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APPL I ED SC I ENCES AND ENG INEER ING

Biomolecular actuators for genetically selective acoustic
manipulation of cells
Di Wu1, Diego Baresch2, Colin Cook1, Zhichao Ma3†, Mengtong Duan4, Dina Malounda5,
David Maresca5, Maria P. Abundo5, Justin Lee4, Shirin Shivaei4, David R. Mittelstein1, Tian Qiu6,
Peer Fischer7,8, Mikhail G. Shapiro1,5,9*

The ability to physically manipulate specific cells is critical for the fields of biomedicine, synthetic biology, and
living materials. Ultrasound has the ability to manipulate cells with high spatiotemporal precision via acoustic
radiation force (ARF). However, because most cells have similar acoustic properties, this capability is disconnect-
ed from cellular genetic programs. Here, we show that gas vesicles (GVs)—a unique class of gas-filled protein
nanostructures—can serve as genetically encodable actuators for selective acoustic manipulation. Because of
their lower density and higher compressibility relative to water, GVs experience strong ARF with opposite po-
larity tomost othermaterials. When expressed inside cells, GVs invert the cells’ acoustic contrast and amplify the
magnitude of their ARF, allowing the cells to be selectively manipulated with sound waves based on their ge-
notype. GVs provide a direct link between gene expression and acoustomechanical actuation, opening a para-
digm for selective cellular control in a broad range of contexts.
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INTRODUCTION
The ability to remotely pattern, actuate, and apply force to geneti-
cally specified cells would have many applications in biomedicine
and synthetic biology, ranging from the fabrication of biological
living materials (1) and bioprocessing of engineered cells (2, 3) to
drug delivery (4) and noninvasive control of cellular function (5–8).
Ultrasound offers unique advantages in such contexts over optical,
magnetic and printing-based approaches due to its functionality in
opaque media, noninvasiveness, relatively high spatial precision on
the micrometer scale, and rapid, reconfigurable field formation.
Acoustic radiation force (ARF) allows ultrasound to manipulate
materials whose density or compressibility differs from their sur-
rounding medium. This capability has been used to manipulate,
pattern, and sort synthetic particles and cells, for example, by
using acoustic standing waves to create stable attractors for such
objects or to separate them in microfluidic devices (9, 10).
However, because of the similarity of acoustic contrast factor
among endogenous cellular materials, it is challenging to connect
ARF-based actuation directly to intracellular gene expression.
Doing so would require a genetically encodable agent capable of
markedly altering the acoustic properties of a cell.

To address this need, we hypothesized that gas vesicles (GVs)—a
unique class of biologically assembled air-filled protein

nanostructures—could experience strong ARF and enable the ge-
netically selective acoustic manipulation of GV-expressing cells.
GVs are genetically encoded protein-shelled nanostructures with
hydrodynamic diameters on the order of 250 nm (Fig. 1, A and
B) that evolved in aquatic photosynthetic microbes as a means to
achieve buoyancy for improved access to sunlight (11). GVs
consist of a physically stable hollow compartment enclosed by a
2-nm-thick protein shell that is permeable to gas but excludes
liquid water. On the basis of their unique physical properties,
GVs were recently developed as genetically encodable and engineer-
able contrast agents for noninvasive imaging (12–17). However, the
ability of GVs to serve as actuators of ARF has not been tested.

We hypothesized that GVs’ differential density and compress-
ibility relative to aqueous media would allow these nanostructures
to experience substantial ARF (Fig. 1C) and that cells genetically
engineered to express GVs would experience a markedly different
radiation force due to changes in their acoustic properties (Fig. 1,
D and E). We further hypothesized that the resulting forces
would act in the opposite direction from other biomaterials,
which are generally denser than water, allowing selective acoustic
manipulation. This would connect mechanical actuation directly
to the expression of a specific gene—a capability not provided by
other genetic labels such as fluorescent proteins.

In this study, we test these fundamental hypotheses by studying
the ARF acting on GVs and GV-expressing cells in aqueous and hy-
drogel environments using custom-made devices. We start by mod-
eling and experimentally measuring the acoustic contrast factor of
these biological materials using single-particle tracking and demon-
strate that GVs experience strong ARF and can enhance and mark-
edly alter the ARF acting on GV-expressing cells. We then show that
this allows for direct acoustic manipulation and holographic pat-
terning of genetically engineered bacteria, and the selective manip-
ulation of mammalian and bacterial cells directly based on their
genotype. Furthermore, we demonstrate the ability to separate
cells based on an active biological function. Lastly, we show that
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GVs’ acoustophoretic behavior can be engineered at the level of
their protein sequence andmodulated in situ with acoustic pressure.

RESULTS
GVs experience direct ARF
To estimate the expected ARF acting on GVs, we modeled them as
spherical particles with an effective density of 120 kg/m3 (18) and a
compressibility of 1.55 × 10–8 Pa−1 (19). Because both of these
values are radically different from water (Fig. 1B), we predicted
that GVs would have a strongly negative acoustic contrast in
aqueous media, with a contrast factor of −11.7 (Fig. 1F and Eq. 1
in Materials and Methods). While cells and most biological compo-
nents exhibit positive acoustic contrast in aqueous solution, a few
materials—such as microbubbles, polydimethylsiloxane elastomer
microparticles, and lipids—exhibit a negative contrast factor, allow-
ing them to migrate up pressure gradients and efficiently separate
from positive-contrast materials, as demonstrated in several impor-
tant applications (20–26). We hypothesized that GVs could be ma-
nipulated in a similar manner by responding directly to ARF at
typical frequencies and energy densities of several megahertz
and ~10 to 100 J/m3 (27). Despite their nanometer dimensions,
we anticipated that GVs’ exceptionally large contrast factor would
allow them to overcome the challenges of submicrometer particle
actuation caused by the volumetric scaling of ARF and the compet-
ing process of acoustic streaming (28).

To test the ability of GV nanostructures to be manipulated with
ARF, we purified GVs from the cyanobacterium Anabaena flos-
aquae (Ana), chemically labeled them with a fluorescent dye, and
imaged them in suspension inside a microfluidic channel coupled
to a bulk piezoelectric resonator operating at 3.8MHz (Fig. 2A). The
channel width of 200 μm represents a half-wavelength at this fre-
quency, resulting in a pressure node at its center and antinodes
(areas of highest pressure) at each wall (Fig. 2B). As expected
based on their negative acoustic contrast, GVs readily migrated to
the pressure antinodes upon ultrasound application (Fig. 2, C and
D). As a control, we imaged GVs that were collapsed before the ex-
periment with hydrostatic pressure (fig. S1). Neither collapsed GVs
nor similarly sized polystyrene tracer nanoparticles—included as an
additional control and indicator of fluid motion—migrated in the
acoustic field, confirming the absence of streaming.

Next, we quantified the ARF acting on GV particles in solution
using single-particle tracking (Fig. 2D). The Brownian motion of
each particle before ultrasound application was used to determine
its mobility and hydrodynamic size (Fig. 2E and Eqs. 2 and 5 inMa-
terials and Methods). For the same particle, its motion within the
acoustic field during ultrasound application was fitted to an equa-
tion accounting for the spatial field profile (Eq. 4 in Materials and
Methods), allowing us to determine the peak particle velocity
(Fig. 2F). The maximum ARF acting on GV particles was then de-
termined by a balance with hydrodynamic drag and measured to be
24.5 ± 1.7 fN under the acoustic parameters used in this

Fig. 1. GVs as biomolecular transducers of ARF. (A) Transmission electronmicroscopy (TEM) image of representative GVs from A. flos-aquae. (B) Schematic drawing of a
GV, showing its effective density (ρ) and compressibility (β) relative to that of the surrounding water. (C) Illustration of a GV experiencing ARF due to applied ultrasound.
(D) Illustration of a bacterium experiencing enhanced ARF due to intracellular GVs. (E) Illustration of amammalian cell experiencing a unique ARF compared to awild-type
cell due to intracellular GVs. (F) Estimatedmagnitude of the acoustic contrast factor, |Φ|, of GVs and several commonmaterials used in acoustic manipulation. Materials to
the left and right of the vertical dashed line exhibit positive and negative acoustic contrast in water, respectively. PBMCs, peripheral blood mononuclear cells; PDMS,
polydimethylsiloxane.
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measurement (Fig. 2G). In contrast, control particles showed no
substantial ARF.

Colloidal association of individual GVs within the microfluidic
channel resulted in tracked particles having a range of hydrodynam-
ic radii larger than expected from a single GV. Therefore, to estimate
the ARF acting on a single GV, we plotted the dependence of the
ARF on the hydrodynamic radius of the clusters and fitted it with
a power law function accounting for fractal clustering (Fig. 2H and
Eq. 6 in Materials and Methods; force-mobility expo-
nent = 1.39 ± 0.06; R2 = 0.744) (29, 30). Given the acoustic

energy applied in this experiment (0.25 ± 0.02 J/m3; fig. S2), this
single-particle force corresponds to an acoustic contrast factor of
−15 ± 9, similar to our theoretical estimate of −11.7 (Fig. 1F).
Using this contrast factor, we can predict the ARF on a single GV
across a range of typical acoustic parameters (Fig. 2I) (27), with the
expected force spanning from 0.01 to 10 pN. Forces of this magni-
tude are more than sufficient to overcome Brownian motion, as
shown in our experiments and are relevant to many biomolecular
and cellular interactions (31). Overall, these results establish GVs as

Fig. 2. GVs experience direct ARF. (A) Diagram of the acoustic standing wave setup. A piezoelectric element is coupled to an etched silicon channel whose width is half
the acoustic wavelength to generate a standing wave along the x direction. The channel depth is 47 μm. Particles suspended in an aqueous solution are imaged using an
epifluorescence microscope. LED, light-emitting diode; PZT, lead zirconate titanate. (B) Illustration of the expected migration direction of GVs toward the pressure an-
tinodes of an acoustic standing wave, due to their negative acoustic contrast. (C) Fluorescence images of GVs inside the microfluidic channel before ultrasound (OFF) and
100 s after ultrasound has been turned on (ON). (D) Representative single particle trajectories of GVs before (blue) and during (green) ultrasound application. PA, pressure
antinode; PN, pressure node. (E) Illustration of Brownian motion (inset) and representative single-particle mean square displacement curve used to determine the diffu-
sivity of the particle. (F) Illustration of particle acoustophoresis (inset) and representative single-particle trajectory in the x direction during ultrasound application, used to
determine the peak particle velocity. (G) Peak ARF of intact GVs (24.5 ± 1.7 fN, n = 140 particles), pressure-collapsed GVs (2.0 ± 0.7 fN, n = 98 particles), and 200-nm
polystyrene particles (−0.6 ± 0.4 fN, n = 78 particles). Box-and-whisker plots show the 5th to 95th percentile, the 25th to 75th percentile, and the median of the dis-
tribution. Mann-Whitney test (****P < 0.0001). (H) Peak ARF of GV particles as a function of hydrodynamic radius, fitted to a fractal clustering model (force-mobility
exponent = 1.39 ± 0.06; R2 = 0.744). (I) Predicted ARF on a single GV across a range of acoustic parameters.
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a genetically encodable biomolecular nanomaterial that can be ma-
nipulated with acoustic fields.

GV expression enables selective acoustic manipulation of
bacteria
Having established the ability of GVs to experience strong ARF, we
tested the ability of these genetically encodable nanostructures to
modify the ARF response of genetically engineered cells. GVs
have been successfully expressed as well-tolerated reporter genes
for ultrasound imaging in multiple bacterial and mammalian cell
types (16, 32–34). We hypothesized that because intracellular GV
expression would reduce the volume-averaged density and increase
the volume-averaged compressibility of the cell, it could invert a
cell’s acoustic contrast factor from positive to negative. On the
basis of our experimentally determined GV contrast factor of −15
and that of a typical cell (~+0.06 to 0.12; table S1) (35, 36), GV ex-
pression comprising just 0.5 to 0.9% of the cytoplasm is expected to
result in contrast factor inversion, allowing the cell to experience
radiation force up acoustic pressure gradients, opposite to wild-
type cells. Furthermore, because certain cells can be engineered to
viably express GVs occupying several percent of their cytoplasm [in
excess of 10% in some cases (16)], the magnitude of ARF experi-
enced by these cells is expected to greatly increase.

We first tested this hypothesis by heterologously expressing in-
tracellular GVs in Escherichia coli using a recently developed genetic
construct, bacterial acoustic reporter genes (bARG1), consisting of a
combination of 13 genes from Ana and Bacillus megaterium (Mega;
Fig. 3, A and B) (16). After enriching for high expression using cen-
trifugation, which uses buoyancy as an indicator of GV formation,
the cells were labeled with a fluorescent dye to enable live cell track-
ing. bARG1-expressing cells or control cells with pressure-collapsed
intracellular GVs were then subjected to acoustic standing waves
under static flow conditions using the microfluidic device depicted
in Fig. 2A. While control cells showed no response to the applied
acoustic field, the genetically modified bARG1-expressing cells con-
taining intact intracellular GVs quickly migrated to pressure anti-
nodes at the channel wall (Fig. 3C and movie S1). This result
confirms that GV expression results in cells having a negative con-
trast factor, which is opposite from normal cells (Fig. 1F and table
S1), and shows that the magnitude of this contrast factor is substan-
tially larger than for wild-type controls, because under the same
acoustic conditions, the control cells did not migrate to the pressure
node. This is consistent with the fact that small cells such as bacteria
are challenging to manipulate with ARF in their native form (37).

To quantify the ARF enhancement provided by GV expression,
we performed single-cell tracking on bARG1-expressing cells con-
taining intact or collapsed intracellular GVs in the presence or
absence of applied ultrasound and analyzed the resulting cellular
trajectories using the method described above for GVs. We found
that while control cells have an acoustic contrast factor of
0.10 ± 0.02, similar to that of wild-type cells (table S1), GV expres-
sion provides the engineered cells with an acoustic contrast factor of
−1.0 ± 0.2, representing a 10-fold enhancement in magnitude com-
pared to controls (Fig. 3D).

After establishing that GVs can strongly amplify cellular ARF, we
next hypothesized that cells expressing GVs can be selectively actu-
ated within a heterogeneous cell mixture (Fig. 3E). To test this hy-
pothesis, we implemented a genetic circuit placing the expression of
GVs under the control of chemical induction by isopropyl β-D-1-

thiogalactopyranoside (IPTG) and created a cell mixture containing
induced and noninduced cells where each population was separately
labeled with a fluorescent dye. When we applied ultrasound to this
cell mixture under static flow conditions, we observed that only the
cells that have been induced with IPTG were actuated, while the
noninduced cells showed no response to the applied acoustic field
(Fig. 3, F and G). These results demonstrate the ability of GVs to
connect an acoustophoretic phenotype to the output of a genetic
program, providing the means to selectively manipulate cells
based on a variety of cellular states.

GVs enable dynamic patterning and rapid biofabrication
with bacteria
Having established that GV-expressing cells experience strong ARF
toward areas of high acoustic pressure, we asked whether this capa-
bility would enable the trapping and spatial patterning of living
cells. Considerable interest exists in the use of engineered cells as
patterned components of living materials for biomedical uses
such as tissue engineering and as self-healing and actively reconfig-
urable materials in nonbiomedical applications (38–40). However,
few methods exist to dynamically configure the location of cells in
three-dimensional (3D) space. In contrast, ARF in the form of en-
gineered standing and traveling waves has been used to create
complex 2D and 3D arrangements (20, 41–44).

We hypothesized that ARF combined with GV expression would
allow engineered cells to be patterned in a precise and rapidmanner.
To test this basic concept, we generated a standing wave pattern of
repeating pressure antinodes in a specially designed acoustic
chamber by using an unfocused 5-MHz transducer reflected by
glass (Fig. 4A). Imaging the cells using fluorescence microscopy,
we observed that engineered cells readily adopted the desired
pattern in solution, and that changing the ultrasound frequency
allows the spatial pattern of these cells to be dynamically reconfig-
ured on the time scale of seconds (Fig. 4B, fig. S3, and movie S2).

Another method of acoustic manipulation involves the confine-
ment of acoustic particles at the focus of an ultrasound transducer
(45–48), allowing the particles to be concentrated and transported
between discrete locations in space, analogous to an optical trap. To
determinewhether focal trapping is possible with engineered acous-
tic cells, we generated a trap using a 40-MHz focused ultrasound
transducer reflected on glass (Fig. 4C). This configuration is expect-
ed to exert radial ARF on the cells toward the center of the ultra-
sound focus. As expected, GV-expressing cells within this
acoustic field coalesced into a cellular cluster upon ultrasound ap-
plication (Fig. 4D and movie S3) and could then be moved around
in space by laterally translating the ultrasound transducer, generat-
ing a desired spatiotemporal pattern (Fig. 4, E and F, and movie S4).

Acoustic manipulation can also be used for rapid fabrication of
heterogeneous materials by concentrating acoustic particles in
spatial patterns defined by the acoustic field, and subsequently im-
mobilizing the pattern with cross-linking chemistry (49, 50). Neg-
ative contrast agents have an intrinsic advantage in this application
due to their migration to acoustic pressure maxima, which are more
easily patterned in complex spatial arrangements (51). We hypoth-
esized that living materials (38–40) containing GV-expressing
acoustic bacteria could be fabricated using this method (Fig. 4G).
To test this possibility, we created an acoustic hologram using a
single-element 3.5-MHz transducer and a 3D-printed phase mask
designed to produce an “R”-shaped pressure profile (Fig. 4H and
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fig. S5). We applied this hologram to acoustic bacteria suspended in
an agarose solution that can be solidified at cold temperatures to
form a gel. As expected, the bacteria were immobilized inside the
gel in the desired spatial pattern (Fig. 4I). As an added feature,
the spatial distribution of GV-expressing cells could be imaged
with ultrasound (Fig. 4J), providing a means to verify patterning
in optically opaque media. These results demonstrate the ability
of GVs to enable the acoustic trapping, patterning, and dynamic re-
arrangement of engineered bacteria, and the rapid biofabrication of
living materials.

GVs enable selective acoustic manipulation of
mammalian cells
Having established GVs as a genetically encodable acoustic actuator
in bacteria, we examined the ability of GVs to similarly alter the
acoustic properties of mammalian cells (Fig. 5A). To test this
concept, we engineered human embryonic kidney (HEK) 293T
cancer cells to express GVs as part of a chemically inducible
genetic program (mARG1; Fig. 5B) (32). When we applied ultra-
sound to these cells in our microfluidic channel under static flow
conditions, we observed that a large fraction of the engineered

population displayed a negative contrast factor by moving to the
pressure antinodes at the channel walls (Fig. 5, C and D). In con-
trast, control cells expressing the fluorescent protein mCherry or
GV-expressing cells in which GVs were precollapsed with hydro-
static pressure migrated to the pressure node in the middle of the
channel (Fig. 5, C and D), as expected from their positive con-
trast factor.

After demonstrating the ability of GVs to provide mammalian
cells with genetically encoded acoustic actuation, we also tested
the ability of these biomolecules to serve as externally applied acous-
tic labels. For this purpose, we incubated fluorescently tagged GVs
with murine macrophages, leading to the endosomal uptake of the
GV particles (Fig. 5E). After applying ultrasound under static flow
conditions, we observed that a distinct subpopulation of the macro-
phages moved toward the pressure antinodes, indicating an inver-
sion of their acoustic contrast (Fig. 5F). Visualizing the separate
fluorescence channels corresponding to the macrophages and the
GVs revealed that the cells with a negative contrast factor had sig-
nificantly higher GV content than the positive-contrast cells (Fig. 5,
G and H). In this setting, the GVs enabled mammalian cells to be
separated acoustically based on a specific biological function—

Fig. 3. GV expression in bacteria inverts and magnifies their response to ARF. (A) Schematic drawing of genetically modified E. coli experiencing an enhanced ARF
due to the expression of intracellular GVs as bacterial acoustic reporter genes, bARG1. (B) TEM image of E. coli containing intracellular GVs upon expression of bARG1. (C)
Fluorescence images of E. coli inside the microfluidic channel with either intact or collapsed intracellular GVs, either in the presence or in the absence of applied ultra-
sound. (D) Acoustic contrast factor of E. coli with intact GVs (−1.0 ± 0.2, n = 93 cells) and collapsed GVs (0.10 ± 0.02, n = 99 cells). Mann-Whitney test (****P < 0.0001). (E)
Top: Schematic drawing of a bacterial genetic circuit where GV expression is controlled by the inducer isopropyl β-D-1-thiogalactopyranoside(IPTG). LacR, Lac repressor;
LacO, Lac operator. Bottom: Schematic drawing of selective acoustic actuation based on cellular genotype. (F) Fluorescence images of a heterogeneous cell mixture
containing induced (+IPTG) and noninduced (−IPTG) bARG1 E. coli, either in the presence or in the absence of applied ultrasound. (G) Projected fluorescence signal
from either the induced or noninduced E. coli, either in the presence or in the absence of applied ultrasound. Solid line and shaded region correspond to the mean
and the SEM (n = 3 technical replicates).
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endocytosis. Together, these results demonstrate the ability of GVs
to enable selective manipulation of mammalian cells on the basis of
gene expression or biological activity.

GVs enable acoustic patterning of mammalian cells based
on their genotype
After establishing that GVs can be used to invert the acoustic con-
trast of mammalian cells, we sought to apply this capability toward

genotype-dependent acoustic patterning. We engineered mamma-
lian cells to express GVs via transient transfection and subjected
them to the same acoustic hologram used above for bacterial cells.
We saw that, as expected, mammalian cells engineered with GV
genes were patterned according to the hologram shape (Fig. 6, A
and B). Control cells only expressing a fluorescent protein, as ex-
pected due to their positive contrast, did not assemble in the
pattern and instead moved away from the pattern locations

Fig. 4. Dynamic patterning and one-step bioprintingwith acoustic bacteria. (A) Diagram of the acoustic chamber setup for frequency-controlled spatial patterning. A
transducer is aligned orthogonal to a glass reflector using a 3D-printed holder. The sound wave passes through a Mylar membrane, is reflected by the glass reflector, and
forms a standing wave near the reflector. The sample region containing acoustic E. coli is imaged using an epifluorescence microscope. (B) Sequential fluorescence
images of acoustic E. coli in the presence of an acoustic standing wave at varying frequencies. Frequencies were changed every 50 s. (C) Diagram of the acoustic
chamber setup for image-guided trapping and positioning of acoustic E. coli. Imaging is performed along the axis of a focused 40-MHz transducer. (D) Sequential fluor-
escence images of the formation of a cluster of acoustic E. coli at the ultrasound focus. (E) Fluorescence images of a cluster of acoustic E. coli positioned at distinct locations
in the x-y plane. The positioning is controlled by the translation of the transducer in the x-y plane using a micromanipulator and is guided by real-time fluorescence
imaging of the bacteria. (F) Overlaid positions of the cell cluster, color-coded by time, to form a spatiotemporal pattern writing out “CIT.” (G) Diagram of the process for
acoustic biofabrication. A transducer and phase mask is aligned such that the acoustic hologram is formed inside the sample chamber containing acoustic E. coli sus-
pended in low-melt agarose solution. The gelation of the agarose is triggered to immobilize the acoustically patterned E. coli. (H) Simulated pressure amplitude generated
by the acoustic hologram. (I) Acoustically patterned E. coli embedded in agarose gel. (J) Ultrasound image of acoustically patterned E. coli.
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(Fig. 6B). Furthermore, we saw that acoustic patterning did not sig-
nificantly affect cell viability (Fig. 6C).

GVs enable acoustofluidic sorting of cells based on their
genotype
After establishing that GVs can be used to drive differential manip-
ulation of mammalian cells by acoustic fields, we sought to establish
a proof of concept for using this capability toward acoustic sorting
of cells based on their genotype in an acoustofluidic device. Cur-
rently, the most common method for genotype-based selection of
cells uses fluorescent proteins in combination with fluorescence-ac-
tivated cell sorting (FACS). However, FACS instruments are
complex and expensive, often limiting their use to centralized facil-
ities. To enable more widespread genetic engineering and prepara-
tion of therapeutic cells, there is a need for simpler, lower-cost
methods for genotype-based cell selection. We hypothesized that
GVs in combination with acoustofluidic sorting devices could
enable this capability.

To examine this possibility, we designed a genetic sequence in
which the expression of the main GV structural protein, GvpA, is
transcriptionally linked to a desired genotype, in this case the ex-
pression of a cargo protein via the internal ribosome entry site
(IRES) sequence (Fig. 7A). We chose a fluorescent protein,

EBFP2, as our model cargo protein to allow us to quantify the
cargo expression level optically. We expressed this construct along-
side the remaining GV genes in mammalian cells via transient
transfection (34), which results in the range of transgene expression
levels due to the stochastic incorporation of the transfection
complex by the cells. Fluorescence and phase-contrast imaging of
the engineered cells revealed colocalized expression of EBFP2 and
GVs to the same cells (Fig. 7B).

To enable sorting, we constructed an acoustofluidic device with
three fluidic inlets and outlets to facilitate the enrichment process in
a continuous flow manner (Fig. 7C). Cells with a range of transgene
expression were introduced into the device via the center fluidic
inlet and hydrodynamically focused to the center flow stream by
the sheath flow introduced by the two side inlets. We applied an
acoustic field to a section of the channel, resulting in antinodes at
its walls. We reasoned that cells with sufficient transgene expres-
sion, resulting in negative acoustic contrast, would be actuated
toward the flow streams near the walls of the channel, while cells
with lower transgene expression would remain in the central flow
streams due to their neutral or positive acoustic contrast. A trifur-
cation at the outlet separated the central and peripheral streams,
with cells collected from the side outlets expected to be enriched
for high transgene expression (Fig. 7C).

Fig. 5. GVs invert cellular response to ARF in mammalian cells. (A) Schematic drawing of mammalian cells experiencing an inversion of their acoustic contrast factor
due to intracellular GVs. (B) Schematic drawing of genetically modified mammalian cells expressing intracellular GVs as mammalian acoustic reporter genes (mARG1). (C)
Fluorescence images of mammalian cells inside themicrofluidic channel with either intact mARG1 GVs, collapsedmARG1 GVs, or mCherry, either in the presence or in the
absence of applied ultrasound. (D) Percentage of cells that have negative contrast factor with either intact mARG1 GVs (38 ± 4%, n = 17 technical replicates), collapse
mARG1 GVs (0%, n= 10 technical replicates), or mCherry (0%, n = 11 technical replicates). Mann-Whitney test (****P < 0.0001). (E) Schematic drawing of GVs internalized in
the lysosomal compartment of amammalian cell. (F) Fluorescence images of macrophages with internalized GVs inside themicrofluidic channel either in the presence or
in the absence of applied ultrasound. Cells that move to the walls (solid line) have a negative contrast factor, while those that move to the center (dashed line) have a
positive acoustic contrast. (G) Images of fluorescence from either macrophages or GVs in the applied acoustic field. Circular regions of interest indicate the location of the
macrophage. (H) Fluorescence intensity of GVs at the location of the macrophages that have either negative (n = 20 cells) or non-negative (n = 24 cells) contrast factors.
Mann-Whitney test (****P < 0.0001).
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Quantifying the genotypes of the input and output cell popula-
tions by fluorescent flow cytometry (Fig. 7D) revealed, as expected,
a significant enrichment of EBFP2-positive cells after acoustofluidic
sorting (Fig. 7E). This result demonstrates the possibility, in princi-
ple, to acoustically sort cells directly based on their genotype in a
continuous-flow microfluidic device, with GV-encoding genes
serving as a generalizable genetic label for cellular selection and
enrichment.

ARF silencing allows multiplexed actuation and in situ
pressure measurement
Lastly, after establishing the basic ability of GVs to respond to ARF
and serve as genetically encodable cellular actuators, we examined
one additional property of these nanostructures: their ability to be
collapsed at specific, tunable acoustic pressures (Fig. 8, A and B) (12,
17). Because GV collapse causes the rapid dissolution of their gas
contents, we hypothesized that in situ collapse inside acoustofluidic
devices would provide a means to instantaneously convert GVs ex-
periencing ARF into an ARF-silent state. This would provide an ad-
ditional means to spatially pattern GVs inside microfluidic
channels, enabling them to serve as probes for in situ pressure mea-
surement and be differentially manipulated in space based on their
genetically determined collapse pressure thresholds.

To test the ability of GVs to be patterned based on in situ col-
lapse, we imaged an engineered variant of Ana GVs (AnaΔC),
whose acoustic collapse pressure (Fig. 8B) has been tuned to be
lower than wild-type Ana GVs by removing the outer scaffolding
protein GvpC (17). We applied three different driving voltages to
the piezoelectric element coupled to our microfluidic channel
while the GV sample was infused into the channel at a steady
flow rate and imaged the steady-state distribution of GVs inside
the channel. We predicted that GVs in regions with acoustic pres-
sures lower than their critical collapse pressure would migrate
toward regions of higher pressure due to ARF, while GVs in
regions with pressure above their critical threshold would collapse
and therefore remain stationary, resulting in the formation of dis-
tinct bands (Fig. 8C). This pattern was observable starting with the
lowest applied voltage (Fig. 8D). As we increased the driving
voltage, the location of the material interface shifted toward the
middle of the channel, consistent with the expected increase in
acoustic pressure across the channel (Fig. 8D and movie S5).

The ability of GVs to assume a pressure-dependent spatial ar-
rangement provides a convenient approach to measuring acoustic
pressure inside microfluidic channels. Whereas conventional

methods to calibrate such devices by tracking the ARF-induced
motion of single-particle standards are laborious (52, 53), it is rel-
atively straightforward to locate the boundary between migrating
and stationary GVs (Fig. 8C). Because this boundary corresponds
to the GVs’ known crucial collapse pressure, and the pressure
across the channel follows a known sinusoidal function, imaging
the location of GV collapse reveals the standing wave pressure
profile inside the channel. Comparing the pressure calibrated this
way with an established method based on single-particle tracking
revealed a linear correspondence between the two measurement ap-
proaches. The slope is 1.1, indicating that particle tracking slightly
underestimates the pressure relative to GVs (Fig. 8E).

After demonstrating ARF silencing of a single GV type, we hy-
pothesized that multiple GV types with different characteristic col-
lapse pressures could be arranged in distinct patterns. Such
differential manipulation would be desirable, for example, to
enable separate visualization or multiplexed separation of analytes.
To test this possibility, we imaged either AnaΔC GVs or heterolo-
gously expressed Mega GVs, which have critical collapse pressures
of 0.6 and 1.9 MPa, respectively (Fig. 8F). These GVs in solution
were infused into the channel at a steady flow rate and subjected
to a standing wave with a maximum acoustic pressure of 1.6 MPa,
which should collapse AnaΔC but not Mega GVs. As expected, we
observed that the two GV populations followed distinct migration
patterns inside the acoustic field (Fig. 8G). These results demon-
strate a unique mode of acoustic manipulation enabled by GVs’ ge-
netically engineerable collapse mechanics.

DISCUSSION
Together, our results establish GVs as the first genetically encoded
actuators for ultrasound. Because of their unique physical proper-
ties, we found that GVs have a large, negative acoustic contrast
factor in aqueous environments, allowing these nanostructures to
experience strong ARF despite their submicrometer size. When ex-
pressed inside engineered cells, we found that GVs enhance and
change the sign of the ARF experienced by these cells due to ultra-
sound, the first time this was demonstrated with genetic manipula-
tion. These findings allowed us to demonstrate the direct and
selective manipulation of bacterial cells with ARF through acoustic
trapping, translation, and dynamic and holographic patterning. GV
expression further enabled the selective acoustic manipulation, pat-
terning, and sorting of mammalian cells directly based on their ge-
notype. These demonstrations are complemented by additional

Fig. 6. Holographic patterning of mammalian cells based on their genotype. (A) Diagram of mammalian cells suspended in cell media and insonified by the acoustic
field generated using an acoustic hologram. (B) Representative fluorescence images ofmammalian cells engineered to constitutively express either a fluorescence protein
(GVs−) or GVs (GVs+) before (US−) and after (US+) patterning with acoustic hologram. (C) Viability of cells expressing either a fluorescence protein or GVs before and after
acoustic patterning (n = 4 technical replicates).
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Fig. 7. Genotype-specific acoustic sorting of mammalian cells. (A) Schematic drawing of mammalian cells expressing GVs and a fluorescent protein via transiently
transfected plasmids. The expression of the GV structural protein GvpA is linked to the expression of the fluorescent protein EBPF2 via the IRES sequence and driven by a
constitutive promoter. The remaining genes necessary for GV production are driven by the same constitutive promoter and supplied concurrently on individual plasmids.
(B) Representative overlaid fluorescence and phase-contrast image of the engineered mammalian cells showing colocalized expression of EBFP2 and GVs. Red arrows
point to clusters of intracellular GVs. (C) Schematic drawing of the acoustofluidic devicewith three inlet channels and three outlet channels. Presorted cells are introduced
through the center inlet channel and hydrodynamically focused to the center flow stream with the aid of the sheath flow introduced by the two side inlet channels. The
half-wavelength standing acoustic field generated by the PZT moves cells with high GV expression toward the PAs positioned at the channel walls, whereas cells with no
or little GV expression would remain in the center flow stream or further moved toward the PN positioned at the center flow stream, respectively. Separation of the flow
streams at the trifurcation outlet allows for collection of the sorted cell population enriched for GV expression at the side outlets. (D) Representative fluorescence dis-
tribution of the presorted and sorted populations of cells as measured using fluorescent flow cytometry. BFP(+) cells are defined as cells with higher fluorescence in-
tensity than wild-type cells. (E) Percentage of BFP(+) cells before and after acoustofluidic cell enrichment (n = 5 trials). Paired t test (***P < 0.001).
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results establishing the unique properties of GVs as acoustic parti-
cles, including the ability of GVs’ acoustophoretic behavior to be
engineered at the level of their protein sequence, the ability to
shut off GVs’ acoustic contrast with acoustic collapse, and the
ability of GVs to serve as pressure rulers. Together, these results
comprehensively establish the ability of GVs to serve as the first ge-
netically encoded actuators for ultrasound and form the first bridge
between acoustic manipulation and molecular and synthet-
ic biology.

This technology is expected to find applications in several areas
of biomaterials and biotechnology. First, the ability of GVs and GV-
expressing cells to be patterned and manipulated dynamically in 3D
space will enable the development of protein- and cell-based mate-
rials for applications in tissue engineering (1), living materials (38–
40), and stimuli-responsive “smart” materials (54). For example,
one could combine GV-expressing and nonexpressing cells and
direct them to different locations within the same acoustic field.
Multicomponent bacterial systems are used in living materials to
create multifunctional, stimuli-responsive, and self-healing

Fig. 8. ARF silencing of GVs allows in situ patterning, pressure sensing, and multiplexed acoustic manipulation. (A) TEM images of intact and collapsed Ana GVs.
Collapse occurs when the positive acoustic pressure exceeds the critical collapse pressure of the GV. (B) Acoustic collapse profile of AnaΔC GVs. The critical collapse
pressure is determined to be the pressure at which 50% of the GVs have collapsed. Data adapted from (17). (C) Illustration of the expected behavior of GVs inside a
microfluidic channel with a half-wavelength standing wave. GVs in regions with acoustic pressures lower than their critical collapse pressure migrate toward regions of
higher pressure due to ARF, while GVs in regions with pressure above their critical threshold collapse and therefore remain stationary. The boundary between laterally
migrating and stationary GVs indicates a pressure corresponding to the GVs’ critical collapse pressure. PUS indicates the temporal peak pressure. (D) Fluorescence images
of GVs inside a microfluidic channel in the presence of an acoustic field driven with increasing voltage. (E) Maximum pressure in the acoustic device, as determined using
videos of the corresponding conditions in (D) (n = 3 technical replicates) and a standard calibration method using single-particle tracking of polystyrene microbeads (PS).
(F) Acoustic collapse pressure curves of AnaΔC and Mega GVs. Data adapted from (17, 64). (G) Fluorescence images of either AnaΔC or Mega GV solutions experiencing
the same acoustic field, with the peak driving pressure of 1.2 MPa selected to be above the critical collapse pressure of AnaΔC GVs but below that of Mega GVs.
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materials, while multiple mammalian cell types are combined to
form engineered tissues, where, in both of these applications, the
ability to designate one or more cell types for selective patterning
relative to other cells could enable new functionalities.

In these applications, ultrasound has intrinsic advantages com-
pared to optical, magnetic, or printing-based approaches due to its
compatibility with opaque media, fine spatial resolution, noninva-
sive access, simultaneous assembly, and rapid reconfigurability. For
example, while printing methods rely on raster scanning, acoustic
fabrication occurs simultaneously throughout a target volume.
Optical methods have limitations in opaque media, while external
magnetic fields cannot easily create patterns inside a material. In
contrast, complex acoustic holograms can be generated in an inex-
pensive and scalable manner using the phase-mask approach used
in the current study or dynamically and reconfigurably using ultra-
sonic phased arrays. GV-expressing cells have a unique advantage in
such applications due to their negative contrast, simplifying the
acoustic field needed for complex patterning.

Acoustic patterning of GV-expressing cells has minimal impact
on cell viability, as established in the current study, complementing
previous findings that cells remain viable after GV expression and
culturing in 3D hydrogels (16, 32, 34). These results set the stage for
future studies involving continued culturing of acoustically pat-
terned GV-expressing cells in 3D hydrogels for tissue engineering
and living material applications.

Second, the development of acoustofluidic (9, 55) devices com-
bining ultrasound with microfluidic channels creates opportunities
for GVs to drive the separation of cells based on their gene expres-
sion or other biological activity. In these applications, GVs carry a
major advantage over fluorescent proteins. Whereas fluorophores
provide no intrinsic actuation capability—requiring a separate me-
chanical step after a fluorescent readout as done one cell at a time in
FACS—the expression or uptake of GVs provides a direct handle for
selective acoustic manipulation. This allows cellular patterning or
separation to be done en masse. While the core principle of such
sorting is demonstrated by our results, major optimization is re-
quired to realize practical, high-performance cell sorting using
GVs as a genetic label. For example, the throughput of acoustic sep-
aration devices could be increased by parallelizing flow channels
(56) and increasing channel dimensions (57).

The ability of GVs to connect an acoustophoretic phenotype to
the output of genetic circuits in both bacterial and mammalian cells
will allow their expression to designate specific cells for separation,
trapping, and patterning using ultrasound. GV expression is com-
patible with several methods of genetic modification including
chemical transformation, electroporation, transient transfection,
and piggyBac integration (16, 32, 34), whereupon both endogenous
and engineered promoters can be connected to gene expression, al-
lowing the formation of GVs to indicate a wide variety of cellular
states, based on which the cells can now be selectively manipulated,
patterned, and sorted. Alternatively, GVs can be used as exogenous
cellular labels. To this end, GVs are readily functionalized withmoi-
eties providing the ability to bind specific biomolecular targets (12,
17). In addition, compared to synthetic materials used to externally
functionalize cells for acoustic manipulation (25, 26), the ability of
GVs to be internalized by mammalian cells to enable selective actu-
ation, and subsequently be lysosomally degraded by the same cells,
could provide a unique strategy for “traceless” labeling and cellular

actuation. Furthermore, the biodegradability of GVs offers the po-
tential to separate cells based on the rate of degradation.

These capabilities for selective actuation could be extended from
in vitro devices to inside living animals or patients using emerging
approaches for in vivo ARF (58). In addition, GVs could be used as a
nanoscale actuator to locally apply specific forces to biological
systems. The femtonewton to low piconewton forces that can be
achieved by GVs, while not sufficient to rupture cells (59), are com-
parable to forces in processes such as cell-matrix adhesion and the
gating of ion channels (31), which may be useful for studies of me-
chanosensation or for engineered mechanisms of noninvasive cel-
lular control (7).

Additional studies are needed to fully characterize and further
expand the capabilities of GVs as transducers of ARF. First, it will
be useful to build on the fundamental demonstrations in this work
by applying GVs to specific biological problems, taking advantage
of their potential for biomolecular and genetic engineering. Second,
while the basic gradient trapping of GVs and engineered cells is ex-
pected to generalize to more complex acoustic fields, it would be
useful to test the acoustic manipulation of these objects using trav-
eling acoustic waves to overcome the need for acoustic reflectors
(47). Third, the theoretical model of GV acoustic contrast could
be improved to provide more detailed insights. The calculations
performed in this study approximated that GVs have spherical ge-
ometry and that their shell has a constant density and compressibil-
ity as a function of applied acoustic pressure. In reality, GVs are
anisotropic cylindrical nanostructures that can undergo reversible
buckling under applied acoustic pressure (60, 61). This buckling be-
havior is expected to enhance the effective compressibility of GVs
and thereby the ARF they experience. Theoretical analysis of GV
ARF with more realistic geometry and experiments using a
broader range of pressures encompassing the buckling regime
could inform the engineering and use of these biomolecules in
ARF applications. Fourth, it will be useful to explore the interparti-
cle interactions arising between GVs and GV-expressing cells in an
applied acoustic field, as this may influence their clustering, separa-
tion, and motion. Fifth, while acoustic streaming was not a major
factor under the acoustic conditions used in our study, it would
be useful to examine the interaction of GV ARF and acoustic
streaming at higher acoustic frequencies and pressures (41). On
the basis of these additional physical insights, it may be possible
to genetically engineer new GV phenotypes with size, shape, and
mechanical properties enhancing their exceptional response to
ARF and further propelling the fantastic voyage of engineered mol-
ecules and cells in biomedicine and biomaterials.

MATERIALS AND METHODS
Estimation of acoustic contrast factor
Acoustic contrast factors were calculated using the equation

Φ ¼
1
3

5ρρ � 2ρ0
2ρρ þ ρ0

�
βρ
β0

" #

ð1Þ

where ρρ and ρ0 are the density of the particle and the fluid, respec-
tively, and βρ and β0 are the compressibility of the particle and the
fluid, respectively. Values of ρρ and βp for GVs were obtained from
literature (18, 19).
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Preparation of GVs
GVs from Ana, Mega, and Ana GVs with GvpC removed (AnaΔC)
were prepared as previously described (62). Dylight415-Co1 N-hy-
droxysuccinimide ester (Thermo Fisher Scientific) was reacted with
GVs in phosphate-buffered saline (PBS) for 2 hours at a 10,000:1
molar ratio, protected from light, on a rotating rack. Tris buffer
(10 mM) was then added to the solution to quench unreacted
dye. Labeled GVs were subjected to dialysis and buoyancy purifica-
tion. Precollapsed GVs controls were prepared by application of hy-
drostatic pressure in a capped syringe. The acoustic collapse profiles
of GVs were characterized as previously described (17). Briefly, GVs
embedded in an ultrasound phantom was imaged using ultrasound
after subjecting the sample to increasing acoustic pressure. The frac-
tion intact was calculated from the ultrasound image intensity of the
sample at each pressure step normalized to the initial sample
intensity.

Preparation of acoustic E. coli
GV-expressing cells were produced by transforming a pET28a
plasmid containing the bARG1 gene cluster (16) (Addgene no.
106473) into BL21(A1) E. coli (Thermo Fisher Scientific). The
transformed cells were first grown overnight at 37°C in LB media
supplemented with 1% glucose and subsequently diluted 1:100
into LB media supplemented with 0.2% glucose. When the optical
density at 600 nm (OD600) of the culture reached between 0.4 and
0.6, 400 μM IPTG and 0.5% L-arabinose were added to induce the
expression of GVs. The expression proceeded at 30°C for 22 hours.
High-expressing cells were enriched by centrifugation-assisted floa-
tation at 300g. Cell density was measured after collapsing any intra-
cellular GVs to eliminate their contribution to optical scattering. E.
coli with precollapsed GVs were prepared by application of hydro-
static pressure to the cell culture in a capped syringe. Fluorescently
labeled bacteria were prepared by incubating the cells with 10 μM
Baclight Green bacterial stain (Thermo Fisher Scientific) for 40 min
at room temperature, protected from light, and followed by two
rounds of buoyancy purification to remove excess dye. E. coli
Nissle 1917 cells (Ardeypharm GmbH) were transformed by elec-
troporation of the bARG1 gene under the T5 promoter. Trans-
formed cells were cultured similar to the above and were either
induced with 3 μM IPTG or grown without induction. Induced
and noninduced cells were labeled with 10 μM Baclight Green
and Baclight Red bacterial stain, respectively, and excess dye was
removed using two rounds of dialysis with 6- to 8-kDa dialysis
tubing (Spectrum Labs).

Preparation of acoustic mammalian cells
HEK293T cells [American Type Culture Collection (ATCC), CRL-
3216] containingmARG1 ormCherry driven by the tetracycline-in-
ducible promoter were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% tetracycline-free fetal
bovine serum (FBS) and penicillin/streptomycin and induced
with doxycycline (1 μg/ml) and 5 mM sodium butyrate for 12
days. Special care was taken to prepare fresh induction media
every day. Cells were harvested by trypsinization, resuspended in
PBS supplemented with 2% FBS and deoxyribonuclease (DNase;
100 μl/ml), filtered through a 40-μm cell strainer, and introduced
into the microfluidic device.

RAW264.7 cells (ATCC, TIB-71) constitutively expressing green
fluorescent protein were seeded on fibronectin-coated glass

coverslips and cultured in DMEM with 10% FBS and penicillin/
streptomycin. When the cells reached 70 to 80% confluency, the
coverslip was washed with PBS and placed upside down onto a
300-μl droplet of DMEM containing fluorescently labeled GVs, al-
lowing the GVs to float toward the cells. The cells were incubated
with the GV solution at 37°C for 1 hour, washed with PBS, trypsi-
nized, resuspended in PBS with 2% FBS and DNase (100 μl/ml), fil-
tered through a 40-μm cell strainer, and introduced into the
microfluidic device.

Acoustofluidic setup
The acoustofluidic channel was designed in SolidWorks and fabri-
cated in a clean room facility following a protocol modified from
one previously described (63). Briefly, AZ1518-positive photoresist
(Merck) was patterned onto a <100> silicon wafer (University
Wafer) using a photomask and developed in AZ340 solution.
Fifty cycles of deep-reactive ion etching (PlasmaTherm, SLR
Series) were used to etch the channels into the wafer. The channel
depth was measured using a profilometer (P15, KLA-Tencor). The
photoresist was then removed, and the wafer was cleaned with
piranha solution. A Borofloat 33 borosilicate glass wafer was anod-
ically bonded to the silicon overnight at 500 V, 400°C using a
custom setup. Inlet holes were drilled through the glass layer
using a diamond drill bit (Drilax) and joined with microfluidic con-
nectors (Idex Health & Science) using Epoxy (Gorilla). A custom
PZT-5A piezoelectric element (American Piezo Company) was at-
tached to the silicon beneath the channel using cyanoacrylate
(Loctite). The input signal to the PZT was programmed in
MATLAB and generated using an arbitrary waveform generator
(Tabor Electronics). The output waveform was validated by an os-
cilloscope (Keysight Technologies) before being amplified by an RF
power amplifier (Amplifier Research) and connected to the PZT.
The samples inside the channel were imaged using a custom-built
upright epifluorescence microscope with a light-emitting diode
source (Thorlabs) and a scientific complementary metal-oxide
semiconductor camera (Zyla 5.5, Andor).

Single-particle tracking experiment and analysis
Fluorescently labeled GVs, suspended in buffer (deionized water,
0.01% v/v Tween 20), were introduced into the acoustofluidic
channel via a syringe. The background flow was naturally slowed
until particles stayed within the field of view longer than the acqui-
sition time of approximately 2 min. The particles were then imaged
at 20 frames per second for approximately 20 s before ultrasound
was turned on. The ultrasound was then turned on (3.75 ± 0.1
MHz sweep, 1-ms sweep repetition time, 3.8 V peak-to-peak, con-
tinuous wave) for approximately 100 s. Pressure-collapsed GVs and
200-nm-diameter fluorescent polystyrene particles (Thermo Fisher
Scientific) were subjected to the same procedure.

Particle detection was performed in ImageJ using the MOSAIC
ParticleTracker plugin to obtain time-dependent particle coordi-
nates in the direction toward the walls, x(t). Particle trajectories
were exported and analyzed in MATLAB using custom scripts.
The coordinates were split into before-ultrasound and during-ultra-
sound groups. Only particles with trajectories in both groups were
included in the analysis.

Trajectories during the Brownian period were used to calculate
the mean-squared-displacement,<∆x>2, for different time dura-
tions, ∆t. Linear regression was used to extract the diffusion
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coefficient, D, for each particle following the 1D diffusion relation-
ship <∆x>2 = 2D∆t. The mobility, μ, of the particle was then ob-
tained using the Einstein relation

D ¼ μkBT ð2Þ

where kB is the Boltzmann constant and T is the temperature.
Trajectories recorded during the ultrasound period were fitted to

an equation of motion accounting for the sinusoidal pressure profile
to obtain the peak particle velocity in the acoustic field. Given the
profile of the pressure in the channel P (x, t) = Ppeak cos (kx) sin
(ωt), where k is the wave number and ω is the angular frequency,
the radiation force, FARF, acting on the particles is

FARF ¼ 4πa3ΦkEacsinð2kxÞ ¼ Fpeaksinð2kxÞ ð3Þ

where a is the particle radius, Φ is the acoustic contrast factor,
Eac ¼

1
4Ppeak

2 � β0 is the acoustic energy density, and Fpeak is the
peak ARF (27).

At low Reynolds number, FARF = Fdrag ∝ vp, where Fdrag is the
drag force and vp is the particle velocity. Therefore, vp = vpeak sin
(2kx), where vpeak is the peak particle velocity. The particle position,
xp(t), over time within an acoustic field is thus related to the peak
velocity by

xpðtÞ ¼
1
k
cot� 1fcot½xð0Þk� expð� 2ktvpeakÞg ð4Þ

Fitting the particle trajectory to this equation allowed us to
obtain vpeak. Combining the particle mobility μ and the peak
velocity vpeak, the peak ARF was calculated using μ ¼

vpeak
Fpeak

.
The hydrodynamic radius aH of the particles was determined

using the Stokes-Einstein equation

D ¼
kBT
6πηaH

ð5Þ

where η is the solution viscosity. Fitting the force measurements to
a fractal clustering model (29, 30)

Fpeak ¼ maH
n ð6Þ

to obtain the scaling coefficientm, and the force-mobility exponent
n, the peak ARF for a single GV, Fpeak_sGV, was calculated by substi-
tuting the average hydrodynamic radius of a GV (62), aH_sGV =
125 nm. The acoustic contrast factor of a single GV, ΦsGV, was
then obtained using the equation

FpeaksGV ¼ 4πΦsGVka3HsGV Eac ð7Þ

where Eac is the acoustic energy density of the applied ultrasound, as
determined by a separate calibration (fig. S2 andmethod S1). Lastly,
this equation is used to predict the peak ARF for a single GV at
various acoustic parameters.

Fluorescently labeled acoustic E. coli cells were suspended in PBS
and subjected to the same ultrasound procedure as the GV particles.
The hydrodynamic radius of E. coli was determined using the
Stokes-Einstein equation (Eq. 5), and the acoustic contrast factor
was determined using the acoustophoretic motion of the E. coli in
a similar manner as described for GVs.

Acoustic GV collapse in microfluidic channel
A syringe pump was used to introduce fluorescently labeled AnaΔC
GVs into the acoustofluidic chip at a controlled flow rate of 0.5 μl/

min. Fluorescence images were acquired while the PZT was driven
at three different voltages. The acoustic energy density for the three
trials was kept constant by choosing the appropriate duty cycle ac-
cording to Duty Cycle * Voltage2 = constant. A video of the steady-
state pattern was acquired and projected onto the x-axis to deter-
mine the locations of the discontinuity in the fluorescence signal.
The location was marked with the critical collapse pressure of
AnaΔC of 0.6 MPa, and the acoustic pressure in the entire
channel was calculated by assuming a sinusoidal pressure profile
with antinodes at each wall.

Fluorescently labeled Mega GVs were introduced into the
channel in a similar manner and subjected to an acoustic field
with a peak acoustic pressure of 1.2 MPa, as measured using the col-
lapse profile of AnaΔC.

Acoustic manipulation of cells in microfluidic channel
Fluorescently labeled bARG1-expressing E. coli and precollapsed
controls, prepared as described above, were suspended in PBS and
loaded into the acoustofluidic channel described above. Continu-
ous-wave ultrasound was applied at 3.75 MHz, 7.6 V peak-to-
peak. Images of the channel were acquired for 10 s during ultra-
sound application as described above.

Dynamic patterning of acoustic bacteria
An acoustic setup was built to generate a standing wave with recon-
figurable wavelengths, by reflecting the sound generated by a single-
element transducer (V310, Olympus) off a glass coverslip (VWR). A
holder was designed in SolidWorks and 3D-printed (3D Systems) to
facilitate the alignment of the transducer with the reflector and to
create a sample chamber sandwiched between the reflector and an
acoustically transparent Mylar membrane (Chemplex, 2.5 μM
thickness). The acoustic setup was placed into a water bath to
provide acoustic coupling between the transducer and the sample
chamber, and fluorescently labeled bARG1-expressing E. coli pre-
pared as above were suspended in PBS and loaded into the
sample chamber. Ultrasound (continuous wave) was applied to
the sample, and fluorescent images were acquired with the
imaging plane parallel to the sound propagation axis. The ultra-
sound frequency was varied between 4.5 and 6.5 MHz in 1-MHz
steps every 50 s.

Image-guided positioning of acoustic bacteria
For radial acoustic trapping and movement, a sample dish was
created, allowing the placement of the image plane orthogonal to
the sound propagation axis. The glass bottom of a 35-mm glass-
bottom petri dish (Matsunami) was removed using a glass cutter
and replaced with a Mylar film. bARG1-expressing E. coli prepared
as above and suspended in PBS were added to the center of the dish
and sealed using a glass coverslip. A 40-MHz focused single-
element transducer (V390-SU/RM, Olympus) was mounted onto
a micromanipulator and positioned beneath the dish. To align the
transducer with the glass reflector, the transducer first emitted five-
cycle pulses and received the echo from the glass coverslip. The am-
plitude of this echo was maximized by adjusting the position of the
transducer using the micromanipulator. To trap the acoustic bacte-
ria, the transducer was then driven with a continuous-wave 40-MHz
input while fluorescent images were acquired. After a cell cluster
was formed in the center of the acoustic focus (fig. S4), the trans-
ducer was moved in the x-y plane using the micromanipulator,
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guided by the optical image, to form the desired positioning
sequence.

Acoustic biofabrication
Acoustic phase masks were designed inMATLAB using the iterative
angular spectrum approach (20), 3D printed in VeroClear using a
PolyJet printer (Stratasys), coupled to a 3.5-MHz unfocused trans-
ducer (Olympus) and positioned in a water bath below a petri dish
holder. Acoustic bacteria were suspended in 0.25% low-melt
agarose solution (GoldBio) supplemented with LB medium (20
mg/ml) and maintained at 37°C using a heat block to prevent gela-
tion. The bacteria solution was added onto a Mylar-bottom petri
dish described above, which is then placed into the petri dish
holder above the phase mask. Ultrasound was applied while the
agarose solution cooled to its gelation temperature of 26°C. The
acoustically fabricated material was then imaged using a cell
phone camera and ultrasound imaging.

Holographic patterning and viability staining of
mammalian cells
HEK293T cells expressing GVs and EBPF2 were prepared by tran-
sient transfection as described previously (34). Briefly, a transfec-
tion mixture containing 420 fmol of GvpA-IRES-EBFP2 plasmid
and 70 fmol of each of the accessory plasmids (GvpC, GvpF,
GvpG, GvpJ, GvpK, GvpN, GvpV, and GvpW) was mixed with poly-
ethyleneimine (PEImax, Polyscienes) at a 1:2.6 ratio (w/w) by vor-
texing and added to a 70% confluent culture. Cells were cultured for
3 days at 37°C in DMEM supplemented with 10% FBS and penicil-
lin/streptomycin. Cells were washed with PBS, harvested using
100 μl of trypsin, and quenched with 100 μl of DMEM (FluoroBrite,
Thermo Fisher Scientific) supplemented with 10% FBS. The cell
suspension was placed into the Mylar-bottom petri dish and posi-
tioned above the phase mask as described above. Ultrasound was
applied and the cells were imaged using bright-field microscopy.
The cells were then resuspended via gentle pipetting and incubated
with cell viability stains (Calcein AM and SYTOX Red, Thermo
Fisher Scientific) following the manufacturer’s protocol, and their
fluorescence was quantified using flow cytometry (MACSQuant
Analyzer 10, Miltenyi Biotec).

Acoustofluidic cell enrichment
HEK293T cells expressing GVs and EBPF2 were prepared by tran-
sient transfection as described above using a transfection mixture
containing 280 fmol of GvpA-IRES-EBFP2 plasmid and 70 fmol
of each of the accessory plasmids. Before enrichment, cells were
washed with PBS, harvested using 1 ml of Accutase (STEMCELL
Technologies), stained using 1 μM fluorescent cell stain (CellTrack-
er Red CMTPX Dye, Thermo Fisher Scientific) at 37°C for 30 min,
resuspended in running buffer [PBS, DNase I (100 μg/ml), 2%
bovine serum albumin, and penicillin/streptomycin] at a density
of 105 cells/ml, and filtered through a 40-μm cell strainer. Cells
were introduced to the center channel at a flow rate of 10 μl/min
using a syringe pump, and sheath flow containing the running
buffer was introduced at 15 μl/min. Continuous-wave ultrasound
(3.75 ± 0.1 MHz sweep, 1 ms sweep repetition time, 38 V peak-
to-peak) was applied for the duration of the enrichment process.
Cells before and after enrichment were collected, and their fluores-
cence was quantified using flow cytometry (MACSQuant Analyzer
10, Miltenyi Biotec).

Chemicals
All chemicals were purchased from Sigma-Aldrich unless other-
wise noted.

Statistical analysis
Statistical methods are described in each applicable figure caption.
Measured values are stated in the text as the means ± SEM. Standard
error propagation methods were used where appropriate.
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