
PHYSICAL REVIEW APPLIED 13, 034009 (2020)

Manipulation of Nanodroplets via a Nonuniform Focused Acoustic Vortex
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Techniques for the manipulation of nanodroplets are central to many miniaturized systems in chemical
and biological research and applications. In this study, we demonstrate that the dispersed nanodroplets
composed of perfluorocarbon can be manipulated to form a micron-sized elliptical aggregation via a
nonuniform focused acoustic vortex, and the aggregation location can be further flexibly regulated. In
addition, it is unveiled theoretically and experimentally that the fundamental mechanism for the ellip-
tical aggregation is the nonuniform distribution of the pressure, which makes the acoustic radiation
forces acting on the dispersed nanodroplets converge at a certain point. Moreover, the required acoustic
droplet vaporization threshold for the nanodroplets is significantly lowered, while the generated microbub-
bles remain similar in size after aggregation. The findings of this study provide an alternative field of
opportunities for targeted drug delivery and imaging using nanodroplet emulsions.
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I. INTRODUCTION

The development of stimulus-sensitive nanoparticulate
pharmaceutical drug delivery systems to enhance the
in vivo effectiveness of drugs has been an active area
of research in recent decades [1]. Owing to the impres-
sive progress in materials science and pharmaceutics, a
broad range of nanocarriers with diverse sizes, archi-
tectures, and surface properties have been designed [2].
Among them, nanodroplets composed of perfluorocarbon
have been shown to represent a system that is potentially
efficient enough to deliver drugs in a spatiotemporally con-
trollable manner [3]. The nanodroplets remain in a liquid
state at body temperature and have a long residual time
(up to several days). Furthermore, they can be vaporized
locally when triggered by ultrasonic pulses, commonly
known as acoustic droplet vaporization (ADV), which can
be easily and accurately detected by ultrasound imaging
[4,5]. Moreover, the nanodroplets are considered to be
an ideal system for targeted drug delivery because they
can be easily combined with other materials, and have
enhanced vascular permeability due to their nanoscale size
[2,5]. Even more importantly, the interaction of vaporized
microbubbles with ultrasound can facilitate drug uptake
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into cells in situ by enhanced drug extravasation and tran-
scellular permeability due to microstreaming and shear
stress [6,7]. Manipulating nanodroplets in the target areas
may yield many valuable benefits, such as increasing
the nanodroplet concentration in the therapeutic site, and
reducing the distance between the nanodroplets and the
vessel wall. Various manipulation techniques for particles
have been developed, such as optical tweezers, atomic
force microscopy, and micropipette aspiration. Among
them, acoustic tweezers have been shown to have great
potential for in vivo applications because they can pene-
trate deeply, cause less tissue damage, and make no contact
with the target [8,9].

It is well known that acoustic waves can exert radia-
tion forces on particles [10], and can form acoustic traps at
points where the forces converge, thus permitting the cap-
ture of particles [11–13]. In 1991, Wu generated a stable
force potential well in ultrasonic standing waves (USWs)
by applying two opposing transducers, and introduced the
term of acoustic tweezers [14]. To date, it has been shown
that various objects of different sizes and materials such as
cells, compounds, or living things can be manipulated by
USWs [15,16]. Our previous study demonstrated that dis-
persed nanodroplets can be aggregated in USWs to form
clusters with diameters of tens of microns [8]. However,
USWs require the targets to be enclosed with ultrasonic
elements and have repeated patterns that can acciden-
tally trap other particles or generate undesired secondary
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maxima, leading to limited maneuverability and potential
risks [17,18].

Acoustic vortices provide a single-beam approach to
manipulate particles [19,20], making it highly preferable
and more practical compared to USWs [18]. The axial
null in acoustic vortices can act as a collection of nodal
points for the capture of particles [18,21]. The momentum
transfer from acoustic vortices to matter has been studied
theoretically [22,23] and experimentally [19,21,24–26].
Moreover, the propagation of acoustic vortices through
weakly heterogeneous or inhomogeneous media has also
been studied [27,28]. However, all the previously men-
tioned studies focus on the manipulation of solid parti-
cles or gaseous bubbles. Research on the manipulation of
perfluorocarbon nanodroplets, which have different acous-
tic characteristics from the other two kinds of particles
[29,30], has not yet been reported. Moreover, the afore-
mentioned studies have been carried out in air or free-field
solutions. Therefore, there is currently a lack of research
addressing the potential applications of acoustic vortices
on intravascular particles. Furthermore, no reported stud-
ies have described the properties of a nonuniform focused
acoustic vortex, which may have unique advantages com-
pared to the uniform acoustic vortex in certain contexts.

In this study, we propose a versatile approach to manip-
ulate the intravascular perfluorocarbon nanodroplets using
a nonuniform focused acoustic vortex. The process of nan-
odroplet aggregation is observed in real time using high-
speed photomicrography, and its mechanism is explored
theoretically and experimentally. Furthermore, the effects
of nanodroplet aggregation on the ADV threshold and ini-
tial radius distribution of the generated microbubbles are
explored.

II. MATERIALS AND METHODS

A. Transparent blood-vessel phantom preparation

An optically transparent phantom with a wall-less
vessel 6 mm in diameter, exhibiting similar acous-
tic characteristics as soft tissues, is employed to
mimic a vessel in soft tissues [31,32]. The prepa-
ration of the transparent blood-vessel phantom is as
follows: First, a 40% (w/v) acrylamide solution is
prepared and then evenly mixed with 1.1% (w/v)
N , N ′-methylene bis-acrylamide and deionized water. Sec-
ond, the gel-mix liquid is poured into a rectangular
box (length × width × height = 16 cm × 4 cm × 5.5 cm),
whose center is traversed by a cylinder rod with a diameter
of 6 mm. Third, after the liquid mixture has fully solidified,
the cylinder rod is carefully removed to form a wall-
less vessel with an approximate diameter of 6 mm. The
density, ultrasound speed, and attenuation coefficient for
the phantom at 1 MHz are equal to 1.003 ± 0.001 g/cm3,
1512.2 ± 3.0 m/s, and 0.2 ± 0.01 dB/cm, respectively. The
storage modulus of the phantom is in the range 2–8 kPa,

and the loss modulus of the phantom is in the range
0.4–0.9 kPa [32].

B. Nanodroplet preparation and characterization

Nanodroplet emulsions are prepared by combining
5% (v/v) perfluorohexane (PFH), 0.8% (v/v) negatively
charged fluorinated surfactant Capstone® FS-63 (DuPont,
USA), and degassed deionized water [33]. The mixed
samples are emulsified using an ultrasonic liquid proces-
sor (VC 705, Sonic & Materials, Newton, USA) at an
80% duty cycle for 60 s. The perfluorohexane liquid is
clear and colorless, and the manufactured nanodroplets
are light milky white. The size distribution of the nan-
odroplets is measured by dynamic light scattering using
a Zetasizer nanosizing system. The concentration of the
nanodroplets under investigation can be estimated based
on the nanodroplet size distribution and the perfluorohex-
ane volume used for the emulsion. The total volume of the
nanodroplets in the sample can be expressed as [34]

VPFH = N
∫ ∞

0

4
3
πR3

dk(Rd)dRd, (1)

where VPFH represents the total volume of the PFH used in
the nanodroplet preparation process, N is the total number
of nanodroplets, and k(Rd) means the fraction of the nan-
odroplets with a radius of Rd in the emulsion. Rearranging
the terms in (1) gives [34]

N = 3VPFH

4π

/∫ ∞

0
R3k

d (Rd)dRd. (2)

Then the total number of nanodroplets in the emulsion can
be calculated from the overall PFH volume and the nan-
odroplet size distribution. Throughout the experiments, the
nanodroplet emulsions are diluted by saline at a series of
volume ratios (100, 200, and 400 times).

C. Experimental setup

An immersed, spherical ultrasound transducer (Chong-
qing Ronghai Ultrasonic Medical Engineering Research
Center Inc., Chongqing, China) with a central frequency
of f 1 = 660 kHz (hereinafter referred to as the acoustic
vortex transducer) is used to generate the required nonuni-
form focused acoustic vortex throughout this study. The
transducer had a diameter of 120 mm, a curvature radius
of 120 mm, and a central circular hole with a radius of
25 mm. The axisymmetric active surface of the acous-
tic vortex transducer is equally divided into 16 sectors, as
shown in Figs. 1(a) and 1(b). Each sector of the transducer
is connected to an independent channel of a power ampli-
fication system. The amplification system is in turn fed by
using 16 channels of a timing control system, which gen-
erate sinusoidal signals in continuous mode and ensure a
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(a)

(b) (c)

FIG. 1. (a) Schematic illustration and (b)
photography of the acoustic vortex transducer;
(c) diagram illustrating the generating system
for the nonuniform focused acoustic vortex.

(16 f1)−1 time-delay increase between two adjacent chan-
nels, which is similar to the methods in Refs [19,22,25], as
shown in Fig. 1(c). However, the power for each sector is
set different in order to generate the required nonuniform
acoustic vortex. A focused ultrasound transducer (diame-
ter 28.575 mm, I8-0518-P, Olympus NDT Inc., Waltham,
MA, USA) with a central frequency of 5 MHz, located
vertically to the axis of the acoustic vortex transducer, is
used as the cavitation transducer in this study. The cav-
itation transducer transmits a tone burst lasting 4 µs to
initiate ADV before and after the aggregation in order to
explore the changes in ADV threshold and the initial radius
distribution of the generated microbubbles. A polycarbon-
ate bracket is used to fix the blood-vessel phantom to a
three-dimensional (3D) position controller, which is man-
ually operated and located on one side of the water tank.
The processes of nanodroplet aggregation, ADV, and the
dissolution of the generated microbubbles are observed
through a high-speed photography camera (Motion Pro
Y3-S1, Integrated Design Tools Inc., MD, USA), as shown
in Fig. 2(a).

D. Experimental protocol

The sequence of the experimental procedure is as fol-
lows. First, nanodroplet emulsions are pumped into the
blood-vessel phantom, and then the pump is turned off.
In this step, both the acoustic vortex and the cavitation
transducers are turned off. Second, the acoustic vortex
transducer is turned on to generate the required nonuni-
form focused acoustic vortex. In this step, the cavitation
transducer is turned off. Under the action of the acous-
tic vortex, the dispersed nanodroplets are manipulated to
form a micron-sized aggregation. Third, in order to explore
the feasibility of adjusting the position of the nanodroplet

aggregation relative to the blood-vessel phantom, the loca-
tion of the phantom is adjusted by a 3D position controller
while keeping the acoustic vortex transducer fixed. In this
step, the acoustic vortex transducer is turned on, while
the cavitation transducer is turned off. Forth, an ultrasonic
pulse is transmitted by the cavitation transducer to induce
the nanodroplet vaporization in order to explore the effects
of aggregation on the ADV threshold and the initial radius
distribution of the generated microbubbles. In this step, the
cavitation transducer is turned on, and the acoustic vor-
tex transducer is turned off at the same instant of time,
thus eliminating the influence of the acoustic vortex on the
ADV threshold determination.

E. Numerical calculations

In order to explore the mechanism underlying the nan-
odroplet aggregation, we simulate the nonuniform focused
acoustic vortex generated by the system and calculate
the acoustic radiation forces (ARFs) acting on particles.
The former is based on an efficient field calculation for-
mula from Rayleigh-Sommerfeld integral for calculating
the pressure field generated by a spherical-section phased
array, which is as follows [35]:

p = j ρck
2π

N∑
n=1

un
Fn�A

Rn
e−(α+jk)Rn sin c

kxsn�w
2R

sin c
kysn�h

2R

(3)

where p represents the instantaneous acoustic pressure at a
certain point in the calculated plane, j is the square root
of −1, ρ and c are the density and sound speed in the
surrounding medium, respectively, k is the wavenumber,
α is the sound attenuation coefficient. N is the number of
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(a) (b)

(c) (d)

FIG. 2. (a) The experimental
setup composed of two ultrasound
transducers, a blood-vessel phan-
tom, a microscope, a 3D position
controller, and a pulsating
pump. (b) Number distributions
of a batch of perfluorohexane
nanodroplets on the day of
manufacturing. Color plot of the
acoustic intensity in the (c) axial
and (d) transverse plane of focus
in the generated nonuniform
focused acoustic vortex obtained
by hydrophone scanning.

rectangular projections obtained by dividing the acoustic
vortex transducer, and �w, �h, and �A are the width,
height and area of each projection, respectively. un is the
particle velocity of nth rectangular projection. R, Fn, Rn,
xsn, ysn are several intermediate variables related to the
location of the calculated point. More detailed informa-
tion about the other parameters in Eq. (3) can be found
in Refs. [35,36].

When a microbubble in liquid is subjected to an acoustic
field, the oscillating pressure gradient can couple with the
bubble oscillations to produce the translational force, i.e.,
the primary Bjerknes force, which takes the following form
[37,38]:

F = −〈V(t)∇P(r, t)〉, (4)

where V(t) represents the volume of a microbubble at
time t and P(r,t) is the acoustic pressure at position r at
time t.

For nanodroplets, given the fact that their sizes are
much smaller than the driving wavelength (approximately
2.3 mm) in the present study, the ARFs acting on them can
be calculated based on the Rayleigh scattering regime. The
potential energy of a nanodroplet can be expressed as

U = 2πr3ρ

[
p2

in

3ρ2c2 f1 − v2
in

2
f2

]
. (5)

where r donates the particle radius, and p in and vin are
the pressure and velocity within the incident wave at

the location of the particle, and f 1 and f 2 are two con-
stants related to the physical parameters of the particle and
medium. More detailed information about the parameters
in Eq. (5) can be found in Ref. [18]. Then the ARFs exerted
on a nanodroplet can be obtained corresponding to the
negative of the spatial gradient of the potential distribution.

The parameters in the numerical calculations are as fol-
lows. The radius of the acoustic vortex transducer’s central
circular hole is set to be consistent with that of the trans-
ducer used in the experiment, i.e., 25 mm. The surrounding
medium is water at 25 °C, whose density and speed of
sound are 1000 kg/m3 and 1500 m/s, respectively [18].
The water is assumed to be an ideal fluid (i.e., no viscos-
ity) to simplify the discussion. The density and speed of
sound for the nanodroplets are 1680 kg/m3 and 520 m/s,
respectively [39].

III. RESULTS

The size distribution of the perfluorocarbon nan-
odroplets is shown in Fig. 2(b), with an average diameter
of 408 ± 10.6 nm calculated by number percentage. Before
the nanodroplet manipulation, a polyvinylidene fluoride
(PVDF) hydrophone diameter of 1 mm is used to scan a
grid of points defined near the focus with a step size of
0.25 mm to measure the acoustic pressure distribution in
the generated acoustic vortex field. In the axial plane of the
focus, the acoustic pressure distribution is characterized
by low pressure in the middle and high pressure on both
sides, as shown in Fig. 2(c), which is similar to the results
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shown in Ref. [22]. In the transverse plane of the focus,
the acoustic pressures form a “doughnut” pattern, but it is
worth pointing out that they are not centrosymmetrical rel-
ative to the focus, as shown in Fig. 2(d). The pressures
are stronger on the upper-left corner of the doughnut than
in other parts, indicating the generation of a nonuniform
focused acoustic vortex. The maximum value of the neg-
ative pressure in the doughnut is approximately 500 kPa.
Our previous study demonstrated that the surfactant of the
nanodroplets can avoid converging in an acoustic field that
has a similar intensity to the generated acoustic vortex [8].
Therefore, it is believable that the nanodroplet size would
not increase significantly after aggregation in the present
study.

Figure 3(a) indicates that the dispersed nanodroplets
are invisible in the optical images. This is due to the
limited resolution of the optical images obtained in the
study and the small volume ratio of nanodroplets in
the intravascular solution (at most 0.05%). However, after
the generation of the nonuniform focused acoustic vortex,
the nanodroplets gradually aggregate into a cluster with a
diameter of several hundred microns and the nanodroplet

concentration in the aggregation area increases substan-
tially, making the aggregation visible in the images. The
aggregation is found to appear as an opaque elliptical area,
and can only be identified after 30 s (see Video S1 in the
Supporting Information [40]). The entire aggregation pro-
cess takes about 180 s, and no visible nanodroplets are
observed around the aggregation after the process is com-
plete. The long aggregation time is due to the difficulty
associated with manipulating the nanodroplets, which can
be attributed to their high specific gravity (approximately
1.7) and nanoscale size. Furthermore, the results show that
the transverse radius of the aggregation is always larger
than the longitudinal radius, which may be due to the effect
of gravity. However, both the longitudinal and transverse
radii, as well as the aggregation area, grow rapidly at first,
and then tend to increase gradually, as shown in Figs. 3(b)
and 3(c).

The location of the nanodroplet aggregation can be fur-
ther regulated by adjusting the relative positions of the
blood-vessel phantom and the acoustic vortex transducer,
as shown in Fig. 4(a) (see also Video S2 in the Supplemen-
tal Material [40]). In this study, the blood-vessel phantom

(a)

(b) (c)

FIG. 3. (a) Microscopic images for the
aggregation process of the intravascu-
lar dispersed nanodroplets in a blood-
vessel phantom. The (b) radius and
(c) area of the nanodroplet aggrega-
tion as a function of time. The con-
centration of dispersed nanodroplets is
1.64 × 1010 droplets/ml.

034009-5



SHIFANG GUO et al. PHYS. REV. APPLIED 13, 034009 (2020)

(a)

(b)

(c)

FIG. 4. Regulation and falling process of the nanodroplet aggregation. (a) Regulation of the aggregation location relative to the
blood-vessel phantom. The red ellipses in the images indicate the small scratches in the vascular wall, which are generated during the
fabrication of the phantom, and can be used as markers to observe the movement of the vessel. The shadow, marked by the black arrow,
is caused by dust on the microscope lens, which is difficult to clean completely. Two falling patterns of the nanodroplet aggregation
when the power source for the acoustic vortex transducer is switched off: (b) the aggregation drops down rapidly and the shape is
preserved; (c) the aggregation drops down slowly and the shape changes.

is manually moved at an approximate speed of 0.25 mm/s
by a 3D position controller, while the position of the acous-
tic vortex transducer is kept fixed. It is worth noting that
during the regulation the aggregation has a stable mor-
phology and the dispersed nanodroplets near the regulation
route can be captured into it, thus increasing the num-
ber of nanodroplets in the aggregation. When the power
source for the acoustic vortex transducer is switched off,
the nanodroplet aggregation drops down due to the effect
of gravity. It is found that the aggregation drops down in
two patterns. (1) The nanodroplet aggregation drops down
rapidly, and its shape is preserved, as shown in Fig. 4(b).
This indicates that the aggregation does not come into con-
tact with the vessel wall during the falling process. (2) The
nanodroplet aggregation drops down slowly and changes
shape, leaving a portion of nanodroplets on the way down,
as shown in Fig. 4(c), which indicates that the aggrega-
tion slides along the vessel wall as it falls. The different
falling patterns indicate that the nanodroplet aggregation
can locate near the vascular center or the vascular wall in
the blood-vessel phantom, according to the position of the
acoustic vortex focus inside the vascular chamber.

Previous studies have shown that solid particles and
gaseous bubbles are aggregated into a cluster at the acous-
tic vortex center [18,21,26], where the pressures are lower
than those in the peripheral region. However, it is hypoth-
esized that in a uniform acoustic vortex, perfluorocarbon

nanodroplets are aggregated into a ring at the periphery
because of their negative acoustic contrast factor com-
pared to the surrounding water [39]. But this turns out
to be contrary to the results obtained in this study. It is
inferred that the nonuniform distribution of the acoustic
pressure is the fundamental mechanism for the elliptical
aggregation of the nanodroplets. In order to verify this
hypothesis, the ARFs acting on the microbubbles (mean
radius 2.5 µm) and the perfluorocarbon nanodroplets
(mean radius 200 nm) are calculated basing on the scanned
data of the generated nonuniform focused acoustic vortex.
Figure 5(a) shows that, in the nonuniform acoustic vortex,
the distribution of the ARFs acting on the microbubbles
is similar to the distribution in a uniform acoustic vortex
[25]. This indicates that the dispersed microbubbles in the
nonuniform acoustic vortex are still aggregated into a clus-
ter located at the vortex center. However, it is observed
that the ARFs acting on the nanodroplets are deflected,
and seem to converge at a certain point in the nonuni-
form distribution region of the acoustic pressure, where
the nanodroplet aggregation is expected to form, as shown
in Figs. 5(b) and 5(c). Additionally, the theoretical value
of the distance between the nanodroplet and microbubble
aggregations can be obtained by extracting the coordinates
of the ARF convergence points in Figs. 5(a)–5(c).

However, due to the limited spatial accuracy of the
scanned nonuniform focused acoustic vortex, the vector
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(a) (b) (c)

(d) (e) (f)

FIG. 5. The ARFs acting on (a) the microbubbles and (b) the nanodroplets in the generated nonuniform focused acoustic vortex.
(c) Enlargement of the red box in (b). (d) The normalized pressure distribution in the transverse plane of the focus in the simulated
nonuniform focused acoustic vortex. (e) ARFs acting on the nanodroplets in the nonuniform distribution region of the pressures in
the simulated acoustic vortex. (f) Photograph of the nanodroplet and microbubble aggregations obtained in the generated nonuniform
focused acoustic vortex. The red ellipses in (c) and (e) indicate the predicted location of the nanodroplet aggregation.

distribution of the ARFs acting on the nanodroplets can-
not be analyzed more precisely using the scanning data.
In order to overcome this issue, we further simulate the
nonuniform focused acoustic vortex generated in the study,
which shows good consistency, as shown in Fig. 5(d).
It is clearly indicated that in the nonuniform distribution
region of the acoustic pressure, the ARFs acting on the
nanodroplets converge at a certain point, where the dis-
persed nanodroplets are aggregated, as shown in Fig. 5(e).
In order to further validate the above theory, we pump
a nanodroplet emulsion containing very few microbub-
bles (SonoVue, Bracco SpA, Milan, ITA, mean diameter
2.5 µm) into the blood-vessel phantom, and then generate
a nonuniform focused acoustic vortex to manipulate both
the nanodroplets and the microbubbles simultaneously.
Figure 5(f) shows that the dispersed nanodroplets and
microbubbles are aggregated in different regions, and the
nanodroplet aggregation is located at the upper left in rela-
tion to the microbubble aggregation, which shows good
consistency with the calculation results of the ARFs. The
distance between the nanodroplet and microbubble aggre-
gations obtained in the experiments is further calculated
to be 1.62 ± 0.06 mm, which is very close to the theoret-
ical value (1.56 ± 0.1 mm). The small deviation between
the theoretical and experimental values of the distance
may be due to the low scanning accuracy of the generated
nonuniform focused acoustic vortex, which would affect
the theoretical prediction of the nanodroplet aggregation
position. Based on these results, it can be concluded that
the reason why the nanodroplet aggregation appears as an

ellipse, rather than as a ring, in this study is attributed to
the nonuniform distribution of the acoustic pressure, which
makes the ARFs acting on the nanodroplets converge at a
certain point.

In perfluorocarbon nanodroplet-assisted ultrasonic diag-
nosis and therapy, there is a contradictory problem of how
to effectively lower the ADV threshold, while maintain-
ing the active size range of the generated microbubbles,
which is necessary to ensure the generation of inertial
cavitation and the corresponding physical effects [8]. In
this study, we further explore the effects of nanodroplet
aggregation on the ADV threshold and the initial radius
distribution of the generated microbubbles using the same
method as that described in Ref. [8]. Figure 6(a) indicates
that the ADV threshold of the aggregation is significantly
lower than that of the dispersed nanodroplets at the same
concentration, and both varied inversely with the initial
concentration. The reduction of the ADV threshold after
nanodroplet aggregation may be attributed to two aspects.
First, the number and concentration of the nanodroplets
in the target area increases after aggregation. Second, the
nanodroplet aggregation may focus the incoming wave
similarly to that of an individual microdroplet, which has
been demonstrated to cause the negative pressure in the
microdroplet to be amplified several to tens of times,
thus reducing the required incoming wave intensity for
ADV [41]. Figure 6(b) shows that, although the generated
microbubble sizes of the aggregation are slightly larger
than those of the dispersed nanodroplets at the same con-
centration, they are in the same order of magnitude, thus
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(a) (b) FIG. 6. (a) ADV threshold and (b) ini-
tial radius of the generated microbub-
bles of the nanodroplet aggregations
as a function of the concentration.
“Wo Vortex” and “Wi Vortex” mean
the ADV of nanodroplets without or
with the application of the nonuniform
acoustic vortex (∗∗p < 0.01). The dotted
line in (b) indicates the mean vapor-
ized bubble radius of the dispersed
nanodroplets with a concentration of
1.64 × 1010 droplets/ml.

ensuring that they can oscillate strongly as a result of an
applied acoustic field with further inertial cavitation [42].
The slight increase in the microbubble size may be due to
the close proximity of adjacent nanodroplets in the aggre-
gation, which would promote the fusion of microbubbles
under the action of the ultrasonic pulse.

IV. CONCLUSION

In conclusion, this study demonstrates that the dispersed
perfluorocarbon nanodroplets can be manipulated to form
a micron-sized elliptical aggregation via a nonuniform
focused acoustic vortex, and the location of the aggrega-
tion can be further flexibly regulated. It is shown theoret-
ically and experimentally that the underlying mechanism
for the elliptical aggregation is the nonuniform distribu-
tion of the acoustic pressure, which causes the ARFs acting
on the nanodroplets to converge at a certain point. Fur-
thermore, the findings show that the ADV threshold of
the nanodroplets is significantly lowered after aggregation,
while a similar size range of the microbubbles generated
by dispersed nanodroplets is maintained. It is expected that
this study will provide an alternative field of opportuni-
ties for drug delivery and imaging using nanodroplets and
will also offer a variety of interesting possibilities for the
development of future devices or studies.
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