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ABSTRACT: We report a novel flow-through sonication technique for
synthesizing stable and monodispersed nano- and micrometer-sized
bubbles that have potential applications in diagnostics and gene therapy.
The size and size distribution of the bubbles are controlled by the active
cavitation zone generated by ultrasound. These bubbles are shown to
possess echogenic properties and can be used for loading oligonucleotides.

Microbubbles are uniquely suited as ultrasound contrast
agents; however, they are typically too large to exit the

vasculature and extravasate into tissue.1−3 Recently, a micro-
fluidic approach has been utilized to generate stable,
monodisperse gas-filled microbubbles with controlled dimen-
sions.4−7 The MF technique, however, is limited to generating
micrometer-sized gas bubbles, and the size distribution is time-
dependent due to poor stability of the bubbles. The
formulation of monodisperse theranostic nanobubbles holds
immense potential in tumor imaging and therapy. The ability to
synthesize nanobubbles has opened new opportunities to
deliver therapeutic agents that require targeted extravasation
from blood vessels into the tissues crossing the epithelial
barriers such as the blood−brain barrier (BBB).8,9 The
formulation of nanobubbles with long-term stability, long
circulation life, and narrow size distribution still remains a
challenge. Although ultrasound has been widely reported for
synthesizing microbubbles,10,11 the size distribution of the
ultrasonically synthesized microbubbles is significantly wider,
and several experimental parameters affect the size and size
distribution of microbubbles.12,13 In this communication, we
report a simple method to synthesize stable and relatively
monodisperse nano- and microbubbles using a flow-through
(FT) sonication technique. This is the first time that a FT
system has been used to synthesize cross-linked stable nano-
and microbubbles. This procedure can also be potentially
applied to synthesize monodispersed nano- and microparticles.
The novelty of the FT technique lies in the fact that the

active cavitation zone has been confined by choosing

appropriate experimental conditions, in particular, the config-

uration of the ultrasonic horn. This approach is different to the

commonly used ultrasonic spray dryers, where polydisperse and
micrometer-sized, dried particles are generated.14 The simple
FT methodology that has been developed constitutes a
platform offering versatility in the synthesis of nano- and
microbubbles. We demonstrate that nanobubbles in the size
range of 400−700 nm show echogenic properties and high
loading capacities of oligonucleotides (1.6 × 103 DNA
molecules/nanobubble).
Lysozyme, containing reactive thiol functional groups, was

prepared as described previously.15 To obtain lysozyme nano-
and microbubbles, an aqueous solution containing partially
denatured lysozyme was pumped through a 20 kHz FT horn at
a flow rate of 175 mL/min and applied acoustic power of 240
W. Figure 1 shows a schematic representation of the method of
formation of nano- and microbubbles using the FT sonication
apparatus. The diameter of the horn tip was 1 cm, and the size
of the hole, located in the middle of the horn, was 3 mm. The
FT sonication can be run continuously by cycling the samples
from the container. The protein solution was flowed through
the middle of the horn using a peristaltic pump, and the horn
was operated throughout the reaction time (continuous
sonication). The solution was sprayed and collected in a glass
container and recycled as required (Figure 1).
Figure 2 shows the size distribution and scanning electron

microscopy (SEM) images of lysozyme nano- and micro-
bubbles synthesized using standard and FT horns. It can be
seen that narrow-sized nano- and microbubbles (stable for
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several months) were generated by the FT process. To
compare the size distribution of the bubbles generated by the
FT method, bubbles were synthesized by the conventional
(standard) ultrasonic method12,15,16 using two different flat
horn sonicators with tip diameters of 1 cm or 3 mm. It can be
clearly seen in Figure 2 that the size and size distributions
follow the order: 1 cm standard tip > 3 mm standard tip > FT
horn. The smallest size (398 ± 10 nm) lysozyme-shelled
bubbles were obtained with the FT sonication unit. This size
and narrow size distribution could not be obtained using
standard horns under a wide range of experimental conditions
we examined.
Figure 2 shows that the diameter and type of horn affect the

size and size distribution of the nano- and microbubbles. In our
previous study,12 we showed that the size and size distribution
of sonochemically synthesized lysozyme-shelled microbubbles
increased with an increase in acoustic power when a 3 mm
standard horn tip was used. Considering the results shown in
Figure 2 for standard horns with 1 cm and 3 mm diameters, the
power density used for the 3 mm horn is significantly higher
than that of the 1 cm horn (∼200 W/cm2 and 1700 W/cm2 for

1 cm and 3 mm horns, respectively). While the observed
differences in size and size distribution (Figure 2) could be due
to the variation in acoustic power levels, our previous study11

on the effect of acoustic power indicated that the size
distribution widens at high power levels. If acoustic power
was the controlling factor, then a wider size distribution should
be observed with the 3 mm horn tip. However, the data in
Figure 2 show a narrower size distribution for the 3 mm horn
tip. Hence, the power density based on the size of the horn tip
is not responsible for the observed size distributions shown in
Figure 2.
An additional parameter that can be considered when using

different types of horns is the active cavitation zone. Based on
the proposed mechanism for nano- and microsphere
formation,10,11,15,16 the acoustic cavitation-generated emulsifi-
cation process and radicals are crucial for microbubble
formation. Applying acoustic power at the tip of a horn
generates a cloud of cavitation bubbles at and around the horn
surface (Figure 3). It can be expected that the power

distribution within this cavitation bubble cloud may be
inhomogeneous:13 the larger the active cavitation zone, the
higher the inhomogeneity in power distribution. To examine if
the “size” of the cavitation zone varied when the size of the
horn tip was changed, a sonochemiluminescence (SCL)
technique was used.17 The active cavitation zone where OH
radicals are generated during acoustic cavitation react with
luminol, resulting in chemiluminescence. The active cavitation
zones observed with 1 cm and 3 mm horn tips are shown in
Figure 3. It is clear that the active cavitation zone observed with
the 1 cm horn is significantly larger (area where sonochemi-
luminescence occurs is larger) than that observed with the 3
mm horn, despite the power density of the 3 mm horn being
much higher (as mentioned earlier).
A comparison of the active cavitation zones of 1 cm and 3

mm tips to the size distributions observed for these horns
(Figure 2) suggests that there may be a correlation between
these two parameters. Based on this observation, it can be
expected that the size distribution observed for the FT horn
could be due to the confinement of the active cavitation zone to
the hole region. Indeed, the active caviation zone is limited to

Figure 1. Schematic representation of the formation of nano- and
microbubbles using the FT sonication cell.

Figure 2. SEM images of lysozyme microbubbles synthesized using (a)
a 1 cm standard horn (160 W), (b) a 3 mm standard horn (120 W),
and (c) a flow-through horn (240 W). Inset (c): Broken nanobubbles.
Size distribution of lysozyme bubbles (d): (1) a flow-through horn,
(2) a 3 mm standard horn, and (3) a 1 cm standard horn.

Figure 3. Photographs of horns and SCL images: (a) a1 and a2 are side
and head-on views, respectively, and a3 is a SCL image for a 1 cm
horn; (b) b1 and b2 are side and head-on views, respectively, and b3 is a
SCL image for a 3 mm horn; (c) c1 and c2 are side and head-on views,
respectively, and c3 shows the (absence of) SCL image for a FT horn;
(d) d1 is an enlarged bottom (head-on) view, and d2 a SCL image
(head-on) for a FT horn.
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the hole region, as shown in Figure 3. When we attempted to
photograph the active caviation zone from the side (as for the
standard horn systems), no SCL could be observed. When the
camera was placed at the bottom facing the horn tip, an active
cavitation zone that is limited to the hole region (the active
zone is 2-dimensional rather than 3-dimensional as in standard
horns) could be observed. One can also expect acoustic
cavitation inside the hole when liquid flows through. However,
we speculate that the nano- and microbubbles are formed only
at the surface of the hole where an air−liquid interface exists. It
has been shown in previous studies that microbubbles are
generated only when the horn is placed at an air−liquid
interface.18

To demonstrate the versatility of the FT sonication method
to synthesize nano- and microbubbles stabilized with different
materials, thermally denatured bovine serum albumin, BSA, was
used instead of lysozyme. The overall trend in the size
distribution was found to be similar to that of lysozyme
bubbles. The average size of BSA bubbles is reduced from 850
nm to 1.2 μm for the 3 mm tip to 550−650 nm for the FT unit.
Another aim of our study was to produce stable nanobubbles

to use as a viable ultrasound contrast agent. Nanobubbles are
considerably less effective scatterers of ultrasound due to the
sixth power radius dependence of the Rayleigh scattering.19

The resonance frequency of the nanobubbles is expected to be
much higher than that of microbubbles. To determine the
ability of the bubbles to generate backscattered ultrasound
signals, the ability of the synthesized nanobubbles as contrast
agents to enhance ultrasound images using a 10 MHz scanner
was investigated.
We used a phantom as a tissue-mimicking structure (see

Supporting Information). Two channels were made within the
phantom as special channels for nanobubble liquid flowing
through. A lysozyme aqueous solution (1 mg mL−1) was
injected as a reference into one channel, and a lysozyme
nanobubble solution (107 nanobubbles mL−1) was injected into
a second channel. An ultrasound probe was then used on the
phantom at 10 MHz with a mechanical index at 0.36. The
ultrasound scanning images show that the channel with
lysozyme microbubble solution appears as a black hole both
in B- and color modes (Figure 4a and b), showing no
backscattering from the solution. The channel with lysozyme
nanobubbles shows bright particles moving within the hole
(Figure 4c) under the B-mode, and a uniform blue hole (Figure

4d) appears when operating under the color mode. This shows
that the backscattered signals are caused by lysozyme
nanobubbles.
To prepare that the synthesized nanobubbles for possible

DNA delivery applications, double-stranded (ds) oligonucleo-
tides were loaded onto lysozyme nanobubbles (Figure 5). In

principle, the radiation force generated by sonication in vivo
can drive the systemically administered nanobubbles toward
pores (380−780 nm) in the leaky angiogenic tumor vessels and
induce penetration of nanobubbles through the pores.20,21

The highly charged nanobubble surface and shell are suitable
for the adsorption of nucleic acids, resulting in protein−DNA
complex formation. The microbubble shell is around 80 nm
thick (see Figure 2). The ds oligonucleotide (0.5 μM) was
incubated with the nanobubble suspension (1.5 mg mL−1). The
loaded nanobubbles maintain their integrity (Figure 5), and
each nanobubble has the capacity to load 1600 ds
oligonucleotides (see the Supporting Information).
In summary, we have established a novel and facile platform

to synthesize stable and relatively monodispersed bubbles with
diameters in the nano- to micrometer range. The size of the
nano- and microbubbles is controlled by the active cavitation
zone. The nanobubbles formed were found to possess
echogenic properties and drug-loading capacity. The FT
technique produces stable nano- and microbubbles due to the
covalent links formed between protein molecules by acoustic
cavitation generated radicals. In addition, large quantities of
uniformly sized stable nano- and microbubbles can be
generated at a relatively low cost using the FT method, due
to its simple operation procedure.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*M.A.: Fax: +61-3-93475180; tel.: +61383447090; e-mail:
masho@unimelb.edu.au. F.C.: Fax: +61-3-8344 4153; tel.:
+61-3-8344 3461; e-mail: fcaruso@unimelb.edu.au.

Notes
The authors declare no competing financial interest.

Figure 4. Sonographic images of a tissue mimicking phantom injected
with (a) lysozyme aqueous solution in B-mode; (b) color mode; and
nanobubbles dispersed in water in (c) B-mode and (d) color mode.

Figure 5. Fluorescence optical microscopy image of DNA-loaded
lysozyme nanobubbles. Picogreen, a DNA intercalating fluorochrome,
was used to stain the ds oligonucleotides.
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