices as local switches. To our knowledge, this is the first
demonstration of the consistent generation of an array of streaming vortices for use in massively
parallel acoustic control of single cells. We used this approach to generate a single cell array
with an arraying efficiency of =67 %, allowing us to array thousands of cells on a glass slide
sized device. These efficiencies may be improved by functionalizing the microfluidic channels

with a non-fouling brush and by refining our protocols to remove and prevent the formation of
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cell doublets. Importantly, due to the versatile nature of our acoustic forces, our technique does
not require a cell-labeling step, and allows for the microfluidic channels and acoustic switching
functionality to be integrated into a single device layer, which improves manufacturability,
allows for the facile exchange of fluids, provides a good substrate for optical imaging, and has
high chemical compatibility for patterning different biomolecules, which can be used for

incubating cells and probing their molecular processes in future studies.

Materials and Methods

Device Fabrication

Three acoustofluidic arrays were tested in this study. Two had topside access ports in
which holes were drilled through the glass prior to bonding. The other was fabricated by
through-wafer etching of inlet/outlet ports and then bonding to unpatterned glass to enable
backside fluidic access ports.>® Photopatterning was achieved by spin coating Shipley S1838
photoresist (MicroChemicals, GmbH) onto 6” silicon wafer (University Wafer, Inc.) at a spin
speed of 3000 rpm, baking them a 115°C for 60 seconds, then exposing them to 126 mJ of 365
nm UV radiation with a mask aligner (MA6/BA6, Karl Siiss). These patterns served as a polymer
mask for etching the microfluidic channels to a depth of approximately 18 um using deep
reactive ion etching (Pegasus deep silicon etcher; SPTS Technologies, Ltd.). We diced individual
chips from the wafer when using the devices with topside access ports. For backside access
ports, we used a second lithography step, in which the dice lines and inlets/outlet ports were
patterned on the backside of the wafer in AZ9260 photoresist (MicroChemicals, GmbH), which
was spin coated at 1800 rpm for 60 s, baked at 110°C for 3 min, then exposed to 3600 mJ of
irradiation in the mask aligner. Subsequently, the wafer was bonded to a carrier and a through-
silicon etch was performed using deep reactive ion etching. For both configurations, individual
chips were cleaned in piranha and anodically bonded to precut glass cover slips (Borofloat®
Glass; Schott AG) to form a hermetic seal (see Electronic Supplementary Information for

Fabrication Routine for the Acoustofluidic Chip).

Device Assembly
The acoustofluidic chip was housed in a three-part aluminum manifold. The top

component of the manifold uses standard "4-28 threaded fittings (Idex Corp.) to make high
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pressure (i.e. > 100 bar) world-to-chip connection to the acoustofluidic device with pressure tight
fittings. The middle manifold had a recess along the top to hold the chip and another along the
bottom to mount the zirconate titanate (PZT) transducers (1 1/8” x 1 1/16”, resonant frequency,
f, = 1.35 MHz; APC International, Ltd.), which were bonded to the manifold with cyanoacrylate
glue (Loctite® 495; Loctite Corp.). We improved the acoustic transmission into the chip by
spreading a layer of electrode gel (Spectra® 360; Parker Laboratories, Inc.) between the chip and
manifold. Finally, the bottom component encloses the transducer in the manifold to enable a
closed chamber for a temperature probe. For the backside configuration, access ports were
included in the middle component (see Electronic Supplementary Information for Acoustofluidic

Assembly with Backside Access Ports).

Cell Preparation
The PCO9 cell line was cultured in RPMI 1640 with 10 % fetal bovine serum (FBS) and
1% penicillin/streptomycin and maintained at 37°C in 5 % CO2. All cell lines were purchased

from the Duke University Cell Culture Facility (CCF).

Device Loading

For microparticle studies, the chip was primed by sequentially rising with 190 proof
ethanol (Sigma-Aldrich Corp.) and deionized water. After the chip was primed, 8.5 um
polystyrene beads (50,000 beads/ mL, Sigma Aldrich Corp.) suspended in 0.5 wt. %
hexadecyltrimethylammonium bromide (CTAB) in deionized water were injected into the
device. For cell studies, the chip was primed by sequentially rising with 190 proof ethanol
(Sigma-Aldrich Corp.), 1X PBS buffer, and cell media (see cell preparation above). PC9 cells
(400cells/ uL) were mixed with a biocompatible surfactant (Pluronic® F-68; Life Technologies,
0.1 % v/v) and loaded into weirs under an oscillatory pressure profile (i.e. switching between
pulses of -20 mbar for 8 seconds and 60 mbar for 2 seconds) from a reservoir at the outlet of the
microfluidic chip using a pressure-controlled system (OB1 Pressure Controller; Elveflow). The
oscillatory pressure profile was used to prevent cell adhesion or the formation of cell clusters on
the back-side of weirs. After loading in the weirs, cells were transported to compartment sites
using a three-step process. First, cells were withdrawn from weirs with negative pressure driven

flow (i.e. -30 mbar) for 3 seconds then subsequently propelled towards the compartment region
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at various pressures for 10 seconds. Next, when the particle reached the corner, the acoustic
generator was switched ON, exciting the attached piezoelectric transducer with an acoustic
sweep from 1.35 to 1.42 MHz with a sweep rate of 1 Hz and at over one second at an excitation
of 16 V. Finally, after visually confirming that the particles in each field of view were captured
at the corner, acoustics were turned off and cells were transported into compartment regions with
positive pressure driven flow. We applied a positive pressure of ~30 mbar for relatively long
durations of ~10 seconds, because this section had higher fluidic resistance and thus lower flow
rates. Since there is a net positive pressure bias for each transfer cycle, cells that move into the
compartments remain trapped there permanently. Meanwhile, it was possible to repeat this
approach for cells that were missed during a previous cycle and still trapped in the weirs. After
repeating this process 4-5 times, we were able to transfer a large percentage of the cells that were

trapped in the first step.

Data Acquisition

Switching efficiencies were determined by visually inspecting the particle trajectories
when the acoustic field was turned on. Particle tracking data was extracted using a custom
MATLAB program, which cropped a region of interest, stabilized the video, and extracted
particle positions with circle tracking and thresholding. To quantify the frequency dependence of
the trapping process, we used acoustic excitations at varying voltages and frequencies, and
visually inspected the number of particles in the field of view (n=6) that were captured on the
corners. An efficiency map was generated using a custom MATLAB script, with dark red circles
indicating 100 % capture and blue circles indicating 0 % capture.

Additionally, to quantify the arraying efficiency across the chip acoustofluidic chips, we
developed a custom Metamorph program (Molecular Devices, Inc.), which controlled the DMI-
6000B microscope, XY automated stage (MS-2000; Applied Scientific Instrumentation) and
camera to enable high-throughput imaging of each compartment in the array. Briefly, we first
calculated the focal plane along the chip surface using fiducial alignment marks, and next bright
field and fluorescent images were acquired in series along a prescribed XY path to map the entire
array. The files were saved using a custom naming format, and then manually inspected to
quantify the occupancy in the trap and compartment regions of the acoustofluidic element. Heat

maps were created by recording the number of cells in each compartment in a table using a
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custom MATLAB script to generate a color-coded grid indicating the occupancy of each

compartment, with blue representing no cells and deep red representing three or more cells.
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