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Echogenic bubble formulations have wide applications in both disease diagnosis and therapy. In the cur-
rent study, nanobubbles were prepared and the contrast agent function was evaluated in order to study
the nanosized bubble’s property for ultrasonic imaging. Coumarin-6 as a model drug was loaded into
nanobubbles to investigate the drug delivery potential to cells. The results showed that the nanobub-
bles composed of 1% of Tween 80, and 3 mg/ml of lipid worked well as an ultrasonic contrast agent by

presenting a contrast effect in the liver region in vivo. The drug-loaded nanobubbles could enhance drug
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delivery to cells significantly, and the process was analyzed by sigmoidally fitting the pharmacokinetic
curve. It can be concluded that the nanobubble formulation is a promising approach for both ultrasound
imaging and drug delivery enhancing.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The development of nanomedicine has emerged with the
marriage of nanotechnology and medicine (Sanhai et al., 2008).
Nanovectors show significant importance for healthcare in both
diagnostic and therapeutic applications, due to the many special
features in nanosized particles. In the human body, nanoparticles
could accumulate in organs and tissues important for diagno-
sis or therapy, such as the liver, spleen, and tumor tissues. A
large number of polymeric nanoparticles were applied in basic
and clinical medical studies. Many of them improved the drugs’
distribution profile, which usually influenced positively the drug
delivery properties (Farokhzad and Langer, 2006). In the diagnos-
tic field, nanotechnology has impacted nearly all aspects of the
imaging methodology. Nanoagents were designed and used as
probes for the early detection of malignant diseases. There have
been many papers published that demonstrated their applications
in magnetic resonance (MR) (Sun et al., 2008), positron emission
tomography (PET) (Lee et al., 2008), ultrasound (US) (Rapoport et
al,, 2007) imaging and others. It is believed that nanotechnology

Abbreviations: SFg, sulphur hexafluoride; UBM, ultrasonic biological
microscopy; SPC, soybean lipid; CHO, cholesterol; DPPG, dipalmitoyl phos-
phatidylglycerol; MPP, sodium poly phosphate; CNP, chitosan nanoparticle; ROI,
region of interest; TOI, time of interest; NBS, number of bright spots; MNTI, mean
NBS of TOI; LiposomeaA, the liposomes without Tween 80 modification.

* Corresponding author. Tel.: +86 571 86971897 fax: +86 571 86971897.

E-mail addresses: wangyeph@hotmail.com, wangyeph@yahoo.com.cn
(Y. Wang).

0378-5173/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2009.09.027

has led the diagnostic and therapeutic work into the molecular
level.

Among the many novel nano-carriers being developed,
echogenic bubble formulations have been gaining lots of atten-
tion in recent decades (Saad et al., 2008). Bubbles are filled with
gas, spherically shaped and stable in aqueous (Ferrara et al., 2007).
Compared to other particles, bubbles have the special properties of
being “explosive” under ultrasound-energy illumination, prompt-
ing the destruction of bubbles and cellular membrane permeability
changes. Various bubble formulations were used for local drug
delivery (Bull, 2007), for gene delivery (Chen et al., 2003) and tar-
geting drug delivery (Lum et al., 2006). They were developed based
on micron-scale (pm) bubbles commercially available as ultra-
sound contrast agent for imaging diagnosis.

Besides drug delivery, bubbles have also attracted investiga-
tors on ultrasonic imaging work. Ultrasonic imaging is one of
the most important technologies in medical diagnosis. It presents
such advantages as freely utilizing, dynamic observing, real-time
detecting, and the high priority of biological safety without radio-
contamination.

Ultrasonic imaging has been demonstrated as a promising tool
for diagnosis of many diseases, gas filled bubbles were always taken
as ultrasonic contrast agents. In recent decade, nanobubbles were
developed as the contrast agent or drug vector mainly for tumor-
related molecular imaging by the size effect (Pitt et al., 2004; Liu
et al., 2006). For example, octafluoropropane filled nanobubbles
were generated by Span 60 and Tween 80, the bubble size ranged
from 450 nm to 700 nm, this kind of nanobubbles displayed dose-
response echo enhancement both in vitro (Oeffinger and Wheatley,
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2004) and in vivo (Wheatley et al., 2006). Nanobubbles contained
perfluoropentane were confirmed to be stabilized by copolymer,
it played as both drug delivery enhancers and ultrasonic contrast
agents (Rapoport et al., 2007).

The bubbles were mainly used for blood pool imaging, and in
certain applications, for imaging thrombus (Alonso et al., 2007),
tumor (Mitterberger et al., 2007), inflammation (Lindner et al.,
2000), etc. They were also modified to carry genes and peptides for
delivery by ultrasound induced cavitation. However, the fact that
micro-sized particles could only stay in blood pools and penetrate
poorly in tumor tissues has restricted their applications for in vivo
tumor therapy. In order to improve the contrast agents’ biologi-
cal function by nanotechnology, in this study, nanosized functional
bubbles were designed and prepared, and the ultrasound imag-
ing function and cellular delivery property of nanobubbles were
investigated.

2. Materials and methods
2.1. Materials

SFg (sulphur hexafluoride) gas was purchased from Tomoe
gases company (Shanghai, CHN), soybean lipid (SPC) was pur-
chased from Lipoid (Toshisun Company, Shanghai, CHN), Tween 80
and cholesterol (CHO) were supplied by China National Medicine
Cooperation Ltd. (Shanghai, CHN), coumarin-6 was purchased from
Sigma (Sigma-Aldrich, USA). Other reagents were all analytical
purified.

2.2. Apparatus

Ultrasonic emission instrument (40 kHz, 250 W, Fuyida, Kun-
shan, CHN), B-mode ultrasonic biological microscope (UBM, SUOER,
Tianjin, CHN, Center frequency of transducer: 50 MHz), Nano-S90
Zetasizer (Malvern, Worcestershire, UK), Infinite M200 multi-
functional plate reader (Tecan, Mannedorf, Switzerland), MATLAB
software (The MathWorks, Natick, MA, US), Origin software
(OriginLab, Northampton, MA, USA).

2.3. Preparation of nanobubbles for contrast agent

The bubbles were prepared as following: a certain quantity of
lipid and specified additives were mixed and dissolved in chlo-
roform in a flask, the solvent was removed by reduced pressure
vaporization. Residual lipid was then resuspended in saline until it
turned homogeneous. Mixture loaded in the flask was then placed
in the ultrasonic emission instrument for 5 min sonication. Dur-
ing this process, approximately 5ml of SFg was introduced into
the liquid mixture through a syringe. After sonication, the upper
visible foam was quickly removed and the bubble suspension for
ultrasound observation was acquired.

2.4. Formula influence of the nanobubbles

An investigation of three important components was car-
ried out to set up the optimal formulation of the nanobubbles.
Generally, soybean lipid (SPC) was chosen as the bubble film.
Tween-80 and cholesterol (CHO) were added as the addi-
tives. Series of experiments were designed by changing one
of the agents while the other two unvaried: (a) Tween 80
concentration was varied from 0% to 3%, meanwhile the lipid
concentration was 5mg/ml, and SPC: CHO was 8:1 (molar ratio).
(b) Lipid concentration was varied from 1mg/ml to 8 mg/ml,
meanwhile Tween 80 concentration was 1%, and SPC: CHO
is 8:1. (c) SPC: CHO was varied from 8:0 to 8:8, meanwhile

Tween 80 concentration was 1%, and lipid concentration was
5 mg/ml.

2.5. Invitro ultrasonic imaging of bubbles and acoustic quality
evaluation

The ultrasound contrast results were observed by a B-mode
ultrasonic biological microscopy (UBM). This instrument could
obtain the real-time ultrasonic signal and photos. A certain quan-
tity of freshly prepared bubble formulation was transferred into a
glass beaker, which was pre-covered with a layer of solid agarose
to avoid the acoustic reflection of glass. The probe of the UBM was
immersed into the liquid to get the ultrasonic image, the image
photos were taken for 10s to get 100 photos, with sampling inter-
val of 0.1 s. For testing the in vitro ultrasonic effect, the quantity of
bubbles in the view was taken as the evaluation standard of the
contrast agent.

Matlab software was utilized for counting the bubbles of the
UBM. In brief, the monochrome images in BMP format of bubbles
were read-in through the Matlab workspace, and Simulink module
of Matlab was edited to count the bubbles. The quantities were
finally feedback to the workspace. 100 photos were counted for
one sample to minimize the variation.

2.6. Invivo ultrasonic imaging

All the animal experiments in this work were carried out under
the approval of Animal Care and Use Committee of Zhejiang Uni-
versity. In this part, a mouse was chosen to test the ultrasonic
contrast effect of the bubbles in vivo. A female nude mouse was
obtained from Slaccas (Shanghai, CHN) and used at 6 weeks.
After in vitro formula screening of the above section, the opti-
mized formulation was chosen for in vivo testing. 30 mg of SPC,
CHO and DPPG were mixed and suspended in 10ml of saline
(1% Tween 80 contained) with the molar ratio of 8:1:1, sonicated
by probe sonication. The final lipid concentration was 3 mg/ml.
The prepared bubble formulations were injected into the nude
mouse through the tail vein, the UBM probe was simultaneously
placed at the liver region to investigate the contrast enhance-
ment.

2.7. Drug load nanobubbles preparation

Coumarin-6 was chosen to be a model drug for cell testing.
Drug-loaded nanobubbles were prepared similar to the above
application, and analogous to Ferrara ‘s work (Tartis et al., 2006) by
introducing oil phase to the preparing process. That is coumarin-
6 dissolved in soybean oil, and the oil phase was then mixed
with lipid solution (1:40, O/W, v/v). The other operations were the
same as the prior preparing process. Final lipid concentration was
3 mg/ml.

Emulsion, liposome and chitosan nanoparticle (CNP) were also
prepared for the cell test, they were taken as control agents for
nanobubbles. Emulsion was prepared using the method of bub-
bles preparation without loading gas. Liposome was prepared
through a widely used “film” method (Sezer et al., 2004). Briefly,
30 mg of SPC was dissolved in chloroform together with the drug,
after that, the organic solvent was evaporated by a reduced pres-
sure evaporator, then the residual film was washed by 10ml
of saline (contained 0.1% of Tween 80) to form the liposome.
CNP was prepared through a crosslinking way. In brief, a certain
quantity of drugs were dissolved in 1.5ml of 0.1% sodium poly
phosphate (MPP), and then the mixture was added into 8.5ml
of 0.5% chitosan acid solution dropwise until the opalescence
emerged.
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Fig. 1. The prepared nanobubbles presents as bright spots viewed by the UBM.

In all of the preparations, the final concentration of coumarin-6
and lipid were 20 pg/ml and 3 mg/ml, respectively.
The particles sizes were analyzed by a Nano-S90 Zetasizer.

2.8. MCF-7 cell culture and vector mediated drug uptake

Coumarin-6 uptaken by tumor cells was estimated by quan-
tifying the fluorescent drug concentration in the cells. Human
breast carcinoma cells (MCF-7) were maintained in RPMI 1640
medium which contained 10% of fetal bovine serum, 1% of peni-
cillin/streptomycin solution (10,000 [U/ml). Cells were cultured in
a 96-well Costar plate at a density of 1 x 10° cells per well and
placed in an incubator with 5% of CO,. After 12 h of incubation, the
cell plate was taken out of the incubator and 2 pl of formulation
was added in each well. At predetermined intervals, the medium
were fully withdrawn and discarded. The wells were then washed
by PBS (pH 7.4) twice. Subsequently, 100 1 of cell lysis buffer was
precisely added into the wells to lyse the cells. The lysate was then
centrifugated (10,000 rpm, 5 min), 50 .l of supernatant was then
added into a black opaque Costar assay plate to detect the con-
centration of coumarin-6 in an infinite M200 multifunctional plate
reader. The excitation and emission wavelength were 456 nm and
504 nm, respectively.

Data analysis was performed by Origin software. A drug uptake
curve was fitted by sigmoidal way, and correlated pharmacokinetic
data were acquired from the equation of the sigmoidal curve.

3. Results
3.1. In vitro ultrasonic contrast observation of nanobubbles

Nanobubbles were detected by the UBM. Bubbles presented as
bright spots in the focus region of the image (Fig. 1).

3.2. Nanobubbles acoustic quality evaluation

To quantify and investigate the influence factors precisely, four
parameters were defined; (1) ROI (region of interest), this means
the part of the focus region where is the brightest and clearest in
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Fig. 2. Influence of Tween 80 on the acoustic property of nanobubbles. The solid
line is the NBS actually counted, the dashed line is MNTI calculated based on NBS.
MNTI is displayed in the corner figure.

the ultrasonic image. Equal area of ROI was chosen in every photo
for calculating bubbles. (2) TOI (time of interest), this means the
time interval actually cared during the investigation. In this exper-
iment, TOI was 30-300 min. (3) NBS (number of bright spots), it is
the number of bright spots in ROI calculated by Matlab. The bubbles’
quantity was acquired by counting the NBS. The parameter reflects
the gas content, the higher the NBS, the more bubbles in the for-
mulation; (4) MNTI (mean NBS of TOI), this is the mean number of
bright spots in TOI, which is also calculated by Matlab. The parame-
ter reflects the mean gas content in the bubble formulation during
atime interval, the higher the MNTI, the more stable of the bubbles.

High ratio of Tween 80 enhanced the acoustic backscatter prop-
erty of bubbles. NBS increased from 3.002 to 16.110 as Tween 80
changed from 0% to 3% (Fig. 2).

Fig. 3 demonstrates the influence of cholesterol. The results
showed high quantity of cholesterol gave negative contribution to
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Fig. 3. Influence of cholesterol on the acoustic property of nanobubbles. The solid
line is the NBS actually counted, the dashed line is MNTI calculated based on NBS.
MNTI is displayed in the corner figure.
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Fig.4. Influence of lipid concentration on the acoustic property of nanobubbles. The
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the bubbles’ acoustic property, and bubbles showed highest echo
without cholesterol participated, which presented MNTI as 15.711.

When lipid was 2.5 mg/ml around, bubbles presented the best
acoustic backscatter profile among the formulations tested. MNTI
was 14.980 at lipid concentration of 2.5 mg/ml, while this parame-
ter value decreased when the concentrations changed up or down
(Fig. 4).

3.3. Invivo ultrasonic imaging

After injection, an area of echogenicity was seen in the liver
region in the nude mouse tested, as shown in Fig. 5.

3.4. Tumor cell uptake of coumarin-6 loaded bubbles

For the pharmacokinetic process, only the absorption phase was
examined. The drug absorption feature was analogized as phar-
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Fig. 6. Treated by different preparations, the coumarin-6 cell uptaken in MCF-7
cells. Solid line is the real-time depended drug concentration. The dash line is the
fitted curve (mean + SD, n=3) (CNP represents chitosan nanoparticle).

macokinetic data. The pharmacokinetic parameters were acquired
by fitting the concentration variation into “S” curves, C, and
tyj was calculated from the curve equation, k was defined as
the reciprocal of t;,. Similar to other pharmacokinetic parame-
ters, C, indicates the final concentration (plateau concentration)
of drugs and t;; and k reflects the drug absorption rate. In the
tested vector groups, nanobubbles showed preferable profile for
intracellular drug uptaken (Fig. 6). Compared to chitosan nanopar-
ticles, liposome and emulsion, the nanobubbles got the highest
Cw (29.780ng/ml), and the largest value of t;; (35.4min). Fig. 7
demonstrates the comparison of nanobubbles and liposomes. Lipo-
some A represented the liposomes without modification of Tween
80. The result demonstrated that liposomes modified with 0.1%
Tween 80 got higher C, than general liposomes (liposome A).

Fig. 5. B-mode ultrasound image of nanobubbles in a nude mouse after intravenous injection of bubble preparation, the red frame demonstrates the echo enhancement in
the liver region. (A) Pre-injection; (B) post-injection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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The detailed parameters were displayed in Table 1, the formu-
lation particle size was also signed.

4. Discussion

Gas filled bubbles are commonly used as echo-enhancers in
ultrasonic diagnosis (Calliada et al., 1998). Previously, contrast used
bubbles were always prepared in micrometer size (Rychak et al.,
2007; Willmann et al., 2008), because the echo signals are propor-
tional to the bubbles’ size (Phillips et al., 1998). Smaller dimensions
always resulted lower resonance, and the bubble size and acous-
tic backscatter intensity is negatively correlated (Miller, 1981). So
smaller particles in nanometer sized were thought not visible in
ultrasonic imagers. In our study, we used an ultrasound microscope
device with higher ultrasound frequency in order to characterize
and optimize the nanobubbles echo intensities. In the in vivo ultra-
sonic imaging study, significant echo enhancement was seen in the
liver region using this US imager. We believe it is because a large
number of nanosized bubbles were phagocytized by abundant hep-
atic macrophages and the accumulation of nanobubbles resulted in
significant acoustic backscatter.

For a stable nanobubble formation with significant echo inten-
sity, we screened several formulations. Our experimental results
indicated that the addition of Tween 80 could increase bubbles
echo enhancement. It was speculated that the additives might have
changed the bubble surface structure and improved the flexibility
of the bubble shells. The high flexibility of nanobubbles might lead
to the higher resonance frequency of bubbles approaching to the

Table 1

Particle size and pharmacokinetic parameters of preparations.
Name Co (ng/ml) ty2 (min) k (1/min) R? Particle size

(nm)

Nanobubble 29.78 35.40 0.028 0.972 333.1
Emulsion 14.09 21.60 0.046 0.864 397.2
Liposome 20.89 52.20 0.019 0.855 78.8
Liposome A 11.37 63.20 0.016 0.836 158.1
CNP 25.74 34.90 0.029 0.925 246.2

C.: the final drug concentration (plateau concentration); t;;: half-life of uptake; k:
absorption rate constant; R?: regression coefficient of curve equation.

UBM frequency and presented echo enhancement at particles of
300-400 nm diameter. We chose the 1% Tween 80 formulation in
our study instead of the 3% Tween one, because it was observed
that higher ratios of Tween could cause the precipitation of bubble
formulation during the test. SPC was the major component of the
bubble shell, and the inclusion of cholesterol seemed to decrease
the stability of bubbles.

The nanobubbles echo intensity also related to the total lipid
concentration, mainly because the SFg entrapment efficiency
increased with the lipid concentration increasing. But at high lipid
concentrations, the formulation became instable and the nanobub-
bles might be destroyed, the resonance was decreased.

In addition to the echo enhancement properties, the nanobub-
bles we prepared were also tested for drug delivery potentials.
Both liposome and emulsion are widely used for cellular drug
delivery. In comparison, our nanobubble formulation showed even
higher delivery efficiency as reported in Fig. 6. The nanobubbles
significantly promoted the drug entry to the cells, even without
external ultrasound-energy application as suggested by other stud-
ies (Dijkink et al., 2008). The cell test result demonstrated that the
nanobubble formulation is a kind of promising drug vector.

The presence of Tween 80 in the formulation had been suggested
to lead to enhancement in drug uptake (Liu et al., 1996; Kim et
al., 2001). Our data in Fig. 7 also support this notion. Since Tween
was shown to be also beneficial in nanobubble for imaging contrast
enhancement, we believe the addition of Tween is crucial in this
kind of dual-functional nanobubbles.

In summary, the nanobubbles reported in this paper can work as
an ultrasound contrast agent and a drug delivery vector. Nanotech-
nology will allow earlier diagnosis and therapy, the combination
of ultrasound imaging and drug delivery could be highly beneficial
and may be achievable with further development of nanobubble
formulations.
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