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Abstract
Purpose  Ultrasound-targeted microbubble destruction (UTMD) has been reported to be a meritorious technique for drug 
targeting delivery. In this study, we aimed to evaluate the synergistic antiangiogenic effect of UTMD combined with Endostar 
on triple-negative breast carcinoma tumors.
Materials and methods  The lipid-shelled microbubbles (MBs) conjugated with Endostar were constructed using a biotin–avi-
din bridging chemistry method, and the morphological characteristics and drug-conjugating content were determined. MBs 
were administered intravenously to nude mice bearing MDA-MB-231 breast carcinoma xenografts and ultrasound exposure 
followed. The tumor microcirculation was observed by contrast-enhanced ultrasonography (CEUS) and the Endostar bio-
distribution was detected by enzyme-linked immunosorbent assay. Twenty-four breast carcinoma-bearing nude mice were 
divided into four groups. After treatment, every 3 days for 15 days the in vivo antitumor effects were assessed by calculating 
the tumor growth inhibition rate (TGIR). The tumor microcirculation was observed by CEUS, the tumor microvessel density 
(MVD) was calculated by immunohistochemistry under a microscope, and the vascular endothelial growth factor (VEGF) 
gene expression was detected by real-time quantitative polymerase chain reaction.
Results  The prepared Endostar-conjugated MBs were round and well-dispersed with a mean size of 2.8 ± 0.7 µm and a drug 
conjugating content of 800.72 ± 70.53 µg/108 MBs. UTMD blocked the tumor microcirculation, and improved Endostar 
release in the targeted tumor tissue with a drug content of 1.12 ± 0.43 µg/gram protein, which was about three times higher 
than that in Endostar group or Endostar conjugated MBs group. Endostar-conjugated MBs combined with UTMD treatment 
achieved the optimal antitumor effects in vivo with a TGIR of 46.29%, and apparent antiangiogenic effects with minimal 
tumor blood perfusion, MVD and VEGF gene expression level.
Conclusion  UTMD can improve Endostar delivery in the targeting tumor tissue and mediate synergistic antiangiogenetic 
and antitumor effects, which may be a potential therapeutic strategy for refractory breast cancer.

Keywords  Ultrasound-targeted microbubble destruction · Endostar · Antiangiogenesis · Triple-negative breast carcinoma · 
Vascular endothelial growth factor

Introduction

Triple negative breast cancer (TNBC), one of the refractory 
breast cancers, occurs in approximately 15%–18% of breast 
cancer patients. Due to the absence of estrogen receptors, 
progesterone receptors, and human epidermal growth factor 
receptor 2 (HER2) expression, it is insensitive to endocrine 
as well as HER2-targeted therapy (Keam et al. 2011; Bauer 
et al. 2007; Dent et al. 2007; De Temmerman et al. 2011). 
In addition, owing to its inherent instability, TNBC has a 
propensity for rapidly developing multiple drug resistance, 
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including natural and acquired forms, leading to a poor 
prognosis.

The genesis, growth, and transference of tumors requires 
an efficient blood supply (Sharma et al 2011). Antiangio-
genic agents can increase the tumor sensitivity to chemother-
apeutics, reduce the tumor vessel density and result in tumor 
shrinkage (Fukumura et al. 2007; Carmeliet et al. 2011). 
Accordingly, the molecular targeting therapy for angiogen-
esis may be a promising strategy for TNBC therapy.

Endostatin is a 20 kDa C-terminal fragment of collagen 
XVIII that can inhibit proliferation and migration of vascu-
lar endothelial cells, induce cell apoptosis (O’Reilly et al. 
1997; Luo et al. 2015), and exhibit significant antiangioge-
netic effects (Matsumoto etal. 2014; Karaca et al. 2012). By 
adding an additional nine-amino acids to the N-terminal of 
endostatin, the recombinant Endostar has improved stability 
and bioactivity and has been widely used in the clinic as a 
combined modality therapy for malignant tumors (Xu et al. 
2013).

Yuan, et  al. reported that intravenous injection of 
Endostar combined with chemotherapy can improve the 
survival rate of patients with liver metastases in advanced 
HER-2 negative breast cancer (Yuan et al. 2010). However, 
similar to most protein drugs, systemic administration of 
Endostar has certain limitations. Firstly, due to the short 
plasma half-life (10.7 h), the plasma drug concentration 
fluctuates constantly. Secondly, in one course of treatment, 
the patients need intravenous injection of Endostar daily 
for 14 days, and the treatment procedure may require 2–4 
courses. This raises the medical fees and causes patient non-
compliance. Thirdly, after intravenous injection, Endostar is 
distributed throughout the body and does not accumulate in 
the targeted tumor, leading to adverse reactions, especially in 
the cardiovascular system. Therefore, a modified administra-
tive approach for Endostar would be of great significance.

In this study, lipid-shelled microbubbles (MBs) were 
conjugated with Endostar using biotin–avidin bridging 
chemistry. A human breast carcinoma MDA-MB-231-bear-
ing nude mouse model was established and the biological 
effects of ultrasound-targeted microbubble destruction on 
tumor microcirculation and drug biodistribution were stud-
ied. Meanwhile, the antiangiogenic and antitumor effects of 
different treatments were investigated.

Materials and methods

Materials

Drugs and reagents

NHS-ester biotinylation, Avidin, 1,2 Distearoyl-sn-glycero-
3-phosphatidylcholine (DSPC) (Sigma-Aldrich, USA), 

Distearoyl-sn-glycero-3-phosphoethanolamine-N- [Methoxy
(Polyethyleneglycol)-2000](DSPE-PEG2000), 2-distearoyl-
sn-glycero-3- phosphoethanolamine-N-[Biotinyl (Polyethyl-
ene Glycol) 2000] (DSPE-PEG2000-Biotin) (Avanti Polar 
Lipids Inc, USA), Endostar (Simcere Medgenn Company, 
China), Endostar ELISA Kit (Xitang Biotechnology Co., 
Ltd., Shanghai, China), acoustic contrast agent SonoVue 
(Bracco SpA, Milan, Italy), CD31 polyclonal antibodies 
(Maixin-Bio, Fuzhou, China). All other reagents were of 
analytical grade and were used as received.

Tumor cell line and animals

The human MDA-MB-231 breast cancer cell line was pur-
chased from the Shanghai Institute of Cell Biology (Shang-
hai, China). Specific pathogen-free (SPF) BALB/c nu–nu 
female nude mice, 5-week-old and 16–18 g, were purchased 
from the SLAC Company (Shanghai, China). The mice were 
kept in a designated pathogen-free animal room and allowed 
to feed and drink freely. Handling of the animals was con-
ducted strictly in accordance with the guidelines for ani-
mal experiments stipulated by Fujian Medical University, 
Fuzhou, Fujian, China.

Preparation of biotinylated Endostar

Biotin-N-hydroxy succinimide ester and Endostar were suf-
ficiently mixed at a molar ratio of 15:1, and then incubated 
at 4 °C for 24 h before terminating with 10 mol/L glutamate. 
The reaction mixture was transferred into an ultrafiltration 
tube (filtration molecular weight 5 kDa), centrifuged at 
10,000g at 4 °C for 20 min, and then washed three times 
with phosphate buffer saline (PBS) (Wu et al. 2010).

Preparation of MBs

DSPC, DSPE-PEG2000 and DSPE-PEG2000-Bio-
tin (90:5:5, molar ratio) were added to 2  mL of PBS 
(0.01 mol/L, pH 7.2). The lipid suspension was maintained 
at 60 °C in a water bath, sonicated to clarity using a bath 
sonicator (KQ-300DE, Kunshan, China) at 40 kHz and 
120 W three times for 3-min. A dispersed lipid suspension, 
0.5 mL, was added to a 2 mL vial, and the air in the vial 
was replaced by perflutren gas. The sealed vial was fixed 
in a VialMix Mixer Shaker (Bristol Myers Squibb, USA) 
and mechanically agitated at a frequency of 4000 times 
per minute for 40 s to form the biotinylated MBs. The pre-
pared MBs were diluted with 2.5 mL PBS, centrifuged at 
300g for 3-min, and the floating MBs were collected. After 
three washes, the number of MBs formed was calculated 
using a microscope and a cell counting plate. Avidin was 
added at a concentration of 50 µg per 108 MBs and the mix-
ture incubated for 15 min at room temperature with gentle 
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shaking. The avidin-bound biotinylated MBs were separated 
from free avidin by centrifugation and washed three times. 
The biotinylated Endostar was added to the avidin-bound 
biotinylated MBs suspension at an equal molar ratio to the 
DSPE-PEG2000-Biotin. The mixture was incubated for 
30 min at room temperature with gentle shaking and washed 
three times to remove the free drug to obtain the Endostar-
conjugated MBs. Fluorescein isothiocyanate (FITC)-labeled 
Endostar was used to prepare the fluorescent MBs. Uncon-
jugated MBs that had no Endostar were also prepared as a 
control (Wen et al. 2014; Molinari et al. 2014; Delalande 
et al. 2013).

Characterization of MBs

The morphological characteristics of the prepared MBs 
were determined using fluorescence microscopy (Olympus, 
Tokyo, Japan). Briefly, 20 µL of a diluted MBs suspension 
was added to a cell counting plate to detect the MBs size, 
amount, and fluorescence at 400 × magnification.

Measurement of endostar content of MBs

The quantity of Endostar bound to the MBs was deter-
mined by ELISA. Briefly, after incubation with biotinylated 
Endostar for 30 min, the Endostar-conjugated MBs sus-
pension was centrifuged at 160g for 5 min, and the lower 
solution was collected to detect the concentration of uncon-
jugated Endostar. The Endostar-conjugating content was 
calculated using the following formula:

Establishment of animal model

The human breast cancer MDA-MB-231 cell line was sub-
cultured in L15 medium containing 10% fetal bovine serum 
at 37 °C while exposed to 5% CO2 with a saturated humidity. 
After amplification, the cell suspension was prepared at a 
density of 5 × 107 cells/mL in a PBS and Matrigel mixture 
(1:1, volume ratio) in an ice bath. We injected 0.1 mL of the 
cell suspension into the right armpits of the nude mice to 
prepare the breast cancer xenograft and regularly monitored 
tumor growth.

Influence of ultrasound‑targeted microbubble destruction 
on tumor microcirculation

Twelve breast cancer-bearing nude mice with a tumor diam-
eter about 1.5 cm were randomly divided into two groups 
of six each to investigate the influence of UTMD on tumor 
microcirculation. After ether inhalation anesthesia, the mice 

[Conjugated Endostar content per 108 MBs] = ([ total Endostar used] − [unconjugated Endostar])∕[amount of 108 MBs].

were administered an intravenous injection of SonoVue at 
a dose of 5 mL/kg, and then exposed to ultrasound irra-
diation using an ultrasound treatment device (838A-H-O-
S, Shengxiang Ultrasonic, Shenzhen, China). The acoustic 
beam produced by the ultrasound probe was cylindrical with 
a sectional area of 8.0 cm2. A water balloon was placed on 
the surface of the probe, and the ultrasound coupling gel 
was applied to remove the gas between the probe and the 
tumor. The ultrasound exposure (frequency of 840 kHz) was 
performed with a power of 0.75 w/cm2 for 2 min (an irradia-
tion of 10 s and an interval of 10 s for six cycles). Thirty 
minutes later, contrast-enhanced ultrasonography (CEUS) 
was performed by intravenous bolus injection of 5 mL/kg 
of SonoVue and scanning by PLT-805AT probe (central fre-
quency, 8.0 MHz) on a clinical diagnostic ultrasound system 
(Aplio 500, Toshiba). Three hours after UTMD, CEUS was 
repeated to evaluate the tumor blood reperfusion. The raw 
data were recorded and further analyzed using TCA and 
Modelisation software (Toshiba). After drawing a region of 
interest (ROI) of the tumor, the time intensity curve (TIC) 
was created, and the CEUS parameters including Peak Inten-
sity (PI), Time to Peak (TP), Mean Transit Time (MTT), 
Area Under the Curve (AUC), Area Under the Curve-Wash 
In (AUC-WI) and Area Under the Curve-Wash Out (AUC-
WO) were applied to evaluate the tumor microcirculation.

Effect of UTMD on drug biodistribution

Eighteen breast cancer-bearing nude mice with a tumor 
diameter about 1.5 cm were randomly divided into three 

groups of six each: Endostar, Endostar-conjugated MBs 
(EM), and Endostar-conjugated MBs combining with 
UTMD (EMUTMD) groups. The drugs were intravenously 
administered at an Endostar dosage of 10 mg/kg, while in 
the EMUTMD group, the mice received additional ultra-
sound exposure with the method mentioned above. Thirty 
minutes later, the mice were euthanized by exsanguination, 
followed by intravenous injection of 3 mL of saline to flush 
the circulatory system. The tumors were removed, homoge-
nized with a tissue digesting solution, centrifuged at 10,000g 
for 30 min, and then the supernatant was sampled to detect 
the Endostar content by ELISA.

In vivo antitumor effects

Twenty-four mice with a tumor diameter of 1.0–1.2 cm were 
randomly divided into four groups of six mice: untreated 
(control), Endostar, EM, and EMUTMD groups. In three 
treatment groups, Endostar was intravenously injected at a 
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dose of 10 mg/kg, while in the EMUTMD group, the mice 
received additional ultrasound exposure with the method 
mentioned above. The treatments were repeated five times, 
every 3 days. On day 18, CEUS was performed to evalu-
ate the microcirculation perfusion of the tumors. After that, 
the mice were euthanized, the tumors were excised, and the 
TGIR was calculated using the following formula:

Tumor microvessel histopathological examination

Tumor tissue was fixed with 10% formaldehyde, convention-
ally dehydrated, embedded in paraffin, serially sectioned, 
and then probed using immunohistochemistry. The expres-
sion of CD31 by the tumor vascular endothelial cells was 
detected using the Streptavidin-Peroxidase (SP) method 
(Zhai et al. 2013). The microvessels in five microscopic 
fields were counted at 100 × magnification, and the mean 
value was calculated for MVD evaluation.

Determination of VEGF expression level

Total RNA was extracted from tumor tissues using a kit 
according to the manufacturer’s instructions and subse-
quently reverse transcribed to cDNA. The gene expression of 
VEGF was determined using qPCR with an ABI 7300 PCR 
instrument. Each reaction was run in triplicate. The reac-
tion mixture contained 2 µL and 1.6 µL of the template and 
primer, respectively, in a final reaction volume of 25 µL. The 
primer pair sequences for VEGF were 5ʹ-GGC AGA ATC 
ATC ACG AAG TGG-3ʹ (sense) and 5ʹ-GTG AGG TTT 
GAT CCG CAT AAT CT-3ʹ (antisense) while those for actin 
were 5ʹ-ATT CCT ATG TGG GGG ACG A-3ʹ (sense) and 
5ʹ-GCT GGG GTG TTGA AGG TCT-3ʹ (antisense) with an 
expected product size of 236 and 241 bp, respectively. The 
PCR cycling parameters were 95 °C for 30 s, followed by 
40 cycles of 95 °C for 5 s and 60 °C for 31 s. The data were 
obtained as average CT values normalized to the control 
expressed as △CT, and differences in expression changes in 
gene transcripts of the breast carcinoma control and treat-
ment groups are shown as 2△△CT.

Statistical analysis

All data are presented as mean ± standard deviation and 
were analyzed using the statistical package for the social sci-
ences (SPSS) version 19 statistical software. A single-factor 
analysis of variance (ANOVA) was performed to compare 
the Endostar distribution, tumor mass, CEUS parameters, 
MVD, VEGF gene expression level in different groups, and 
P < 0.05 was considered statistically significant and P < 0.01 

TGIR(%) = (1 −mean tumor mass of treatment group∕

mean tumor mass of control group) × 100%

very statistically significant. If ANOVA demonstrated a sig-
nificant difference among the groups, post-hoc Tukey’s test 
adjusting for multiple comparisons was performed to deter-
mine where the differences resided.

Results

Characteristics of MBs

The prepared unconjugated MBs were well-dispersed 
with a mean size of 2.9 ± 1.0  µm and a density of 
(4.5 ± 0.8) × 108 MBs/mL under microscopy (Fig. 1). The 
Endostar-conjugated MBs were also well-dispersed, with 
a concentrated size distribution of 2.8 ± 0.7 µm, and pro-
duction of (2.1 ± 0.6) × 108 MBs/mL. The Endostar con-
jugated onto the shell of the MBs emitted brilliant green 
fluorescence (Fig. 2), and the drug-conjugating content 
was 800.72 ± 70.53 µg/108 MBs.

Fig. 1   The unconjugated MBs photo under microscopy (400×)

Fig. 2   The Endostar conjugated onto the shell of MBs emitted green 
fluorescence under fluorescence microscopy (400×)
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Effect of UTMD on tumor microcirculation

Under CEUS, the tumors in the control group displayed intense 
and homogeneous enhancement. In the UTMD group, 30 min 
after UTMD, enhancement of the whole tumor throughout the 

CEUS procedure was not seen (Fig. 3). However, 3 h after 
UTMD, the tumor blood perfusion resumed, the TP, MTT, PI, 
AUC, AUC-WI, AUC-WO measured were similar to those of 
the control group (Table 1).

Effect of UTMD on drug distribution

In the Endostar and EM groups, the drug content in the 
tumor tissue was measured at 0.37 ± 0.15 µg/gram protein 
and 0.42 ± 0.18 µg/gram protein, respectively. However, with 
intravenous injection of Endostar-conjugated MBs followed 
by ultrasound exposure, the drug content was significantly 
increased compared with both the Endostar and EM groups 
at 1.12 ± 0.43 µg/gram protein(P < 0.01).

In vivo antitumor effects

In the control group, the MDA-MB-231 breast cancer cells 
continually grew following subcutaneous transplantation in the 
mice. The tumors showed apparent enhancement by CEUS. 
After five treatments the tumor blood perfusion was reduced, 
the CEUS parameters PI and AUC significantly decreased 
compared with the control group (Fig. 4; Table 2). Mean-
while, the tumor growth in the treatment groups were inhib-
ited to varying degrees (Fig. 5).This was especially true in the 
EMUTMD group that had the highest TGIR and the tumor 
mass was significantly smaller(P < 0.01) compared with both 
the Endostar and EM groups (Table 3).

Comparison of tumor MVD

The microvessels of the tumor were abundant in the control 
group with an MVD of 23.35 ± 4.56/mm2. In the Endostar 
and EM groups, the tumor microvessel density was decreased 
and the MVD were calculated as 15.67 ± 3.24/mm2 and 
15.54 ± 3.11/mm2, respectively. The MVD in the EMUTMD 
group was the lowest at 5.34 ± 0.27/mm2, significantly lower 
(P < 0.01) compared with the control, Endostar, and EM 
groups (Figs. 6, 7).

Determination of VEGF gene expression

The VEGF gene expression was down-regulated in the 
Endostar treatment groups. For the EMUTMD group, the dif-
ference was statistically significant (P < 0.05) compared with 

Fig. 3   Effects of UTMD on tumor microcirculation. Intense enhance-
ment in control group (a), 30 min after UTMD, no enhancement in 
the whole tumor (b), 3 h after UTMD, the tumor circulation resumed 
(c). The representative images were captured at 22nd second in the 
CEUS procedure

Table 1   Comparison of tumor 
CEUS parameters between 
Control and UTMD group 
(mean ± sd)

Group TP MTT PI AUC​ AUC-WI AUC-WO
(s) (s) (10E-5 AU) (10E-5AU.s) (10E-5AU.s) (10E-5AU.s)

Control 20.5 ± 5.9 35.3 ± 6.7 10.8 ± 3.1 532.4 ± 62.5 119.5 ± 25.3 412.9 ± 46.7
UTMD 3 h 22.3 ± 6.4 38.2 ± 8.5 8.2 ± 2.6 389.2 ± 59.6 106.4 ± 22.5 282.8 ± 42.3



1196	 Journal of Cancer Research and Clinical Oncology (2019) 145:1191–1200

1 3

both the Endostar and EM groups and very statistically sig-
nificant (P < 0.01) compared with the control group (Fig. 8).

Discussion

Lipid or polymer shelled and inert gas filled MBs (2–4 µm 
in diameter) are excellent carriers for drugs and genes (Leon 
et al. 2018; Zhang et al. 2018; Yue et al. 2018; Tinkov et al. 
2010). Many methods, for instance the biotin–avidin bridg-
ing method, covalent binding method, and electrostatic 
adherence have been developed for linking drugs to MBs 
(Avivi et al. 2005; Tan et al. 2003; Lindner et al. 2001). 
Among them, the biotin–avidin bridging chemistry method 
is considered an ideal approach for protein conjunction due 
to its high specificity and stability (Teulon et al. 2011). In 
addition, one avidin has four subunits and each one can com-
bine with one biotin molecule, thus producing a cascade 
amplification effect and powerful combination capacity. In 
this study, Endostar was successfully linked to the lipid-
shelled MBs with this binding method, and qualitatively 
confirmed by fluorescence microscopy and further quanti-
tatively determined by ELISA.

Generally, the discontinuous capillaries in normal tissue 
have fenestrations of approximately 150 nm (Danquah et al. 
2011), and the size of the gaps of cancer blood vessels has 
been estimated to be 100–600 nm (Maruyama 2011). Pres-
ently, the acoustic contrast agents used in the clinic are of 
micron grade, which cannot penetrate the vascular endothe-
lial gap, nor be accurately targeted to cancer cells. We set the 
neovessel endothelial cells of breast cancer as the targeted 
treatment site, which allowed the prepared Endostar-conju-
gated MBs to efficiently perform their antiangiogenic effects.

Ultrasound exposure can produce thermal, cavitation, and 
mechanical effects in biological tissues. Combining MBs 
with ultrasound exposure improved the physical effects and 
the subsequent biological effects and is considered a prom-
ising technique for drug and gene delivery (Bastarrachea 
et al. 2017; Chen et al. 2017; Xiang et al. 2016). Among 
the physical effects, cavitation plays a key role. It causes 
vibration, expansion, and implosion of MBs along with 
multiple energy release behaviors such as high temperature, 
high voltage, and micro jetting. UTMD also induces bio-
logical effects, for example, microvessel wall rupture, tiny 
hematomas, and thrombi (Suzuki et al. 2010; Wand et al. 
2010; Hwang et al. 2005). Although the destructive effect 
of UTMD is aggravated with the increase of injected MBs 
and the energy of ultrasonic irradiation (Miller et al. 2005), 

Fig. 4   The Time Intensity Curve of the tumor by CEUS. The 
AUC for control group (a), Endostar group (b), EM group (c) and 
EMUTMD group (d) were 412.2 × 10−5  AU.s, 310.6 × 10−5  AU.s, 
309.1 × 10−5 AU.s and 219.8 × 10−5 AU.s, respectively

▸
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high ultrasonic dosage (including both ultrasound power and 
exposure time) may hurt the irradiated skin of nude mice and 
cause ulcers. After several trials, the ultrasound power was 
set as 0.75 W/cm2 with sonication for 2 min (an irradiation 
of 10 s and an interval of 10 s for six cycles), and the results 
certified that it was safe and efficient for the animals. Chang, 
et al. also verified that UTMD with 1 MHz pulsed ultrasound 
0.5 W/cm2 for 30 s can enhance the gene transfection effi-
ciency in ovarian cancer cells (Chang et al. 2013).

The ultrasound device mainly used in UTMD research 
was the clinic ultrasound diagnostic system (Kopechek et al. 

2015; Bettinger et al. 2012). This equipment has an advan-
tage that during the UTMD procedure the tissue perfusion 
can be monitored in real time. However, the acoustic beam 
produced from the ultrasound probe used in the clinic is 
very narrow: for example, the acoustic beam-width of an 
ultrasound probe (frequency 3.5–5.0 MHz) was less than 
0.2 cm. Apparently, using this clinical ultrasonic diagnostic 
probe, UTMD can only act on tissue with a width of less 
than 0.2 cm at one time. The transplanted tumor size in this 
study for UTMD was over 1.0 cm, therefore, we used an 
ultrasound equipment that produced a cylindrical acoustic 
beam with an irradiation diameter about 3.0 cm, which can 
cover the whole tumor during UTMD.

CEUS is a newly developed ultrasound technique and has 
been used in clinical diagnosis and experimental research 
(Willmann et al. 2008; Deshpande et al. 2011). Using the 
MBs, CEUS can detect the blood flow at a speed of about 
1 mm/s in microvessels (diameter about 10–30 µm) in real 
time. With the application of software, CEUS can quantita-
tively analyze a lot of parameters, including PI, TP, MTT, 
AUC, AUC-WI and AUC-WO. Therefore, CEUS has been 
widely applied to evaluate the microcirculation of tumors, 
liver, kidney, and other tissues (Lucidarme et  al. 2006; 
Paprottka et al. 2010; Zhang et al. 2011). With CEUS we 
confirmed that UTMD can block the microcirculation in the 
entire tumor. However, the tumor microcirculation blocking 
was not persistent. With the prolonging of time, the tumor 
circulation gradually resumed.

Intravenously injected lipid-based microbubbles may 
be taken up by macrophages associated with the reticu-
lar endothelial system, for example, hepatic Kupffer cells 
and splenic macrophages (Sirsi etal. 2010), which would 
decrease the microbubbles distribution in the target tissue. 
The high conformational flexibility and hydrophilicity of 
PEG make the microbubbles stable and refrain from inter-
actions with proteins in the blood (Salmaso et al. 2013). 
PEGylation creates a steric shield surrounding the micro-
bubble, reducing opsonization and subsequent clearance by 
the reticular endothelial system (Butcher et al. 2016). In this 
study, the PEGylated phospholipid, DSPE-PEG2000 was 
used to prepare the Endostar-conjugated MBs to avoid the 
clearance by the reticular endothelial system, thus increasing 
the MBs distribution in the tumor tissue.

Table 2   Comparison of the 
tumor CEUS parameters in 
different groups (mean ± sd)

*P < 0.05, **P < 0.01, versus Control group, #P < 0.05 versus EMUTMD group

Group TP MTT PI AUC​ AUC-WI AUC-WO
(s) (s) (10E-5 AU) (10E-5AU.s) (10E-5AU.s) (10E-5AU.s)

Control 19.9 ± 4.7 33.0 ± 8.3 9.3 ± 2.6 412.0 ± 59.3 110.3 ± 20.5 301.7 ± 51.3
Endostar 20.5 ± 4.8 46.2 ± 9.9* 6.5 ± 1.9*# 330.9 ± 45.7*# 96.9 ± 29.4 234.0 ± 46.7*#

EM 20.7 ± 5.6 45.2 ± 9.6* 6.7 ± 2.1*# 319.8 ± 50.3*# 85.7 ± 25.7*# 234.1 ± 49.5*#

EMUTMD 23.1 ± 6.9 51.8 ± 8.7** 3.4 ± 0.9** 192.1 ± 29.6** 46.6 ± 19.3** 145.5 ± 30.2**
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Fig. 5   The tumor volume with different treatment. The tumor vol-
ume increased persistently in the control group. In the Endostar and 
EM groups, the tumor growth was inhibited to some extent, while in 
EMUTMD group the mean tumor volume was minimal

Table 3   Antitumor effects on breast cancer xenografts (mean ± sd)

*P < 0.05, **P < 0.01, versus Control group, #P < 0.05 versus 
EMUTMD group

Group Tumor mass (g) TGIR (%)

Control 3.09 ± 1.12 –
Endostar 2.46 ± 1.05*# 20.39
EM 2.33 ± 1.18*# 24.60
EMUTMD 1.66 ± 0.84** 46.29
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UTMD can stimulate the permeabilization of the vessel 
wall and cell membranes (Fredenberg et al. 2011; Bekered-
jian et al. 2007). With the rupture of the Endostar-conjugated 
MBs by UTMD, Endostar was released in the destroyed ves-
sels, and the drug content detected by ELISA was about 
three times higher than in the Endostar group or EM group, 
further demonstrating that UTMD is an effective drug target-
ing delivery approach. Endostar-conjugated MBs combined 
with UTMD had effective antitumor function, and the TGIR 
was about two times higher than that in either the Endostar 
group or EM group. The MVD determination results 

confirmed that Endostar-conjugated MBs combined with 
UTMD inhibited tumor vessel generation. Two principal 
underlying mechanisms may explain the biological effects 
induced by UTMD and the symphysial antiangiogenesis 
by the targeted treatment of Endostar. During the process 
of tumor growth, the cells secrete numerous angiogenesis 
factors including VEGF, which stimulates the proliferation 
of vascular endothelial cells and enhances the generation 
of microvessels (Toi et al. 1994). With administration of 
Endostar-conjugated MBs, followed by UTMD, the tumor 
VEGF expression level was significantly down-regulated, 
which may be a potential mechanism for antiangiogenesis.

Fig. 6   Immunohistochemistry 
photo for MVD in different 
groups. Control group (a), 
Endostar group (b), Endostar-
conjugated MBs (c), Endostar-
conjugated MBs combining 
with UTMD (d)

Fig. 7   MVD in MDA-MB-231 breast cancer tissue with different 
treatment. In EMUTMD group, the MVD was significantly lower 
than that in other groups (**P < 0.01)

Fig. 8   Comparison of VEGF expression level in different groups. 
The VEGF expression level was significantly lower in the EMUTMD 
group than in the other groups (*P < 0.05, #P < 0.01)
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In conclusion, UTMD can block the tumor microcircula-
tion, increase drug release in the targeted tumor, and improve 
the antiangiogenic and antitumor effects of Endostar. This 
may be a potentially efficacious treatment strategy for drug-
resistant and other refractory breast cancers.
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