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Abstract

Ultrasound-targeted microbubble destruction (UTMD) is a promising technique to facilitate the

delivery of chemotherapy in cancer treatment. However, the process typically uses non-specific

microbubbles, leading to low tumor-to-normal tissue uptake ratio and adverse side effects. In this

study, we synthesized the LHRH receptor targeted and paclitaxel (PTX) loaded lipid microbubbles

(TPLMBs) for tumor-specific binding and enhanced therapeutic effect at the tumor site. An

ovarian cancer xenograft model was established by injecting A2780/DDP cells intraperitoneally in

BALB/c nude mice. Microscopic imaging of tumor sections after intraperitoneal injection of

TPLMBs showed effective binding of the microbubbles with cancer cells. Ultrasound mediated

destruction of the intraperitoneally injected TPLMBs yielded a superior therapeutic outcome in

comparison with other treatment options. Immunohistochemical analyses of the dissected tumor

tissue further confirmed the increased tumor apoptosis and reduced angiogenesis. Our experiment

suggests that ultrasound mediated intraperitoneal administration of the targeted drug-loaded

microbubbles may be a useful method for the treatment of ovarian cancer.
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Introduction

Ovarian cancer has the highest mortality among all the gynecological malignancies. It is a

silent killer with stable incidence and poor prognosis.1 The early symptoms of ovarian

cancer include abdominal bloating, urinary frequency, a sensation of fullness, and pelvic/
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abdominal pain. Since these symptoms are common and non-specific, they are often

overlooked by patients and healthcare professionals until at an advanced stage. The

treatment of advanced ovarian cancer usually involves debulking surgery and

chemotherapies. However, existing platinum and paclitaxel (PTX) chemotherapies are

limited by their non-specific biodistribution, low therapeutic index of anticancer agents, and

serious side effects such as neutropenia and neurotoxicity. In order to overcome these

limitations, new therapeutic strategies and drug formulations have been investigated.2

Among these new therapeutic strategies, ultrasonic microbubbles (MBs) have been explored

as a promising drug carrier and a drug delivery enhancer.3-5

The ultrasound-targeted microbubble destruction (UTMD) technique may offer a number of

advantages desirable for targeted delivery of chemotherapy.6-9 In response to ultrasound

(US) pulses, the MBs undergo both stable and inertial acoustic cavitations, induce a variety

of dynamic processes10 (e.g., implosion, microstreaming, shock-wave generation, and

microjetting), and cause the disruption of the cell membrane (i.e., sonoporation) that

facilitates intracellular uptake of drugs at the target site.11,12 This mechanism has been

utilized in combination with MBs for less invasive and tissue-specific delivery of genes and

drugs.13-22 Furthermore, various disease-targeting ligands have also been coated on the

surface of the drug-loaded MBs for the enhanced binding efficiency. Yan et al. loaded

LyP-1 peptide and paclitaxel in therapeutic ultrasonic MBs and demonstrated their

applications in ultrasound-assisted chemotherapy in vitro.23 We further hypothesize that the

drug-loaded MBs with the conjugation of tumor-targeting ligands will bind with the tumor-

specific receptors, such as the luteinizing hormone-releasing hormone receptor (LHRH-R),

for the enhanced drug deposition at the tumor site while maintaining a low systemic

exposure.

LHRH-R is over-expressed in approximately 70% of ovarian cancer cell lines24 and 80% of

ovarian cancers.25 However, its expression in most of the other visceral organs is

negligible.26 Since natural LHRH is unstable in vivo, synthetic LHRH analogue (i.e.,

LHRHa) with improved bioactivity has been synthesized to target LHRH-R. A number of

LHRH analogues are currently in therapeutic use.27 Previous animal studies have shown that

a LHRH-R targeted drug delivery system (DDS) exhibits no pituitary toxicity, insignificant

influence on the luteinizing hormone concentration, and negligible effect on the

reproductive functions.26 More recently, Chang et al. coated LHRHa on lipid MBs for

ultrasound mediated p53 gene transfection and apoptosis induction in ovarian cancer cells.28

In this study, the LHRH-R targeted and PTX-loaded lipid microbubbles (TPLMBs) were

synthesized for targeted treatment of ovarian cancer. The TPLMBs exhibit all the important

UTMD characteristics comparable to those of the commercially available US contrast

agents. Their tumor targeting characteristics and anticancer effects were tested in vivo in an

intraperitoneal ovarian cancer xenograft model and evaluated by survival analysis as well as

immunohistochemical assays. To the best of the authors’ knowledge, intraperitoneal

administration of tumor-targeted and drug-loaded microbubbles for ultrasound mediated

delivery of paclitaxel to intraperitoneally grown ovarian tumor xenografts has not been

reported elsewhere.

Materials and Methods

Cell lines and culture

Human ovarian cancer A2780/DDP cells, known to over-express LHRH specific

receptors,29 were a generous gift from Professor Zehua Wang at Wuhan Union Hospital

(Wuhan, China). The cells were maintained in a HyClone RPMI 1640 medium (Fisher

Scientific, Shanghai, China) supplemented with 10% fetal bovine serum and 0.1%
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gentamicin sulfate at 37°C in a humidified incubator containing 5% CO2. For in vivo
injection, cells were trypsinized and centrifuged at 800 g for 5 minutes, washed twice,

reconstituted in PBS at a concentration of 4×107 cells/ml for 200 μL intraperitoneal

injections.

Animal model preparation

Four- to five-week-old female BALB/c nude mice were provided by Chinese Academy of

Medical Sciences (Beijing, China). The animals were housed in microisolator cages in a

pathogen-free animal bio-safety level-2 facility at 22±2°C. Tumors were established by

intraperitoneal injection of A2780/DDP cells prepared as above.

All procedures involving the use and care of mice were approved ethically and scientifically

by the university in compliance with the Practice Guidelines for Laboratory Animals of

China.

Preparation of no-targeted Paclitaxel Loaded MBs(NPLMBs)

5 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), 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, 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-targeted Paclitaxel Loaded MBs (TPLMBs)

LHRHa-targeted and PTX-loaded lipid MBs (TPLMBs) were fabricated by a modified

emulsification process consisting of three steps: biotinylating PLMBs (BPLMBs),

avidinylating BPLMBs (BSPLMBs), and conjugating BSPLMBs with biotinylated LHRHa

peptide. The experimental details for each step are described below. BPLMBs were prepared

by replacing 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanolaminewith 1,2-distearoyl-sn-

glycero-3-phosphatidyl-ethanolamine-N-[Biotinyl (Polyethylene Glycol) 2000] (Avanti) in

the above recipe. Then those biotinylated NPLMBs (BPLMBs) were washed with PBS

solution three times in a bucket rotor centrifuge at 800 g for 3 min to remove excess

unincorporated lipids from the MBs. After that, 50 μg of sreptavidin (SA, Beijing

Biosynthesis Biotechnology Co., Ltd., China) per 108 MBs was then added to the washed

MB dispersion. Following 20 min of incubation at 4°C, the MBs were washed three times

under the same centrifugation conditions to remove the unreacted streptavidin and obtain

BSPLMBs. After that, the BSPLMBs were 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 mins. Free ligands were removed through washing with PBS. NPLMBs,

BNPLMBs and TPLMBs were sterilized by cobalt 60 (60Co) irradiation. Fluorescent

microbubbles were prepared according to the same method except that the fluorescent dye

DiI 10μl (1 mg/ml, Beyotime Institute of Biotechnology, Jiangsu, China) was added into the

lipid mixture during the water bath.
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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:

Stability of NPLMBs and TPLMBs

NPLMBs and TPLMBs were storied in 4°C and −20°C, respectively. The MBs were

dispersed in PBS for microscopic imaging of morphology at 12 h, 24 h, 48 h, 72 h, 5 d, 7 d,

21 d, and 28d, respectively.

In vivo study of the targeted binding affinity

The binding affinity of the TPLMBs was tested in an intraperitoneally grown ovarian tumor

xenograft model and compared with that of the NPLMBs. The xenograft model was

established by injecting A2780/DDP cells intraperitoneally in 6 BALB/c nude mice. Three

weeks after inoculation, the mice were divided into 2 groups (3 mice per group). Group A

was intraperitoneally given 100 μL DiI-labeled NPLMBs diluted in 400 μL PBS, while

group B was treated with 100 μL DiI-labeled TPLMBs diluted in 400 μL PBS. 20 minutes

after intraperitoneal injection, all the mice were sacrificed. The tumors were excised, frozen

in optimum cutting temperature (OCT) compound (Sakura Co., USA), and sectioned serially

into slices of 10μm thick. Nuclei were counterstained with DAPI (10μg/ml, Beyotime,

Jiangsu, China) for 3 minutes. After washed with PBS, the sections were mounted with anti-

fade fluorescent mounting medium (Beyotime, Jiangsu, China) and imaged by a fluorescent

microscope (Olympus, Tokyo, Japan).

In vivo study of the anti-tumor effect

UTMD mediated delivery of PTX for ovarian cancer treatment was demonstrated in an

intraperitoneally grown ovarian tumor xenograft model. Forty-nine female BALB/c mice

were intraperitoneally inoculated with 8×106 A2780/DDP cells. Fifteen days after tumor

inoculation, the mice were randomly divided into the following seven treatment groups

(seven mice per group): (a) control (PBS 500 μL i.p.); (b) applying PTX only (i.e., “PTX

only”); (c) applying PTX followed by ultrasound destruction (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”). PTX was

administered every three days at a dose of 20 mg/kg for a total of 15 days (i.e., on days 15,

18, 21, 24, and 27 respectively). For treatment groups (c), (e), and (g), apiezoelectric

ceramic unfocused transducer(model CGZZ, Ultrasonographic Image Research Institute,

Chongqing Medical University, Chongqing, China) with a diameter of one centimeter and a

frequency of 300 KHz was positioned on the abdominal skin of the mice, with the index

matched by commercial diagnostic ultrasound gel. Ultrasound pulses were applied to the

abdomen for 3 minutes at an average intensity of 1 W/cm2, duration of 10 seconds, and a

duty cycle of 50 %. Two mice in each group were sacrificed 24 hours after the last day of
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treatment and the tumors were harvested. Tissue specimens were dissected, placed in 4%

paraformaldehyde for preparation of paraffin clines, and snaps frozen for lysate preparation.

The rest of the mice were monitored daily for the signs of the reduced physical activity and

the progression of the disease. The body weight of the mice was monitored at least three

times per week. The survive time of each mouse was recorded.

Tumor apoptosis analysis after in vivo treatment

For quantitative assessment of apoptosis, terminal deoxynucleotidyltransferase-mediated

dUTP nick end labeling (TUNEL) was carried out with an in situ Cell Death Detection Kit

(Roche) following the manufacturer’s protocol. The cells with brown-stained nuclei were

apoptotic. An apoptosis index (AI) was calculated as the percentage of TUNEL-positive

cells with respect to the total number of cells evaluated, using five random fields for each of

tissue sections at 400 × magnification per group. Slides were quantified in a blind manner by

two independent reviewers at two different times.

Apoptosis related protein- caspase-3 expression of the tumor tissue in each group was

characterized by western blot analysis. Briefly, samples in each group were homogenized

and centrifuged at 12000 g for 30 minutes. The supernatant was separated, and the protein

concentration of the lysate was determined with the Bradford protein assay (Bio-Rad,

Hercules, CA, USA). For western blot analysis, equal amounts of protein were loaded for

sodium dodecylsulfate-poly-acrylamide gel electrophoresis (SDS-PAGE). The protein was

then transferred to a nitrocellulose membrane, blocked with PBST (PBS with 0.1%

Tween-20) solution containing 5% nonfat milk, and incubated overnight at 4°C with

primary antibody against caspase-3 (polyclonal, 1:200, Zhongshan Goldenbridge

Biotechnology, Beijing, China). Antibody was detected with horseradish peroxidase-

conjugated secondary antibody (1:5000) for one-hour incubation and developed with an

enhanced chemiluminescence detection kit. Equal loading was confirmed by glyceraldehyde

3-phosphate dehydrogenase (GAPDH) detection. The Labworks 4.6 software package was

used for densitometric analysis.

Detection of VEGF expression and MVD after in vivo treatment

Immunohistochemical staining of vascular endothelial growth factor (VEGF) (Biosynthesis

Biotechnology Co., Ltd., Beijing, China) and CD34(Kangweishiji Biotechnology, Beijing,

China) was performed by an avidin-biotin method 24 hours after the last day of treatment.

Briefly, tumor masses were fixed in 4% paraformaldehyde, paraffin embedded, and serially

sectioned to the slices of 5μm thick. After the sections were dewaxed and rehydrated using

alcohol, the endogenous peroxidase activity was blocked with 3% hydrogen peroxide. The

sections were then incubated overnight with the primary antibody in a 4°C humid chamber.

For the negative control in each run, PBS was used to replace the primary antibody. After

the sections were washed for 3 times with PBS, the specimens were incubated with

biotinylated secondary antibody, followed by avidin-biotin peroxidase complex treatment.

Microscopic images of the sections were acquired and the VEGF expressions were analyzed

by BeiHang Pathological Image Analytical System (Motic China, Xiamen, China)in a blind

manner without the operator’s interference. Endothelial cells were marked by CD34 and the

number of microvessels was counted in five optical fields by microscopy (magnification:

400). The mean value of microvessel density (MVD) was determined by counting the

number of microvessels per field.

Statistical analysis

The experimental results were analyzed using a SPSS software package (version 17.0). The

in vitro measurements were expressed as mean ± standard deviation (SD). The in vivo data

were analyzed using one-way analysis of variance (ANOVA) method, with the differences
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among the means evaluated by the Tukey–Kramer multiple comparison test. Survival rates

of different treatment groups were illustrated by the Kaplan-Meier curves and compared by

the Log-rank Test. A P value of less than 0.05 was considered statistically significant.

Results

Characterization of the synthesized MBs

The size distribution, surface charge, drug loading efficiency, and concentration of the MBs

were characterized by the methods as described in reference30. The synthesized TPLMBs

have a concentration of (1.1±0.1)×109/ml, 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 concentration of (1.8±0.2)×109/ml, 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. NPLMBs and TPLMBs were less stable when stored in 4°C than −20°C.

NPLMBs can be stable when storied in −20°C for 21 days, while TPLMBs were less sable

than NPLMB which can only be stored for 72 hours at −20°C.

In vivo characterization of TPLMB’s binding affinity

An ovarian cancer xenograft model was established by intraperitoneal injection of A2780/

DDP cells in BALB/c nude mice, as shown in Figure 1. Fourteen days after inoculation, the

tumor nodules were palpable. Twenty-one days after inoculation, tumors of different sizes

were visible throughout the peritoneal cavity. Figure 2 shows the fluorescence microscopic

images of the tumor tissue dissected 20 minutes after intraperitoneal injection of DiI-labled

NPLMBs and DiI-labeled TPLMBs respectively. According to the figure, TPLMBs target

the surface of the LHRH-R positive intraperitoneal tumor with high bind affinity.

Incomparison, NPLMBs do not bind with the tumor. This result implies that the LHRH-R

targeted and drug-loaded MBs can be intraperitoneally injected and selectively deposited to

the surface of a LHRH-R expressed ovarian tumor.

Survival analysis after in vivo treatment

Forty-nine nude mice with human ovarian cancer xenografts were randomly divided into 7

groups for different treatments as described in the previous section. By the end of the

experiment, all the animals died of the progressive tumor growth with no obvious evidence

of cytotoxicity, as measured by eating habits and mobility. Figure 3 plots the survival curves

for these 7 groups. According to the figure, the control group (denoted as “PBS”) has a

median survival time of 31 days, while the other 6 treatment groups exhibit different levels

of the extended survival. In comparison with the control, US mediated delivery of targeted

PTX-loaded MBs (i.e., “TPLMBs+US”), US mediated delivery of non-targeted PTX-loaded

MBs (i.e.,“NPLMBs+US”), direct injection of PTX (i.e., “PTX”), and US mediated delivery

of PTX (i.e., “PTX+US”) increase the median survival by 52%, 29%, 19%, and 16%,

respectively. The “TPLMBs+US” group shows a superior therapeutic outcome with the

median survival time significantly longer than other treatments (P < 0.05). This implies that

the combination of tumor targeting, drug loading by MBs, and US pulse destruction

synergistically improves the therapeutic efficiency. The improved therapeutic outcome may

be associated with the enhanced drug concentration into the tumor tissue. Among other

treatment groups, “NPLMBs+US”, “PTX”, and “PTX+US” also yield the increased survival

time to some extent (P< 0.05). However, “NPLMBs” and “TPLMBs” do not affect the

animal survival significantly, implying that direct application of PTX-loaded MBs without

US mediation(no matter whether they are target or non-target bubbles)does not affect the

therapeutic outcome significantly.
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Tumor apoptosis and Caspase-3 protein expression after in vivo treatment

After the death of each animal, the tumor was dissected and stained for TUNEL assay

analysis of apoptosis. Figures 4a to 4g are representative microscopic images of the stained

tumor slides for treatment groups (a) to (g) respectively. Cancer cells stained with brown

nuclei are apoptotic cells. According to the figure, treatment groups (a), (d), and (f) exhibit

weakly positive staining, corresponding to a poor therapeutic outcome. Treatment groups

(b), (c), and (e) exhibit moderately positive staining, indicating a moderate antitumor effect.

The positive staining in treatment group (g) is the strongest among all the groups, indicating

the most effective treatment. Quantitative analysis of the positively stained cells for these

treatment groups also yielded the consistent conclusions. According to Figure 5, the

apoptosis index (AI) for treatment groups (a),(d), and (f) are less than 20%, whereas those

for treatment groups (b), (c), (e), and (g) are (26.40 ± 6.60)%, (27.55 ± 4.46)%, (40.40 ±

4.93)%, (55.94 ± 8.94)%, respectively. Compared with the other treatment groups, group (g)

has the highest apoptosis efficiency and the difference is statistically significant (P<0.01).

These experiment results indicate that UTMD mediated delivery of TPLMBs significantly

increase the tumor apoptosis efficiency.

Tumor apoptosis was evaluated by Western Blot test and immunohistochemistry assay of an

apoptosis related protein caspase-3 after each treatment. Figure 6 shows the bright field

microscopic images of the caspase-3 stained tumor sections acquired from 7 groups. The

positive cells are stained brown in cytoplasm. According to the figure, groups (a), (d), and

(f) exhibit weakly positive apoptosis; groups (b), (c), and (e) exhibit moderately positive

apoptosis; group (g) exhibits highly positive apoptosis. Quantitative analysis of the area

density for the positive cells also yielded the consistent conclusions. According to Figure 7,

the area density for treatment groups (a), (d), and (f) are less than 0.1, whereas those for

treatment groups (b), (c), (e), and (g) are (0.15 ± 0.01), (0.16 ± 0.01), (0.20 ± 0.01), (0.25 ±

0.04), respectively. Compared with other treatment groups, groups (g) exhibits the strongest

expression of Caspase-3 and the difference is statistically significant (P< 0.05). These

results indicate that ultrasound mediated delivery of TPLMBs significantly increase the

tumor apoptosis efficiency. Figure 8 shows the caspase-3 expression levels for 7 treatment

groups obtained by Western Blot analysis. The indexes of caspase-3/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 (0.12 ± 0.02), (0.14 ± 0.02), (0.25 ± 0.04), and (0.42 ± 0.06),

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 apoptosis.

VEGF and MVD expression

Figures 9a to 9g are bright field microscopic images of the tumor sections with VEGF

immunohistochemical staining. The VEGF positive cells are stained brown in cytoplasm.

According to the figure, groups (a), (d), and (f) exhibit strong expression of VEGF; groups

(b), (c), and (e) exhibit moderate expression of VEGF; and group (g) exhibits low

expression of VEGF. Further quantitative analysis yielded consistent conclusions, as shown

in Figure 10. According to the figure, the area density of VEGF expression for treatment

groups (a), (d), and (f) are more than 0.29; whereas those for treatment groups (b), (c), (e),

and (g) are (0.26 ± 0.01), (0.24 ± 0.01), (0.17 ± 0.02), (0.11 ± 0.02), respectively. Compared

with other treatment groups, groups (g) has the lowest expression of VEGF and the

difference is statistically significant (P< 0.05). These results indicate that ultrasound

mediated delivery of TPLMBs significantly hinders tumor angiogenesis. Tumor

angiogenesis was also evaluated by a MVD assay with immunohistochemical staining of

CD34, as shown in Figure 11. Based on this assay, the number of microvessels per field was

quantitatively analyzed for each treatment group and plotted in Figure 12. According to the
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figure, “TPLMBs+US” yields a MVD level of (8.3 ± 2.5) microvessels per field,

significantly lower than other treatment groups. These results indicate that tumor

angiogenesis is significantly inhibited by ultrasound mediated delivery of the tumor targeted

and drug-loaded MBs.

Discussion

Targeted delivery of drug-loaded MBs in combination with ultrasound pulse destruction

have become a promising therapeutic strategy for the treatment of malignant tumors,

atherosclerotic plaques, and thrombi.30 We have previously coated MBs with tumor-specific

ligands to enhance the binding affinity with tumor cells.28,31 LHRHa peptide has been used

to target the corresponding LHRH receptors over-expressed in the plasma membrane of

many types of cancer cells.26,32 PTX is one of the most effective chemotherapeutic drugs for

the treatment of various cancers, including ovarian, breast, non-small cell lung cancer, and

head and neck carcinomas.33 We hypothesize that ultrasound mediated delivery 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.

Our in vitro measurements show that TPLMBs are able to achieve a drug encapsulation

efficiency of 73%, similar to that reported by other researchers.23 The use of the LHRHa

peptide to target the over-expressed LHRH receptors in ovarian cancer presents several

imaging and therapeutic advantages. First of all, the tumor targeting ligand acts as an anchor

to hold the TPLMBs specifically to the tumor site, enabling quantitative tumor detection and

image-guided therapy.34,35 Second, encapsulating multiple contrast agents in TPLMBs may

also facilitate multimodal imaging of tumor structural, functional, and molecular

characteristics.36 Third, targeted accumulation and controlled destruction of the TPLMBs at

the tumor site will reduce their non-specific distribution in normal tissue and reduce their

adverse side effects on healthy organs. Fourth, the targeting moiety and the ultrasound

mediation enhance the cellular uptake of the anticancer therapies. Finally, the lipid

fragments and the anticancer drugs encapsulated in the MBs remain adherent to the surface

of the targeted cancer cells after ultrasonic destruction for the sustained therapeutic

effect.37,23

Intraperitoneal administration of drug-loaded MBs may provide an effective treatment

strategy for many peritoneal cancers and their metastatic lesions. Ovarian cancer is a typical

example known to form metastatic lesions along the peritoneal lining, particularly in the

advanced stages of the disease.38 In this study, the metastatic feature of ovarian cancer was

modeled by intraperitoneal ovarian cancer xenograft with LHRH-R over-expression. For this

cancer model, the therapeutic strategy of intraperitoneal administration and ultrasound

mediated destruction of TPLMBs was defined based on the following considerations: (1)

Intraperitoneal delivery of drugs and therapeutic radionuclides has been accepted as an

effective method to increase the local drug concentration for the treatment of metastatic

cancer;39,40 (2) Intraperitoneal injection of drug-loaded MBs will enhance drug exposure to

cancer cells within the peritoneum without increasing the systemic toxicity; (3) With an

averaged diameter of (1.8 ± 0.24) μm, our TPLMBs are suitable for intraperitoneal

administration instead of intravenous admisntration since MBs with this size cannot

effectively penetrate the endothelial fenestration into tumor vasculature;(4)Unlike drug-

loaded nanoparticles, MBs with the size of micrometers may achieve the sustained treatment

effect in the peritoneal cavity without rapid clearance into the lymphatic drainage.37,41

Our in vivo experiment demonstrated that US mediation plays a significantly important role

in drug delivery. Survival time comparisons among different treatment groups showed that
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mice treated by “TPLMBs+US” survived significantly longer than other groups. Even

without the targeting ligand, US mediation of NPLMBs (i.e., “NPLMBs+US”) also led to

significantly extended survival. In comparison, intraperitoneal injection of either NPLMBs

or TPLMBs without US mediation does not show significant therapeutic benefit. In our

study, ultrasound pulses of 300 KHz were applied to the mice at an average power intensity

of 1 W/cm2 for the duration of 3 minutes. Applying this energy alone may not be sufficient

for a significant anti-cancer effect, as evidenced by the previous study that showed no

suppression of tumor growth in a SKOV3 ovarian cancer xenograft model after applying US

pulses of 240 kHz at an intensity of 7.84 W/cm2 for 10 minutes.42 Nevertheless, the

mechanism for US mediated delivery of drug-loaded MBs has not been fully understood

yet.43 We believe that the improved anticancer efficiency after US mediation is caused by

the enhanced intracellular drug uptake as a result of MB oscillation, fragmentation, and cell

membrane disruption.44,45 The increased intracellular drug uptake is directly responsible for

the increased apoptosis and the reduced angiogenesis, as evidenced by our in vivo results. In

addition, the vascular endothelial cell damage in response to microbubble fragmentation

may also contribute to the reduced angiogenesis after treatment.46,47 Our experiment also

showed that intraperitoneal injection of PTX-loaded microbubbles without ultrasonic

destruction yielded negligible therapeutic effect, no matter whether the microbubbles were

conjugated with the tumor-targeting ligands or not. This phenomenon is different from what

has been observed for a nanomicellar formulation or a hetastarch formulation,48,49

indicating a different mechanism that governs the absorption, distribution, metabolism, and

excretion (ADME) characteristics of drug-loaded microbubbles. We hypothesize that the

compromised therapeutic effect of the PTX-loaded microbubbles is associated with

macrophage endocytosis of the microbubbles, the hindered release of PTX from non-

destructed microbubbles to cancer cells, and the short life time of the drug.50-52 Further

experiment is necessary in order to better understand the pharmacokinetics of the

intraperitoneally injected PTX-loaded microbubbles and optimize their therapeutic outcome.

In this study, no complete recovery was observed for any treated mice because we chose to

initiate the treatment on the 15th day after cancer cell inoculation when the tumors were

readily palpable. In order to further improve the outcome, we will consider the optimal

therapeutic strategies in the future, such as earlier initiation of the treatment, increase of

dose, and prolongation of treatment. In our study, the tumor targeting MBs were synthesized

by using the biotin-streptavidin interaction. Although this binding strategy has been

demonstrated successfully in animal models, its clinical feasibility is challenged by the

unwanted immunogenicity. To overcome this limitation, one possible technical approach is

to design avidin in the less immunogenic forms.53,54 The other approach is to use other

covalent and non-covalent binding strategies to synthesize tumor targeting microbubbles.55

Further research and validation efforts are required before these technical advances can be

implemented in a clinical setting.

In summary, LHRH receptor targeted and PTX-loaded lipid MBs were successfully

synthesized for US mediated therapy of ovarian cancer. In vivo experiments in an

intraperitoneal ovarian cancer xenograft model demonstrated a promising tumor targeting

capability and therapeutic efficiency. Throughout the course of the treatment, no animal

showed adverse side effect, indicating the superior safety profile of this promising

therapeutic strategy. Although further studies are necessary to understand the therapeutic

mechanism and optimize the treatment strategy, the combination of TPLMBs with

ultrasound is expected to become a novel drug delivery strategy for targeted chemotherapy

of peritoneal malignancies.
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Figure1.
Intraperitonealmode of human ovarian cancer were established in BALB/c nude mice by

A2780/DDP cells. Different sizes of tumors (black arrows) throughout peritoneal cavity

were observed 21 days after the inoculation (a. before autopsies, b. after autopsies). Tumors

were observed by H&E staining (c) and immunohistochemical staining of LHRH-R (d)

under microscopy, and the LHRH receptor positive cells were brown in cell membrane(red

arrow).
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Figure 2.
Intraperitoneal model of human ovarian cancer were established in BALB/c nude mice, 20

min after intraperitoneal injection of DiI-labeled TPLMBs or NPLMBs, tumors were

removed to make slide. Red fluorescence was observed under fluorescent

microscopy(a1,b1), and red fluorescein was around the edge of slides in TPLMBs group(b1)

but we can hardly see red fluorescein around the edge of the slides in NPLMBs group(a1).

Nuclei were counterstained with DAPI (a2,b2), and the merge images(a3,b3) shows red

fluorescence was still in cytoplasm or plasmalemma (b3).
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Figure 3.
The survival curves of tumor-bearing mice treated in 7 groups. Mice were implanted with

A2780/DDP ovarian tumor cells intraperitoneally. Fifteen days later, mice (5/group) were

treated with a single IP injection every 3 days for totally 15 days. The paclitaxel-equivalent

dose in drug treated groups was 20 mg/kg. The corresponding median survival times in

group (a) to group (g) were 31,37,36,32,42,31 and 47 days. Survival time of mice in group

(g) was longer compared with other groups (P<0.05).
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Figure 4.
Sections from each group obtained 24h after treatment from each groups were stained for

TUNEL assay. The cancer cells that were brown in nuclei were counted as the apoptotic

cells (arrows). Representative slides from each group.
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Figure 5.
The apoptotic index in each group. The apoptosis index (AI) for treatment groups (a) to (g)

are (14.56 ± 9.35)%, (26.40 ± 6.60)%, (27.55 ± 4.46)%, (15.45 ± 5.95)%, (40.40 ± 4.93)%,

(14.75 ± 3.84)%, (55.94 ± 8.94)%, respectively. Compared with group (g), **P<0.01.
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Figure 6.
Caspase-3 immunohistochemical staining was done on tumor sections obtained 24h after

treatment from each group. Representative slides from each group. The positive cells were

brown in cytoplasm (arrows).
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Figure 7.
The slide area density of Caspase-3 protein in each group. The area density of Caspase-3

protein in group (a) to group (g) were (0.07 ± 0.01), (0.15 ± 0.01), (0.16 ± 0.01), (0.07 ±

0.01), (0.20 ± 0.01), (0.08 ± 0.01), (0.25 ± 0.04), respectively. Compared with group (g),

*P<0.05.
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Figure 8.
Caspase-3 expression was detected by western blot analysis. Quantification of band intensity

relative to GAPDH was shown in columns. The intensity in group (a) to group (g) were

(0.02 ± 0.01), (0.12 ± 0.02), (0.14 ± 0.02), (0.03 ± 0.01), (0.25 ± 0.04), (0.04 ± 0.01) and

(0.42 ± 0.06), respectively. Compared with group (g), *P<0.05, **P<0.01.
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Figure 9.
VEGF immunohistochemical staining was done on tumor sections obtained 24h after

treatment from each group. Representative slides from each group. The positive cells were

brown in cytoplasm (arrows).
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Figure 10.
The slide area density of VEGF protein in each group. The area density of VEGF protein in

group (a) to group (g) were (0.31 ± 0.02), (0.26 ± 0.01), (0.24 ± 0.01), (0.29 ± 0.01), (0.17 ±

0.02), (0.29 ± 0.02) and (0.11 ± 0.02), respectively. Compared with group(g), *P<0.05,

**P<0.01.
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Figure 11.
MVD were determined 24h after treatment by immunohistochemical staining of CD34. The

number of vessels per ×200 field were counted. Representative slides from each group.

Arrows show the positive microvessels.
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Figure12.
Quantitative analysis of the number of microvessels in each group. The MVD in group (a) to

group (g) were (26.4 ± 3.2), (18.5 ± 5.4), (18.3 ± 2.3), (23.5 ± 2.3), (13.5 ± 4.2), (24.4 ± 3.0)

and (8.3 ± 2.5), respectively. Compared with group TPLMBs+US, *P<0.05, **P<0.01.

Pu et al. Page 25

Mol Pharm. Author manuscript; available in PMC 2015 January 06.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


