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Abstract
Although paclitaxel (PTX) is used with platinum as the first line chemotherapy regimen for
ovarian cancer, its clinical efficacy is often limited by severe adverse effects. Ultrasound targeted
microbubble destruction (UTMD) technique holds a great promise in minimizing the side effects
and maximizing the therapeutic efficacy. However, the technique typically uses non-targeted
microbubbles with suboptimal efficiency. We synthesized targeted and PTX-loaded microbubbles
(MBs) for UTMD mediated chemotherapy in ovarian cancer cells. PTX-loaded lipid MBs were
coated with a luteinizing hormone-releasing hormone analogue (LHRHa) through a biotin-avidin
linkage to target the ovarian cancer A2780/DDP cells that express the LHRH receptor. In the cell
culture studies, PTX-loaded and LHRHa targeted MBs (TPLMBs) in combination with ultrasound
(300 kHz, 0.5 W/cm2, 30 seconds) demonstrated anti-proliferative activities of 41.30 ± 3.93%,
67.76 ± 2.45%, and 75.93 ± 2.81% at 24 hours, 48 hours, and 72 hours after the treatment,
respectively. The cell apoptosis ratio at 24 hours after the treatment is 32.6 ± 0.79 %, which is
significantly higher than other treatment groups such as PTX only and no-targeted PTX-loaded
MBs (NPLMBs) with or without ultrasound mediation. Our experiment verifies the hypothesis
that ultrasound mediation of ovarian cancer targeted and drug loaded MBs will enhance the PTX
therapeutic efficiency.
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INTRODUCTION
Ovarian cancer is the fifth leading cause of cancer death in women.1 Patients commonly
develop ovarian cancer asymptomatically and present with peritoneal metastasis at the time
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of diagnosis.2 Although primary and large tumor nodules may be removed by cytoreductive
surgery, micronodular and floating tumor colonies cannot be removed surgically. Therefore,
extensive chemotherapy is necessary. Today, paclitaxel (PTX) and platinum are the first line
chemotherapy regimens commonly used for treating ovarian cancer.3 They have several
limitations such as severe bone marrow depression and peripheral neuropathy.4–7 Therefore,
the combination of targeted delivery and controlled release of chemotherapies holds a great
promise in minimizing the side effects and maximizing the therapeutic efficacy.8,9

In the past decades, great efforts have been made on engineering specialized delivery
systems that encapsulate chemotherapeutic drugs for controlled and sustained release. These
drug delivery carriers include biodegradable polymers, water-soluble prodrugs,
microemulsions, nanoparticles, and liposomes. The ultrasound-targeted microbubble
destruction (UTMD) technique has exhibited a great potential for drug delivery to solid
tumor.10,11 Microbubbles (MBs) in combination with ultrasound is able to stimulate the
permeabilization of cell membranes and increase the drug uptake by tumor cells.12–14

Ultrasound mediated destruction of PTX loaded MBs for treating solid tumors have been
reported by many researchers.15–18 Previous studies typically focus on non-targeted
microbubbles that are readily aggregated in the reticuloendothelial system, leading to a low
concentration at the tumor site. In order to improve the therapeutic efficacy and reduce the
systemic toxicity, it is necessary to target drug loaded MBs to tumor-specific ligands such as
antigens and peptides. Recently, ultrasound mediated destruction of LyP-1 targeted and
PTX-loaded MBs have been used for treating breast cancer cells.19 We have also
synthesized a luteinizing hormone-releasing hormone analogue (LHRHa) conjugated MB
agent for ultrasound mediated transfection of wild type P53 gene that induced the apoptosis
in ovarian cancer cells.20

In this study, we coupled the LHRHa ligands with PTX-loaded MBs to target human ovarian
cancer A2780/DDP cells that express the LHRH receptor. The PTX loading rate in MBs was
characterized by an HPLC system. The LHRHa concentration in MBs was detected by flow
cytometry. The binding of MBs to the cancer cells was observed by bright field microscopy.
After UTMD mediated delivery of PTX to the cancer cells, the cell apoptosis and the cell
cycle were analyzed by flow cytometry. The expression of Caspase-3 and CyclinB1 protein
after treatment were evaluated by Western Blot tests. The ultrastructure of A2780/DDP cells
was characterized by transmission electron microscopy (TEM). Our experiment verifies the
hypothesis that ultrasound mediation of ovarian cancer targeted and drug loaded MBs will
enhance the efficacy of PTX therapy. To the best of the author’s knowledge, using drug
loaded and tumor targeted MBs for UTDM mediated drug delivery to ovarian cancer cells
has not reported elsewhere.

Experimental Section
Cell lines and cell cultures

Human ovarian carcinoma A2780/DDP cell lines were a generous gift from Professor Zehua
Wang at Wuhan Union Hospital (Wuhan, China). The cells were grown in a HyClone RPMI
1640 medium (Fisher Scientific, Shanghai, China) at 37°C in a humidified incubator
containing 5% CO2, supplemented with 10% heat-inactivated fetal bovine serum (FBS,
GIBCO), 100 μg/ml streptomycin and 100 U/ml penicillin (GIBCO). Exponentially growing
cells were used for all the experiment.

Preparation of PTX-loaded MBs (NPLMBs)
NPLMBs were fabricated by a modified emulsification process.21 Five milligrams of 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylcholine (Avanti Polar Lipids Inc., Alabaster, AL,
USA), two milligrams of 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine (Avanti),
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and two milligrams of PTX (Chengdu Yuancheng Biotechnology Ltd. Co., Chengdu, China)
were dissolved in a 1.5 ml vial containing 50 μl of 100 % glycerine and 450 μl of phosphate
buffered saline (PBS). The vial was incubated in 40 °C water for 30 minutes. After that, the
container was degassed and reperfused with perfluoropropane gas (C3F8, MW 188 g/mol,
Tianjin Institute of Physical and Chemical Engineering, Tianjin, China). The mixture was
then mechanically vibrated for 45 seconds in a dental amalgamator (YJT Medical
Apparatuses and Instruments, Shanghai, China) at a vibration frequency of 60 Hz. The
resultant white mixture was diluted with PBS to obtain the non-targeted and PTX-loaded
lipid MBs (NPLMBs).

Preparation of LHRHa-targeting PTX-loaded MBs (TPLMBs)
TPLMBs were fabricated by a modified emulsification process.19, 20 The process consisting
of three consecutive steps: (1) biotinylating PTX-loaded MBs to obtain BPLMBs, (2)
avidinylating BPLMBs to obtain BSPLMBs, and (3) conjugating BSPLMBs with
biotinylated LHRHa peptide to obtain TPLMBs. The experimental details for each step are
described below. BPLMBs were prepared by replacing 1,2-distearoyl-sn-glycero-3-
phosphatidyl-ethanolamine with 1,2-distearoyl-sn- glycero-3-phosphatidyl-ethanolamine-N-
[Biotinyl (Polye thylene Glycol) 2000] (Avanti) in the above recipe. The prepared BPLMBs
were then washed with PBS solution three times in a bucket rotor centrifuge at 800 g for
three minutes to remove the excess unincorporated lipids from the MBs. After that, 50 μg of
streptavidin (SA, Beijing Biosynthesis Biotechnology Co., Ltd., China) per 108 MBs was
added to the washed MB dispersion. The MBs were then incubated at 4°C for 20 minutes,
washed three times at the same centrifugation condition to remove unreacted streptavidin
and obtain BSPLMBs, and incubated at 4 °C with 50 μg of biotinylated LHRHa peptides
(with amino acid sequence: pGlu-His-Trp-Ser-Tyr-D-leu-leu-Arg-Pro-NH2, synthesized by
Beijing SciLight Biotechnology Co. Ltd., Beijing, China) per 108 MBs for another 20
minutes. The mixture was then washed with PBS to remove free ligands and obtain
TPLMBs. NPLMBs, BNPLMBs and TPLMBs were sterilized by cobalt 60 (60Co)
irradiation. Fluorescent MBs were prepared according to the same protocol except that the
fluorescent dye DiI (Beyotime Institute of Biotechnology, Jiangsu, China) was added into
the lipid mixture during the water bath.

Characterization of TPLMBs
TPLMBs were dispersed in PBS buffer for morphology characterization by a bright field
microscope, concentration detection by a blood cell count plate, and size and zeta potential
measurement by a Malvern Zetasizer Nano ZS unit (Malvern Instrument, UK). The PTX
loading rate was characterized by an Agilent 1100 HPLC system with a Hypersil GOLD C18
column (4.6 mm × 250 mm, 5 μm) and a mobile phase of methanol and PBS mixed at the
volume ratio of 70:30. The flow rate was set at 1.0 ml/min and the analysis wavelength was
at 228 nm. The standard calibration curve derived from the test showed high linearity,
accuracy, and reproducibility, with a correlation coefficient of 0.9991. The drug entrapment
efficiency was calculated by the following equation:

Measurement of streptavidin conjugated with biotinylated and PTX-loaded microbubble
(BPLMBs)

The BPLMBs at a concentration of 1×108/ml were incubated with 0.05 μg/ml FITC-labeled
streptavidin (Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) at room
temperature with a gentle shaking for 30 minutes. The incubation mixture was washed with
PBS for three times to remove free FITC-labeled streptavidin and obtain the avidinylated
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microbubbles labeled with FITC. The microbubbles were diluted with PBS and the
fluorescence intensity was determined by a FACScan flow cytometer. The relative level of
avidin bound to BPLMBs was determined by the mean fluorescence intensity of FITC in the
BPLMBs. All experiments were carried out in triplicate.

Detection of LHRHa on TPLMBs’ surface
The LHRHa peptide was detected by an immunofluorescent assay. Briefly, TPLMBs were
blocked with goat serum for 30 minutes at room temperature and then incubated overnight
with 1:100 anti-LHRH rabbit polyclonal antibodies (Biosynthesis, Beijing, China) at 4 °C.
After washed with PBS (1000 g for three minutes) for three times, the MBs were incubated
with 1:100 Cy3-labeled goat anti-rabbit IgG (Biosynthesis, Beijing, China) at 37°C for 30
minutes. After that, the TPLMBs were washed again with PBS (1000 g for three minutes)
for three times and imaged by a TCS SP5 laser scanning confocal microscope (Leica,
Wetzlar, Germany).

Measurement of LHRHa concentration on the surface of TPLMBs
The relative level of LHRHa peptides bound to TPLMBs was determined by measuring the
mean fluorescence intensity of Cy3. The result was compared with that of the BPLMBs and
BSPLMBs. The LHRH polyclonal antibody (CHEMICON International, Inc., Shanghai,
China) was mixed with TPLMBs, BPLMBs, and biotin- streptavidin- PTX-loaded lipid MBs
(BSPLMBs) respectively, incubated at 4 °C for overnight, and washed with PBS for three
times to remove the free antibody. Subsequently, TPLMBs, BPLMBs and BSPLMBs were
incubated in the dark with Cy3-labeled Affinipure goat Anti-Rabbit IgG at 4 °C for one hour
and washed with PBS for three times. The relative levels of LHRHa peptides bound to MBs
were determined by a FACScan flow cytometer. All the experiments were carried out in
triplicate.

Targeted binding of TPLMBs in vitro
The binding affinity of the TPLMBs was tested on the LHRH receptor positive ovarian
cancer cells. A2780/DDP cells (5×104/ml) were incubated in Costar cell culture clusters at
37°C in a humidified atmosphere of 5% CO2 for 24 hours. After that, the TPLMBs (1×105/
ml) and the NTPLMBs (1×105/ml) were added to the cell medium respectively. Considering
the buoyancy of the MBs, the cell culture clusters were placed upside down to maximize the
cell-MB interaction. After a 30 minute of static exposure, the clusters were washed in PBS
for three times to remove the unbound MBs. The MBs bound to the cells was examined by a
bright field microscope.

Ultrasound mediated delivery of PTX
A2780/DDP cells (2×105 cells/well) were seeded in a 6-well plate for 24 hours to allow cell
adhesion. After that, the cells were equally divided into the following seven treatment
groups: (a) applying PBS only (i.e., “negative control”); (b) applying PTX only (i.e., “PTX
only”); (c) applying PTX followed by ultrasound mediation (i.e., “PTX+US”); (d) applying
NPLMBs only (i.e., “NPLMBs only”); (e) applying NPLMBs followed by ultrasound
destruction (i.e., “NPLMBs+US”); (f) applying TPLMBs only (i.e., “TPLMBs only”); (g)
applying TPLMBs followed by ultrasound destruction (i.e., “TPLMBs+US”). For treatment
groups (b)–(g), PTX was administered at a dose of 0.25 μg/ml. For treatment groups (c), (e),
and (g), ultrasound pulses with an average intensity of 0.5 W/cm2 were applied to the
medium for 30 seconds after PTX, TPLMB or NPLMB were added to the cell medium for
30 minutes. The ultrasound transducer was a piezoelectric ceramic unfocused transducer
(model UGT1025, Ultrasonographic Image Research Institute, Chongqing Medical
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University, Chongqing, China) with a diameter of one centimeter and a frequency of 300
KHz, immersed 2 mm above the cell suspension within the cell culture medium.

Cell viability assay
After exposure to ultrasound pulses, the cells were seeded in a 24 well plate, incubated for
24, 48 and 72 hours and washed in PBS for three times. The number of viable cells in each
treatment group relative to PBS control was assessed using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Apoptosis assay
At 24 hours after different treatments, the cell apoptosis was evaluated by staining them with
an annexin V/PI apoptosis kit (Hangzhou Longji Biological Technology Co., LTD,
Hangzhou, China) following the manufacturer’s instructions. Propidium iodide (PI) at a
concentration of 0.5 μg/mL was added to the cell suspension immediately before flow
cytometry analysis (BD Biosciences, USA).

Cell cycle analysis
24 hours after treatments, the cells were harvested with trypsin (0.05%)/EDTA (0.02%),
washed twice with PBS, and fixed with 75% ethanol at 4°C for overnight, After that, the
cells were incubated in 0.25 mg/ml ribonuclease solution at 37 °C for 30 minutes, followed
by staining with 50 μl/ml PI on ice and in the dark for 30 minutes. For both the control and
the treatment groups, the cell cycles were analyzed by a flow cytometer (BD Biosciences,
USA). The percentages of the cells at G1, S, G2/M phases of the cell cycle were analyzed by
a ModiFit cell cycle analysis software package (BD Biosciences, USA).

Caspase-3 and cyclinB1 activity
The Caspase-3 and cyclinB1 protein expressions of the A2780/DDP cells were characterized
by Western Blot analysis. 24 hours after treatment, the cells in each group were lyzed in a
lysis buffer (50 mM Tris–Cl, pH 7.4,1 mM EDTA, 150 mM NaCl, 1% nonidet P40, 0.25%
Na-deoxycholate, and 1 μg/ml of aprotinin, leupeptin, and pepstatin). The protein content
was quantified according to the Bradford method.22 Equal amounts of protein (30 μg/
sample) were separated electrophoretically by 12% SDS-PAGE and blotted onto a
polyvinylidene difluoride (PVDF) membrane. The membranes were blocked with PBS
containing 5% non-fat dried milk for at least one hour, and the blots were probed with rabbit
anti-caspase-3 (1:100; Zhongshan Golden Bridge Biotechnology, Beijing, China) and rabbit
anti-cyclinB1 (1:200; Santa Cruz Biotechnology Inc, Santa Cruz, California, USA)
overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated anti-IgG
in a blocking buffer for one hour. After washing, the blots were developed with enhanced
chemiluminescence (ECL) and exposed to X-ray film (Eastman-Kodak, Rochester, NY,
USA). Band optical density (OD) was analyzed using a Labworks 4.6 UVP-image capture
and analysis software package. The analysis results were expressed in the format of mean ±
standard deviation (SD) as the ratio percentage of the protein of interest OD versus the
GAPDH OD.

Transmission electron microscopic analysis
The ultrastructural morphology of the untreated and treated A2780/DDP cells was
investigated by transmission electron microscopy as described previously23. In brief, 24
hours after different treatments, the A2780/DDP cells were washed with PBS, trypsinized,
pelleted by centrifugation (400 g) at 4°C for 15 minutes, and fixed with 2.5%
glutaraldehyde. The cells were photographed by an H7500 transmission electron microscope
(Hitachi Co. Ltd, Japan) following the standard protocol.
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Statistical analysis
The SPSS 13.0 software package was used for data analysis. Data are expressed in the form
of mean ± SD. One-way ANOVA and the Student-Newman-Keuls test were used to
compare the variables among different treatment groups. P values of less than 0.05 were
considered statistically significant.

Results
Physical characterization of TPLMBs

TPLMBs were synthesized by conjugating PTX-loaded lipid MBs with LHRHa peptide
through a biotin-streptavidin-biotin linkage. The synthesized TPLMBs have a size
distribution of (1.8 ± 0.2) μm, a mean zeta potential of −(9.6 ± 3.2) mV, and a drug
entrapment efficiency of (73.1 ± 1.6)%. In comparison, the NPLMBs have a size distribution
of (1.4 ± 0.3) μm, a mean zeta potential of − (8.5 ± 2.0) mV, and a drug entrapment
efficiency of (96.5 ± 1.4)%. No significant morphological difference is observed between
the TPLMBs and the NPLMBs (Figure 1).

Binding of LHRHa on TPLMBs
The conjugation of LHRHa peptides with PTX-loaded MBs was confirmed by flow
cytometry, immunofluorescence assay, and bright field microscopic imaging (Figure 2).
Figure 2 a shows the fluorescence intensities acquired by a FACScan flow cytometer for the
BPLMBs after incubation with FITC-labeled streptavidin (sample) and for the PLMBs
without FITC labeling (blank control). Further analysis shows that about (99.12±1.45) %
BPLMBs have been successfully coated with the FITC-labeled streptavidin. Successful
conjugation of LHRHa with TPLMBs was also confirmed by flow cytometry. Figure 2b
shows the fluorescence intensities of PLMBs (control), TPLMBs, BPLMBs, and BSPLMBs
after incubation with LHRH polyclonal antibody and Cy3-labeled Affinipure goat Anti-
Rabbit IgG (a second antibody for LHRH polyclonal antibody). TPLMBs show the largest
shift of the fluorescence count peak, indicating the highest LHRHa binding affinities. In
comparison, BPLMBs and BSPLMBs show minor shifts, indicating non-specific binding
LHRHa to MBs. Further analysis shows that about (87.33 ± 2.19) % of TPLMBs have been
successfully conjugated with Cy3-labeled Affinipure goat Anti-Rabbit IgG. In comparison,
this figure is only about (21.35 ± 1.76) % for BSPLMBs and (19.27 ± 1.98) % for BPLMBs.
The binding rate for TPLMBs is significantly higher than that of BSPLMBs and BPLMBs
(P<0.05), indicating successful conjugation of LHRHa with PLMBs. Figure 2c shows the
bright field and the confocal fluorescence microscopic images of the TPLMBs after
incubation with anti-LHRH polyclonal antibody and Cy3-labeled IgG. The coincidence
between the fluorescence image and the bright field image confirm the effective binding of
LHRHa peptide on the lipid membrane of the TPLMBs. The result also indicates that
binding LHRHa peptides to PTX-loaded MBs through biotin-avidin bridging does not
change their immune competence. Figure 2 d compares the microscopic images of the
A2780/DDP cells after applying TPLMBs and NPLMBs. According to the figure, NPLMBs
do not bind with the cells (left), whereas TPLMBs bind with the cells well (right).

Cell viability after ultrasound exposure
The cytotoxicity profiles of different treatment options (i.e., PTX, TPLMB, and NPLMB)
with and without ultrasound mediation was evaluated by a MTT assay and compared with
the untreated cells (blank control). Figure 3 compares the cell proliferation inhibitory rates at
24 to 72 hours after different treatments. According to the figure, the cell proliferation
inhibitory rate is less than 30% for treatment groups (b), (c), (d) and (f). In comparison,
treatment group (e) yields the cell proliferation inhibitory rates of (37.2 ± 2.01) %, (51.6 ±
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2.1) %, and (57.47 ± 2.85) % at 24, 48 and 72 hours after treatment, respectively. This figure
changes to (41.30 ± 3.93) %, (67.76 ± 2.45) %, and (75.93 ± 2.81) % for group (g).
Obviously, treatment group (g) results in significantly higher proliferation inhibitory rate
than other treatment groups (P <0.05), indicating that ultrasound mediated TPLMBs
destruction significantly inhibits the cell proliferation.

Cell apoptosis after ultrasound exposure
The apoptosis efficacy after ultrasound mediated delivery of TPLMBs to A2780/DDP cells
was evaluated quantitatively by flow cytometry and western blot assay as shown in Figure 4.
According to Figure 4A, the apoptosis efficiencies for treatment groups (a)–(g) are (2.81 ±
0.35)%, (8.84 ± 0.65)%, (11.18 ± 0.25)%, (2.87 ± 0.53) %, (14.76 ± 0.72) %, (2.89 ± 0.60)
%, and (32.6 ± 0.79) %, respectively. In comparison with other treatment groups, group (g)
results in a significantly higher apoptosis rate (P < 0.05), indicating the significant increase
of the cell apoptosis efficiency by ultrasound mediated delivery of TPLMBs. Tumor
apoptosis related protein caspase-3 expression after treatment was evaluated by western blot
assay. As shown in Figure 4B, cells treated with ultrasound-mediated delivery of TPLMBs
(i.e., group g) show more prominent bands than other treatment groups. The indexes of
caspase-3/GAPDH ratio for treatment groups (a), (d), and (f) are less than 0.07, whereas
those for treatment groups (b), (c), (e), and (g) are (0.25 ± 0.01), (0.27 ± 0.01), (0.33 ± 0.02),
and (0.37 ± 0.01), respectively. Compared with other treatment groups, group (g) has the
highest level of caspase-3 expression (P < 0.05), indicating that ultrasound mediated
delivery of TPLMBs induces tumor cell apoptosis.

Cell cycle arrest after ultrasound exposure
The cell cycle changes after different treatment options were analyzed by flow cytometry
and western blot test as shown in Figure 5. According to Figure 5A, the cell proportions in
G0/G1, S, and G2/M phases are about 50%, 40% and 10%, respectively after treatment
options (a), (d), and (f). For treatment group (c), the cell proportions in G0/G1, S, and G2/M
phases are (45.90 ± 0.919)%, (24.31 ± 0.803)% and (29.78 ± 0.854)%, respectively,
showing slightly increased G0/G1 and G2/M phases and slightly decreased S phases
(P<0.05). These figures for treatment group (e) are (4.25 ± 0.949) %, (18.48 ± 1.046)%, and
(77.27 ± 1.172)%, respectively. The cell proliferation rates in G0/G1 and G2/M phases are
moderately increased and S phases are moderately decreased compared with the control
group (P < 0.05). For treatment group (g), these figures become (1.39 ± 0.745)%, (8.14 ±
0.937)%, and (90.48 ± 0.941)%, respectively. The increased G0/G1 and G2/M phases and
decreased S phases indicate that ultrasound mediated delivery of TPLMBs induces a
significant G1 phase arrest and a concomitant reduction in the cell fraction in the S phase.

The cell cycle regulatory protein cyclin B1 was also evaluated by a western blot test. As
shown in Figure 5B, cells treated with ultrasound-mediated delivery of TPLMBs (i.e., group
g) shows more prominent bands than other treatment groups. The indexes of cyclin B1/
GAPDH ratio for treatment groups (a), (d), and (f) are less than 0.05, whereas those for
treatment groups (b), (c), (e), and (g) are (0.26 ± 0.008), (0.27 ± 0.011), (0.76 ± 0.015), and
(0.93 ± 0.009), respectively. Compared with other treatment groups, group (g) has the
highest level of cyclin B1 expression (P < 0.05), indicating that ultrasound mediated
delivery of TPLMBs induces tumor apoptosis.

Cell morphology change after ultrasound exposure
The ultrastructural morphology of the A2780/DDP cells after ultrasound mediated delivery
of TPLMBs was examined by Transmission Electron Microscopy (TEM). Figure 6 shows
representative TEM images 24 hours after different treatments. According to Figure 6b,
applying PTX results in more microfilaments and microtubules in the cell cytoplasm. In the
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case of no ultrasound exposure, applying TPLMBs and NPLMBs does not yield obvious
changes in cell morphology (Figures 6d and 6f). In comparison, with ultrasound exposure,
applying PTX results in mitotic cells (Figure 6e); applying NPLMBs results in
multinucleated cells (Figure 6f), and applying TPLMBs results in apoptotic cells (Figure
6g). The apoptotic cells are smaller, with concentrated cytoplasm, irregular nucleus, and
highly condensed and marginalized chromatin.

DISCUSSION
Ultrasound targeted microbubble destruction (UTMD) technique is a promising approach for
image guided therapy and controlled drug delivery.24–26 Recent advances in
microfabrication and molecular science have enabled the conjugation of disease targeting
antibodies and peptides with MBs to enhance the binding affinity with tumor cells.27–30

LHRH is a peptide that specifically binds to LHRH receptors overexpressed on the
extracellular membrane of many ovarian tumor cells.31 Therefore, it may serve as an ideal
targeting moiety for ovarian cancer active drug delivery.32, 33 Paclitaxel is one of the most
effective chemotherapeutic drugs for the treatment of various cancers, including ovarian
cancer, breast cancer, non-small cell lung cancer, and head and neck carcinomas.34–37

Unfortunately, its clinical use in systemic therapy is limited by its poor water solubility and
the lack of selective cytotoxicity between cancer cells and normal cells. Therefore,
developing a disease-targeting drug therapeutic system with improved efficacy and safety is
necessary. We hypothesize that UTMD of LHRHa-coated and PXT-loaded MBs will
facilitate drug deposition at the tumor site for the enhanced therapeutic outcome. This
hypothesis has been tested through our in vitro and in vivo experiments.

In this study, PXT-loaded targeted MBs (TPLMBs) were synthesized by conjugating a
modified LHRHa peptide to the shell of PXT-loaded MBs via avidin-biotin interactions.
Although this binding strategy has been demonstrated successfully in animal models, its
clinical feasibility is limited by the unwanted immunogenicity. This limitation may be
overcome by designing avidin in less immunogenic forms or using other covalent and non-
covalent binding strategies. The TPLMBs were able to achieve a drug encapsulation
efficiency of 73%, similar to that reported by other researchers.38 The conjugation of
LHRHa to the shell of PXT-loaded MBs significantly increased their adhesion to ovarian
cancer A2780/DDP cells. After applying ultrasound pulses to the co-culture of A2780/DDP
cells and TPLMBs, the cell proliferation inhibitory rate was significantly increased. In our
study, ultrasound pulses of 300 KHz were applied to the cell at an average power intensity
of 0.5 W/cm2 for the duration of 30 seconds. Applying this level of ultrasound pulses alone
may not induce a significant proliferation inhibitory effect, as evidenced by the previous
study that showed no suppression of cell viability after applying ultrasound pulses of 240
kHz at an intensity of 5.76W/cm2 for 30s.39.40 Cell cycle analysis carried out 24 hours after
treatment also revealed an induced G0/G1 phase arrest, a reduced cell fraction in S phase, an
increased cell fraction in G2/M phase, and an up-regulated cycle regulatory protein cyclin
B1 expression which is consistent with the previous research.41 The mechanism behind
ultrasound mediated delivery of drug-loaded MBs has not been fully understood yet. We
believe that this mechanism is associated with at least the following contributing factors.
First of all, the physical interaction between LHRHa peptides and LHRH receptors
facilitates the adhesion of the TPLMBs on the surface of cells, shortens the distance between
bioactive drugs and cancer cells, increases the local drug concentration, and reduces the time
for drug delivery into cells.19 Second, ultrasound mediation causes MB oscillation and
destruction for the enhanced delivery and release of the encapsulated therapeutics.42, 43

Third, ultrasound exposure of the MBs generates a critical transmembrane shear force lead
for the increased permeability of the extracellular drugs to the cell membrane.44 Forth,
TPLMBs closed to the cancer cells are benefited from sonoporation and the enhanced drug
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uptake by the cells can be achieved upon pore formation. Finally, the induction of
ultrasound and MBs may increase the intracellular hydrogen peroxide (H2O2) level and the
influx of calcium ions in cells that are directly responsible for the increased apoptosis.45 As
evidenced by our in vitro studies, TPLMBs plus ultrasound results in significantly higher
apoptosis efficiency than other treatment groups. The cell morphology also revealed an
apoptosis effect of bursting the LHRHa-targeted and Paclitaxel- loaded microbubbles with
ultrasound to A2780/DDP cells.

It is reported that cytochrome c release and cleavage of caspases are involved in paclitaxel
induced apoptotic.46–49 Our experiments showed that compared with free paclitaxel,
paclitaxel plus ultrasound slightly increased the caspases-3 expression. There is no
significant difference in the NPLMBs and the TPLMBs groups compared with the control
group, which indicated the stability of MBs. Significant increase of caspases-3 expression in
A2780/DDP cells were found after TPLMBs were combined with ultrasound. MBs
oscillations and the loaded drug completely release into the tumor cells can explain the
mechanism of these effects.42, 43

In summary, we synthesized the targeted and drug loaded microbubbles for ultrasound
mediated delivery of paclitaxel to ovarian cancer cells. Our study revealed that, ultrasound
mediated targeted and drug loaded microbubbles destruction can accomplish a selective
cytotoxicity and apoptosis effect on A2780/DDP cells in vitro. Our in vivo study in an
ovarian cancer xenograft model also demonstrated the anticancer effect after ultrasound
mediated delivery of cancer-targeted and drug-loaded microbubbles.50 The TPLMBs
mediated by ultrasound may present a novel and attractive approach for ovarian cancer
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Abbreviations Used

MBs microbubbles

US ultrasound

UTMD ultrasound-targeted microbubble destruction

PTX paclitaxel

TPLMBs LHRH receptor targeted and paclitaxel loaded lipid microbubbles

NPLMBs non-target PTX-loaded microbubbles

LHRH-R luteinizing hormone-releasing hormone receptor

LHRHa LHRH analogue

TEM transmission electron microscopy

PBS phosphate buffered saline

PLMBs PTX-loaded MBs
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BPLMBs biotin-paclitaxel loaded microbubble

BSPLMBs biotin-streptavidin-PTX loaded lipid microbubbles

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PVDF polyvinylidene difluoride
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Figure 1.
Microscopic images of: (a) non-targeted paclitaxel lipid microbubbles (NPLMBs), (b)
LHRH-targeted paclitaxel lipid microbubbles (TPLMBs). The insets at the upper right
corner are photographs of the microbubbles. No morphologic difference is observed
between NPLMBs and TPLMBs.
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Figure 2.
In vitro analysis of PTX-loaded and LHRHa targeted MBs (TPLMBs) (a) Binding efficiency
of BPLMBs with FITC-labeled streptavidin was determined by flow cytometry. Comparison
of the fluorescence intensities for PLMBs (black line, control) and FITC-labeled BPLMBs
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(green line) implies successful binding of FITC-labeled streptavidin with PLMBs. (b)
Fluorescent intensities acquired by flow cytometry for different types of microbubbles after
incubation with LHRH polyclonal antibody and Cy3 labeled IgG. Green line (blank control):
PLMBs without conjugation of LHRHa. Pink line: Cy3-labeled BPLMBs. Blue line: Cy3 -
labeled BSPLMBs. Orange line: Cy3 –labeled TPLMBs. (c) LHRHa peptide on TPLMBs
was observed by laser scanning confocal microscope. TPLMBs were incubated with LHRH
polyclonal antibody and Cy3 labeled IgG. (d) Microscopic images of A2780/DDP cells
after: incubation with PLMBs (left), incubation with TPLMBs (right). The cells were
washed by PBS three times before imaging. In comparison with paclitaxel loaded lipid
microbubbles (PLMBs), LHRHa-targeted paclitaxel lipid microbubbles (TPLMBs) bind
well with A2780/DDP cells.
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Figure 3.
Growth inhibition effect of A2780/DDP cells with different treatments. The proliferation
inhibitory rate of cells was determined by MTT 24,48 and 72h after treatment. Data are
represented as mean ± SD (n=3). The proliferation inhibitory rate of the PLMBs +US groups
and TPLMBs +US groups are significantly higher than those of the other groups (p<0.05).
The proliferation inhibitory rate of TPLMBs +US group is higher than PLMBs +US group at
24, 48 and 72h after treatment (p<0.05). Compared with group (g), *p<0.05.
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Figure 4.
Apoptosis efficiency in A2780/DDP cells with different treatments. (A) The percentage of
apoptosis cells was determined by flow cytometry 24 h after transfection. Data are
represented as mean ±SD (n=3). Apoptosis efficiency of the PLMBs +US groups and
TPLMBs +US groups are significantly higher than those of the other groups (P<0.05).
Apoptosis efficiency of TPLMBs +US group is higher than PLM+US group (P<0.05).
Compared with group (g), P<0.05; Compared with group (a), #P<0.05. (B) Western blot
analysis of the expression of Caspase-3 protein in A2780/DDP cells after different
treatments. Caspase-3 protein expression was analyzed by Western blot 24 h after
transfection. Cells treated with TPLMBs +US groups showed more prominent bands than
other treatment groups (p<0.05). GAPDH was used as an internal reference. Compared with
group (g), *p<0.05; Compared with group (a), #p<0.05.
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Figure 5.
The cell cycle arrest in A2780/DDP cells with different treatments. (A) Cell cycles were
detected by flow cytometry 24 h after treatment. G2/M phase is significantly increased and S
phase is decreased in PLMBs +US group and TPLMBs +US group than the other groups (p
< 0.05). G2/M phase is of TPLMBs +US group is higher than PLMBs +US group and S
phase is lower than PLMBs +US group (p<0.05). (B) Western blot analysis of the
expression of cyclinB1 protein in A2780/DDP cells after different treatments. CyclinB1
protein expression was analyzed by Western blot 24 h after transfection. Cells treated with
ultrasound-targeted PLMT destruction showed more prominent bands than other treatment
groups (P<0.05). GAPDH was used as an internal reference. Compared with group (g),
*P<0.05; Compared with group (a), #P<0.05.
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Figure 6.
Ultrastructural morphologies of A2780/DDP cells observed under TEM at 24 hour after
different treatments: (a) no treatment (“control”), (b) applying PTX only (“PTX”), (c)
applying NPLMBs only (“NPLMBs”), (d) applying TPLMBs only (“TPLMBs”), (e)
ultrasound mediated delivery of PTX (“PTX+US”), (f) ultrasound mediated delivery of
NPLMBs (“NPLMBs+US”), and (g) ultrasound mediated delivery of TPLMBs (“TPLMBs
+US”). A: microfilaments and microtubes; B: mitotic cells; C: nucleus; D: apoptosis body.
Scale bar is 2μm.
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