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ABSTRACT
Purpose To develop a novel docetaxel (DOC)-loaded lipid
microbubbles (MBs) for achieving target therapy and overcom-
ing the poor water-solubility drawback of DOC.
Methods A novel DOC-loaded microbubble (DOC + MB) was
prepared by lyophilization and the physicochemical properties in-
cluding ultrasound contrast imaging of the liver were measured. The
anti-tumor effect of the DOC + MBs combined with low-
frequency ultrasound (LFUS; 0.8Hz, 2.56 W/cm2, 50% cycle duty)
on the DLD-1 cancer cell line was examined using an MTTassay.
Results The physicochemical properties of the two tested formats
of DOC + MBs (1.0 mg and 1.6 mg) was shown: concentration,
(6.74±0.02)×108 bubbles/mL and (8.27±0.15)×108 bub-
bles/mL; mean size, 3.296±0.004 μm and 3.387±0.005 μm;
pH value, 6.67±0.11 and 6.56±0.05; release rate, 3.41% and
12.50%; Zeta potential, −37.95±7.84 mV and −44.35±
8.70 mV; and encapsulation efficiency, 54.9±6.21% and 46.3±
5.69%, respectively. Compared with SonoVue, the DOC + MBs
similarly enhanced the echo signal of the liver imaging. The anti-
tumor effect of the DOC+MBs/LFUS groupwas significantly better
than that of DOC alone and that of the normal MBs/LFUS groups.
Conclusions The self-made DOC + MBs have potential as a
new ultrasound contrast agent and drug-loaded microbubble,
and can obviously enhance the antitumor effect of DOC under
LFUS exposure.
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ABBREVIATIONS
DOC docetaxel
DOC + MB docetaxel-loaded microbubble
IR inhibitory rate
LFUS low-frequency ultrasound
MB microbubble
NMB normal microbubble
NS normal saline
PTX paclitaxel
PBS phosphate buffer saline
RP-HPLC reverse-phase liquid chromatography
TtoPk time to peak
TIC time intensity curve
UCA ultrasound contrast agent
US ultrasound

INTRODUCTION

The World Environment Organization reported that cancer
is now the leading cause of death in China (1), which lends
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urgency to the search for an effective cure for cancer patients.
Chemotherapy remains the major treatment option for can-
cer patients, despite the development of various new thera-
peutic innovations such as immune and gene therapy (2,3).
However, an issue with the available tumor chemotherapy
is the inability to maximize the cytotoxic drug efficacy to
kill most tumor cells while minimizing side effects, espe-
cially for strongly cytotoxic chemotherapy drugs such as
paclitaxel (PTX), doxorubicin, vinorelbine and gemcitabine
(4,5). To date, many studies have explored drug delivery
techniques, which provide targeted-release of the chemo-
therapy drug to tumor tissues while reducing the side
effects of the drugs (6,7).

Over the last few decades, scientists have explored effec-
tive drug delivery systems for chemotherapy drugs, includ-
ing liposomes, parenteral emulsions, microparticles,
microcapsules, and the use of prodrugs (8–13). Recently,
microbubble (MB), which is ultrasound contrast agent
(UCA), has undergone a rapid development for use as a
drug delivery system (14–16). Compared with other drug
delivery systems, the use of MBs to carry drugs and subse-
quent drug delivery using ultrasound (US) has many advan-
tages. First, the MBs will rupture to release the drug in the
targeted tissues upon exposure of the ultrasound wave (17).
Second, the cavitation, shock-wave, and microjet produced
by the MBs combined with US can temporarily perforate
cell membranes and induce intracellular delivery of the
drugs (18,19). Third, lipid MBs, which are coated by phos-
pholipids, are favorable for encapsulating lipophilic drugs
(20). Finally, the application of MBs combined with US can
increase the permeability of blood vessels, which allows the
drug to cross the vascular wall and enter into target organs
or tissues. Therefore, MBs are a potential drug delivery
system for chemotherapy and other drugs (3,21).

Docetaxel (DOC) is currently approved for therapy of
breast and ovarian cancers (22), and it has also been found
effective against head and neck cancers as well as non-small
cell lung carcinomas (19,23). Thus, it is widely used in clinics
due to its excellent anti-tumor effects (24,25). However,
DOC is a highly hydrophobic molecule (19,20) and must
be solubilized in tween-80, which causes hemolysis and
other allergies in patients. This drawback led to our concept
to encapsulate DOC in lipid MBs, which would improve
DOC solubility by avoiding the use of tween-80 and pro-
viding DOC-targeted delivery to cancer tissue, while mini-
mizing the dosage and the side-effect of the drug through
systemic administration and maximizing its therapeutic ben-
efit upon US exposure.

To support our hypothesis, we prepared a new
DOC-loaded lipid microbubble. We then evaluated
their physicochemical parameters. Furthermore, the
anti-tumor effects of the DOC-loaded MBs were ex-
plored in vitro.

MATERIALS AND METHODS

Materials

Tert-butyl alcohol was purchased from Reagent Factory of
Xi’an (Xi’an, China). As the components of the lipid MBs’
shell, two phospholipids of dipalmitoylphosphatidylglycerol
(Sodium Salt) (DPPG-Na) and distearoyl phosphatidylcho-
line (DSPC) were respectively purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and Shearwater Polymers
(Huntsville, AL, USA). Palmitic acid was obtainted from
Reagent Factory of Tianjing (Tianjing, China) and polyeth-
ylene plycol 4000 (PEG4000) was obtainted from Hercules
(CA, USA). DOC was purchased from Knowshine Pharma-
chemicals Inc. (Shanghai, China). The SF6 (pressure, 101
kPa) as the inner gas phase of the MBs was purchased from
Liming Chemical Industry Institute (Luoyang, China).

Preparation of DOC-Loaded MBs (DOC + MBs)
and Normal Microbubbles

Normal microbubbles (NMBs), with no drug loaded, were
prepared according to the method described previously (26).
Two DOC + MBs formats, containing 1.0 mg and 1.6 mg
DOC, were prepared according to the procedure used for
the preparation of the NMBs, with slight modifications
(Fig. 1). In brief, a mother liquid was prepared by mixing
tert butyl alcohol and purified water, and certain amount of
DPPG-Na and DSPC were subsequently dissolved into the
mother liquid to prepare the phospholipids mixture. Then
palmitic acid was suspended into the phospholipids mixture.
Meanwhile, the appropriate amount of DOC was weighted
and directly dissolved in tert butyl alcohol to prepare the
solution of DOC. Then the solution of DOC and PEG4000
were suspended into the previous phospholipids mixture
and stirred for 20 mins. The last mixtures of 1 mL were
equally transferred into each 10 mL-cylindroid vial, and
then lyophilized by freezer dryer (Peijing Boyikang Ltd.
Co., Peijing, China). The SF6 was added after the lyophili-
zation. Finally, the vials were sterilized by irradiation of
Cobalt 60 after lidding. The MBs were reconstructed by
the addition of 5 mL normal saline (NS) (Shaanxi Shenghua
Pharmaceutical Co., Ltd.) through the vial plug, followed by
hand agitation.

Detection of the Physicochemical Properties
of the NMBs and DOC + MBs

The concentration and size distribution of the two DOC +
MB formats were determined via methods similar to those
previously reported using a Coulter counter device (Beck-
man Coulter Multisizer 3 3.51; Fullerton, CA, USA) (aper-
ture diameter: 50 μm) (26). The Zeta potential and
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polydispersity index of the MBs were determined using a
Malvern laser particle size analyzer (British Malvern Instru-
ments Ltd.). The pH values of the MB suspensions were
determined using a pH meter (PHS-3C + meter; Fangzhou
Technology Ltd. Co., Beijing, China). Finally, the morphol-
ogy of the MBs was observed using an optical microscope
(Eclipse E100; Nikon, Tokyo, Japan).

Time-Dependent Stability of the NMBs and DOC +
MBs in pH7.4 Phosphate Buffer Saline (PBS) at Body
Temperature (37°C)

After the detection of their physicochemical properties, half
milliliter of the NMBs and two formats DOC + MBs sus-
pensions were respectively transferred into 5-mL eppendorf
tube and diluted by 2.5 mL PBS with pH=7.4. Then these
MBs suspensions were placed in a 37°C water bath for 30
mins, 1 h, 2 h, 4 h and 6 h, respectively. According to the
method described above, the size, Zetal potential and con-
centration of the MBs were finally measured again.

The Encapsulation Efficiency and Drug Release
of the DOC + MBs Induced Via Low-Frequency
Ultrasound (LFUS)

The encapsulation efficiency and drug release of the DOC
+ MBs were measured using reverse-phase liquid chroma-
tography (RP-HPLC; Dalian Elite Analytical Instruments
Co., Ltd, Dalian, China) and calculated using the following
formulas: encapsulation efficiency= (total DOC-free
DOC)/total DOC×100%, drug release=DOC in the

sediments after LFUS exposure-DOC in the sediments with-
out LFUS exposure. In brife, 1.5 mL DOC + MBs suspen-
sion was diluted by an equal volume NS in a 15 mL-
centrifuge tube and centrifuged for 5 mins at 1,368 g until
the MBs gathered on the surface of the solution. Then these
separated MBs were taken out into another 15 mL-
centrifuge tube to dilute with an equal volume NS and
repeat the centrifuge procedure again (One sample should
repeat the above steps for three times). Finally, the sedi-
ments on the bottom of the three tubes were collected
together to a 10 mL-vial and dissolved in 5 mL methly
alcohol (Guangdong Guanghua Chemical Factor Co., Ltd.
China). Then the amount of free DOC in the sediments was
determined in triplicate by the RP-HPLC. For HPLC anal-
ysis, a reverse-phase SinoChrom ODS-BP column (200×
4.6 mm i.d., pore size 5 μm, Dalian Elite Analytical Instru-
ments Co., Ltd., China). The mobile phase of methanol/a-
cetonitrile/water (50:30:20, v/v) was delivered at a flow rate
1 mL/min (Dalian Elite Analytical Instruments Co., Ltd.,
China) and DOC was quantified by UV absorbance (λ=
230 nm, Dalian Elite Analytical Instruments Co., Ltd.,
China). The area under the curve was integrated and the
DOC concentration was calculated based on a linear cali-
bration curve. Similarly, 1.5 mL MBs suspension was placed
in the 12-well plate and exposured by the LFUS (0.8 MHz,
2.56 W/cm2, 50%cycle duty) for 10 mins. Then the above
same procedures repeated and the DOC in the sediments
after LFUS exposure was obtained to calculate the drug
release of the DOC + MBs. Finally, the release rate of the
drug was determined by the formula: the release rate of the
drug=released DOC/encapsulated DOC×100%.

Fig. 1 The flow chart of NMBs’
(up) and DOC + MBs’(down)
preparation.
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Ultrasound Contrast Imaging of the NMBs and DOC
+ MBs in the Liver of Dogs and Comparison
with SonoVue

Animal Preparation

The study was approved by the Ethical Committee of Xi’an
Jiaotong University and complied with the Practice Guide-
lines for Laboratory Animals of China. Two healthy dogs,
weighing approximately 15 Kg each, underwent general
anesthesia via intramuscular injection with Sumianxin (a
compound of haloperidol, di toluidine thiazole and
DHM99, 0.1 mL/Kg, Academy of Military Medicine Vet-
erinary Research Institute, Changchun, China). Next, 3 mL
of a pentobarbital sodium (3%) was administered via intra-
muscular injection.

Ultrasound Imaging of the Liver

The anesthetized dogs were placed on beds, and an area
on the abdomen was prepared by the removal of all hair
with shears. The transducer of a Diagnostic Ultrasound
(Logiq 9 Digital Premium Ultrasound System, GE, USA)
was fixed at the position of the liver while the solution of
the UCA including NMBs, 1.6 mg of DOC + MBs and
SonoVue (Bracco Imaging B.V. 31, Chemin de la Gala-
ise, 1228, Plan-Les-Ouates Genève, Switzerland) were
prepared. Next, 2.3 mL solution of SonoVue, the NMBs
or 1.6 mg of DOC + MBs was administered subsequent-
ly via a bolus injection; after each UCA injection, the
same volume of NS was administered. The detection of
these UCA via US imaging was initiating during the
UCA bolus injection. The average interval between the
different UCA injections was at least 30 mins to ensure
that the MBs of the previous UCA were cleared via
metabolism. The US contrast imaging and the associated
data were collected with the software provided with
Logiq 9 Digital Premium Ultrasound System.

The Effect of the DOC + MBs Combined with LFUS
on DLD-1 Cell Growth in Vitro

Cell Culture

DLD-1 cells, a human colon adenocarcinoma cell line, were
obtained from the Biological Medical Research Center of
Xi’an Jiaotong University and were cultured in RPMI 1640
medium (Thermo Fisher Biochemical Products Co., Ltd.,
Beijing, China) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Biochemical Products Co., Ltd., Bei-
jing, China), penicillin (100 U/mL, Sigma Biochemical
Products Co., Ltd.) and streptomycin (100 mg/mL, Sigma
Biochemical Products Co., Ltd.) at 37°C in a humid

incubator containing 5% CO2 (Thermo Fisher Scientific
Co., Ltd., Shanghai, China).

Grouping and Treatment

The DLD-1 cells were seeded in 12-well plates (Dow Corn-
ing Co., Ltd., USA). After 24 h, the cells were divided into
six groups: control, DMSO (Guangdong Guanghua Chem-
ical Factor Co., Ltd., China), DOC with LFUS (DOC/L-
FUS), NMBs with LFUS (NMBs/LFUS), DOC +MBs with
LFUS (DOC + MBs/LFUS) and DOC alone. The appro-
priate quantities of DOC were dissolved in DMSO because
of their poor solubility in water, and the final solution of
DOC was prepared. Next, the DOC + MB and NMB
suspensions were prepared (6.5×107 bubbles/mL final con-
centration of the MBs), and DOC was added to the wells of
the different groups as appropriate, except for the no treat-
ment control group. The DOC concentration (6 nmol/mL
final concentration) was the same for the DOC alone,
DOC/LFUS andDOC+MBs/LFUS groups. The total final
volume of the different solutions added was the same in every
well; 4 μL of DMSO was added to each well for the DMSO
group. Meanwhile, the DOC/LFUS, NMBs/LFUS and
DOC + MBs/LFUS groups underwent treatment with
LFUS. Briefly, ultrasound irradiation was performed at a
frequency of 0.8 MHz and an intensity of 2.56 W/cm2 for
10mins at 50% cycle duty using a commercial therapeutic US
device (Dongjian Company, China; ultrasonic probe area:
2.8 cm2). At 24 h after LFUS treatment, cell viability was
measured using an MTT kit (Sigma Biochemical Products
Co.,Ltd.). Next, the inhibitory rate (IR) of cellular growth was
calculated according to the following formula: IR (%)=(the
mean OD control group-the mean OD treatment group)/the mean
OD control group. The morphology of the cells was observed
using a light microscope following Wright staining.

Statistical Analysis

An analysis of variance (GraphPad Prism 5.0 software)
was used to assess the effects on the proliferation of the
cells. P <0.05 was considered statistically significant.

RESULTS

The Physicochemical Properties of NMBs and DOC +
MBs

The appearances of the NMBs and the two DOC + MBs
suspensions were similar to that of the previously reported
tPA-loaded MBs (26); however, the DOC + MBs suspen-
sions appeared whiter than the NMBs and tPA-loaded MBs.
Under the light microscope, the NMBs and DOC + MBs
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were clustered as round spheres with smooth surfaces and
varying sizes, and the centers of the spheres appeared empty
and bright (Fig. 2). The concentrations of the two DOC +
MBs formats (1.0 mg and 1.6 mg) were (6.74±0.02)×108

bubbles/mL and (8.27±0.15)×108 bubbles/mL, respectively,
which were appropriately twice the concentration of the
NMBs [(4.67±0.02)×108 bubbles/mL)] and slightly higher
than the SonoVue concentration (1 to 5×108 bubbles/mL)
(27). Themean sizes of theMBs were 3.093±0.004 μm for the
NMBs, 3.296±0.004 μm for the 1.0 mg DOC + MBs and
3.387±0.005 μm for the 1.6 mg DOC + MBs. These values
were slightly larger than the mean size of the SonoVue MBs
(~2.5 μm) (27). The diameter ranges of three prepared MBs
were 1.0~6 μm (Fig. 3), but 90% MBs in size were less than
3.5 μm. The polydispersity indexs of three MBs were 0.3~
0.8, which indicated their polydispersity were good. Their
Zeta potentials and pH values are shown in Table I.

The encapsulation efficiencies of the two DOC + MB
formats were 54.9±6.21% (1.0 mg) and 46.3±5.69%
(1.6 mg). The drug release rates are shown in Table II.
Importantly, because more drug was released from the
1.6 mg DOC + MBs after LFUS exposure, the 1.6 mg
DOC + MBs was selected for the following experiments.

Time-Dependent Stability of the NMBs and DOC +
MBs in PBS with pH7.4

From 0 min to 30 mins, we found the Zeta potential, the
particle size, and concentration of three prepared MBs
suspensions in pH7.4 PBS had no obviously changed
(Fig. 4), which indicated they had good stability within 30
mins. However, the particle size of the MBs was decreased
as well as the MBs’ concentration increased when the time
was prolonged to 6 h, but the Zeta potential had no signif-
icant change. And the polydispersity of three MBs were
good, which their polydispersity indexs were less than 0.8
from 0 min to 6 h.

Liver Ultrasound Imaging of the MBs and SonoVue

The results demonstrated that the trend in liver contrast-
enhancement imaging with the self-made MBs, including
the NMBs and 1.6 mg DOC-loaded MBs, was similar to
that observed with the SonoVue MBs (Fig. 5). After contin-
uous contrast imaging of the liver in a dog following admin-
istration of one of the three MB solutions (NMBs, 1.6 mg
DOC + MBs and SonoVue), the line, contour and branch
of the intrahepatic vasculature were clearly present. The
image of the hepatic artery was first enhanced with a tree
branch appearance. Next, the smaller veins in the liver were
enhanced such that the whole parenchyma of the liver was
enhanced. Finally, the enhanced image degraded slightly
with the decrease of MB concentrations due to the

degradation of lipid coat in vivo. The time intensity curve
(TIC) analysis for the three MBs (Fig. 6) showed their
ultrasound contrast signals were all an increasing trend
before 90 s and an decreasing trend after 90 s. The first
infusion of the self-made MBs began at 4–8 s and the time to
peak (TtoPk) (time from the first image frame to peak
intensity frame) was about 45 s. However, with SonoVue,
the first infusion began at 6 s, and the TtoPk was 56.094 s.
After 90 s, the ultrasound contrast signals of the three MBs
decreased in the liver but the residence time of the self-made
MBs was longer than that of SonoVue (Table III).

The Effect of the DOC + MBs Combined with LFUS
on DLD-1 Cell Proliferation in Vitro

The ability of the DOC + MB to inhibit tumor cell prolifer-
ation was determined via IR (Fig. 7). Compared with the
control and DMSO groups, the IR in all of the treatment
groups was significantly increased (P<0.001). Furthermore,

Fig. 2 The morphology of the DOC + MBs (a) and NMBs (b) using light
microscopy (×200).
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compared with DOC alone, DOC/LFUS andNMBs/LFUS,
the IR in the DOC + MBs/LFUS group was significantly
increased (P<0.002). Cells from select groups were observed
for morphology after Wright staining. After treatment with
NMBs/LFUS, DOC alone or DOC + MBs/LFUS, the
growth of the DLD-1 cells was inhibited and the cellular
intensity was lower than that in the control group (Fig. 8),
particularly in the DOC + MBs/LFUS group. This result

followed the same trends as those observed in the IR
experiments.

DISCUSSION

Lipid shells have several advantages in maintaining the
MBs’ stability such as spontaneous self-assembly of a highly

Table 1 The Physicochemical Properties of the NMBs and DOC + MBs

pH value Zeta potential (mV) Concentration (×108 bubbles/mL) Particle size (μm)

NMBs 6.03±0.12 −30.95±1.76 4.67±0.02 3.093±0.004

DOC + MBs (1.0 mg) 6.67±0.11 −37.95±7.84 6.74±0.02 3.296±0.004

DOC + MBs (1.6 mg) 6.56±0.05 −44.35±8.70 8.27±0.15 3.387±0.005

Fig. 3 The size distribution of
the DOC + MBs and NMBs. (a)
NMBs; (b) DOC + MBs
(1.0 mg); (c) DOC + MBs
(1.6 mg).
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oriented monolayer at the air-water interface, the low sur-
face tension, high cohesiveness, and favorable ultrasound
characteristics (28,29). Thus lipid-coated microbubbles are
one of the most interesting and useful formulations used for

biomedical imaging and drug delivery (28). Because DOC is
a highly hydrophobic molecule and easy to dissolve with
other lipid materials, lipid microbubbles could be chosen as
drug delivery to make the DOC loaded into lipid micro-
bubble shells. In this study, we prepared a new DOC-loaded
lipid microbubble using a lyophilization method. The results
showed that the encapsulation efficiency of the two DOC +
MB formats was 54.9±6.21% and 46.3±5.69%, which was
similar to the results reported by Kang J. and her collogues
(5). It indicated the lipid microbubble can load the DOC as
drug delivery. Although the rationale that DOC is encap-
sulted into lipid microbubbles is unclear in this study, we

Fig. 4 Time-dependent changes
of the NMBs’ and DOC + MBs’
mean size (a), concentration (b)
and Zetal potential (c) in pH7.4
PBS.

Table II The Release of DOC from the Two DOC + MB Formats After
LFUS Exposure

Realease quantity (μg) Release rate

DOC + MBs (1.0 mg) 2.04 3.41%

DOC + MBs (1.6 mg) 100.00 12.50%
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thought it is mainly due to the high solubility of DOC in
lipids reference to current studies (5,30,31).

However, it is well known that the size of MBs is an
important factor for their clearance in the lung and for in
vivo safety, as well as for the acoustic response of the MBs
(32). Additionally, the size of MBs affects their distribution
and pharmacodynamics after intravenous injection, bioef-
fects during US, gas-release profile and other related behav-
iors (33). Importantly, research has indicated that larger
MBs produce a greater reduction in the proliferation of
smooth muscle cells, but that the effective area of drug
delivery and cell death is more closely controlled with
smaller MBs (34). In this study, the mean size of the
DOC-loaded lipid MBs was approximately 3 μm. Although
it was larger than the diameter of the SonoVue MBs
(2.5 μm) and the custmon-made DOC-loaded lipid MBs
(623.1 nm) reported by Kang J. and her collogues (5), these
DOC-loaded lipid MBs should be adaptable for intravenous
administrations because the current accepted size of the
MBs is in the 1–7 μm range, with an ideal size of 3 μm
(14). And these DOC-loaded lipid MBs prepared by

lyophilization were stored in the form of dry lyophilized
power, which was superior to other lipid MBs in the form
of aqueous prepared by the method of mechanical agitation
or others (5,35). Meanwhile, their concentrations (4 to 8×
108 bubbles/mL) were slightly higher than those of the
SonoVue MBs (1 to 5×108 bubbles/mL) (27), and their
pH values were close to 7.2, which is appropriate for stan-
dard intravenous administrations. Additionally, it had good
polydispersity and size homogeneity as well as the stability of
the MBs suspension in pH7.4 PBS within 30 mins at 37°C.
Therefore, our self-made DOC + MBs not only have an
appropriate particle size and concentration for use as UCAs
but also have an appropriate particle size for use as a drug
delivery agent.

The Zeta potential is an important characteristic of MB
formulations and provides information on the colloidal dis-
persion stability, biological characteristics and drug-loading
capacity of theMB formulations (36). In this study, the surface
potential of three self-made MBs was negatively charged;
however, the DOC + MBs had a more negative charge than
the NMBs. It has been reported that the interactions between

Fig. 5 Dynamic gray scale imaging of the liver before (baseline) or at different time points after the injection of SonoVue, NMBs or DOC + MBs. Left:
SonoVue, Middle: NMBs, Right: DOC + MBs. (a) Baseline; (b, c, d): at 30 s, 60 s, and 120 s after injection, respectively. Four phases of liver imaging were
present: baseline, arterial phase, portal phase and final phase.
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theMBs and the capillary endothelium, as well as the resulting
microcirculatory behavior, are Zeta potential dependent (36).
Thus, longer capillary retention times for the anionic MBs in
the myocardium and lung were observed (36). Therefore, it
can be inferred that the DOC + MBs would have a better
potency for lung carcinoma than for other organs.

We further explored the acoustic imaging character-
istics of the MBs in vivo in the liver of dogs. After the
intravenous injection of each the MBs, the results dem-
onstrated three observable phases (arterial phase, portal
phase and final phase) with strong image enhancement,
particularly in the early arterial phase for the hepatic
artery, which is not generally present following conven-
tional ultrasound, and in the following portal phase. And
there were no dog death during the contrast imaging.
These results indicated that these self-made MBs are able
to effectively enhance the color Doppler signal to help
display the small blood vessels and safe, which is similar
to the characteristics of SonoVue; thus, these self-made
MBs have potential as a new ultrasound contrast agent.
However, we found that the infusion time and TtoPk of
the self-made MBs was earlier than that of the SonoVue,
while their elimination time from the blood was longer.
We hypothesized that this delay may be due to different
injection speeds or concentration differences of the MBs
used because the residence time of the self-made MBs
was longer at higher concentrations. In this study, the
total volume of the solution of both self-made MBs and

SonoVue injected through the vein was the same, but
their concentrations were slightly different, as described
above. Additionaly, the difference of these UCAs in
ultrasound contrast imaging may be caused by their
different Zeta potential. The recent study manifested
lipid microbubbles with a net negative charge can be
retained within capillaries via complement-mediated at-
tachment to endothelium which this property may be
useful for the development of UCAs that can be imaged
late after venous injection (36).

LFUS has a stronger penetration power than high
frequency ultrasound and is easily able to rupture the
MBs (37,38). However, the US could directly kill cancer
cell by the mechanism of thermal effect and non-thermal
(or cavitation or sonodynamic) effect. For example, high
intensity focused US could induce the tumor tissue co-
agulate necrosis to achieve the tumor therapy due to the
thermal effect of US (39). But low intensity US can
induce cell killing even without significant temperature

Fig. 6 TIC of the three MBs at different times. Left: The first 90 s, Right: After the first 90 s. (a) SonoVue, (b) NMBs, (c) DOC + MBs.

Table III The Time at First Enhancement, TtoPk and Residence Time of
Three UCAs

Time at first
enhancement (sec)

TtoPk (sec) Residence
time (min)

SonoVue 6 56.094 ~6

NMBs 8 48.065 ~10

DOC + MBs 4 41.297 ~15
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rise and even at very low intensities ( less than
0.5 W/cm2), which is mainly mediated by the sonody-
namic effect to induce apoptosis (40,41). The researches
found lysis is commonly involved in US-induced cell
killing in vitro, but in vivo it is less unlikely due to struc-
tural configurations of cells within the body. Therefore,
although LFUS (20 kHz to 1 M) irradiation has the
characteristic of penetrating into tissue easily with few
sound energy absorption and little tissue damage (38), it
could lysis cancer cells in vitro. Of course, the killing from

a desired mode of cell death would be optimized by
certain exposure parameters of US (such as US frequen-
cy, pulse repetition frequency, duty factor and intensity)
(42). In order to eliminate the direct effect of LFUS on
the tumor cell growth, we have previously explored the
effect of different exposure parameters of LFUS (a fre-
quence of 0.8 MHz) on three human tumor cell lines
(MCF-7, SKOV3 and DLD-1) growth (Data not shown)
and 0.8 MHz LFUS with an intensity of 2.56 W/cm2 for
10 mins at 50% cycle duty was finally selected for use in
the present study.

After LFUS exposure, the DOC in the two DOC + MB
formats was partially released due to the rupture of the MBs;
however, the release rate of the drug in following adminis-
tration of 1.6 mg of DOC + MBs (12.5%) was higher than
that following administration of 1.0 mg of DOC + MBs
(3.6%). Thus, the amount of drug that entered the cells after
the increased permeability caused by US cavitation was
higher following administration of 1.6 mg of DOC + MBs.
Therefore, 1.6 mg of DOC + MBs was selected to evaluate
its pharmacological effect in vitro. The results of the MTT
assay and the Wright staining showed that the inhibitory
rate of tumor cell growth in the DOC + MBs/LFUS group
was significantly higher than that in the DOC/LFUS, DOC
alone and NMBs/LFUS groups. The DOC + MBs com-
bined with LFUS were better at inhibiting tumor cell pro-
liferation than DOC alone, which was consistent with the
antitumor effect of the custom-made docetaxel-loaded lipid
microbubble combined with US in inhibiting the growth of
VX2 rabbit liver tumors in vivo (5). However, the effect of
this DOC + MBs combined with LFUS on other tumor cell
lines should be further confirmed.

Fig. 8 The morphology of
DLD-1 cells in some groups after
treatment (Wright staining). (a)
Control, (b) DOC + MBs/LFUS,
(c) NMBs/LFUS, (d) DOC alone.

Fig. 7 The inhibitory rate of cell growth in different groups after treatment. *
P<0.001 vs. Control and DMSO; (black down-pointing triangle) P<0.002 vs.
DOC + MBs/LFUS.
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CONCLUSION

We have successfully prepared a new DOC + MB format
that can enhance the ultrasound imaging of the liver as an
UCA, and its combination with LFUS has a significant anti-
tumor effect via increasing local drug delivery. However, the
rationale underlying this study where DOC is encapsulted
into lipid microbubbles and its ultrasound imaging property
for other organs or some disease diagnosis should be ex-
plored and confirmed in future. And we will optimize the
preparation of the DOC + MBs in an attempt to improve
the encapsulation efficiency and minimize the bubble size.
Furthermore, the in vivo anti-tumor effects of the DOC +
MBs will be evaluated in future studies.
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