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Spatially concentrating and manipulating biotherapeutic agents
within the circulatory system is a longstanding challenge in
medical applications due to the high velocity of blood flow, which
greatly limits drug leakage and retention of the drug in the targeted
region. To circumvent the disadvantages of current methods for
systemic drug delivery, we propose tornado-inspired acoustic vortex
tweezer (AVT) that generates net forces for noninvasive intravascu-
lar trapping of lipid-shelled gaseous microbubbles (MBs). MBs are
used in a diverse range of medical applications, including as ultra-
sound contrast agents, for permeabilizing vessels, and as drug/gene
carriers. We demonstrate that AVT can be used to successfully trap
MBs and increase their local concentration in both static and flow
conditions. Furthermore, MBs signals within mouse capillaries could
be locally improved 1.7-fold and the location of trapped MBs could
still be manipulated during the initiation of AVT. The proposed AVT
technique is a compact, easy-to-use, and biocompatible method that
enables systemic drug administration with extremely low doses.
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Highly diverse drugs have been developed globally in recent
years, providing the promise of better prevention, treat-

ments, and cures for a broad range of diseases. When drugs are
systemically administered, accurate targeted delivery of the drug
to the diseased cells and tissues at sufficiently high doses is
critical for drug function. For example, it has been reported that
less than 0.7% of an injected drug actually gets into a targeted
tumor (1). The high velocity of blood flow (∼1.5–33 cm/s in
capillaries and venules) is the main obstacle for circulation-based
drug delivery because drug leakage and retention in the targeted
region are limited (2). Developing an approach that can non-
invasively concentrate and manipulate circulating drugs to pro-
pel or navigate them against the flow could greatly improve
treatment efficiencies, reduce required administered doses, and
avoid off-target effects.
Emerging techniques for contactless trapping and manipula-

tion of biomolecules such as DNA, cells, nanoparticles, and
microparticles with a high spatial resolution typically utilize op-
tical, magnetic, or electrokinetic forces (3–11). However, each of
the current techniques has its own potential drawbacks: 1) op-
tical tweezers may cause physiological and heat damage to cells,
high photon absorption in biological materials, and the forma-
tion of singlet oxygen (9, 12–14); 2) magnetic tweezers require
targets to be prelabeled with magnetic materials, which likely
affects cell viability (6, 8, 10, 15); and 3) electrokinetic tweezers
can potentially affect cell physiology due to current-induced
heating or direct exposure to an electric field (3–5, 16). In other
words, these potent bioeffects combined with their short working
distances (<1 cm) greatly limit the ability to translate these
techniques into clinical applications. The safety and tissue-pen-
etrating ability (∼20 cm) of ultrasound may provide an alterna-
tive option for developing so-called acoustic tweezers.
A substantial number of acoustic-tweezer configurations have

been explored previously for applications in science, engineering,
and biomedical sciences. The three primary types of acoustic

tweezers are standing-wave tweezers (17–19), single-beam
acoustic tweezers (20–22), and acoustic-streaming tweezers
(23–25). Standing-wave tweezers spatially form periodic pressure
nodes to produce acoustic radiation forces that can be used to
control the positions of particles (19). Unfortunately, a complex
setup is needed because the trapped objects need to be located
between one or more pairs of ultrasound transducers. Single-
beam acoustic tweezers can produce a trapping effect to ma-
nipulate particles and cells under the conditions of Mie regime in
a single-transducer setup (21, 26). However, high operating
frequencies are required for this technique because the acoustic
wavelength needs to be smaller than the size of the trapped
particles or cells. Acoustic-streaming tweezers can be used to
indirectly manipulate particles via acoustic-induced fluid flows
(also termed acoustic streaming) with oscillating gas-filled
microbubbles (MBs) or solid structures (25). The streaming
flows generate regions of recirculation or pressure gradients that
can be used to influence particle position. The oscillating MBs
also produce acoustic radiation forces and streaming vortices to
trap and rotate particles, respectively. The low spatial resolution
is the main drawback of this type of tweezers, because MBs and
microstructure-based phenomena are nonlinear. Although
acoustic tweezers have been increasingly used for manipulating
cells, particles, and organisms, there are very few reports of
promising results in an in vivo environment. For example, the
single-beam acoustic tweezers could penetrate through an
ex vivo rat aorta and manipulate polystyrene microspheres of 3-
μm size inside the vessel (22). However, in order to trap mi-
crometer-size particles, it is necessary to operate such acoustic
tweezers with high frequency (∼40 MHz; wavelength: tens of
micrometers). The poor tissue penetration of such high-fre-
quency ultrasound would largely limit the in vivo application of
single-beam acoustic tweezers.
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Ideal acoustic tweezers for in vivo applications must meet the
following conditions: long penetration depth, strong trapping
force, simple setup, multiaxis manipulation, and tissue safety.
With the aim of meeting these requirements, we focused on a
tornado-inspired acoustic vortex tweezer (AVT) concept that we
previously demonstrated is feasible (26, 27). AVT employ de-
structive interference to produce a ring-shaped beam pattern
called a potential well. According to the force-potential
mechanism operating in a Rayleigh regime, particles with high
acoustic impedances comparing with blood will experience
strong trapping forces that drive them toward the beam axis.
Here we report on an acoustic-tweezer transducer based on
AVT theory that aims to trap and manipulate bioparticles
(lipid-shelled gaseous MBs) within the blood circulation in
vivo (Fig. 1).
Several studies have demonstrated the diversity of uses for

MBs in medical applications, such as their use as sonography
contrast agents, for permeabilization of the blood–brain barrier,
and as drug/gene carriers (28–31). A new technique should not
only address the current shortcomings, but also improve the
imaging contrast and the efficiency of drug delivery. This paper
first demonstrates the trapping of MBs using the technique in a
static condition. Then, the trapping performance and possible
side effects in a flow condition are investigated in detail. Finally,
the feasibility of in vivo trapping and safety issues are investi-
gated in a dorsal window chamber model.

Results
Method Principle and Transducer Design. The working mechanism
of AVT is illustrated in Fig. 2A. In our model, the acoustic waves
that emanate from the transducer elements propagate along the
z direction, and phase difference around the axis gradually varies
from 0 to 2π radians in each x-y plane. The phase is indetermi-
nate on the axis, which leads to the generation of a null core of
zero amplitude, creating a vortex structure with an axial null
(corresponding to a minimum or zero in the pressure amplitude),
which is called a potential well. The particles near the axial null
experience an inward force and thus can be trapped.
In order to transmit the acoustic wave with a π/2-rad phase

difference, a single 3-MHz concave lead zirconate titanate (PZT)
substrate (diameter: 20 mm; curvature: 20 mm; f number: 1) was

used to fabricate the AVT transducer. An aperture with a di-
ameter of 3 mm was drilled in the PZT substrate to create a light
path for bright-field microscopy observations (Fig. 2B). The PZT
substrate was then carved into four individual elements with a
1-mm kerf on the back electrode using a laser cutter (32). Co-
axial signal and ground wires were soldered to the electrodes of
each element, with the entire assembly then sealed in a cylin-
drical plastic shell. The four elements were driven by 3-MHz sine
waves to produce pressures of 80–800 kPa. During signal trans-
mission there was a π/2-rad phase difference between adjacent
elements. Based on simulation data, the focal length, focal zone,
and beam width of the designed transducer were calculated to be
∼20, 5, and 1.7 mm, respectively (SI Appendix, Fig. S1) (33, 34).
The acoustic field of the AVT was measured, and its cross-

section in the x-z plane at y = 0 is shown in Fig. 2C. The nor-
malized distribution of pressure showed that the focal length and
beam width of AVT were 20 and 1.7 mm, respectively, which was
consistent with the simulation data. The axial null appeared as a
dark region along the beam axis that resulted from the de-
structive interference of the corkscrew wavefronts, correspond-
ing to a minimum or zero in the pressure amplitude (33). In the
transverse x-y plane at z = 20 mm, the pressure distribution
appeared as a doughnut structure with four main lobes (Fig. 2D),
indicating that the axial null was surrounded by high acoustic
pressures. The corresponding phase pattern also verified the
phase shifts of the wavefronts from –π to π radians, as expected
(Fig. 2E). This variation indicated that the generated acoustic
vortex carried angular momentum (with a topological charge of
1), potentially allowing momentum to be transferred to the
medium and particles during the initiation of the AVT (35). The
transverse profile in Fig. 2F further reveals that the acoustic
vortex generated pressure distribution and eventually formed a
potential well. The measured pressure field was also similar to
the simulation data.
The simulated potential distribution by applying a peak neg-

ative pressure of 800 kPa and a 30% duty cycle to a 1.1-μmMB is
shown in Fig. 2G, and indicates that MB near the beam axis
would experience a radiation force pushing them into the beam
center, with a maximum trapping force of 0.75 nN. This region
with steep inward forces can thus be referred to as the trapping
region, with the largest dimension in the plane being 0.85 mm.
However, the MB in the outer vortex would experience a radi-
ation force repelling them with a maximum force of 0.52 nN,
called the repulsive force. The repulsive force was smaller than
the trapping force because the pressure gradient in the outer
vortex is much gentler than that near the axial null (Fig. 2F).
These data suggest that our device successfully generated a po-
tential well in the acoustic vortex, within which suspended MBs
might be driven toward the center and stably confined.

Trapping ofMBs in the Static Condition.The trapping effect of the potential
well generated by AVT was then verified by observing MBs micro-
scopically in a static condition. The MBs had a perfluoropropane (C3F8)
gas core and a lipid shell constructed from 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, 1,2-Distearoyl-sn-glycero-3-phosphoglycerol, and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
glycol)-5000], which are commonly used in pharmaceutical formula-
tions. The lipid shell of the MBs was labeled with the lipophilic
fluorescent probe DiI to allow visualization using fluorescence mi-
croscopy (SI Appendix, Fig. S2). MBs with a diameter of 1.1 ± 0.5 μm
(mean± SD) and a mean concentration of 10.0 × 108 MBs/mL were
exposed to AVT producing a peak negative pressure of 800 kPa and a
duty cycle of 30% in a cellulose tube with a diameter of 200 μm
(Fig. 3A).
Fig. 3B depicts the MBs dynamics during AVT initiation de-

tected using bright-field and fluorescence microscopy imaging.
The MBs appeared dark in bright-field imaging due to the re-
flection and refraction of the transmitted light. Upon initiation

Fig. 1. Concept and paradigm of the study. Tornado-inspired AVT were
used to generate a potential well for the noninvasive intravascular trapping
of lipid-shelled gaseous MBs within the circulation in vivo. RBC, red
blood cell.
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of the trapping, the suspended MBs rapidly spiraled clockwise
around the beam axis due to phase dislocations around the axis,
as expected. These MBs subsequently started to aggregate due to
the presence of the aforementioned radiation force, and the
aggregated MBs persistently swirled around and ultimately be-
came trapped in the center, thereby forming an MB cluster
(Movie S1). The direction in which the MBs swirled depended
on the direction of the phase dislocation generated by the AVT
(Fig. 2E), which also confirmed the occurrence of momentum
transfer. When the AVT was turned off, the MB cluster quickly
dispersed, suggesting that the AVT induce temporary MBs
aggregation.
Further investigations from a side view provided insight into

the MBs behaviors during AVT trapping. Moving the AVT
transducer and objective to the side surface of the tube made the
optical focal plane nearly perpendicular to the wall during the
trapping process (Fig. 3C). Under the same experimental

conditions as for Fig. 3B, the acquired images showed that the
MBs initially aggregated and were displaced along the wave
propagation direction relative to the wall. The aggregated MBs
were then further squeezed to form a sphere cluster in the beam
center along the wall (Fig. 3D; also see Movie S2). Viewing from
the two orthogonal directions confirmed that AVT induce con-
centration and trapping of the suspended MBs along an adjacent
wall. Previous studies have found that the therapeutic effect and
drug delivery efficiency of MBs could benefit from local in-
creases in their concentration (36–38), suggesting that applying
AVT with MBs could have great potential in vascular targeting
applications. Moreover, our previous simulations suggested that
AVT could also be applied to other particles of the same size and
shape, but constituting different materials (i.e., Teflon, polysty-
rene, and cellulose) (27).
The MBs trapping efficiency of AVT was investigated by

varying the peak negative pressure (80–800 kPa), duty cycle

Fig. 2. AVT transducer design and acoustic vortex generation. (A) Sketch of the four-element AVT transducer adjacent elements that had a π/2-rad phase
difference. (B, Left) A curved lead zirconate titanate (PZT) piezocomposite with a 1-mm kerf and 3-mm-diameter aperture observed under bright-field mi-
croscopy. (B, Right) A three-dimensionally printed polylactic acid packaging of the transducer for ensuring water resistance. (C) Pressure field measured along
the direction of AVT-generated wavefront propagation (x-z plane at y = 0 mm). (Inset) Local magnification of the focal zone. (D) Transverse pressure field
measured at the focal point (z = 20 mm), from which the ring pattern can be inferred from the vortex feature. (E) Phase distribution corresponding to the
transverse pressure field at the focal point. (F) Comparison of the measured and simulated pressure fields in the lateral direction. The pressure distribution
shows that an axial null was bounded by a high acoustic pressure, generating a potential-well structure. Note that the measured pressure field was acquired
from D at y = 1 mm. (G) Profile of the lateral radiation forces when a 1.1-μm MB was sonicated at an acoustic pressure of 800 kPa and a duty cycle of 30%.
These data show that the MBs near the axial null will experience a radiation force that drives them toward the beam center, which is called the trapping force
(blue arrow). However, the MBs in the outer vortex would experience a radiation force to repel them, which is called the repulsive force (red arrow). The
trapping region had a size of 0.85 mm.
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(3–30%), and MBs concentration (1.25–40.0 × 108 MBs/mL).
The trapping efficiency was assessed by calculating the size of the
MB cluster using bright-field microscopy imaging. Increasing the
duty cycle did not increase the size of the MB cluster, since it was
32.2 ± 2.6, 27.1 ± 3.2, and 32.1 ± 4.8 μm for duty cycles of 3, 15,
and 30%, respectively (Fig. 4A). The trapping effects first
appeared when applying a pressure of 80 kPa (Fig. 4B). How-
ever, increasing the pressure significantly decreased the size of
the MB cluster, with sizes of 81.1 ± 5.6, 55.6 ± 6.5, and 32.0 ±
4.8 μm for pressures of 80, 400, and 800 kPa, respectively. This
situation was probably caused by 1) the pressure gradient
increasing with the acoustic pressure and 2) MBs moving toward
each other due to secondary acoustic radiation forces, which vary
with the square of the pressure magnitude (39). Therefore, in-
creasing the acoustic pressure would reduce the distance be-
tween adjacent MBs and hence reduce the size of the MB
cluster. Increasing the concentration of MBs over the range from
1.25 × 108 to 40.0 × 108 MBs per milliliter produced a large
increase in the size of the MB cluster, with sizes of 12.70 ± 2.00,
16.10 ± 2.80, 20.6 ± 3.3, and 30.10 ± 2.18 μm for concentrations
of 1.25 × 108, 2.50 × 108, 5.00 × 108, and 10.0 × 108 MBs per
milliliter, respectively (Fig. 4C). However, further increasing the
concentration to 20.0 × 108 and 40.0 × 108 MBs per milliliter did
not increase the size of the MB cluster (33.30 ± 3.67 and 40.00 ±
6.82 μm, respectively). These findings suggest that the AVT
trapping efficiency was dominated by the MBs concentration and
the acoustic pressure, which could probably be achieved by using
a low duty cycle in order to avoid a thermal effect. Also, these
properties revealed a method for adjusting the size of the trap-
ped MB cluster according to the requirements of specific med-
ical applications. In order to maximize the trapping force
generated by the AVT, three parameters were selected for
subsequent experiments: an acoustic pressure of 800 kPa, a duty
cycle of 30%, and an MBs concentration of 10.0 × 108 MBs.

Under these parameters, an experiment was designed to explore
the number of MBs within the cluster (SI Appendix, Fig.
S3 A–C). The results revealed that the number of MBs within the
cluster was ∼556 (SI Appendix, Fig. S3 D–F). It is rational of such
a small number of trapped MBs because MBs outside the vortex
would experience a repulsive force and only the MBs inside the
focal zone could be trapped.
One concern about this technique is whether AVT trapping

produces permanent MBs coalescence or aggregation. In order
to assess if the trapped MBs would lead to MBs coalescence (>8
μm), the trapped MBs were collected and their size distribution
was analyzed (SI Appendix, Fig. S4). No significant change of
MBs size distribution was observed before and after AVT

Fig. 3. Trapping behavior of MBs observed under an inverted microscope in
the static condition. (A) Experimental setup in which the AVT transducer was
placed on the top to trap MBs for bottom-view observations. (B) Series of
bright-field (Top) and fluorescent (Bottom) images. During the trapping
sequence, the MBs were swirled into the AVT center to form a large cluster.
(C) The AVT transducer was rotated 90° to record the trapping behavior
from a side view. (D) Series of side-view images showing that MBs initially
experience the radiation force pushing on the wall and then the trapping
force that immediately collects the dispersed clusters into the center of the
AVT focal zone. The MB concentration was 10.0 × 108 MBs per milliliter and
AVT were applied at an acoustic pressure of 800 kPa and a duty cycle of 30%.

Fig. 4. Effects of ultrasound parameters on the MBs trapping efficiency. (A)
The effect of duty cycle. Bright-field microscopy images (Upper) and corre-
sponding sizes of trapped MBs (Lower) under different duty cycles (3–30%).
The cluster size was not affected by increasing the duty cycle. The MBs
concentration was 10.0 × 108 MBs per milliliter and the acoustic pressure was
800 kPa. (B) The effect of acoustic pressure. Bright-field microscopy images
(Upper) and corresponding sizes of trapped MB cluster (Lower) under dif-
ferent acoustic pressures (80–800 kPa). The cluster size decreased as the
acoustic pressure increased. The MBs concentration and the duty cycle were
10.0 × 108 MBs per milliliter and 30% m, respectively. (C) The effect of MB
concentration. Bright-field microscopy images (Upper) and the sizes of cor-
responding trapped MBs (Lower) under different MBs concentrations
(1.25–40.0 × 108 MBs per milliliter). The cluster size increased with the MBs
concentration. (D) The size distribution of MBs before and after AVT trap-
ping. The acoustic pressure was 800 kPa, the duty cycle was 30%, and the
MBs concentration was 10.0 × 108 MBs per milliliter. (E) Stacked images
showing dynamic control of trapped MBs to write “NTHU” (National Tsing
Hua University) in the static condition. *P < 0.05.
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trapping (mean size: 1.1 ± 0.5 μm vs. 1.1 ± 0.1 μm; ratio of
particle size <8 μm: 96.8 ± 1.8% vs. 97.6 ± 1.2%) (Fig. 4D),
suggesting that the AVT-generated effect onto MBs was tem-
poral and reversible. Besides, the smallest diameter of blood
capillaries in vivo is ∼6–8 μm, potentially indicating that this
technique did not lead to the clustering of MBs and occlude
small capillaries (40–42). In addition, to confirm the manipula-
tion capabilities of AVT within a narrow space such as a vascular
wall, the trapped MB cluster was moved in two dimensions so as
to generate the letters “N,” “T,” “H,” and “U” by adjusting the
x-y position of the AVT transducer. The trajectory of trapped MBs
was recorded, as shown by the superpositioning in Fig. 4E. This
manipulation trajectory agrees well with the expected trajectory.
We hypothesized that the pulses with the trapping effects and

those that produced fragments of MBs could be used together, in
sequence, to improve local drug delivery (43). In other words,
AVT pulses can firstly concentrate the surrounding free MBs and
fragmentation pulses can then trigger the MBs to rupture, spray-
ing the cargo of the MBs into the surrounding area (SI Appendix,
Fig. S5). The acoustic parameters of each sequence are listed in
SI Appendix, Table S1. Fig. 5A shows a typical result from these
pulse sequences: the case of AVT trapping fragmentation shows
the most fluorescence in the AVT focus, the case of acoustic ra-
diation force (ARF) fragmentation shows some fluorescence, and
the case of fragmentation only shows no fluorescence. The quan-
tification analysis suggests that the application of AVT trapping
fragmentation produces a 7.2- and 11.9-fold increase in fluorescent
intensity compared with those of the ARF-fragmentation group
and fragmentation only group, respectively (Fig. 5B). These data
indicate that our proposed AVT trapping method can be used to
improve the efficiency of drug delivery.

Trapping of MBs in the Flow Condition. The velocities of the blood
flow in arterioles, venules, and capillaries within the human
systemic circulation may vary within ranges of 1–20, 5–10, and
1–4 cm/s (44, 45), respectively. The effect of flow velocity on the
trapping of MBs by AVT was therefore investigated for a range
of 0–4.4 cm/s. Fig. 6A illustrates that MBs could be successfully
trapped as the flow velocity was increased to 2.6 cm/s, but the
trapping capability was completely lost for velocities that
exceeded 3.5 cm/s. By examining trapping failures for different
flow velocities, we next investigated if MBs could be repeatedly
trapped by AVT in the flow condition (Fig. 6B). AVT trapping
were performed every 4 s at a velocity of 2.6 cm/s. The initiation
of trapping resulted in a steady (∼9-fold) increase in local flo-
rescence signals due to the local increase in the MBs concen-
tration. The fluorescence signals decreased rapidly when the
AVT were turned off, which also suggested that the MB cluster
had dispersed.
Expanding the observation zone to outside the AVT trapping

area for a flow velocity of 2.6 cm/s showed that blocked MBs
upstream might play an important role in trapping failure (red
dotted arrows in Fig. 6C; also see Movie S3). In our model, the
MBs that are initially outside the vortex would experience a re-
pulsive force. The trapped MB cluster and the upstream MB
cluster were separated by 0.6 mm, which is consistent with the
estimated distance between the trapping center and the location
of the maximum repulsive force (Fig. 2G). In other words, the
potential within the inlet region would impede MBs entering the
trapping region, leading to the inflow MBs clustering over time.
Meanwhile, the drag force on the MB cluster increased with
cluster size. Once the drag force of the MB cluster would over-
come the repulsive force of the vortex, it would enter the trap-
ping region and wash away the initially trapped MBs, as observed
in Fig. 6C. In this system, MBs were successful trapped in a flow
condition by the competitive interactions of the trapping, re-
pulsive, and drag forces (Fig. 6D). The quantified Stokes drag
force on the upstream MB cluster at 2.8 s had a magnitude of

18.3 nN, which indeed overwhelmed the repulsive force (0.5 nN)
and the trapping force (0.8 nN), therefore resulting in trapping
failure. Increasing the flow velocity would hasten the formation
of the upstream MB cluster. Under the same experimental
conditions, we trapped and independently translated the MB
cluster in the x and y directions at an average velocity of
0.036 mm/s (Fig. 6E; also see Movie S4). The successful ma-
nipulation of the MB cluster in either of these directions indi-
cated that the trapping force of AVT was also effective against
the opposing flow (at 2.6 cm/s) and thus moved MBs to the
desired location.

Fig. 5. In vitro AVT-enhanced drug delivery. (A) Sequential microscopic
images of the glass with different drug delivery sequence (AVT + fragmen-
tation, ARF + fragmentation, and fragmentation only). Note that the MBs
concentration was 40 × 106 MBs per milliliter ARF: 160 kPa, 30% duty cycle;
fragmentation: 1,600 kPa, a single pulse, five cycles. (B) The corresponding
fluorescence intensity of each groups.
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AVT Only Trapped MBs, but Not Red Blood Cells. From the safety
aspect, it is important to determine whether the potential-well
trap produced by AVT also acts on red blood cells (RBCs) by
inducing a spiral motion of RBCs during trapping, since this
would probably lead to hemolytic lysis. We therefore added MBs
to an RBC plasma suspension and performed AVT trapping in
both static and flow (flow velocity of 2.6 cm/s) conditions. The
data demonstrated that AVT trapped MBs, but not RBCs
(Fig. 7 A and B; also see Movies S5 and S6), which is due to a
higher acoustic impedance mismatch between MBs (0.0004 × 106

rayls) and water (1.5 × 106 rayls) than that between RBCs (1.6 ×
106 rayls) and water. In addition, Fig. 7C shows that the mor-
phology of RBCs exhibited negligible change after the AVT
trapping, corresponding to nearly less than 5% lysis rate (Fig. 7D).
That showed that AVT could selectively trap MBs without having
any effects on RBCs under the experimental setup.

Application of AVT to the Mouse Circulation. Finally, the in vivo
trapping capability of AVT was investigated in the mice skin-fold
dorsal window chamber model. This device allows the trapping
process within blood vessels (with diameters of 10–200 μm) to be
directly visualized in real time using microscopy (Fig. 8A). The

initiation of MB aggregation occurred during onset of AVT
(Fig. 8B; also see Movie S7). Furthermore, the MB signals within
the vessels could be improved 1.7-fold. The MB cluster could be

Fig. 6. Trapping of MBs in the flow condition. (A) Relation between trap-
ping capability and flow velocity. The data show that flowing MBs could be
successfully trapped by AVT when the flow velocity was less than 3.5 cm/s. (B)
The MBs could be trapped periodically in the flow through repeatedly
switching the AVT on and off. The local fluorescent intensity showed rapid
increases and decreases, suggesting the presence of MB aggregation and
dispersion. (C) Zoomed-out view showing the formation of an upstream MB
cluster during AVT initiation, which finally results in trapping failure. The
flow velocity was 2.6 cm/s. (D, Lower) Conceptual illustration showing that
MBs could be successfully trapped in the flow condition by the competitive
interaction of the trapping, repulsive, and drag forces. (D, Upper) Compar-
ison of trapping, repulsive, and drag forces at 2.8 s. (E) Stacked images used
to demonstrate independent motion in the x and y directions by trapped
MBs at a flow velocity of 2.6 cm/s.

Fig. 7. Applying AVT trapping in the MBs–blood mixture condition. (A)
Comparisons of AVT trapping in the presence of a mixture of MBs and pure
blood in the static condition. Upper: group with only blood; Lower: group
with an MBs–blood mixture. (B) Flow condition with a flow velocity of
2.6 cm/s. The results demonstrate that AVT trapped MBs but not RBCs. (C)
Optical observation of RBCs from B via 100× oil objective to assess if the AVT-
tapping MBs process would damage the morphology of RBCs. Left: without
AVT trapping; Right: with AVT trapping. (D) Hemolysis testing from B to
verify if AVT-tapping MBs process would lead to hemolysis of RBCs.
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transversely moved from the center line of the vessel to the vessel
endothelium by adjusting the position of either the animal or the
AVT transducer (Fig. 8C; also see Movie S8). The zoomed-out
view suggested that although inflowing MBs accumulated up-
stream of the trapping zone, they started to disperse after passing
the trapping zone (Fig. 8D; also see Movie S9). This observation
also suggested that AVT only could trap single MB cluster at one
location at a time.
In the meantime, the bright-field imaging showed that no

RBCs trapping or detectable vessel damages (i.e., capillary
bleeding) occurred during or after trapping (Fig. 9 A and B).
Besides, the trapped MBs did not disrupt the blood flow and
induce the vasoconstriction at trapping zone (Fig. 10A). There
was no significant change of fluorescence intensity at the
downstream vessels between before and after trapping, indicat-
ing no blood flow occlusions (Fig. 10 B and C), suggesting that
the AVT-trapped MBs did not occlude small vessels at least
20 μm of diameter. SI Appendix, Fig. S6 showed no noticeable
differences in the physiological measurements (electrocardio-
gram, heart rate, body temperature, blood oxygen concentration)
before, during, and after AVT trapping. The whole blood anal-
ysis demonstrated that there was no toxicology with the AVT
with MBs group compared with healthy mice (SI Appendix, Table
S2). These results conclude that AVT was safe and biologically
compatible, and potentially could be used to noninvasively ma-
nipulate MBs within vessels in vivo.

Discussion
In the recent years, MBs have been used as several therapeutic
substances carriers for several disease applications (29–31, 46,
47). In this study, we demonstrated the feasibility of an AVT
technique for the active concentration, spatial manipulation of
MBs, and noninvasive trapping of circulating MBs in vivo with
pulsed and nonthermal acoustic energy conditions. AVT there-
fore have considerable potential for improving MB-based drug
delivery systems or therapies. The MBs did not coalesce after
AVT trapping. No trapping or damaging of RBCs was observed
during AVT initiation, confirming the high selectivity and safety
of this technique. The AVT method allows MBs in circulation to
be trapped so that they can be precisely moved to targeted vessel
walls, thereby increasing local concentrations and potentially
improving drug delivery efficiency.
Previous studies have proposed different acoustic tweezer

configurations for noninvasively manipulating objects in a living
body, such as single-beam acoustic tweezers and vortex beams
(22, 48). Compared with single-beam acoustic tweezers, the
proposed AVT can trap micrometer-size particles via low-fre-
quency ultrasound (3 MHz) because the trapping force relies on
the generation of a potential well. The particles near the axial
null experience an inward force and can be trapped. Our work
focused on investigating trapping performance of MBs and
possible side effects in an in vivo flow condition to demonstrate
the potential use as a novel drug delivery technique.
It can be concluded from the present data that the perfor-

mance of AVT trapping was dominant by several parameters,
including pressure, duty cycle, the number of transducer ele-
ments, and frequency. The magnitude of the trapping force
should be proportional to the acoustic pressure and duty cycle,
allowing tapping could be done in high-velocity condition. But,
the MBs might be collapsed as acoustic pressure of AVT was too
high. Increasing the number of transducer elements sharing the
phase transition of 2π radians might reduce the distance between
the two adjacent lobes (Fig. 2D), thereby preventing MBs from
leaking out from the two lobes (minor MB leakage is evident at
80 kPa in Fig. 4B). The driving frequency of AVT would not
affect the formation of the pressure gradient, but the size of the
trapping region is inversely proportional to the acoustic fre-
quency. A lower frequency improves the penetration ability, but
could potentially disrupt the MBs because the mechanical index
is higher. We also noticed that trapping in the flow condition
might fail due to the streaming-induced drag force of the

Fig. 8. Trapping and manipulating of MBs by AVT in vivo. (A) Schematic
of the experimental setup and animal model. (B) Time-lapse images and
MBs signals acquired before, during, and after AVT trapping. Successful MBs
trapping was observed when the AVT were activated. (C) The trapped MBs
could be moved from the centerline to the vessel wall. (D) Zoomed-out view
showing that MBs aggregation still occurred upstream of the trapping re-
gion during AVT initiation. Note that the MBs concentration was 4 × 107 MBs
per milliliter.

Fig. 9. Safety of AVT trapping MBs in vivo. (A) Bright-field time-lapse im-
ages showing that no trapping or detectable damage of RBCs (i.e., capillary
bleeding) occurred during or after trapping. (B) Local magnification of the
focal zone.
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upstream MB cluster being larger than the repulsive force of the
vortex, which was also found to be directly proportional to the
duty cycle and acoustic pressure.
Despite that RBCs were not trapped in current system during

AVT initiation, one of the most promising applications of AVT
would be to trap and spatially manipulate other therapeutic cells
within circulation for improving the outcome of in vivo cell
therapy. We did observe the trapping of RBCs at a higher
acoustic energy produced at 800 kPa and a 50% duty cycle (SI
Appendix, Fig. S7). A previous study found that the acoustic
impedance varied between specific cell types, being 1.73, 1.69,
1.69, 1.66–1.70, and 1.60–1.67 × 106 rayls for neutrophils, lym-
phocytes, monocytes, BA-F3 cells, and MCF7 cells, respectively
(49). This means that it should be possible to integrate AVT with
current existing cell therapies.
This study demonstrated a noninvasive method for concen-

trating circulating MBs, but there are still several limitations that

need to be addressed. First, the trapping force generated by the
current device was too low to trap MBs at flow velocities higher
than 3.5 cm/s. To overcome this problem, a recent study pro-
posed an asymmetrical trapping structure for enhancing the
trapping stability and retaining MBs at a flow velocity of 28 cm/s
with an available mechanical index of 0.13 (50). We considered
that the technique could be integrated with AVT to generate
asymmetric AVT with enhanced trapping stability by expanding
the four-element transducer to a two-dimensional array trans-
ducer. Second, the inflow MBs were clustered outside the trap-
ping region during AVT initiation. The size of the repulsed MB
cluster and the number of MBs it contained would be reduced by
periodically turning off the AVT. Fig. 6B demonstrates that the
circulating MBs could be repeatedly trapped in multiple AVT
trapping trials. Third, the in vivo model in this study might not be
directly relevant to the feasibility of the technique in deep tissue
or transcranial applications. The phase aberrations and energy

Fig. 10. Experiment to visualize whether AVT-trapped MBs would occlude the capillaries or downstream vessels in mice. (A) The fluorescence images of small
vessel and large vessel (20 and 200 μm in diameter, respectively) acquired before, during, and after AVT trapping MBs. (B and C) The corresponding fluo-
rescence intensity before and after AVT-trapping MBs.
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attenuation when ultrasound focusing through several types of
soft tissues or skull into the targeted site would cause severe
decorrelation of transmit waveforms thus compromise the per-
formance of AVT. We designed an experiment and found that
the acoustic field of AVT remained intact after penetrating a
1-cm thickness of homogeneous tissue (mice brain) (SI Appendix,
Fig. S8). Furthermore, many aberration correction techniques
have been proposed for ultrasound (51), potentially can be in-
tegrated with AVT for improving the efficiency of in vivo ap-
plication. In the aspect of working depth, a previous study
reported that the 3-MHz ultrasound could penetrate into the
region with 2.6–4.0-cm depth in the human body (52). Assessing
the performance of AVT in deep tissue in vivo will be the next
step of this project. Fourth, the present trapping technique relied
on an intact auto circulation system for replenishing MBs into
the acoustic vortex-sonicated region, and this process can be
affected by certain pathological states such as atherosclerosis,
diabetes, and ischemia-associated disease. The noninvasive na-
ture, deep penetration, high spatial resolution, and system flex-
ibility of AVT are likely to increase the popularity of this
technique and make it suitable for use in the next generation of
ultrasound treatments.

Materials and Methods
Simulations. According to the theory for the radiation force produced under
traveling-wave conditions, the radiation force on a single MB is produced by
the time-average product of the gradient in the acoustic pressure and the
volume of the MB according to

F = Æ−V(t)∇Pæ,
where V(t) indicates the time average of MB volume, and ∇P is the spatial
pressure gradient (39).

In addition to the axial radiation force parallel to the propagating di-
rection, the presence of a lateral pressure will produce a transverse force (the
lateral trapping force) that acts on the MBs. The instantaneous lateral
pressure ∇Plateral of the AVT was simulated using the Field II simulation
program with the parameters listed in SI Appendix, Table S3 (53).

Assuming linear amplitude oscillations, the MB volume can be modeled
with a resonant frequency below the ultrasound drive frequency:

V(t) = V0[1 − (3Re0=R0)sin(kx)cos(ωt + π)], [1]

where V0 is the equilibrium MB volume, R0is the equilibrium MB radius,
k = 2π=λ (λ = 1.6 mm is the width between the two pressure peaks gener-
ated by the AVT), ω and ω0 denote the driving frequency and the resonant
frequency of the MBs, respectively, t is the time, and Re0 is the instantaneous
variation of the MB radius:

Re0 = Pa

R0ρω2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(ω0=ω)2 − 1]2 + (2βtot=ω)2
√ , [2]

where Pa is the mean peak pressure amplitude, βtot is the dimensionless
damping coefficient, and ρ is the medium density.

Thus, lateral trapping force Flateral acting on an MB in a pulsed trapping
field is deduced to be

Flateral = −ÆV(t)∇PlateralDT æ, [3]

where D
T indicates the pulse duty cycle.

In Vitro Experimental Setup. In this study, observations were performed from
the bottom and side views using a microscope (model IX71, Olympus Cor-
poration) with a 40× objective lens to verify the trapping dynamics of AVT.
For bottom-view observations, the ultrasound transducer was aligned with
the objective in a face-to-face arrangement. A cellulose tube with an inner
diameter of 200 μm (Spectrum Laboratories) was positioned at the focus
between the ultrasound transducer and microscope. The MBs (1.25–40.0 ×
108 MBs per milliliter) were added to the tube using a syringe pump (model
IM-6, Narishige Company). For side-view observations, the ultrasound
transducer was placed at an angle of 90° relative to the objective. The side
wall of the cellulose tube was positioned at the focus between the ultra-
sound transducer and microscope. The total size of the trapped MBs for each
set of parameters was estimated from the acquired images using MATLAB
software (The MathWorks). The fluorescence intensities of MBs before,
during, and after AVT trapping were analyzed in the acquired fluorescence
images using MATLAB software.

In Vivo Setup. Four male C57BL/6JNarl mice (mean weight of 30 g and aged
6–10 wk) were provided by the National Laboratory Animal Center, New
Taipei City. The animal experiments were approved by the Institutional
Animal Care Committee at National Tsing Hua University (approval number
107026). Before starting the experiments, the mouse was anesthetized by
intraperitoneal injection with a mixture of Rompun 2% (Bayer HealthCare)
and Zoletil 50 (Virbac) (1:1, injected volume: 50 μL). The window chamber
model was constructed by mounting two aluminum plates and a cover-glass
window (SM100, APJ Trading) on the mouse dorsal skin (54). The MBs
(concentration: 4 × 107 MBs per milliliter) were infused by retroorbital in-
jection. The fluorescence intensities of MBs before, during, and after AVT
trapping (pressure: 800 kPa, duty cycle: 30%) were analyzed from the ac-
quired fluorescence images by MATLAB software.

Statistics. All statistical evaluations in this study were performed using
ANOVA. The results are presented in the figures as mean and SE values for at
least three independent measurements. The criterion for statistical signifi-
cance was a probability value of P < 0.05.

Data Availability. All associated protocols and materials are provided in
Materials and Methods and SI Appendix. All relevant data has been
uploaded at https://zenodo.org/record/4387943#.X-MEidgzYkl.
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