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The interactions between pairs of cells and within multicellular
assemblies are critical to many biological processes such as
intercellular communication, tissue and organ formation, immu-
nological reactions, and cancer metastasis. The ability to precisely
control the position of cells relative to one another and within
larger cellular assemblies will enable the investigation and char-
acterization of phenomena not currently accessible by conven-
tional in vitro methods. We present a versatile surface acoustic
wave technique that is capable of controlling the intercellular
distance and spatial arrangement of cells with micrometer level
resolution. This technique is, to our knowledge, among the first of
its kind to marry high precision and high throughput into a single
extremely versatile and wholly biocompatible technology. We
demonstrated the capabilities of the system to precisely control
intercellular distance, assemble cells with defined geometries, main-
tain cellular assemblies in suspension, and translate these suspended
assemblies to adherent states, all in a contactless, biocompatible
manner. As an example of the power of this system, this technology
was used to quantitatively investigate the gap junctional intercel-
lular communication in several homotypic and heterotypic popula-
tions by visualizing the transfer of fluorescent dye between cells.

cell–cell interaction | intercellular communication | surface acoustic waves |
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Multicellular systems rely on the interaction between cells to
coordinate cell signaling and regulate cell functions. Un-

derstanding the mechanism and process of cell–cell interaction is
critical to many physiological and pathological processes, such as
embryogenesis, differentiation, cancer metastasis, immunologi-
cal interactions, and diabetes (1–3). Despite significant advances
in this field, to further understand how cells interact and com-
municate with each other, a robust, biocompatible method to
precisely control the spatial and temporal association of cells and
to create defined cellular assemblies is urgently needed (4). Al-
though several methods have been used to pattern cells, limi-
tations still exist for the demonstrated methods including those
that make use of optical, electrical, magnetic, hydrodynamic, and
contact printing technologies (5–9). Firstly, most of the methods
require modification of the cell’s native state. The magnetic as-
sembly method, for example, requires cells to be labeled with
magnetic probes. Dielectrophoresis typically requires the use of
a special medium (e.g., nonconductive) which may lack essential
nutrients or have biophysical properties (such as the osmolality)
that may adversely affect cell growth or physiology (6). Optical
tweezers provide a label-free and contactless approach, but
typically require high laser power to manipulate cells, leading to
a high risk of cell damage (5). Secondly, the working principles of
the existing technologies mostly preclude the combination of
high precision and high throughput into a single device. It is
difficult for high-throughput methods (such as magnetic assem-
blies) to achieve single-cell level precision, whereas the high-
precision methods often require complex experimental setup to

manipulate multiple cells simultaneously. Thirdly, most of the
existing methodologies lack the ability to maintain cell assem-
blies in suspension, thereby limiting the application of these
methods for the study of cell–cell and cell–matrix interactions.
As an alternative to using optical, electrical, or magnetic

forces to manipulate cells, it has been demonstrated that bio-
logical specimens can also be manipulated using acoustic forces
(10–16). Acoustic force can be applied through either bulk
acoustic waves (BAWs) or surface acoustic waves (SAWs).
Compared with the conventional BAW-based approaches (12,
13), SAW-based approaches (14–16) are becoming increasingly
important in applications in cell biology and medicine as SAWs
allow simpler device fabrication and experimental setup, higher
manipulation resolution and flexibility, and better compatibility
with optical imaging systems (allowing use of transparent devi-
ces). Thus far, the SAW-based approach has been reported to be
able to manipulate single cells (15), but it has not yet been
demonstrated for controlling cell–cell distance and interactions.
This is mainly due to the difficulties in achieving a sufficient level
of regulation of pressure nodes, which is needed to control the
position of the cells with a high degree of precision. In this study,
we demonstrate a SAW device that can accurately and re-
producibly control pressure nodes and perform various functions
for cell–cell interaction studies. Through superposing two or-
thogonal standing SAWs with differential input frequencies, we
achieved highly regulated dot-array configuration of pressure
nodes that facilitate high-precision control of cell–cell inter-
actions, rather than the net-array pressure node configurations
used in previous SAW devices (14, 15). This acoustic tweezers
cell-manipulation method does not require any modification of
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the growth conditions, allowing cells to be cultured in their na-
tive media. It is highly adaptable to the requirements of various
applications and is capable of delivering both high precision
(controlling intercellular distance at the micrometer scale) and
high throughput (forming thousands of cell assemblies with
tunable geometric configurations) in a single device. In addition,
our method offers unprecedented flexibility over the control of
cell assemblies. The geometry of cell assemblies can be finely tuned
by changing the acoustic field. Moreover, the system is capable of
holding cell assemblies in suspension at precise locations while
assessing their biological functions without the use of permanent
structures. These suspended cell assemblies can be allowed to settle
to the surface to adhere and disperse. To demonstrate the power of
this technology, we applied the system to explore gap junctional
intercellular communication (GJIC) and quantitatively investigated
various forms of functional intercellular communication by visual-
izing gap junctional dye exchange among coupled cells.

Results
Working Mechanism of the Tunable Acoustic Well. To develop
a SAW device that is able to control both cell–cell distance and
cell arrangement requires the formation of isolated pressure
nodes with tunable pressure gradients. Thus, we established
a dot-array configuration of pressure nodes by manipulating two
orthogonal standing SAWs with slightly different frequencies
(Fig. S1 and Movie S1, if with same frequency, Movie S2). When
two orthogonal interdigital transducer (IDTs) pairs are de-
posited onto a 128° Y cut lithium niobate (LiNbO3) piezoelectric
substrate with a 45° angle to the X direction, they will share the
same resonance frequency pattern (Fig. S2). The generation of
two overlapping orthogonal standing SAWs relies upon different
input resonance frequencies for different IDT pairs. Fig. 1 A and
B shows the schematic and actual setup of the device, respectively.
A 6 × 6-mm2 polydimethylsiloxane square chamber is bonded

to a LiNbO3 piezoelectric substrate at the middle of two or-
thogonal pairs of IDTs. The IDTs in our experiment have
a combination of 40 pairs of electrodes that have a width and
spacing gap of 75 μm. To ensure that the standing acoustic field
is uniform throughout the chamber, the acoustic aperture is

designed to be 9 mm in both directions. Each pair of IDTs is
independently connected to a radiofrequency (RF) signal source
to generate SAWs with different frequencies. Once the input
signals are applied, square-shaped pressure node dot arrays will
form on the substrate. Those standing SAWs leak and establish
a differential acoustic potential field to the adjacent fluid me-
dium (Fig. S3); this 3D acoustic field above each 2D square
pressure node can function as an “acoustic well” (Fig. 1C).
Simulations (Note S1) indicate that the superposition of the
orthogonal standing SAWs creates isolated half-wavelength–
sized square pressure nodes (Fig. 1D; arrows represent the di-
rection of the radiation force). Cells can be manipulated in each
acoustic well using the combination of acoustic radiation force
and drag force driven by acoustic streaming. By modulating two
input RF signals, we can precisely activate and tune the position
and dimension of the acoustic well. As a result, a cluster of cells
in a tunable acoustic well can be precisely manipulated. Cells
trapped in this fashion can be made to form cell assemblies with
controllable cell number, orientation, and configuration.

Manipulation of Intercellular Distance. Once the array of pressure
nodes is established as described in the previous section, tuning
the intercellular distance of two cells becomes possible. When
two cells are located within a unit square of the pressure anti-
node lattice (150-μm × 150-μm area), both of them will be
pushed toward the same point (central pressure node). Thus, by
controlling the movement toward the pressure node, the distance
between two cells can be controlled. To achieve precise control
of intercellular distance, the movement of cells must be stopped
immediately upon regulation of the acoustic field. We first tested
this process with 10-μm polystyrene beads. To attain a greater
degree of control, particles were first arranged in lines with
random distance along the lines by activating one pair of IDTs,
thus creating standing waves aligned in one direction only. Once
particles were stable, we applied a modulated RF signal in the
orthogonal direction by activating the orthogonal pair of IDTs to
push particles toward one another. The modulated signal was set
to a pulse signal with 0.5-s duration and 2-s interval. The whole
process was recorded (Movie S3) and analyzed to study the
movement process (Fig. S4). When plotted, the pattern of
movement showed a clear step-like shape that matched the pe-
riod of the modulated input signal. The results indicate that the
movement of particles is fully controlled by the input signals.
This demonstrates the feasibility of using this acoustic method to
tune the distance between two objects with micrometer-level
resolution (Fig. S4). Therefore, it is feasible to use the acoustic
well to control the intercellular distance of suspension cells.
We further examined if this method allows us to distinguish

between two distinct states, direct contact and noncontact with
a small distance, in the context of forming cell–cell contact for
intercellular communication studies (17, 18). GJIC requires di-
rect contact between cells, whereas communication that relies
upon soluble factors is highly dependent upon the distance be-
tween the cells sending and receiving the signals. The generation
of these two states is important to isolate effects from the two
types of intercellular communication. Fig. 2A demonstrates that
the distance between cells can be controlled using the same
manner described above. The smallest movement step can be as
small as ∼0.9 μm. Fig. 2B shows two HEK 293T cells with different
desired intercellular distances of 15, 10, 5, and 0 μm, respectively.
We then probed functional gap junctional communication with an
assay using a membrane impermeable fluorescent dye, Calcein-
AM. After cells were moved to the desired position, the SAW
field was removed and cells were maintained in cell culture me-
dium at 37 °C and 5% CO2 environment. Fig. 2C shows that when
the cells are in direct contact, fluorescent dye can be transferred
to the neighboring cell after 1 h, indicating the formation of
functional gap junctions. When cells were separated by a distance

Fig. 1. Schematic of “tunable acoustic well.” (A) Illustration of the experi-
mental setup. (B) An image of the device. (C) Illustration of the function of the
acoustic well. The pressure gradient causes the cells to be pushed into the middle
of the pressure node. (D) Simulation result of the acoustic potential distribution
in an acoustic well. The arrows show the direction of the radiation force.
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of 3 μm, no transfer of dye was observed after the same time in-
terval (Fig. 2D). It should be noted that, depending upon their
initial positions, separated cells may be moved out of their original
positions in the current experimental setup due to evaporation-
induced fluid instability.
Next, we performed statistical analysis of 139 cell pairs to

study the dependence of cell contact formation on initial dis-
tance. After 30 min on-chip incubation, cell–cell contact for-
mation probability was observed to increase with shorter
intercellular distance (Fig. S5). The cell pair group with 0–3-μm
intercellular distance has a probability of cell–cell contact for-
mation of 73%, whereas the cell pair group with 9–15-μm initial
intercellular distance forms junctions with a probability of 13%.
The results indicated that the control of cell initial distance is
able to generate the two types of intercellular communication
under current experimental conditions. However, for appli-
cations where long-term, precise control of intercellular distance
is critical, additional measures need to be taken to minimize the
effects of flow instability on intercellular distance.

Formation of Suspended Cell Assembly. In addition to enabling the
control of intercellular distance, the well-defined acoustic pres-
sure nodes created by this device are also suitable for manipu-
lating a group of cells to form different geometric configurations.
When a group of cells are present within the confines of an
acoustic well, they can be manipulated in concert and assembled
into defined patterns using the acoustic radiation force. The
acoustic well is highly tunable in terms of size and shape as in-
dicated in both simulation and experimental results (Fig. 3 A–D
and Movie S4). When we applied different input powers and
frequencies (10 mW and 13.45 MHz; 30 mW and 13.35 MHz,
respectively) to the two orthogonal IDT pairs, a rectangular-
shaped acoustic well was generated (Fig. 3A). Using rectangular
acoustic wells, cell chains with a cell number of two, three, and
four can be formed by controlling the concentration of HeLa cells
loaded into the device (Fig. 3 E–H). The direction of the rectan-
gular acoustic well can also be reoriented by 90° (Fig. 3B and
Movie S4) by switching the input powers of the two pairs of IDTs
(30 mW and 13.45 MHz; 10 mW and 13.35 MHz, respectively).

Similarly, when the same amplitude (20 mW) was applied in both
directions, a square-shaped acoustic well could be formed (Fig. 3
C and D). In this case, cells in the acoustic well were assembled as
a single-layer cluster (Fig. 3 I–K). It is also possible to shrink the
size of the acoustic well (Fig. 3D) by increasing the input power
(30 mW), forming 3D cell spheres as a result (Fig. 3L).

Formation of Gap Junctional Coupling. Our SAW device can be
used to initiate and investigate GJIC. To examine whether HEK
293T cells can form functional gap junction channels in sus-
pension state, a mixture of Calcein-AM stained cells and un-
stained cells was patterned into linear arrays and maintained in
culture medium for the entire duration of the experimental pe-
riod with the acoustic field (Fig. 4A). After 30 min of initial in-
cubation, vivid dye coupling from donor cells to recipient cells
can be observed in all of the linear arrays regardless of cell
number. As expected, the larger the cell numbers, the longer it
takes to observe evident dye coupling at the terminal cells (Fig. 4
B–D). If the cells are patterned in a linear array, their commu-
nication (as observed by the transfer of dye) occurs linearly. If
cells are patterned in a cluster, their communication format will
be changed as well. As shown in Fig. 4E, after tuning the acoustic
well to assemble cells into a cluster, multiple cells receive the
signal simultaneously from the donor cell. As a control, we used
the gap junction inhibitor 18 α-glycyrrhetinic acid to block gap
junction transfer. The inhibitor significantly reduces the dye
coupling under our experimental conditions (Fig. S6). Collec-
tively, these data demonstrate that HEK 293T cells can form
functional gap junction channels in suspension, without the need
for adhesion to a substrate. This platform for the acoustic ma-
nipulation of cells provides a simple and rapid way to examine
the formation and function of GJIC in suspended cultures.
Moreover, this technology is capable of controlling the patterns
of cells, enabling the study of intercellular communication within
groups of cells with varied architectures (e.g., linear vs. sphere).

Maintenance of Suspended Cell Assemblies and Translation to
Adherent State. As discussed in the previous section, cells can
be held at a stable distance above the substrate when an acoustic
field is present, so it is possible to maintain assembled cells in the
chamber without contacting the surface. The surface is thus free
to be modified to facilitate cell attachment. As a result, cell–cell
interaction and cell–matrix interaction can be studied either
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Fig. 2. Control of intercellular distances using acoustic wells. (A) The de-
pendence of cell–cell distance on the input signals. A pulse signal (500-ms
duration and 2-s interval) was applied to control the intercellular distance.
(B) Using the tunable acoustic well, two HEK 293T cells are positioned with
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Fig. 3. Formation of cell assemblies with different geometries. (A–D) Simula-
tion results of acoustic potential distribution in an acoustic well with different
acoustic amplitudes. Thewhite line indicates an acoustic potential with the same
magnitude. (E–H) Linear shape of HeLa cell assemblies when applying linear-
shaped acoustic wells. (I–K) Single-layer and (L) spherical shape of cell assemblies
obtained when applying spherically shaped acoustic wells. Scale bar: 50 μm.
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separately or sequentially in this device. To demonstrate this
feature, we first created a linear pattern of HEK 293T cells using
the method outlined above (Fig. 5A). When the SAW is present,
the linear cell assembly is maintained in suspension for 1 h be-
cause of the combination of acoustic radiation force and acoustic
streaming induced hydrodynamic force. During this period, only
cell–cell adhesion occurs, despite the presence of a receptive surface
that had been coated with collagen to facilitate cell attachment.
After 1 h the SAW was removed, which allowed the cells to drop to
the surface and attach to form a cell–matrix interaction. After an-
other 40 min, HEK 293T cells first adhered to the surface and
expanded their morphology along the surface (Fig. 5B).
After assembling cells in suspension, the geometric configu-

ration of cell assemblies can also be translated to the surface as
cells become adherent. To exploit the capability of this method
for the study of intercellular communication under adherent
conditions, we investigate the distinct gap junctional coupling
properties of hTERT-HMVEC (human microvascular endothe-
lial cells, CRL-4205) and HeLa S3 (CCL-2.2) cell lines. Endo-
thelial cells are known to express gap junction proteins (e.g.,
Connexin 43) and allow small molecules to pass through the gap
junction channels (19). A mixture of Calcein-AM stained and
unstained HMVEC cells was patterned into linear assemblies
under the SAW field as described in the previous section. Once
the linear pattern was stable, the SAW field was removed to
allow cells to settle down and attach to the surface. HMVEC
cells started to attach and spread 25 min after settling down,
whereas the geometric configuration of the cell assembly was
well maintained (Fig. 5C). After all of the cells became adherent
to the substrate, significant dye transfer was occurring from
stained (donor) cells to unstained (recipient) cells within 40 min
(Fig. 5D). In contrast, the HeLa cell line does not express con-
nexin proteins, essential components of gap junction channels,
and therefore lacks the ability to exhibit dye transfer (20). As
shown in Fig. 5E, HeLa S3 cells showed similar attachment and
spread dynamics after patterning in suspension. However, dye
coupling between adherent HeLa S3 cells was not observed even
2 h after they became completely adherent (Fig. 5F).

Quantitative Evaluation of GJIC. As demonstrated in the previous
sections, the acoustic well allows flexible cell assembly with high-
precision spatial control. Here we used GJIC as an example to

illustrate that our technology offers unprecedented precision and
versatility for quantitative intercellular communication studies.
In particular, we used a preloading assay to evaluate the gap
junctional dye transfer dynamics. Preloading assays allow for
minimal disruption of cell integrity and normal physiology by
avoiding microinjection and high-power laser irradiation. How-
ever, conventional preloading assays are not suitable to study the
dynamics of dye transfer with high temporal resolution due to
the inability to control the beginning of cell–cell contacts and the
geometry of cell assemblies (21). With the assistance of acoustic
wells, we are able to interrogate early dye transfer dynamics
using a preloading assay. In addition, the differences in dye
transfer dynamics between the suspension and adhesion states of
cells can be studied using the acoustic well. In this section, we
demonstrate two unique features of our acoustic well technology:
(i) the capability to quantitatively interrogate very early dye
transfer dynamics of cell assemblies (homotypic or heterotypic
cell assemblies); and (ii) the capability to hold cell assemblies
in suspension at precise locations while quantitatively assess-
ing their biological functions.
We first studied dye transfer dynamics of adherent cells with

different cell configurations (both homotypic and heterotypic
cell pairs). We chose an endothelial (HMVEC) and a glioma cell
line (U87) as our model. It has been widely reported that the
process of angiogenesis in glioma is very active and there are
strong interactions between glioma cells and endothelial cells via
either soluble factors or gap junction-based communication (22).
After assembling cell pairs using the acoustic well, the dye
transfer dynamics of endothelial cell pairs, glioma cell pairs, and
endothelial and glioma cell pairs was recorded (Fig. S7 A–C),
analyzed, and plotted (Fig. 6 A–C), respectively. By calculating the
intensity plots using Fick’s equation (23) (see details in Note S2),

A

B

C

E

D

Fig. 4. Dye coupling between HEK 293T cells with defined arrangement. (A)
Schematic of experimental setup. (B) Bright-field image and time-lapse
fluorescence images of cell pair, (C) a three-cell system, (D) a linear cell as-
sembly, and (E) a 2D, multiple-cell system trapped within a well-controlled
acoustic field. The dye transfer between the cell assemblies can be observed
over time. (B–D) The dye molecules transferred sequentially because of the
defined linear assembly. (D and E) Different from the linear cell assemblies,
the spherical cell assembly allows dye transfer to occur with all neighboring
cells simultaneously. Scale bar: 50 μm.
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Fig. 5. Translation of suspended assemblies to the adherent state. (A)
Schematic of experimental setup and procedure. Linear assemblies of cells
were formed under the control of a tunable acoustic well. After the removal
of the acoustic field, cells were allowed to drop to the surface and attach. (B)
The process of in-suspension assembly and attachment. HEK 293T cells were
first assembled in suspension. The acoustic field was maintained for 1 h in
order that cells could be kept in suspension regardless of the properties of the
surface. Once the acoustic field is removed, cells quickly attach to the colla-
gen-coated surface and start to spread while maintaining the same assembly
as in suspension. In-suspension assembly and attachment of (C) HMVEC and
(E) HeLa S3 cells, respectively. Dye transfer between attached (D) HMVEC and
(F) HeLa S3 cells, respectively, with defined geometry. Scale bar: 20 μm.
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transfer rates of different time points can be obtained. Fig. 6D
shows that the average dye transfer rates at each time intervals for
all three types of cell pairs change over time. At the early time
points (0‒20 min), the transfer rates are slower than the later
stages. The trend of transfer rate is different from what has been
previously reported from local activation of molecular fluorescent
probe experiments, which showed consistent dye transfer constant
over the time period (23). The reason lies in that the acoustic well
experiments enable the examination of dye transfer immediately
after cell–cell contacts. As a result, very early dye transfer dynamics
can be captured during which the gap junction channels are still
forming. Conventionally, gap junctional dye transfer is often studied
when channels have already reached equilibrium due to the inability
to control the starting point of cell–cell contact. At later stages
(after 60 min), the transfer rates of the three type cell pairs tend to
be consistent, indicating that the formation of gap junction channels
approaches equilibrium. When comparing the transfer rates at late
stages for the three configurations, U87 to U87 pairs are similar to
HMVEC to HMVEC pairs (0.040 min−1 ± 0.013 min−1 vs. 0.044
min−1 ± 0.005 min−1). Both of the transfer rates are faster than the
heterotypic cell pair U87 to HMVEC (0.029 min−1 ± 0.007 min−1).
In addition to comparing dye transfer rates when they are in the
stable stage, we also calculated the time that is needed for the dye
transfer to reach equilibrium. For U87 to U87, HMVEC to
HMVEC, and U87 to HMVEC pairs, the times are 58 ± 11 min,
67 ± 12 min, and 81 ± 23 min, respectively. The results indicated
the same conclusion as using the dye transfer rates: dye transfer
between the homotypic cell pairs is faster than the heterotypic cell
pairs. The results are also consistent with the existing understanding
that fewer junctions are formed when different cell types are cou-
pling (24).
The acoustic well not only allows the comparison of gap

junctional communication dynamics between different adherent
cell pairs, but also enables the comparison of dye transfer dy-
namics between cells in suspension and adhesion states. We
examined the dye transfer dynamics of HEK cells in both ad-
hesion and suspension states. To maintain cells in suspension the
acoustic field was maintained throughout the experiment. The
fluorescence images of dye transfer between adhesion HEK
293T cell pairs and suspension HEK 293T cell pairs are shown in
Fig. S7 D and E, respectively. By calculating the fluorescence

intensity profile (Fig. 6 E and F) in the same way as the previous
experiments, dye transfer rates of different time periods can be
obtained (Fig. 6G). Fig. 6G shows that both adhesion pairs and
suspension pairs have similar dye transfer dynamics. The time to
reach equilibrium also showed no significant difference between
adhesion and suspension HEK cell pairs (75 ± 25 min vs. 85 ± 25
min). The results suggest that cell adhesion has little impact on
the overall rate of gap junctional dye transfer dynamics for HEK
293T cells. However, the effects of cell adhesion on dye transfer
dynamics may vary for different cell types. It should also be
noted that the large variance in the observed intercellular dye
transfer among different cell pairs may be caused by the het-
erogeneity of cell populations and cell cycle states.

Discussion
We present a highly versatile tool for controlling the spatial ar-
rangement of cultured cells through the use of tunable acoustic
wells. Because the position and shape of acoustic wells can be
precisely modified, our technology has the unique ability to form
cellular arrangements with complex geometries, as well as to
push the individual cells together with micrometer precision. In
addition, the contactless, label-free nature and mild force am-
plitude allow the acoustic method to manipulate cells with
a minimal level of disruption to the cells. We performed an RNA
microarray test to examine the impact of SAWs on gene ex-
pression. The results indicate that there is no significant differ-
ence on gene expression between the control group and the
SAW-treated group (Note S3 and Table S1). In this work, we
demonstrated that the acoustic well is capable of performing
multiple important tasks for intercellular communication studies.
These tasks include the control of intercellular distance, the
engineering of homotypic or heterotypic cell assemblies, the
monitoring of the exchange of small molecules among suspended
cells, and the transformation of cellular aggregates from sus-
pended to adherent states and subsequent investigation of as-
sembly and communication in adherent cells.
The ability to assemble and maintain cells in suspension with

defined geometry is a unique feature of this acoustic tweezers
system. In this work, we exploited this functionality to GJIC for
adherent HEK 293T cells in suspension in a defined assembly,
despite the fact that these cells normally are cultured as adherent
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Fig. 6. Quantitative comparisons of gap junctional dye transfer between homotypic and heterotypic cell pairs, and between adherent and suspended cell
pairs. (A–C) Fluorescence intensity plots over time for U87 to U87, HMVEC to HMVEC, and U87 to HMVEC cell pairs, respectively. (D) Dye transfer rates at
different time periods for the three types of cell pairs. (E and F) Fluorescence intensity plots over time for adherent and suspension cell pairs, respectively. (G)
Dye transfer rates at different time periods for the two types of cell pairs. Error bars represent the SD of multiple cell pairs (n = 20). These rates are for 20-min
(or 10-min) intervals ending at the time shown on the x axis.
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monolayers. Although this study demonstrates the power of the
technology, it is only one demonstration of its use. This tech-
nology is ideally suited to investigate the mechanisms of cell–cell
communication occurring within cells maintained in suspension.
This capability has particular relevance to experiments per-
formed upon neoplastic cells, as metastatic phenotypes are
known to be associated with cellular morphologies such as
aggregates, cell balls, or even single-cell chains that resemble
cells maintained in suspension. Furthermore, neoplastic cells
isolated from human body fluids such as blood, cerebral spinal
fluid, pleural effusions, and peritoneal fluid typically have mor-
phologies that differ from their tissue of origin and oftentimes
resemble cells cultured in suspension (25).
This SAW-based method also enables the label-free study of

the correlation between cell–cell adhesion and cell–matrix
adhesion (for example, the cross-talk between cadherin and
integrin) (26, 27). Current methods require surface modification
to avoid integrin activation and use fibronectin-coated beads to
trigger integrin to study the impacts on biomechanics (28) such
as cell–cell adhesion. Using the acoustic well, cell–cell adhesion
can be first induced in suspension, and after removal of the SAW
field, cells will descend to the modified surface to activate
integrin. This acoustic well technology was demonstrated to
create cell assemblies in suspension that can be translated to
patterns upon adhesion to the substrate. When cells initially
attach and spread on the surface, the geometry can be main-
tained strictly. For cells that tend to migrate quickly, however,
the geometry of the patterned cells may be disrupted after long-
term cell culture. As a result, in some cases the acoustic assembly
alone cannot replace the method of surface modification to
precisely define the region of cell growth. However, this
technology can be easily combined with surface modification
methods or other approaches to enhance the efficiency of
forming cell colonies. In addition, this feature makes the acoustic
method very suitable to study cell migration as it avoids physical
confinement introduced by surface modification while generat-
ing a defined geometry as a controllable starting point.
We have demonstrated how acoustic radiation forces can be

exploited to generate a controllable motive force that can be
used for high-precision fabrication and manipulation of cell

assemblies. By modulating the gradient and position of pressure
nodes within this device, we were able to precisely control the
intercellular distance of cells cultured in suspension, to assemble
cells with defined geometries, to maintain cellular assemblies in
suspension, and to then convert these suspended assemblies to
adherent states. The ability to precisely manipulate and pattern
cells using the acoustic well provides a powerful tool for myriad
investigations, particularly those that involve the study of in-
tercellular communication. We expect that the implementation of
this technology will significantly advance fields of study focused
upon cell–cell interactions, such as immunology, developmental
biology, neuroscience, and cancer metastasis.

Materials and Methods
Device Fabrication and Experiment Setup. The device was fabricated by
bonding the PDMS based microchannels onto a lithium niobate (LiNbO3)
substrate coated with IDTs. Standard softlithography procedure was fol-
lowed to make the PDMS device. IDTs on the LiNbO3 substrate was created
by standard photo lithography and lift-off processes. The detailed fabrica-
tion procedure was described previously (15). To generate the SSAW field,
two pairs of IDTs were individually activated by a double-channel function
generator and two amplifiers. The details of experiment setup can be found
in Note S4.

Cell Culture in the SAW Device. For long-term on chip dye transfer observation,
cells were maintained by a customized on-stage cell culture chamber at 37 °C
and 5% CO2 condition. Details on cell preparation and culture are available
in Note S5.

Image Acquisition and Analysis. Images were acquired through an inverted
microscope with a charge coupled device (CCD) camera, and analyzed with
the ImageJ software package. Details on image acquisition and analysis can
be found in Note S6.
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