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The development of tools for patterning cocultures of cells is a fundamental interest among cell biologists and
tissue engineers. Although a variety of systems exist for micropatterning cells, the methods used to generate cell
micropatterns are often cumbersome and difficult to adapt for tissue engineering purposes. This study combines
acoustic droplet ejection and aqueous two-phase system exclusion patterning to introduce a method for pat-
terning cocultures of cells in multiplexed arrays. This new method uses focused acoustic radiation pressure to
eject discrete droplets of uniform size from the surface of a dextran solution containing cells. The size of droplets
is controlled by adjusting ultrasound parameters, such as pulse, duration, and amplitude. The ejected dextran
droplets are captured on a cell culture substrate that is manipulated by a computer-controlled 3D positioning
system according to predesigned patterns. Polyethylene glycol solution containing an additional cell type is then
added to the culture dish to produce a two-phase system capable of depositing different types of cells around the
initial pattern of cells. We demonstrate that our method can produce patterns of islands or lines with two or
more cell types. Further, we demonstrate that patterns can be multiplexed for studies involving combinations of
multiple cell types. This method offers a tool to transfer cell-containing samples in a contact-free, nozzle-less
manner, avoiding sample cross-contamination. It can be used to pattern cell cocultures without complicated
fabrication of culture substrates. These capabilities were used to examine the response of cancer cells to the

presence of a ligand (CXCL12) secreted from surrounding cocultured cells.

Introduction

ELL PATTERNING AND ORGANIZATION are essential to the

development of most tissues and organs.'™ These pro-
cesses also factor into many diseases, including cancer,
where transformed cells form tumors that can subsequently
invade the surrounding tissue and metastasize to distant
sites.* To better understand tissue development and disease
it is necessary to advance experimental systems that either
preserve native tissue structure or promote interactions
among populations of cells.

In vivo, the interactions that occur among cells and their
environments are so numerous and complex that detailed
mechanistic studies of cell behavior and cellcell interactions
are difficult to undertake and interpret. Conversely, in vitro
systems offer simplified experimental setups, but often lack
the ability to organize cells into patterned structures that
resemble tissue. Organotypic cultures represent an interme-
diate between in vivo systems and cell culture that allow

native tissue structure to be preserved to some extent.
However, preparation of organotypic cultures from animals
requires a high level of expertise, and results can be difficult
to interpret due to the presence of poorly defined molecules
and proteins in native tissues. As a result, development of
tools for patterning cocultures of cells has become an im-
portant theme in cell culture research, particularly, in the
field of tissue engineering where information about cell—cell
interactions may factor into the choice of material or cell type
that will be used for tissue reconstruction and where devel-
opment of physiological drug testing platforms are essential
for testing new therapies.

Micropatterned cell culture systems can facilitate high-
throughput formats and multiplexed data collection. How-
ever, most cell micropatterning methods are expensive and
complicated (e.g., photolithography and dielectrophoresis),”®
or rely on specialized conditions that limit the types of ex-
periments that can be performed (e.g., inkjet printing, poly-
dopamine-based cell patterning on polydimethylsiloxane
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[PDMS] substrates, PDMS stamp patterning, and parafilm
patterning).”'° Thus, development of techniques that are both
low cost and flexible is highly desirable in order to facilitate
cell micropatterning.

Micropatterning strategies fall broadly into two categories:
(i) those that rely on substrate features, such as biochemical
or topographic patterns to position cells,'""** and (ii) those
that actively dispense cells.'*!” Techniques that rely on
substrate patterning are usually limited to applications that
involve just one cell type growing on a single type of ma-
terial. This limitation arises because it is difficult to control
cell cross-reactivity between different physical or biochemi-
cal features and because it is difficult to fabricate features in
composite materials and to manipulate materials with non-
planar geometries. Techniques that dispense cells circumvent
these issues and allow patterning on a wide range of mate-
rials, but can be limited by their ability to reliably dispense
high-viability cell preparations (cells can be damaged during
printing or by drying, and orifices can become clogged by
cells or medium). Dispensing techniques are also limited by
the long length of time required to print large areas.

Another strategy for dispensing cells involves aqueous
two-phase systems (ATPSs) that can be used for exclusion
patterning of cells."® ATPS exclusion patterning is performed
by dispensing a droplet of dextran onto a substrate of in-
terest to form an exclusion dome. A solution of polyethylene
glycol (PEG) containing cells is then added to cover the
dextran. Phase separation of the two polymer solutions
causes the cells in the PEG phase to attach outside of the
dextran droplet, producing a zone of cell exclusion. In con-
trast to other techniques, ATPS exclusion patterning is sim-
ple, low cost, and flexible.

Methods for liquid handling are often required for cell
patterning, including low-cost and flexible patterning tech-
niques, such as ATPS exclusion patterning. Acoustic droplet
ejection (ADE) has been exploited as a method for liquid
handling. ADE uses acoustic radiation force associated with
an ultrasound field to transfer momentum into the ejection of
a liquid droplet from an air-liquid interface.'””"* High in-
tensity can be derived from a focused ultrasound beam.
When the focus of the ultrasound is placed on the air-liquid
interface, it forms a small cross-sectional area with the
highest energy in the dimension of the ultrasound beam
width. When the acoustic pressure of the applied ultrasound
field is higher than the interface-restoring surface energy of
the liquid, a discrete volume of liquid is ejected from the
surface of the liquid. The liquid droplet travels upward and
can be collected by a destination plate placed on the path of
the upward-traveling liquid droplet. In a previous report
ADE was used to eject single cells in picoliter droplets to
study single-cell epitaxy®’; however, the study used a mi-
crofabicated device for droplet ejection and cell culture,
which limited its potential applications.

In this study, we combined ADE and ATPS exclusion pat-
terning to provide a contact-free, nozzle-less liquid transfer
system for micropatterning cells. We improved the exclusion
pattering technique by incorporating an additional cell type in
the ejected dextran droplet, allowing islands or lines of one
cell type to be surrounded by a second cell type. We used an
automated 3D positioning system and multiplexed liquid
reservoir to produce a variety of coculture patterns. We then
performed an in vitro cancer cell colony growth assay that
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allowed us to monitor the effects of CXCL12/CXCR4 signal-
ing (a signaling axis with known importance in cell prolifer-
ation, cell trafficking, and metastatic cancer) to demonstrate
the feasibility of the ADE-ATPS method.

Methods
ADE setup

For ADE, a low-cost, customizable source plate was fab-
ricated using the following procedure. First, a PDMS mem-
brane with a 100-um thickness (10:1 polymer:curing agent)
(GE) was created by spin coating the uncured polymer onto a
silanized glass slide. The PDMS membrane was then cured at
120°C. A PDMS slab (5-mm thickness), in which a cylindrical
well (6-mm diameter) was punched to house the source so-
lution, was bonded to the PDMS membrane bottom (to allow
ultrasound transmission) (Fig. 1). Finally, a custom-cut 50 mL
conical tube was affixed to the PDMS slab to prevent water
from entering the device during immersion. The complete
device was then removed from the silanized glass.

The ADE procedure was carried out in a tank of filtered
and degassed water (Fig. 1A). The focused ultrasound
transducer (Blatek, Inc.) was an immersion transducer with a
center frequency of 4MHz, and a donut-shaped aperture
(outer diameter of 6cm, inner diameter of 40 mm, —3dB
beam width of 0.5mm, and a focal length of 63.3mm)
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertonline.com/scd). The ultrasound
transducer was calibrated before experiments in free field in
water using a 40 um calibrated needle hydrophone (HPMO04/
1; Precision Acoustics).

During experiments, the transducer faced upward in the
water tank aiming toward the source plate. Function/arbi-
trary waveform generators (33220A; Agilent) and a power
amplifier (model 75A250; Amplifier Research) were used to
produce signals with desired pulse duration and amplitude
to drive the ultrasound transducer for droplet ejection. A
power meter (PM-1; JJ&A Instruments) was used to monitor
the power during ultrasound application. A pulser/receiver
(5052PR; Panametrics) was used to operate the transducer in
pulse-echo mode and an oscilloscope (54603B; Hewlett
Packard) was used to measure the distance between the
transducer and the source plate, which was positioned using
a 3D positioning system to align the surface of the source
solution with the focal point of the transducer.

A holder for a destination plate (e.g., 35-mm or 60-mm
Petri dish) was attached to a 3D computer-controlled system
(Velmex, Inc.), which moved according to a designed pattern
programmed in Matlab (MathWorks).

Dextran droplet ejection

An ATPS consisting of 12.8% wt/wt dextran T500 (Phar-
macosmos) and 5.0% wt/wt PEG 35000 (Sigma), recon-
stituted as separate solutions in culture medium, was used
for all experiments. Both phases were prepared 1 day prior to
use and stored separately at 4°C. Dextran was loaded in the
source plate well using a pipette.

To maximize droplet ejection efficiency, the distance be-
tween the transducer and the source plate (dis =d¢—dso1) was
adjusted so that the transducer focus (df) coincided with the
surface of the source solution based on the depth of the
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FIG.1. ADE and ATPS setup. (A) The source plate containing dextran is positioned above the ultrasound transducer, both
immersed in degassed water. Movement of the destination plate is controlled by an automated positioning system syn-
chronized with the ultrasound pulse. (B) Two-phase patterning is achieved in four steps. ADE, acoustic droplet ejection;
ATPS, aqueous two-phase system; PDMS, polydimethylsiloxane; PEG, polyethylene glycol; HIFU, high intensity focused
ultrasound. Color images available online at www liebertonline.com/tec

source solution (ds.1). The values for speed of sound in water
(1480m/s) and in 12.8% dextran (1714 m/s) were used to
determine the distance (d) based on the traveling time of
the ultrasound pulse from the transducer to the bottom of the
source plate (ts) and from the transducer to the surface of the
source solution (fs,) as measured by the oscilloscope (dis=
1480 x t,, and dy,=1714 % t,). After di, was fixed, the
transducer was disconnected from the pulser/receiver and
connected to the power amplifier for droplet ejection.
Pulsed ultrasound exposures were used to generate dextran
droplets that were collected on the destination plate. The re-
lationship of the ultrasound parameters to droplet properties
(maximum traveling height and droplet volume) was char-
acterized for pulse durations ranging from 250 ps to 1000 ps
with 250 ps intervals, and pulse amplitudes ranging from
1.46 MPa to 2.47 MPa. Maximum height of droplet travel was

determined by lowering the destination plate with respect to
the source plate and recording the distance between source
and destination plates at which ejected droplets were first
captured. The droplet volume was determined from the
density of the 12.8% dextran and the average droplet weight
was obtained from measurement of 50 ejected droplets.

To produce the desired pattern of droplet deposition, the
destination plate was moved horizontally in a two-dimensional
(2D) plane after each ejected droplet. Afterward, the destination
plate was flipped over and PEG was added to cover the drop-
lets and form an ATPS (Fig. 1B).

Singleplex cell patterning

All cells were maintained at 37°C, 5% CO, in a humidified
incubator in Dulbecco’s modified Eagle Medium (DMEM)
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supplemented with 10% fetal bovine serum and antibiotic so-
lution. C2C12 myofibroblasts were grown to 70% confluence,
trypsinized, and collected for labeling with either Cell Tracker
Green or Cell Tracker Red (Molecular Probes). Separate popu-
lations of cell-tracker-labeled cells were pelleted, and re-
suspended in dextran at 2000 cells/pL and in PEG at 200 cells/
pL. Dextran-containing cells labeled with Cell Tracker Red were
loaded in the source plate well. Droplets were ejected to form
spatial patterns of red-labeled cells. PEG-containing cells labeled
with Cell Tracker Green were then applied to the Petri dish.
Propidium iodide (PI) (5pg/mL; Molecular Probes) was
used to assess the cell viability for each cell type patterned by
ADE. Cell numbers and viability were determined by
counting cells labeled with PI immediately after adding PEG.
Therefore, our viability data account for the complete process
of cell patterning including ADE and ATPS formation.
Fluorescence and brightfield images of the cells were ac-
quired using a Nikon TE300 fluorescent microscope (Nikon).

Multiplexed cell patterning

For the purpose of patterning multiple types of cells in the
same dish, some modifications were made to the singleplex
setup. First, multiple wells were punched in the PDMS slab
of the source plate to house each different cell type. Second,
instead of moving the ultrasound transducer to eject droplets
from each well, an additional 3D position controller that
could be manipulated by a user-controlled joystick was
mounted on the source plate holder to move the source plate
to align each well to the same location as the previous well
with respect to the ultrasound transducer. After multiple cell
types were transferred to the destination plate, an additional
cell type was placed around them in the PEG phase through
ATPS exclusion.

To demonstrate multiplexed cell patterning, we used the
same cell types but labeled them with different trackers to
distinguish the different pools of cells. C2C12 cells were la-
beled with four different fluorescent trackers (Cell Tracker
Red, Cell Tracker Green, a combination of Cell Tracker Red
and Green, and Hoescht 33342) (Molecular Probes). C2C12
cells in the PEG phase were not labeled. Fluorescent images
were acquired after cell attachment and replacement of the
ATPS medium with culture medium.

Cancer cell cocultures

Cocultures of MDA MB 231 breast cancer cells with a
surrounding feeder population of HEK 293 cells were gen-
erated using the ADE-ATPS technique. A pattern of 2 rows
of 4 droplets of MDA MB 231 cells was generated. To ex-
amine the effects of CXCL12 on the growth of MDA MB 231,
we used two populations of HEK 293 cells, one over-
expressing the cell-secreted CXCL12 chemokine and the
other expressing minimal levels of CXCL12. These HEK 293
cells were combined with patterns of MDA MB 231 cells that
either expressed baseline levels of CXCR4 (the receptor for
CXCL12) or overexpressed CXCR4. All cells used in these
experiments have previously been characterized by us and
by others in terms of their biological responses to CXCL12.2"*?
Colonies of patterned MDA MB 231 cells were cocultured
with HEK 293 cells for 7 days over which time phase-
contrast images were collected to monitor colony growth
characteristics. Cell culture medium was replaced every
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other day by removing half of the conditioned medium and
replacing it with fresh medium. After 7 days the cells were
fixed with 4.0% paraformaldehyde and stained with Hoescht
33342. Samples were quantified in terms of total colony area
(main colony +satellites), number of satellite colonies, and
mean satellite area for each of the four possible combinations
of cell types.

Data analysis

One-way analysis of variance and Student’s t-test were
used as statistical tests of significance where appropriate.
Image analysis, quantifications, and data analyses were
carried out using Image J (NIH), SigmaStat, and SigmaPlot.

Results
Droplet characterization

For each pulse duration, there were thresholds of pulse
acoustic amplitude, below which no droplets were ejected.
The threshold amplitude for discrete droplet ejection was
inversely correlated with the pulse duration. The 250 pus du-
ration required the highest pressure amplitude for droplet
ejection to occur (2.47 MPa); however, at 1000 us pulse du-
ration, droplets could be ejected at pressures as low as
1.46 MPa. The maximum traveling height of the dextran
droplets ranged from 60mm (2.47 MPa, 250 ps pulse dura-
tion) to 414mm (2.47MPa, 1000 ps pulse duration). The
maximum height of travel for an ejected droplet increased
linearly with increasing acoustic pressure amplitude and
pulse duration of the applied ultrasound (Fig. 2A). For a
fixed pressure, the ejection height could be described by
y=ax+b, where y was the ejection height and x was the pulse
width, with @ and b as constants. The constant a increased
with higher pressure amplitude. For fixed pulse width, the
ejection height also followed a linear relationship with the
pressure (in MPa), where y was the ejection height and x was
the pressure amplitude. The constant a also increased with
longer pulse width. Droplet volume increased linearly with
increasing acoustic pressure and pulse duration, following a
similar trend to what was observed for ejection height. The
dextran droplet volume ranged from 44.9nL (1.80MPa,
500 pus pulse width) to 309.2nL (2.47 MPa, at 1000 ps pulse
width) (Fig. 2B).

Based on these data, pulse durations of 750 us with pres-
sure amplitudes of either 2.14 MPa or 2.47 MPa were chosen
for cell patterning. Two simple pattern types, circle arrays
and lines, were created to demonstrate the principal of spa-
tial patterning. The triggering of each ultrasound pulse and
the movement of the destination plate were synchronized.
For a pulse repetition frequency of 0.5 Hz used for the pulsed
ultrasound exposures, the time interval between each
movement of the source plate was set to be 2s to ensure that
there was only one droplet at each step along the path. If step
size of the velmex was set to be <0.6mm, droplets could
form consecutive lines as sequentially generated droplets
overlapped in space (Fig. 2C, D). Fluorescein isothiocyanate
(FITC)-dextran was used to monitor pattern quality before
and after adding PEG.

Circle/droplet arrays and lines of FITC-dextran drop-
lets were generated (Fig. 2C, D). Arrays of discrete circles
(5x5) were patterned within a 10mm by 10mm area and
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FIG. 2. Characterization of droplet ejection and patterning. (A) Maximum ejection height increases linearly with ultrasound
pulse width and peak pressure amplitude. (B) Droplet volume increases linearly with ultrasound pulse width and peak
pressure amplitude. Bars represent mean+SEM. (C-D) Droplet ejection can produce a diverse range of pattern types,
including arrays of circles and lines that were stable enough to permit cell attachment. Scale=1mm; 1 >3 for all experiments.
Horizontal lines in (A) and (B) represent conditions that were not capable of ejecting droplets. Color images available online

at www liebertonline.com/tec

continuous lines (1 mm in width) were generated by ad-
justing the interdroplet spacing such that neighboring
droplets merged together on the destination plate. The au-
tomated procedure permitted generation of precisely repro-
ducible patterns on the order of minutes (depending on
pattern complexity), without dehydration of the droplets
before the addition of PEG. Droplet arrays and lines of
dextran were stable after PEG was added to form the ATPS
with only slight shrinkage of the dextran patterns after ad-
dition of PEG (due to equilibration between the two phases).

Singleplex cell patterning

Patterned cocultures were generated by performing ATPS
exclusion on dextran droplets patterned by ADE-ATPS (Fig.
3A). An ATPS was required to produce this type of patterned
coculture (Supplementary Fig. S2). Pattern fidelity was lost
after adding PEG when cells were dispensed in droplets
containing only culture medium. Cells dispensed in culture
medium alone were also subjected to rapid dehydration.
Before adding PEG, the deposited dextran droplets were of

the shape of a spherical cap with cells distributed evenly
throughout (Fig. 3B). Generally ~40% to 80% of the total
cells added into the source well were transferred to the
destination plate because of cell settling in the source well.
This could be improved by stirring the solution in the source
plate periodically to better suspend the cells. The percentage
of cells transferred did not exhibit consistent dependence on
cell density (Fig. 3C). The viability of cells in dextran droplets
dispensed by ADE was compared with cells dispensed using
a micropipetter. PI staining revealed that greater than 90% of
cells remained viable after ADE (Fig. S3).

After exclusion patterning and cell attachment, red-labeled
cells were well-retained within the dextran patterns with very
few green-labeled cells (excluded cells) infiltrating the pat-
terned regions (Fig. 3D, E). The shape of the cell patterns was
true to the original patterns, even after 24h of incubation.
Some cells were captured by the PEG/Dex interface during
exclusion patterning, manifesting as either a local increase in
the density of attached cells near the interface or a loss of
clusters of cells that were trapped by the interface and could
not attach to the culture substrate. After several days of
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culturing, areas of high local cell density became less evident,
as cell proliferation and migration resulted in a more even
distribution of cells within the patterned regions. For example,
in the cancer cell cocultures presented in Figure 5, it is clear
that after 3 days or longer in culture the cells completely and
uniformly fill the interior of the patterned region.

Multiplexed cell patterning

Multiplexed cell patterning was achieved using a source
plate with multiple wells controlled by a separate 3D con-
troller (Fig. 4A). Food dyes without cells were placed in the
dextran wells (red, green, yellow, and blue) to illustrate the
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formation of multiplexed patterns (Fig. 4B). Arrays of
droplets containing C2C12 cells labeled with different cell-
tracking dyes (as described in the Methods section) were also
generated. Comparison of phase-contrast images and the
fluorescent images showed that the cells in the dextran phase
(with fluorescent trackers) were confined within the dextran
boundaries (Fig. 4C).

To demonstrate an application, multiplexed arrays of co-
cultured cells were used to study the response of breast
cancer cells to the cell-secreted factor CXCL12. Two popu-
lations of breast cancer cells (one population overexpressing
CXCR4 [the receptor for CXCL12] and the other expressing
basal levels of CXCR4) were patterned within a feeder
population of HEK 293 cells (either CXCL12 secreting or
control) and monitored over the course of 7 days (Fig. 5A, B).
On day 1, the two populations of MDA MB 231 breast cancer
cells were similar in appearance. On day 3, the MDA MB 231
cells that overexpressed CXCR4 started to proliferate and
migrate away from the original colony, while MDA MB 231
cells that expressed baseline levels of CXCR4 tended to
proliferate and stay within the original pattern. By day 7,
MDA MB 231 cells that overexpressed CXCR4 began to form
satellite colonies (black arrows). At 7 days, the MDA MB 231
cells with baseline levels of CXCR4 were mostly confined to
the original colony pattern.

The cocultured colonies were fixed and stained with
Hoechst 33342 to allow for a more detailed comparison (Fig.
5C). The overall sizes of MDA MB 231 colonies cultured with
the HEK 293 control feeder were much smaller than colonies
cultured with HEK 293 CXCL12 feeder cells (normalized
areas of 7.78+1.06 for MDA MB 231 control and 7.39 +0.49
for MDA MB 231 CXCR4 as compared with 13.31+1.19 and
16.164 £1.55, respectively) (N >4 colonies for each condition).
As expected, MDA cells overexpressing CXCR4 formed lar-
ger colonies with satellite colonies that were greater both in
number (6.7 £1.0 satellites on average vs. 1.4+0.5) and total
area (normalized average satellite area of 0.58+0.19 vs.
0.23+0.07) than basal MDA MB 231 colonies when cultured
with feeder cells secreting CXCL12. These observations are
quantified in Supplementary Figure S4 for each of the 4 cell
conditions tested. This demonstrates that cell-secreted CXCL12
can drive differential responses in cancer cells expressing dif-
ferent levels of the CXCR4 receptor. The results from the ex-
clusion patterned system were consistent with results obtained
from conventional experimental methods.** >

Discussion

In the first instance of nozzle-less ADE demonstrated by
Elrod et al., acoustic frequencies ranging from 5 to 300 MHz
generated discrete droplets of water with diameters of 5-
300 um."” ADE techniques that use specially fabricated self-
focusing ultrasound transducers based on Fresnel rings or
sleeves/nozzles to control droplet diameter have also been
reported.” > A commercially available ADE device has
since become available from Labcyte, Inc., which was vali-
dated by Grant et al.** ADE techniques have also been used
to deposit photoresist®*? and other materials,>** as well as
hydrogels containing cells.*®

In this study, we developed a new approach combing
ADE and ATPS to provide a versatile strategy for patterning
cells and demonstrated an application by patterning
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taining different food dyes. (C) Multiplexed patterning of labeled C2C12 cells surrounded by unlabeled cells. All images were
acquired from the same culture plate ~4h after the cultures were generated. Scale =200 um. Color images available online at
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cocultures of cells and examining their interactions. ATPSs
have been used since the 1950s for separation of biological
materials, including cells.®® This owes to one of the most
well-known properties of ATPS, partitioning, in which ma-
terials distribute preferentially to one phase or the other.***”
More recently, ATPSs have been included in microfluidic
separation methods and for patterning cells in standard
culture setups.***? A recent report from our lab focused on
using the phase boundary formed between dextran and PEG
to exclusion pattern a single cancer cell type.'® Over time,
cancer cells migrated into the open exclusion zones. In the
present report we build upon this system to generate co-
cultures of cells. By combining ATPS exclusion patterning
with ADE, we introduce a method for multiplexed coculture
cell patterning. This method is flexible in terms of pattern
design, and also allows the use of a variety of culture sub-
strates, providing benefits over a number of other patterning
techniques.” %" ADE provides an additional benefit in that
it allows nozzle-less transfer of solutions, thus avoiding
sample cross-contamination.

A specific discussion regarding our results and the system
configuration is included below.

Droplet size and ultrasound properties

For droplets generated in nozzle-less systems, the droplet
diameter is inversely proportional to the frequency of the
focused ultrasound beam as the droplet size is related to the
acoustic wavelength.*>* More precisely, Elrod et al. reported
the relationship as d ~ f%?*%! where f is the ultrasound
frequency, resulting in droplets of water with diameters of
5-300 um using acoustic frequencies ranging from 5 to
300 MHz."”

In our study, the center frequency of the transducer was
fixed at 4MHz. Assuming the droplets to be spherical, the
droplet diameter ranged from 400 pm to 800 pm with vari-
able ultrasound pulse duration and pulse pressure ampli-
tude, which was in accordance with the trend described in
Elrod’s report. It is worth noting that the focused beam shape
also affects the formation of droplets. Demirci proposed that
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the relationship of droplet size is daropiet= 1.770F*/3 3! where
A is the wavelength (=sound speed/frequency) and F is the
fnumber (the ratio of focal length over transducer diameter).
Following this equation, the theoretical diameter of droplets
generated from our setup should be around 700 pm, which is
in the range of our experimental data. The discrepancies
between our results and theoretical models may be ac-
counted for by differences in pressure amplitude, pulse
width, type of solution (affects the surface tension, resistance,
and inertial force, etc.), and others factors.

Maximum height of travel for dextran droplets was line-
arly correlated with ultrasound pressure amplitude as well
as pulse duration, so these factors should be optimized for
specific applications. The droplet volume was also linearly
dependent on ultrasound pulse width and pressure ampli-
tude that are both related to the amount of energy expended
to the surface to overcome the surface tension. The spatial
peak time average intensity (Ispta) We used for characterizing
the droplets ranged from 147.7 W/cm? to 448.3 W/cm?. The
phenomenon that droplet size increases when the distributed
energy increases at longer pulse widths was also mentioned
in previous reports.*® It can be similarly concluded that when
ultrasound pressure amplitude increases, the droplet size

increases as the applied energy increases. Similar to droplet
diameter, the maximum ejection height increases as the pulse
energy increases. This also agrees with the relationship of
Nyige ~ Ezf4 mentioned by Elrod ef alt”

To contain sufficient number of cells in each droplet, but
still provide colonies small enough for detailed microscopic
evaluation of cell migration, we wanted droplet volumes
between 100nL and 200nL. Based on our droplet charac-
terization results, we chose pulse durations of 750 us with
pressure amplitudes of either 2.14 MPa or 2.47 MPa for cell
patterning. Other droplet volumes, if desired, could be
generated by adjusting the ultrasound parameters.

System configuration

Although an automated positioning system is not required
to generate coculture arrays using ADE-ATPS, it is helpful
for rapid generation of well-defined patterns, and can offer
more precise control than can be achieved using a micro-
pipetter. The following conditions should be considered for
system configuration.

As solution volume in the source well decreases with each
ejected droplet, the surface level of the dextran in the
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reservoir must be adjusted to be always aligned with the
focal length of the ultrasound transducer, as shown in Figure
1, to allow optimized ejection conditions. To generate mul-
tiplexed arrays we found it helpful to use a joystick to move
between consecutive source plate wells and fine tune this
alignment. However, it should be noted that this can be
easily accomplished with a computer-controlled source plate
alignment system.

It is also important to note that other materials and con-
figurations can be used for the source plate (e.g., it is possible
to use a modified 96-well plate). We found that PDMS could
be used to construct a low-cost, reusable source plate that
could be easily maneuvered and aligned with respect to the
ultrasound setup and the water tank. Further, the thickness
of the PDMS slab used in the source plate (5 mm) and the
diameter of the opening (6 mm) provided a relatively small
well (smaller than a 96-well plate well) that allowed us to use
smaller amounts of solutions containing fewer cells in our
experiments. This becomes important when working with
cells that are not available in large quantities, such as stem
cells, patient-derived cells, or primary cell preparations. Our
source plate could also withstand autoclaving to ensure that
surfaces were free of microbial contaminants. Although
limitations might exist on the size of the source plate well
and choice of material, in terms of the maximum heights and
droplet volumes that could be obtained, few deleterious ef-
fects on the cells were observed and the range of ejection
heights and volumes was well suited to our application.

During droplet ejection and patterning, cells were lost due
to settling to the bottom of the source well. Cells were also
lost by capture at the PEG/dextran interface when they did
not have the opportunity to attach. In our experience, it was
unavoidable to capture some cells at the interface, but this
effect was abolished at later time points in culture as cells
tended to migrate and proliferate to fill any voids within the
patterned regions. Because of these two factors, it was nec-
essary to use a 10-fold higher seeding density in the dextran
phase to achieve a homogeneous seeding density between
the PEG region and the dextran pattern. The viability of the
remaining cells was maintained at a very high level (>90%).

Examination of cell-cell interactions

Singleplexed and multiplexed coculture cell patterning
were readily achieved using our method. Although we only
demonstrated patterning of rectangular arrays of circular
droplets and straight lines, any desired patterns could be
produced with modification of our Matlab control program,
including circles of various sizes, letters, or other desired
shapes. One can envisage a number of tissue engineering
applications that could utilize this type of cell patterning, for
example, liver /kidney cell culture to recapitulate sinusoid or
nephron organization, as well as feeder culture support for
stem cells or other cell types.

We used cocultures of breast cancer cells that express basal
or excess chemokine receptor CXCR4 with HEK 293 cells that
secrete or do not secrete the CXCR4 ligand (CXCL12) to
demonstrate an application of our method. CXCR4 and
CXCL12 mediate cancer metastasis in vivo and cell prolifer-
ation and migration in vitro.*****%5 During breast cancer
metastasis, CXCR4-expressing cancer cells respond to gra-
dients of CXCL12 that are present within the surrounding

655

tissue and other target tissues.*® We used the ADE-ATPS
method to study cell migration and proliferation of cancer
cells in response to the presence of CXCL12 and obtained
results that were consistent with those reported using con-
ventional cell culture methods. Compared with conventional
methods, however, multiplexed patterning with ATPS and
ADE can pattern multiple types of cells on the same feeder
layer, thus reducing the number of cells required and pro-
viding more consistent comparisons (all cancer cells are
subjected to the same set of experimental conditions). It is
important to note that in these studies we used cells that had
been previously characterized in terms of their biological
response321_23; however, for future studies that explore
new biological signaling pathways it will be important to
incorporate additional controls, such as blocking antibodies
or small molecules capable of disrupting specific signaling
pathways.

Our study used immortalized cell lines to drive the ex-
pression of CXCL12 and CXCR4 such that the interaction
between cell types mediated by these molecules could be
examined in a well-controlled system. However, CXCL12/
CXCR4 signaling also has been appreciated in the context of
stem cell homing and chemotaxis. In several reports, mes-
enchymal stem cells were observed to migrate in response to
CXCL12 as well as to home from bone marrow to target
tissues that express CXCL12.* Taking these studies into
consideration, it may be possible in future studies to use our
system to explore these signaling mechanisms in other cell
types (such as stem cells), highlighting the relevance of our
system for tissue engineering. It can also be predicted that
apart from surface receptor/ligand interactions between
neighboring cells, this patterning method has other potential
applications related to scaling down of conventional bio-
chemical assays (e.g., immunoprecipitations or examining
bacterial interactions within a microbiome).
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