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Abstract

Objective This study aimed to develop targeted cationic microbubbles conjugated with a CD105
antibody (CMB105) for use in targeted vascular endothelial cell gene therapy and ultrasound
imaging. We compared the results with untargeted cationic microbubbles (CMB) and neutral
microbubbles (NMB).

Methods CMBI105 were prepared and compared with untargeted CMB and NMB. First, the
microbubbles were characterized in terms of size, zeta-potential, antibody binding ability and
plasmid DNA loading capacity. A tumor model of subcutaneous breast cancer in nude mice was
used for our experiments. The ability of different types of microbubbles to target HUVEC:s in vitro
and tumor neovascularization in vivo was measured. The endostatin gene was selected for its
outstanding antiangiogenesis effect. For in vitro experiments, the transfection efficiency and cell
cycle were analyzed using flow cytometry, and the transcription and expression of endostatin were
measured by qPCR and Western blotting, respectively. Vascular tube cavity formation and tumor
cell invasion were used to evaluate the antiangiogenesis gene therapy efficiency in vitro. Tumors
were exposed to ultrasound irradiation with different types of microbubbles, and the gene therapy
effects were investigated by detecting apoptosis induction and changes in tumor volume.

Results CMB105 and CMB differed significantly from NMB in terms of zeta-potential, and the
DNA loading capacities were 16.76+1.75 g, 18.21£1.22 pg, and 0.48+0.04 pg per 5% 10° mi-
crobubbles, respectively. The charge coupling of plasmid DNA to CMB105 was not affected by the
presence of the CDI105 antibody. Both CMB105 and CMB could target to HUVECs in vitro,
whereas only CMB105 could target to tumor neovascularization in vivo. In in vitro experiments,
the transfection efficiency of CMB105 was 24.7-fold higher than the transfection efficiency of NMB
and 1.47-fold higher than the transfection efficiency of CMB (P<0.05). With ultrasound-targeted
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microbubble destruction (UTMD)-mediated gene therapy, the transcription and expression of
endostatin were the highest in the CMBI105 group (P<0.001); the antiangiogenesis effect and in-
hibition of tumor cells invasion was better with CMB105 than CMB or NMB in vitro (P<0.01).
After gene therapy, the tumor volumes of CMB105 group were significantly smaller than that of
CMB and NMB, and many tumor cells had begun apoptosis in the CMB105 group, which had the
highest apoptosis index (P<0.001).

Conclusions As a contrast agent and plasmid carrier, CMB105 can be used not only for targeted
ultrasound imaging but also for targeted gene therapy both in vitro and in vivo. The plasmid DNA
binding ability of the CMB was not affected by conjugation of the CMB with the CD105 antibody,
and because of its targeting ability, the gene transfection efficiency and therapeutic effect were
better compared with the untargeted CMB and NMB. The advantages of targeted gene therapy
with CMBI105 in vivo were more prominent than with CMB or NMB because neither can target
the endothelia in vivo.

Key words: Ultrasound-mediated gene delivery (UMGD); Antiangiogenesis; Target; Cationic mi-

crobubbles

Introduction

Gene therapy offers an effective method to pre-
vent and treat many refractory diseases; however, this
method cannot currently be used in clinical therapy.
Effective gene therapy requires high gene transfection
efficiency and expression. Viral-mediated gene ther-
apy has shown high gene transfer efficiency; however,
its toxicity and immunity limit its application in clin-
ical therapy (1). To overcome the problem of security,
other physical and chemical methods have been re-
ported to enhance gene transfection efficiency; one
important method is ultrasound targeted microbubble
destruction (UTMD)-mediated gene therapy. In 1996,
Porter demonstrated the possibility of transferring
DNA using ultrasound with microbubbles (2); since
that time, this method has attracted the attention of
many researchers. However, the primary problem of
this method is that its low transfection efficiency lim-
its its use; thus, most researchers have focused on how
to improve the gene transfection efficiency.

In the process of UTMD-mediated gene therapy,
microbubbles have always served as exogenous cavi-
tation nuclei. They reduce the ultrasound energy
threshold necessary for sonoporation to occur (3, 4)
and can also serve as vectors. Ordinary microbubbles
carry either a net neutral or slightly negative surface
charge, which Nikolitsa et al (5) called neutral mi-
crobubbles (NMB) based on their surface potential
characterization. This type of microbubble minimizes
interactions with cellular or molecular components in
plasma (6) because both nucleic acids and the cell
surface are negatively charged. For use as a vector, it
is better for the microbubbles to carry a positive sur-
face charge, which could enhance their interactions
with negatively charged nucleic acids and cells.
Therefore, cationic microbubbles (CMB) were devel-
oped, and several studies have reported that the use
of CMB could increase the gene carrying capacity and

clearly enhance gene transfer. Wang et al (7) reported
that when using CMB, the mean CBLuc expression
was 20-fold higher than when using NMB. Sun et al
(8) reported that CMB could bind 70% more plasmid
DNA than the commercial definity microbubbles, and
when delivering the therapeutic AKT gene to cure
ischemic rat myocardium, the therapeutic effect was
better compared with definity microbubbles. Cationic
lipids have been reported to have cell toxicity, but
many scholars have not reported that cationic mi-
crobubbles were toxiferous to cells (5, 6, 7, 8).

In ultrasound-mediated gene therapy, CMB can
be used not only as a carrier to improve the gene car-
rying capacity but also to protect the gene from
DNase degradation in serum. Due to the positively
charged surfaces of CMB, the local gene concentration
is increased at the therapy sites (7). Another method
for increasing the local gene concentration is to pro-
duce microbubbles that target aggregations. This ap-
proach is not novel, and many studies have previ-
ously reported the various uses of this technique. For
this technique, microbubbles are linked with special
antibodies or ligands that bind to disease-associated
molecular markers expressed on endothelial cells
(9-11). Certain common endothelial markers, such as
VEGFR2, endothelial adhesion molecules (P-selectin
or intercellular adhesion molecule [ICAM]-1), and
CD105 (endoglin), and several types of microbubbles
targeted to those markers have been reported (12-14).
These targeted microbubbles could aggregate to ves-
sels that express a related antigen and could be used
to detect small tumors at an earlier stage, evaluate the
response to antiangiogenic therapy, and assess the
malignancy and invasive risk.

Due to the advantages of CMB and targeted mi-
crobubbles, we attempted to develop a new targeted
CMB that can not only target the endothelia but also
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carry plasmids efficaciously to achieve targeted ther-
apy. We selected CD105 as a therapeutic target
marker because of its security and specificity. This
marker is a cell membrane glycoprotein and a specific
marker of newly formed blood vessels. CD105 is
highly expressed in endothelial cells in breast cancer.
In addition, VEGFR2 levels were lower than CD105 in
these cells (15). In a murine model bearing breast and
colon carcinomas, the CD105 antibody caused no sig-
nificant side effects (16). In addition, activation of the
VEGEFR2 signaling pathway causes unwanted adverse
effects, such as cardiotoxicity, gastrointestinal perfo-
ration, poor wound healing, and hypertension (17,
18).

The endostatin gene was selected for use in
antiangiogenesis therapy in our study because of its
excellent antiangiogenic ability. In 1999, Feldman et al
(19) reported that liposomes complexed to endostatin
plasmids could inhibit the growth of human breast
cancer implanted in a nude mice model. Calvo et al
(20) reported that human endostatin could signifi-
cantly delay tumor onset, decrease tumor multiplicity
and prolong the survival of animals bearing mam-
mary carcinoma. Although endostatin is outstanding
for its excellent antiangiogenic ability, it is not used in
clinical therapy because of its instability; thus, gene
therapy may be the best method to use its advantages
in antiangiogenesis.

Materials and methods

Plasmid preparation

A plasmid containing an expression cassette for
human endostatin was constructed by GeneCopoe-
ia™ Co. (Guangzhou, China); the upstream and
downstream primers were 5 ATCGTTCGAACCA
TGGCGCCGAGGTGCCCCTGGCC 3 and ¥
ATCGTGCGGCCGCACTCGAGGTACTTGGAGGCA
GTCATGAAGCTGT3’, respectively. This sequence
was directly amplified by polymerase chain reaction
(PCR). The DNA segment and pEZ-M46 vector were
digested and ligated to create the recombinant plas-
mid pEZ-M46-ES. Green fluorescent protein (GFP)
was encoded in pEZ-M46-ES as the reporter gene and
used to evaluate the efficiency of gene delivery to the
HUVECs. The recombinant plasmid is abbreviated as
ES-GFP in our paper. Plasmids were grown under
kanamycin selection in the host strain DH5a and pu-
rified using alkaline lysis and chromatographic
methods using an Endo Free kit (Qiagen, Valencia,
CA). The concentration of plasmid DNA was deter-
mined by spectrophotometry (NanoDrop
2000/2000C, Thermo Scientific, Waltham, MA, USA)
and adjusted to 500 ng/pl for the experiment.

Cells culture

The HUVECs and MDA-MB-231 cells (both ob-
tained from ATCC) were maintained in RPMI 1640
medium supplemented with 10% volume of fetal bo-
vine serum at 37°C in a 5% CO; humidified atmos-
phere. All cells were cultured to 70% to 90% conflu-
ence before passaging. When used for experiments,
HUVECs were cultured with the culture supernatant
of MDA-MB-231 cells. Before the microbubble tar-
geting experiment, the HUVECs underwent im-
munohistochemical tests to ensure that their cell
membranes expressed the special target marker
CD105. The cell numbers for all the experiments were
determined with a hemocytometer.

Tumor model

All animals were treated according to the guide-
lines for the Care and Use of Laboratory Animals.
Female BALB/c nude mice (4 weeks old and weigh-
ing 18-20 g) were purchased from Slac Laboratory
Animal Co., Ltd (Shanghai, China). For inoculation,
MDA-MB-231 tumor cells were resuspended in PBS,
and cell suspensions were injected subcutaneously in
both hind limbs of 24 nude mice (1x106 cells/100 pl
per limb). Xenograft tumors were allowed to grow for
14 days before the experimental studies began, and
the tumor volumes were calculated using the follow-
ing formula: [z /6 x length x (width)?]. The mean
tumor volume was approximately 0.44 cm?. The mice
were then randomly sorted into 4 groups, and no sig-
nificant differences were observed in mean tumor
volume between these groups (P=0.579). The left hind
limbs of each mouse were underwent ultrasound
imaging and gene therapy.

CMBI105, Control-CMB105, CMB, and NMB
preparation and characterization

CMB and NMB were prepared by sonication of
the relevant lipid mixtures in the presence of oc-
tafluoropropane (C3F8) as described by Sun et al (8).
The lipid shell compositions of the microbubbles are
summarized in Table 1. Diagrams of each type of mi-
crobubble are shown in Figure 1. After preparation,
PBS was used to adjust the concentration of the mi-
crobubbles to 1x10° microbubbles/ml.

Next, 0.3 ml of CMB (approximately 3.0x108 mi-
crobubbles) was combined with streptavidin (90 pg,
Sigma) for 30 min at 4°C, centrifuged at 400 gx4 min
and washed with PBS twice. Then, either 20 pg of
biotinylated CD105 antibody or a biotinylated im-
munoglobulin G (IgG) isotype control (both pur-
chased from Abcam, Cambridge, UK) was added per
vial of CMB to produce either a CD105-targeted or a
control CMB.
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Figure 1. Schematics of NMB, CMB and CMB105. The three types of microbubbles all consisted of a lipid shell surrounding a C3F8 gas core. The lipid shell of the
NMB in this study consisted of DPPC and DSPE-PEG2000, whereas the shell of CMB and CMB105 consisted of DPPC, DSPE-PEG2000-Biotin and DC-Chol.
DSPE-PEG2000-Biotin was used to increase the stability of the CMB, and DC-Chol was used to positively charge the surface. CMB105 were constructed through the
conjugation of a biotinylated CD105 antibody with CMB using a biotin-avidin reaction.

All four types of microbubbles were stable in
suspension for up to one month at 4°C. The size dis-
tribution and zeta-potential were analyzed in opti-
MEM using a laser particle size analyzer system (Zeta
SIZER 3000 HS; Malvern, USA).

Table 1. Percent molar ration of lipid-based components of
CMB105, CMB and NMB

Microbub- Surface nature DPP DSPE-PEG2 DSPE-PEG Dc-Chol

bles C 000-Biotin 2000

NMB Neutral 5 0 2 0

CMB Biotinylated 5 2 0 0.5
cationic

CMB105 Biotinylated 5 2 0 0.5

cationic

DPPC: Dipalmitoyl phosphatidylcholine; DSPE-PEG2000-Biotin:
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl (polyethylene gly-
col)-2000]; DSPE-PEG2000:
1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-amineN-[methoxy(polyethylene
glycol)-2000]; Dc-Chol: 3-(N-(N',N'-Dimethylaminoethane) carbamoyl)cholesterol.
All of these chemicals were obtained from Avanti Polar Lipids, Alabaster, AL.

Assessment of antibody binding to microbub-
bles

To assess whether the antibody combined with
the CMB successfully, a secondary antibody labeled
by FITC was combined with the CMB105 or Con-
trol-CMB105 (C-CMB105) using the same steps de-
scribed for the first antibody. Confocal fluorescence
microscopy (Zeiss, German) was used to obtain the
images.

Assessment of microbubbles targeting an in

vitro cell monolayer

An inverted method was selected to assess the
microbubbles targeting the cell monolayer in vitro (21,

22). In brief, HUVECs were grown on 4.84 cm? square
coverslips (22x22 mm), which were placed in a 6-well
plate in advance. When cells were cultured to ap-
proximately 70% confluence, the inverted method
(Figure 2A) was selected to promote microbubbles
binding to HUVECs. First, an aseptic plastic ring was
inserted in one well of a 6-well plate, and then, ap-
proximately 4 ml of optiMEM was added to fill the
well to slightly above the top of the ring. Next, 100 ul
of diluted microbubbles (approximately 5x107 mi-
crobubbles) was added to the medium. Five minutes
later, when nearly all of the microbubbles had floated
to the top of the medium, a coverslip of HUVECs was
placed on the platform with the cells facing the mi-
crobubbles to ensure that the cells were in contact
with the microbubbles. After 15 min at RT, the co-
verslips were gently washed twice with PBS and ex-
amined under a microscope using a 20x or 40% objec-
tive.

Blocking studies were performed by preincu-
bating the cells bearing coverslips with the an-
ti-CD105 antibody (30 pg/ml) or the isotype control
antibody IgG (30 pg/ml) for 10 min; then, the CMB105
were incubated with HUVECs as described above.

Images were acquired from five random fields
using a microscope. The number of bound microbub-
bles in each field was determined using the Image
Plus software.

Assessment of microbubbles targeting endo-
thelial cells in vivo

I. Ultrasound imaging

Both healthy and tumor-bearing nude mice were
anesthetized with 1% pentobarbital and placed in a
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heated environment to maintain their body tempera-
ture at 37°C. Then, 100 pl (approximately 5x107) of
microbubbles was injected into the tail vein within 2 s,
followed by 200 ul of physiological saline. Con-
trast-enhanced ultrasound imaging was performed
using a MyLab 70 (Esaote, MyLab70, X-vision, Italy)
system in the CnTI mode; a linear transducer with a
transmission frequency of 10 MHz, a mechanical in-
dex (MI) of 0.08 and a depth of 20 mm were used, and
all mice were imaged with the same instrument under
the conditions by a professional operator. Conven-
tional ultrasound imaging using NMB, untargeted
CMB, C-CMB105 and CMB105 were performed in
healthy mice first to obtain their circulation charac-
teristics. The transducer was placed on side of the
mice to ensure that the heart and liver could be de-
picted. Characteristics in blood were obtained by as-
sessments at the heart level.

Before ultrasound imaging, immunohistochem-
istry of neovascular endothelial cells in tumor was
performed (21, 22) to assess CD105 expression.

well of 6-well plate

inverted coverslip bearing cells

microbubble with bound plasmids

ultrasound probe

well of 6-well plate

microbubble with bound plasmids

inverted coverslip bearing cells

—AAAASRR

Figure 2. Experimental setup for microbubbles targeted to the cell monolayer
and ultrasound-mediated gene delivery in vitro. (A) First, an aseptic plastic ring
was inserted in one well of a 6-well plate; a coverslip bearing HUVECs was
placed on the platform with the cells facing the microbubbles to ensure that the
cells were in contact with the microbubbles for 15 min at RT. (B) A coverslip
with HUVECs and bound microbubbles was placed upright in the well of the
6-well plate after gently washing the coverslip twice with PBS. Serum-free
optiMEM was added to the well; then, the targeted bound microbubbles were
observed under a microscope or ultrasound-mediated gene transfer was
performed by submerging the sterile ultrasound probe into the medium.

2. Molecular ultrasound imaging of tumor xenografts

After a rapid bolus injection of microbubbles and
a 10-minute period to enable the accumulation of mi-
crobubbles at the target site and clearance of unbound
microbubbles, the ultrasound parameters used was in
the same manner as described above. A 10-s cine-loop
imaging sequence was acquired, followed by a de-
structive pulse (MI=3.0, transmission frequency=10
MHZz) to destroy all the microbubbles within the slice;
30 seconds later, a second 10-s cine-loop imaging se-
quence was acquired. The signal intensity before the
destructive pulse represented the echoes from both
the targeted binding microbubbles and the circulating
microbubbles, and the signal intensity after the de-
structive pulse represented the echoes from the vas-
cular replenishment of residual circulating mi-
crobubbles. Thus, the former intensity subtracted
from the latter intensity represented the relative
amount of targeted binding microbubbles (13, 23). All
animals recovered after imaging, and no acute toxicity
was been observed with these microbubbles.

3. In vivo competition experiment and imaging

For the competition experiment, 150 pg of CD105
antibody was injected into the tail vein; 10 min later,
CMB105 were injected to obtain a contrast ultrasound
image with the same parameters as described above.
In total, 6 tumor-bearing nude mice were used in this
test.

4. Image analysis

The images were analyzed using self-made
DFY-II software designed by Professor Yuan-Y Zheng
at our research institute. Through many studies, this
software to been shown to be able to precisely analyze
the signal intensity of ultrasound imaging (24, 25).
The regions of interest were defined, consisting the
entire tumor at maximum; we were then able to ob-
tain the time-intensity curves and calculate the signal
intensity of the bound microbubbles.

Assessment of plasmids binding to microbub-
bles

Through assessing the ability of microbubbles to
target endothelial cells in vitro and in vivo, we found
that CMB105 had the ability to target to endothelial
cells in vivo, whereas C-CMB105 could not target
endothelia; thus, C-CMB105 were not used in our
further plasmid binding and gene transfer experi-
ments.

Evaluations of the amount of plasmid DNA that
can bind to each type of microbubble were performed
as described by Panje et al (21), with some variations:
5x108 NMB, CMB or CMB105 were incubated with
varying doses of ES-GFP plasmids (10, 20, 40, and 80
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pg) in optiMEM for 15 min to allow spontaneous
electrostatic charge-coupling between the DNA and
microbubbles. Then, the samples were centrifuged for
4 min at 400 g to form two phases: the upper layer
appeared milky white and contained microbubbles
with bound DNA, and the lower clear layer contained
unbound DNA. The lower clear layer was collected
and centrifuged for 5 min at 14,000 g using 0.45-pm
centrifugation filters to remove MB shell contami-
nants. The concentration of unbound DNA was de-
termined wusing spectrophotometry (NanoDrop
2000/2000C, Thermo Scientific, Waltham, MA, USA),
and by multiplying by the total sample volume, we
obtained the total amount of unbound DNA. The
amount of bound DNA was calculated by subtracting
the amount of unbound DNA from the total amount
of DNA added initially. By increasing the amount of
initial DNA, the maximum amount of bound DNA
was determined and regarded as the loading capacity
for 5x108 microbubbles. All experiments were per-
formed in triplicate.

The DNA-microbubble interaction was also
demonstrated by laser confocal fluorescence micros-
copy. Ten micrograms of ES-GFP plasmid was added
to 5x108 microbubbles, and the first and second steps
described above were repeated. Then, the upper
milky white layer was collected, incubated with pro-
pidium iodide (PI, Sigma, USA) for 15 min in PBS, and
centrifuged at 400 gx4 min to form two phases. The
lower layer was discarded, the upper layer was re-
suspended in PBS, and the previous step was repeat-
ed twice. Finally, the samples were diluted and im-
aged at 1000x magnification using a confocal laser
scanning microscope. All experiments were per-
formed in triplicate.

To assess whether binding with DNA affected
the ability of the target to attach to HUVECs, three
types of microbubbles were first conjugated with
DNA and then incubated with HUVECs as described
before.

Assessment of HUVEC membrane permea-
bility and viability after UTMD with NMB,
CMB or CMBI105

First, we selected the inverted method (Figure
2A) to target the microbubbles to HUVECs; the details
were the same as described previously. After washing
the unbound microbubbles, coverslips bearing HU-
VECs with bound microbubbles were placed in the
wells of a 6-well plate upright (Figure 2B), 6 ml of
serum-free optiMEM was added into the well, and a
sterile ultrasound probe was submerged in the opti-
MEM; the distance between the ultrasound probe and
HUVECs was approximately 1 cm. After preparation,
ultrasound was applied at 1 MHz, 1 W/cm2, and 50%

duty cycle (DC) for 30 s using the ultrasound gene
transfer machine (UGT 1025, CQMU, Chonggqing,
China), which was produced by our own institute
(Ultrasonographic Image Research Institute of
Chongqing Medical University, China) and used for
gene transfer in vitro and in vivo; the diameter of the
probe was approximately 2 cm.

After sonication, the effects on permeabilization
of the plasma membrane and cell proliferation were
measured as we previously reported (26, 27). In brief,
the permeabilization was detected by staining with
3,6-diacetoxyfluoran Di-O-acetylfluorescein (FDA,
Sigma, USA) and PI; proliferation was detected using
a 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazo-
lium bromide (MTT) assay.

UTMD-mediated gene transfer in vitro

Forty micrograms of ES-GFP plasmid was added
to 5%x10% microbubbles (NMB, CMB, and CMB105,
respectively); the procedure of plasmid binding to
microbubbles was the same as described before. Both
inverted and upright set-ups (Figure 2A and 2B) were
used to ensure that the microbubbles in the transfer
step were bound to HUVECs. Assessments of the ef-
fect of targeted gene transfer were performed as de-
scribed in the “Assessment of HUVEC membrane
permeability and viability” section. Then, 5x107 mi-
crobubbles of NMB, CMB, or CMB105 was added into
each well; after binding with the ES-GFP plasmid,
ultrasound (UGT 1025, CQMU, Chongqing, China)
was applied at 1 MHz, 1 W/cm2, and 50% duty cycle
(DC) for 30 seconds (28). Within the transfer proce-
dure, serum-free optiMEM was used, and the plates
were then placed in a humidified 5% CO, atmosphere
at 37°C for 2 h. The plates were then washed once with
RPMI 1640 serum-free medium, and finally, 2 ml of
RPMI 1640 medium supplemented with 10% volume
of fetal bovine serum was added to each well (5). The
plates were then incubated in a humidified 5% CO»
atmosphere before analysis for gene expression.

Flow cytometry

Transfection efficiency analysis

After transfection for 24 h or 48 h, both the con-
trol and treated HUVECs were collected to measure
the expression of the plasmid-encoded GFP gene.
Flow cytometry (FACS-Calibur; Becton Dickinson,
San Jose, CA, USA) with the excitation setting at 488
nm was used to analyze the transfection efficiency. At
least 10,000 cells were acquired for each test meas-
urement. All experiments were performed in tripli-
cate.

Cell cycle analysis
Both the control and treated HUVECs were col-
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lected before being transferred or were collected 24 h,
48 h, or 72 h after being transferred. In brief, the
HUVECs were digested with 0.25% trypsin and
washed 3 times in 1 ml of pre-cooled PBS; then, 1 ml
of pre-cooled 70% ethanol was added to the cell pellet,
and the cells were fixed overnight at 4°C. The follow-
ing day, the cells were collected by centrifugation and
washed twice with PBS; finally, the cells were resus-
pended in 0.5 ml of PI solution (50 mg/ml PI, 100
mg/ml RNase A and 0.2% Triton X-100). The cells
were then incubated at 4°C for 30 min in the dark, and
flow cytometry (FACS-Calibur; Becton Dickinson, San
Jose, CA, USA) was used to measure the cell cycle
distribution. At least 10,000 cells were acquired for
each test measurement. All experiments were per-
formed in triplicate.

Quantitative real-time polymerase chain reaction
(aPCR)

The total RNA was extracted by phe-
nol-chloroform extraction and ethanol precipitation
using TRIZOL (Invitrogen, Life Technologies,
Gaithersburg, MD, USA). The integrity of the RNA
was determined using 1.5% agarose gels containing
ethidium bromide. The reverse transcription to cDNA
was performed using the Takara PrimeScript RT Re-
agent kit (AMYV; Takara, Tokyo, Japan) with Bio-Rad
iQ™ 5. The reaction conditions were as follows: 25°C
for 10 min, 42°C for 50 min, and 85°C for 5 min. The
gPCR amplification conditions were as follows: 94°C
for 4 min; 35 cycles of 94°C for 20 sec, 60°C for 30 sec,
and 72°C for 30 sec; finally, the signal was measured at
72°C. The primer sequences are shown in Table 2.

Table 2. The primer sequences of endostatin, VEGF and caspa-
se-3 detected by qPCR

Detected gene Primer sequences

COL18A1 En- hCOL18A1F GATTTGGCATGAGGGGAATG

dostatin hCOL18A1R AAGAAAGTCAAACGGAAACTGC

VEGF hVEGFF AATCGAGACCCTGGTGGACA
hVEGFR TGTTGGACTCCTCAGTGGGC

Caspase-3 hcasepase3F AGAACTGGACTGTGGCATTGAG
hcasepase3R GCACAAAGCGACTGGATGAA

Western blot analysis

Both the control and treated HUVECs were col-
lected 48 h after being transferred. Briefly, the pro-
teins were separated by SDS-PAGE on 12% (w/v)
polyacrylamide gels and electrotransferred onto Mil-
lipore polyvinylidene difluoride membranes (Milli-
pore, Bedford, MA, USA). The completion of protein
transfer from the gels to the membranes was verified
by staining the gels with Coomassie Blue R-250. The
membranes were blocked in Tris-buffered saline con-
taining 0.05% Tween 20 and 5% nonfat dry milk for 60

min at room temperature. The blots were then incu-
bated with 1:1000 rabbit-anti-human endostatin anti-
body (Abcam, Cambridge, UK), rabbit-anti-human
VEGF antibody (Abcam, Cambridge, UK) or rab-
bit-anti-human caspase-3 antibody (Abcam, Cam-
bridge, UK) for 1.5 h at room temperature in blocking
solution. Then, the membranes were washed in
Tris-buffered saline and incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:3000) in
blocking solution for 1.5 h. The blots were examined
using a chemiluminescent substrate (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) according to the
manufacturer’s instructions. The protein bands were
normalized to GAPDH, and all blots were quantified
using the software Quantity One (Bio-Rad, Hercules,
CA, USA).

Effect on angiogenesis in vitro

The 96-well plate, Matrigel, and serum-free
RPMI-1640 culture medium were first pre-cooled;
then, the Matrigel was diluted by the serum-free
RPMI-1640 culture medium (1:2). Next, 50 pl of the
diluted Matrigel was added to each well and incu-
bated at 37°C for 2 h. Then, 24 h after transfection with
different types of microbubbles, the control and
transferred HUVECs were resuspended in RPMI 1640
medium supplemented with 10% volume of fetal bo-
vine serum and incubated at 37°C in a 5% CO; hu-
midified atmosphere for 8 h; approximately 0.2x10%
cells were added to each well. Then tubular structures
were examined under a microscope using 10% or 20x
objectives. Images were acquired from five random
fields, and the number of tubular structures in each
field was determined by direct counting. Each treat-
ment was performed in triplicate.

Effect on the invasion ability of MDA-MB-231 cell in
vitro

The 24-well plate, Matrigel, and serum-free
RPMI-1640 culture medium were first pre-cooled;
then, the Matrigel was diluted as described previ-
ously. Then, 100 pl of the diluted Matrigel was added
to the upper chamber of the 24-well transwell and
incubated at 37°C for at least 4 h for gelling. The gelled
Matrigel was then gently washed with warm se-
rum-free RPMI-1640 culture medium, and the
MDA-MB-231 cells were harvested using 0.25% tryp-
sin. The cells were washed 3 times with RPMI-1640
medium containing 1% volume of FBS, and the cells
were resuspended in medium containing 1% volume
of FBS at a density of 5x10° cells/ml. Next, 200 pl of
the cell suspension was placed into the Matrigel, and
the lower chamber of the transwell was filled with 600
pl of culture medium from the control or treated
HUVECs after being transferred 24 h with the 3 dif-
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ferent types of microbubbles. The MDA-MB-231 cells
were incubated at 37°C for 24 h, and the noninvasive
cells on top of the transwell were scraped off with a
cotton swab. The transwells were removed from the
24-well plates, stained with 0.1% crystal violet at 37°C
for 30 min and examined under an inverted micro-
scope using 20% or 40x objectives. Images were ac-
quired from five random fields, and the number of
invasive cells in each field was determined using Im-
age Plus software. Each treatment was performed in
triplicate.

For in vivo UTMD-mediated gene transfer

For in vivo UTMD-mediated gene transfer to the
left hind limb tumor xenografts, mice were prepared
as described before, and the right hind limb tumor
xenografts were used as control. First, 400 pg of
ES-GFP was incubated with 5%10° microbubbles
(NMB, CMB, and CMB105, respectively); the plasmid
binding and centrifuging were performed as de-
scribed before. Then, the concentration of different
types of microbubbles with plasmid binding was ad-
justed to 5x108 microbubbles/ml; 500 pl microbub-
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bles-plasmid solutions were administered intrave-
nously through tail vein within 30 seconds per mouse,
and 10 min after injection, ultrasound-mediated gene
transfer was performed. Ultrasound (UGT 1025,
CQMU, Chongging, China) was applied at 1 MHz, 2
W/cm?, and 50% duty cycle (DC) for 30 seconds (29).
The probe was positioned directly on top of the tumor
xenografts with ultrasonographic gel in between. The
size of tumor xenografts was recorded every 3 days.
The tumor growth curve was delineated, and the tu-
mor growth inhibition rate was calculated as follows:
inhibition rate = (mean tumor volume control - mean
tumor volume treatment)/mean tumor volume con-
trol x 100. Fifteen days after transfer, the mice were
sacrificed for proliferating cell nuclear antigen
(PCNA) and terminal deoxynucleotidyl transfer-
ase-mediated dUTP-biotin nick end labeling assay
(TUNEL) immunohistochemisty staining (25, 30) to
evaluate the gene therapy effect.

Statistical analysis

All the data are expressed as the mean + stand-
ard deviation and were analyzed using SPSS 17.0
software (SPSS Inc., Chicago, IL, USA).
Differences between means with P<0.05
were considered significantly different.
Comparisons between groups were per-
formed using a one-way ANOVA. The
least significant difference (LSD) and
paired t-test with two-sided were used for
further comparisons.

Results

Characterization of microbubbles

The characteristics of the different
types of microbubbles are listed in Table 3.
No significant differences were observed in
the mean diameters or concentrations be-
tween NMB, CMB and CMB105; however,
the zeta-potentials of CMB (26.44+2.13 mV)
and CMB105 (26.62+2.48 mV) were signif-
icantly higher than for NMB (-2.38+0.56
mV; P<0.001), and no significant difference
was observed between CMB and CMB105
(P>0.05). Inverted microscopy images of
NMB, CMB, CMB105 and C-CMB105 are
shown in Figures 3A, 3B, 3C and 3E, re-
spectively. The conjugation between the
antibody and microbubbles was confirmed
visually by laser confocal microscopy

Figure 3. Characterization of microbubbles under microscope. (A), (B), (C) and (E) Bright-field
images of NMB, CMB, CMB105 and C-CMBI05, respectively. (D) and (F) Successful binding of
the biotinylated CD 105 antibody and isotype control (IgG) antibody, respectively, assessed using
laser confocal microscopy (excited at 488 nm, emitted at 583 nm). The images were all acquired
at 1000x magnification.

(Figures 3D and 3F), demonstrating the
successful binding of CD105 antibody and
isotype control (IgG) antibody, respective-

ly.
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Table 3. Summary of microbubble characteristics

Zeta-potential (mV) Diameter (um) Concentration (x10%ml)

NMB -2.38+0.56 1.42+0.1 3.64+0.24
CMB 26.44+2.13* 1.42+0.15 4.26+0.61
CMBI105 26.62+2.48" 1.44+0.21 4.13+0.17

“P<0.001 relative to NMB, n=3 per group

Microbubble binding to HUVEC:s in vitro

CD105 expression on HUVEC membranes was
confirmed by laser confocal microscopy (Figure 4A).
High expression of green fluorescence was observed
on the HUVEC membranes, confirming CD105 ex-
pression. Therefore, HUVECs expressing CD105 were
used for the microbubble target binding test, and the
results are presented in Figure 4B. For NMB, only a
slight non-specificity binding to HUVECs was ob-
served; for CMB, we observed increased amounts of
targeted bound microbubbles because of the surface
of the target cells usually bears a net negative charge,

£
APl

ot

NMB CmB

C-CMB105 CMB105

although the CMB had no targeting ability. Thus, the
CMB could attach to HUVECs through electrostatic
interaction, which was also reported by Nikolitsa et al
(5). For CMB105, more targeted bound microbubbles
were observed compared with CMB, C-CMB105 and
NMB (Figure 4C, P<0.01 vs. CMB and C-CMB105;
P<0.001 vs. NMB). The difference between CMB and
C-CMB105 was not significant (P>0.05), indicating
that the mechanism of C-CMB105 to target to HU-
VECs was the same as CMB but through electrostatic
interaction, not the reaction between antibody and
antigen, and that C-CMB105 did not have target abil-
ity, different from CMB105. For blocking studies,
HUVECs were pre-incubated with various concentra-
tions of anti-CD105 antibody (Supplementary Mate-
rial: Figure S1), an obvious inhibition was observed
when HUVECs were preincubated with anti-CD105
antibody (30 pg/ml), whereas no inhibition was
found when preincubated with isotype control anti-
body (Figure 4D).

504

number of MBs targeted to HUVECs

o
i

anti-CD105 Ab  control Ab IgG

Figure 4. Interaction between microbubbles and HUVECs in vitro. (A) Green fluorescence represents the expression of endoglin on the membrane of HUVECs; red
fluorescence represents nuclear staining by Pl (40% objective). (B) Different types of microbubbles targeted to HUVECs observed under a microscope (40% ob-
jective). (C) Direct counting of microbubbles targeted to HUVECs using Image Plus software. The ability of NMB, CMB and C-CMB105 to target HUVECs was
different than CMB105 (*P<0.01, **P<0.001), but the difference between CMB and C-CMB105 was not significant (*P>0.05), n=3 per group. (D) Binding of CMB105
onto HUVECs with and without preincubation of the cells with anti-CD105 antibody or an isotype control antibody IgG (‘P<0.01,#P>0.05), n=3 per group.
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Microbubbles binding to endothelial cells in
vivo

a) Circulation characteristics of NMB, CMB,
C-CMB105 and CMBI105 in healthy mice

The circulation characteristics of each type of
microbubbles are shown in Supplementary Material:
Figure S2. For peak enhancement and time-to-peak,
no significant differences were observed between
these 4 types of microbubbles. The half-life of CMB,
C-CMB105 and CMB105 was 8.35+1.27, 7.63£1.61 and
7.27+1.33 min, respectively. The blood levels of these
microbubbles decreased rapidly, and the signal in-
tensity in liver was higher than in blood (Figure S2B,
52C, S2D), likely because the reticuloendothelial sys-
tem had a higher phagocytic of cationic substances.
Different from microbubbles bearing cationic poten-
tial, the signal intensity in blood levels of NMB did
not decrease below 50% of the peak enhancement, and
no retention was observed in liver (Figure S2A).

b) Evaluation of targeted bound microbubbles using
ultrasound molecular imaging

CD105 expression in neovascular endothelial
cells in tumor was confirmed by immunohistochem-
istry (Figure 5B). Typical ultrasound images for NMB,
CMB, C-CMB105 and CMB105 before and after a de-
structive pulse are presented in Figure 5A and were
analyzed using self-made DFY-II software as de-
scribed in Methods. The difference value (D-value)

was calculated as the signal intensity (before) minus
the signal intensity (after), which represents the
amount of targeted bound microbubbles. The D-value
of CMB105 (13.71+1.58) was significantly different
from the D-value of NMB (2.84+1.03), CMB (3.71+0.89)
and C-CMB105 (4.56+1.14, Figure 5C, P<0.001). For in
vivo competition experiments, various doses of an-
ti-CD105 antibody was pre-injected (Supplementary
Material: Figure S3), and an injection of about 150 pg
free anti-CD105 antibody significantly decreased the
signal intensity of targeted bound CMB105 (Figure 5D
and 5E). These results confirmed that only CMB105
could successfully target neovascular endothelial cells
that expressed endoglin.

Plasmid binding ability of microbubbles

The binding of plasmids and microbubbles was
also observed by laser confocal microscopy (Figure
6A). Red fluorescence represents successful plasmid
binding because only PI could stain the plasmid. After
the plasmids were bound, when the microbubbles
were excited by laser confocal microscopy at 488 nm,
red fluorescence was observed at approximately 630
nm. No red fluorescence was observed in NMB, but it
could be observed in CMB and CMB105, indicating
that only the CMB could bind plasmids successfully
through charge-coupling, and the binding was not
altered after the CMB were conjugated with the
CD105 antibody.
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Figure 5. Evaluation of targeted bound microbubbles in vivo. (A) Ultrasound images using NMB, CMB, C-CMB105 and CMBI105 before and after the destructive
pulse. (B) CD105 expression in neovascular endothelial cells in tumors was confirmed by immunohistochemistry, bar: 100 pm. (C) D-value of NMB, CMB, C-CMB105
and CMB105. The D-value of CMB105 was highest (*“P<0.001). n=6 per group. (D) In vivo competitive binding experiments. Binding of CMB105 with and without
pre-injection of CD105 antibody. (E) Mean D-value of CMB105 with and without pre-injection of CD105 antibody. Pre-injection of CD105 antibody led to signifi-

cantly decreased binding of CMB105 in vivo (*P<0.001). n=6 per group.
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Figure 6. Plasmid DNA interactions with NMB, CMB and CMB105. (A) Red fluorescence represents plasmid DNA successfully bound to microbubbles; green
fluorescence represents anti-CD105 antibody successfully bound to CMB; and yellow fluorescence represents the superposition of red fluorescence and green
fluorescence. For NMB, almost no red fluorescence was observed; for CMB and CMB105, red fluorescence could be observed. (B) Quantitative assessment of DNA
binding to NMB, CMB and CMB105 (n=3 per group). The DNA loading capacity of CMB and CMB105 was significantly higher than for NMB, regardless of how many
plasmids were added to the microbubble solution (*P<0.0001). The difference in DNA loading capacity between CMB and CMBI105 was not significant. *P<0.01
compared with 10, 40, and 80 pg plasmid DNA, within-group comparisons; #P>0.05 compared with 80 ug plasmid DNA, within-group comparisons. (C) Binding with
DNA had a slight effect on the ability to target HUVECs for CMB (*P<0.05), whereas no effect was observed for CMB105 and NMB (#P>0.05), n=3 per group.

Quantitative assessment of the DNA loading
capacity of the different types of microbubbles re-
vealed significantly higher plasmid binding abilities
for CMB and CMB105 compared with NMB (Figure
6B, P<0.0001) at every dose. The differences in DNA
binding ability between CMB and CMB105 were not
significant, which confirmed our previous conclusion
that plasmid binding to CMB was not altered after
CMB was conjugated with the CD105 antibody. As
the amount of added plasmid increased, the amount
of plasmid bound to CMB and CMB105 also in-
creased. However, when 40 pg plasmid was added to
the microbubble solution, no further increases in the
amount of plasmids bound to CMB and CMB105 were
observed (P>0.05), indicating that the binding capac-
ity of the microbubbles had reached saturation.
Therefore, when 40 pg plasmid was added to the mi-
crobubble solution, the amount of plasmid bound to
microbubbles was regarded as the saturated DNA
loading capacity for 5x108 CMB and CMB105. The
saturated loading capacities for CMB and CMB105
were 18.21+1.22 pg and 16.76 =1.75 pg, respectively.

Binding with DNA exerted little effect on the
interaction between CMB and HUVECs (Figure 6C,
P<0.05) and no effects on NMB or CMB105 (Figure 6C,
P>0.05).

Evaluation of cell membrane permeability and
viability

The effect of UTMD on HUVEC membrane
permeability is illustrated in Figure 7A. PI and FDA
are a common combination in studies of mammalian
cell membrane permeability. FDA is a type of lipid
molecule without charge that does not express any
fluorescence itself but can be enzymatic hydrolyzed to
express green fluorescence after free diffusion into

cells, where it can be retained due to polarity. After
UTMD, the cell membrane permeability increased,
and thus, the FDA leaked to the extracellular region
and the intracellular fluorescence decreased. If the cell
membrane was reversibly open, part of the FDA
would remain in the intracellular region, and PI
would be allowed to enter into the cells and express
red fluorescence; thus, those cells would express yel-
low fluorescence (white arrow, Figure 7A, “3”) be-
cause of the combination of green and red fluores-
cence. If the cell membrane was irreversibly open, all
the FDA would overflow extracellularly, and only the
red fluorescence stained by PI could be detected,
representing dead cells (blue arrow, Figure 7A, “3”). If
permeability of the cell membrane did not change,
only FDA staining positive with a bright green fluo-
rescence would be observed (purple arrow, Figure 7A,
“3”). Because the experimental procedure was
somewhat long and complicated, the cell death rate
increased; thus, even in the control group, a few dead
cells were observed. Figure 7 shows that the ratio of
cells with reversibly open membrane permeability in
the CMB105 group (36.89+4.28%) and CMB group
(28.12+3.58%) was significantly higher than in the
NMB (6.1942.35%) and control groups (nearly 0);
these differences were significant (Figure 7B, P<0.01).
The effects of microbubbles and ultrasound on cell
viability were evaluated by an MTT assay (Figure 7C);
the cell viability measurements of the HUVECs in the
CMB and CMB105 groups were lower than the NMB
and control groups (P<0.01). Cell viability is affected
by many factors, such as the concentration of mi-
crobubbles, ultrasound power, and blast time; thus,
the use of correct parameters is very important in the
cell viability and transfer experiments.

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 4

410

CMB105
T

percentage of cells (%)
with membrane permeability opening

control NMB CMB CMB105

(@)

100- # Kk

cell viability (%)

CMB105

control NMB CMB

Figure 7. Evaluation of cell membrane permeability and viability. (A) Effect on HUVEC membrane permeability after blasting with NMB, CMB or CMB105. White
arrows represent cells with increased membrane permeability, purple arrows represent cells with no change in the permeability, and blue arrows represent dead
cells. (B) The percentage of cells with increased membrane permeability was highest after treatment using ultrasound with CMB105 (‘P<0.01 compared with control,
NMB and CMB). n=3 per group. (C) MTT analysis of cell viability. After ultrasound with CMB or CMB105, the cell viability decreased (*P<0.01 compared with control,
NMB and CMB groups, *P<0.01 compared with control, NMB and CMB105, #P>0.05 compared with control). n=3 per group.
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Figure 8. UTMD-mediated ES-GFP gene transfection in cell culture. (A) GFP expression in HUVECs observed using a laser confocal microscope 24 h
post-transfection (20 objective). (B) Typical flow cytometry images for quantitative analysis of transfection efficiency 24 h and 48 h post-transfection. The percentage
of GFP-positive cells was determined as the gene transfection efficiency. (C) Analysis of gene transfection efficiency. The transfection efficiency of CMB105 after 24
h was 24.7-fold higher compared with NMB and 1.47-fold higher compared with CMB (*P<0.01 compared with CMB, *P<0.001 compared with NMB). The difference

between 24 h and 48 h in each group was not significant (#P>0.05). n=3 per group.

Quantitative assessment of UTMD-mediated
gene transfection in cell culture

GFP expression was used to determine the effi-
ciency of UTMD-mediated transfer of ES-GFP plas-
mid to HUVECs. A laser confocal microscope was
used to observe the expression of GFP 24 h
post-transfection (Figure 8A). The CMB and CMB105

images show numerous cells expressing GFP. In con-
trast, the NMB image indicates that few cells were
expressing GFP, and nearly no GFP expression can be
observed in the control image (Figure 8A). Quantita-
tive analysis of ultrasound-mediated ES-GFP trans-
fection was undertaken through flow cytometry 24 h
and 48 h post-transfection, and the percentage of cells
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that expressed GFP was used to measure the trans-
fection efficiency (Figures 8B and 8C). The transfec-
tion efficiency of CMB105 (33.60+2.02%) 24 h
post-transfection was 24.7-fold higher than NMB
(1.36£0.13%) and 1.47-fold higher than CMB
(22.87+1.64%); these differences were significant
(P<0.05). The differences in the different types of mi-
crobubble transfection after 24 h and 48 h were not
significant (P>0.05).

Effect on cell cycle after gene transfection

To evaluate whether the transfection of ES-GFP
plasmid would exert a therapeutic effect, the cell cycle
was quantitatively analyzed through flow cytometry
because endostatin could inhibit the cell cycle of en-
dothelial cells in the G1 phase (Figure 9). The cell cycle
of HUVECs in the CMB105 group and CMB group
was clearly inhibited in the G1 phase 24 h and 48 h
post-transfection (Figure 9B). In addition, the per-
centage of cells that were inhibited in the G1 phase
increased with time; this phenomenon was also ob-
served in the control group due to the contact inhibi-
tion, especially 72 h post-transfection. However, even
at 72 h, the percentage of cells that were inhibited in
the G1 phase of the CMB105 group and CMB group
was higher than control and NMB groups (Figure 9B,
P<0.05). Cells in the S phase began to decrease in the
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CMB105 and CMB groups 24 h post-transfection,
whereas the number of cells in the S phase in the
control and NMB groups did not decrease; the trends
concerning the cell cycle change correspond to the
change in the G1 phase (Figure 9C).

qPCR: transcription of ES-GFP plasmid and
effect on VEGF or caspase-3

To evaluate the transcription of the ES-GFP gene
after being transfected into HUVECs in vitro, the rel-
ative ratio of ES RNA in the treated and control HU-
VECs was determined through qPCR 48 h
post-UTMD-mediated gene transfer (Figure 10). To
evaluate the effect of endostatin on VEGF and caspa-
se-3 expression, the relative ratio of VEGF and caspa-
se-3 RNA was also determined (Figure 10). After be-
ing transferred with the 3 different types of mi-
crobubbles, the transcription level of the ES gene was
highest for CMB105 (P<0.01 vs. CMB, NMB and con-
trol), followed by CMB (P<0.01 vs. CMB105, NMB and
control), and no difference between NMB and the
control was observed (P>0.05). With the increasing
level of ES RNA, the VEGF RNA level decreased,
whereas the caspase-3 RNA level increased (Figure
10), which may be due to the therapeutic effect in-
duced by endostatin.
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Figure 9. ES gene transfer induces cell cycle inhibition in the G1 phase. (A) DNA content flow cytometric profiles after transfection with ES gene by ultrasound with
NMB, CMB and CMB105. (B) Analysis of the cell cycle in the G1 phase. The cell cycle was clearly inhibited in the G1 phase in the CMB105 and CMB groups transfected
for 24 h. Comparisons between groups were performed simultaneously (*P<0.01 relative compared with control, #P>0.05 compared with CMB). n=3 per group. (C)
Analysis of the cell cycle in the S phase. The percentage of HUVECs in the S phase was significantly decreased in the CMB and CMB105 groups after transfection for

24 h (*P<0.01 compared with control). n=3 per group.
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Figure 10. gPCR analysis of the transcription of the ES-GFP plasmid and the effect on VEGF or caspase-3. The endostatin (A), VEGF (B) and caspase-3 (C) mRNA
levels were measured by qPCR 48 h after UTMD-mediated ES gene delivery. Endostatin mRNA and caspase-3 mRNA levels were significantly higher with CMB
delivery of the ES gene compared with NMB and the control group, and the highest levels were observed for CMB105 delivery. For VEGF mRNA, the levels were
significantly lower for CMB delivery of the ES gene compared with NMB and the control group, and the lowest levels were observed with CMB105 delivery (*P<0.01
and #P<0.05 compared with control, NMB and CMB105, *P<0.001 and #P<0.01 compared with control and NMB, n=6 per group).
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Figure 11. Western blot analyses for the expression of endostatin protein and the effect on VEGF or caspase-3. The endostatin (A), VEGF (B) and caspase-3 (C)
protein levels were measured by Western blotting 48 h after UTMD-mediated ES gene delivery. Endostatin protein and caspase-3 protein levels were significantly
higher with CMB delivery of the ES gene compared with the NMB and control, and the highest levels were observed with CMB105 delivery. VEGF protein levels were
significantly lower with CMB delivery of the ES gene compared with NMB and control, and the lowest levels were observed with CMB105 delivery (*P<0.05 compared
with the control, NMB and CMB105 groups, “P<0.001 compared with the control and NMB groups, n=6 per group).

Western blot: expression of endostatin and
effect on VEGF or caspase-3

To evaluate the delivery of the ES-GFP gene into
HUVECs in vitro, the total amount of endostatin pro-
tein in the treated and control HUVECs was deter-
mined through a Western blot 48 h after
UTMD-mediated gene transfer (Figure 11A). The en-
dostatin protein level after being transferred with
CMB105 was increased compared with CMB. The
differences in endostatin protein levels between
CMB105 and CMB were significant (P<0.05). Howev-
er, the differences in the endostatin protein level be-
tween the control group and the NMB group were not
significant (P>0.05). The results were consistent with
the results for the transfection efficiency obtained by
detecting the expression rate of GFP (Figure 8); both
results suggest successful ES-GFP gene transfer by
ultrasound with CMB105 and CMB.

To better evaluate the therapeutic effect after
ES-GFP gene transfer, the protein levels of VEGF and
caspase-3 were examined. With an increasing level of
endostatin protein, the VEGF protein level decreased,
whereas caspase-3 protein levels increased (Figure
11B, 11C), confirming the antiangiogenesis and
apoptosis effects of endostatin.

Analysis of the effect of microbubbles on in
vitro angiogenesis and tumor cell invasion

To evaluate the antiangiogenesis effect in vitro, a
vascular formation experiment was performed after
gene transfer by ultrasound with NMB, CMB or
CMB105; the results are presented in Figure 12A.
Vascular formation was clearly inhibited as observed
with a microscope when cells were treated with
CMB105 and CMB. In addition, the number of vascu-
lar tube cavities formed by HUVECs significantly
decreased compared with the control and NMB
groups (Figure 12B, P<0.01), indicating that en-
dostatin protein levels were significantly increased
with ultrasound-mediated ES-GFP gene transfer with
CMB105 and CMB and that the increased endostatin
protein levels could successfully inhibit angiogenesis
in vitro. The antiangiogenesis effect was greater for
CMB105 than for CMB (P<0.01). Therefore, ultra-
sound-mediated ES gene transfer with CMB105 is an
efficient method to inhibit angiogenesis.

With the inhibition of angiogenesis, the number
of invasive tumor cells decreased (Figures 12C and
12D). Many researchers have reported that endostatin
can inhibit tumor growth and metastasis (31). In our
report, our in vitro results are consistent with these
data, and the following in vivo experiments con-
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firmed the inhibitory therapy effect of the tumor
growth.

UTMD-mediated delivery of endostatin gene
inhibited the growth of tumors in vivo

UTMD-mediated endostatin gene delivery with
CMB105 significantly inhibited tumor growth 12 and
15 days after transfer (Figure 13). The inhibition rate
of the CMB105 group was higher than the CMB group
(Figure 13B, 13C and 13D). PCNA expression was
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/
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decreased both in the CMB and CMB105 groups, and
the positive index of PCNA in the CMB105 group was
lower than other groups (Figure 14A and 14B); the
expression of apoptosis-positive cells showed a sig-
nificant tumor apoptosis in the CMB and CMB105
groups after gene therapy, and the apoptosis index in
the CMB105 group was much higher than that of
other groups (Figure 14C and 14D).

z
£
[
o
8
B
s
2
£
-]
c

control NMB CMB CMB105
D
2™ _
8 ##
g o B 5
[7]

o

E 40 H
5 | B 1 B =
£ 204 f2 o v
B B
3 o =, et
c " " % ﬁ- o

control NMB CMB CMB105

Figure 12. Effect of ES gene transfer on in vitro angiogenesis and tumor cell invasion. (A) Images of vascular tube formation in vitro after ultrasound-mediated ES gene
transfer using NMB, CMB and CMB105 (10% objective). (B) Based on direct counting, the vascular formation was clearly inhibited in the CMB and CMB105 groups
(*P<0.01 compared with control and NMB), and the antiangiogenesis effect was improved with CMB105 compared with CMB (*P<0.01 compared with CMB). (C)
Images of invasive MDA-MB-231 cells after ultrasound-mediated ES gene transfer with NMB, CMB and CMB105 (20x objective). (D) The number of invasive tumor
cells decreased significantly in the CMB and CMBI105 groups (#¥P<0.01 compared with control and NMB, #P<0.01 compared with CMB, n=3 per group).

Figure 13. Tumor volume after
UTMD-mediated ES gene therapy. (A) a, b, c A NMB
illustrate the pictures of mice at 15 days after
transfer with NMB, CMB, and CMBI05,
respectively. Tumors in the right hind limbs
served as control, and tumors in the left hind
limbs were treated by ultrasound with NMB,
CMB, CMBI05, respectively; d shows the
image of tumors at 15 days after gene therapy
with different types of microbubbles. (B)
Tumor growth curves. (C) Obvious inhibition
of tumor growth was observed in the
CMBI05 and CMB groups at 12 and 15 days
after therapy. Differences between the CMB
and CMBI105 groups were more significant at
15 days than 12 days (*P<0.05, *P<0.01,
#P<0.001, n=6 per group). (D) The inhibition
rates at 15 days after transfer. Tumors
treated with UTMD by CMBI105 had a sig-
nificantly increased inhibition rate (*P<0.01,
#P<0.001, n=6 per group).
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(*P<0.01, *P<0.001, n=6 per group).

Discussion

In our previous studies on ultrasound-mediated
gene delivery (UMGD) with NMB (28, 29), the gene
transfection efficiency was modest, similar to the re-
ports of other researchers (32, 33). However, because
of its advantages of noninvasive, non-viral and tar-
geted transfection, UMGD has been continuously in-
vestigated since its development. The advantages of
non-viral transfection could make clinical therapy a
reality, except for its modest transfection efficiency.
Therefore, improving the transfection efficiency is
becoming the key point for future studies. According
to previous experiments concerning cationic lipo-
some-mediated gene transfection, CMB were devel-
oped to enhance the loading capacity of DNA. Most
CMB were prepared by incorporating different types
of cationic lipids, such as DSTAP, DOTAP, DOTMA,
DMTMP, DPTAP, DDAB or Stearic-PEI600 into the
lipid microbubble shell. Then, the loading capacity
was increased through charge-coupling, and the
transfection efficiency was also enhanced compared
with NMB (5, 7, 8, 34, 35, 36). This approach appears
to be effective in increasing the gene transfection effi-
ciency due to the increase of the local DNA concen-
tration. To further increase the local DNA concentra-

tion and transfection efficiency, targeted CMB were
developed and used here. Because microbubbles
cannot cross the gap between endothelial cells, endo-
thelial cells were selected as targets for in vitro and in
vivo gene delivery.

In contrast to other reports, we selected DC-Chol
to make the surface of the microbubbles positively
charged. This lipid is one of the most efficient and
commonly used cationic lipids and has been widely
used in gene transfection and drug delivery (37). In
our experiment, 0.5 mg of DC-Chol was added to
construct the CMB, and the mean zeta-potential was
26.44%+2.13 mV. The microbubbles were stable in sus-
pension for one month at 4°C. Upon increasing the
amount of DC-Chol, the zeta-potential of the CMB
increased, whereas the stability decreased. The
zeta-potentials of CMB reported by other researches
were different (5, 21, 38, 39); no previous study has
reported that the stability of microbubbles was af-
fected by the potential, even at potentials greater than
60 mV. We speculated that this result might be be-
cause DC-Chol is more rigid than DSTAP, which pre-
vious researchers used to construct CMB. Thus, de-
termining which lipid to use in making CMB requires
further research. Here, the plasmid loading capacity
of CMB was slightly higher than the value reported by
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Panje et al (21). However, we also reported that the
combination of plasmid reached saturation. In con-
trast to our results, Sun et al (8) reported no saturation
for the plasmid loading capacity, even when 80 pg
plasmid was added, and they did not report the
number of microbubbles used in their experiments.
The zeta-potentials reported by each researcher were
different, as well as the plasmid loading capacities
and transfection efficiencies. Thus, the relationships
between the zeta-potential, plasmid loading capacity
and transfection efficiency of CMB also require fur-
ther investigation.

One notable feature of our CMB is that it was
made of DSPE-PEG2000-Biotin rather than
DSPE-PEG2000 and had a biotinylated cationic shell.
We selected DSPE-PEG2000-Biotin instead of
DSPE-PEG2000 to construct CMB not only because
incorporating the biotin tag permitted molecular tar-
geting strategies but also because the concentration of
CMB was higher and stability was better. We hy-
pothesize that increased concentration and improved
stability could be attributed to the biotin component.
Other researchers have also observed this phenome-
non and reported that the potential of CMB decreased
from 6445 mV to 562 mV with the addition of
DSPE-PEG-biotin to the shell (38). This finding further
confirmed that the stability of CMB was related to the
potential. In our preliminary experiment, most HU-
VECs were dead after treatment with CMB at a
zeta-potential higher than 60 mV through ultrasound
destruction, indicating that a high potential may be
damaging to HUVECs and have a negative effect on
cell viability. Avidin is an exogenous protein and has
been regarded as a potential antigen to induce im-
munological reactions when used in vivo. The for-
mation of immune complexes in the basement mem-
brane of kidney is easy and limits the use of avidin in
human body. Avidin was still chosen in our experi-
ment due to the high specificity and stability of the
reaction between avidin and biotin to ensure the
connection between microbubbles and antibody; ad-
ditionally, we have extensive experience in con-
structing targeted microbubbles in this manner. If
CMB105 could be used in human body, the method to
connect CD105 antibody to CMB should be improved.

The combination of CMB with the CD105 anti-
body had no effect on the plasmid binding ability of
CMB (Figure 6A, 6B). Thus, we concluded that the
existence of the biotin tag and combination with the
CD105 antibody had little or no effect on plasmid
binding, which has also been confirmed by other re-
searchers (5, 38). Further, the targeting ability of
CMB105 to HUVECs was not affected by the combi-
nation of plasmids (Figure 6C). The mechanism of
targeting to HUVECs was different between CMB and

CMB105. We observed only a slight non-specific in-
teraction between NMB and HUVECs, whereas a
substantial amount of targeted CMB attached to
HUVEC:s; the difference between the NMB and CMB
groups was significant. This finding confirmed that
CMB could target to HUVECs through electrostatic
interaction and biotinylation, as has been observed by
others (5). The primary mechanism of CMB105 tar-
geting to HUVECs was the reaction between the an-
tigen and antibody; the number of attached CMB105
was 1.35-fold higher than for CMB. The mechanism of
CMBI105 targeting to HUVECs may still include elec-
trostatic interaction; however, we believe that the re-
action between the antigen and antibody is the main
mechanism and real target reaction, which was fur-
ther confirmed in our next experiment. By analyzing
whether DNA binding would affect CMB interaction
with HUVECs, we observed that the number of CMB
targeted to HUVECs decreased slightly (P<0.05);
however, the difference was not as large as other re-
searchers have reported (5), potentially because the
potential of our CMB was higher compared with pre-
vious studies. Thus, even if some change in potential
occurred after plasmid binding, the effect of targeting
to cells was smaller than previous studies. One im-
portant result was that the number of CMB targeted to
HUVECs appeared to remain unchanged (P>0.05),
further confirming our previous conclusion that the
primary mechanism of CMB105 targeting to HUVECs
was the reaction between the antigen and antibody.
In the cell viability test, we observed that the
HUVECs viability decreased after adding CMB and
CMB105; cell viability after treatment with CMB105
was lower than for CMB, confirming that increasing
the number of target-attached microbubbles can de-
crease the cell viability, as has been reported previ-
ously (5, 34, 40). Cell membrane permeability and
transfection efficiency increased with decreasing cell
viability. The cell membrane permeability and trans-
fection efficiency reported here were different from
the results reported previously because the transfec-
tion method was different. To better investigate the
advantages of targeted and CMB in UMGD and better
use their targeting ability and plasmid loading capac-
ity, the inverted and upright cell experimental upset
(Figure 2) was used for the transfer experiment. This
method ensures that the microbubbles used in the
transfer process were attached to HUVECs and that
the plasmid was loaded by those microbubbles. We
regarded this method as the best to utilize the target-
ing ability and plasmid loading capacity of our mi-
crobubbles. A limitation of this experiment was that a
parallel flow chamber was not used because such a
device was not available. Most have used the inverted
method for the upward floating characteristic of mi-
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crobubbles and did not wash out any microbubbles
that did not target and attach to HUVECs. Thus, the
advantage of CMB or targeted microbubbles could
not be accurately assessed. Therefore, in our report,
the transfection efficiency with NMB was lower than
the value previously reported by us and other re-
searchers (5, 8, 21).

Through analyzing the therapy effect in vitro,
these data confirmed that the treatment effect was
remarkable with both CMB and CMB105. Although
the therapy effect with CMB105 was better than with
CMB, the biological effect was not ideal. Therefore,
because using CMB induced an obvious therapeutic
effect, the reason for using CMB105 was unclear.
Although the therapeutic effect with CMB105 was
better than the effect using CMB in vitro, the ad-
vantage of CMB105 when used in vivo is more im-
portant. Although CMB could target HUVECs in vitro
through electrostatic interaction, this advantage dis-
appeared in vivo, and because of the increased phag-
ocytosis by reticuloendothelial system, the CMB
would be quickly metabolized, as confirmed in the
ultrasound imaging (Supplementary Material: Figure
S2). The above two limitations of CMB went against
UMGD in vivo. Because CMB was unable to target
aggregate in the therapy areas, the advantage of using
CMBI105 in vivo was much better than in vitro. The
inhibition rate with CMB105 was nearly double that
with CMB, and an obvious inhibition of tumor growth
was observed (Figure 14). The differences in the
therapy effect between CMB and CMB105 in vivo
were more significant than that in vitro. Except for the
enhanced transfection efficiency, the outstanding
antiangiogenesis effect of endostatin was also at-
tributed to the excellent treatment effect. After treat-
ment with CMB and CMB105 loaded with ES-GFP
plasmid, the expression of VEGF decreased with in-
creasing endostatin expression, and the formation of
blood vessels in vitro also decreased. Endostatin has
been shown to inhibit the proliferation and angio-
genesis of endothelial cells through multiple path-
ways, not only through the VEGF pathway but also by
down regulation of the expression of anti-apoptotic
protein (41, 42, 43). The effect of endostatin appears to
be better than that observed with VEGF antibodies.
Therefore, endostatin gene therapy using UMGD may
offer an efficient method for antiangiogenesis therapy
because it could overcome the defect of endostatin
instability. Many drugs are used to treat tumors, and
angiogenesis inhibitors are commonly used as adju-
vant chemotherapy. If this method is inefficient, other
drugs should be considered, such as multispecific
tyrosine-kinase inhibitors, etc.

Targeted transfection was possible through ul-
trasound molecular imaging using CMB105, and

evaluating CD105 expression levels, determining
whether the tumor was benign or malignant, and as-
sessing the therapeutic effect or prognosis was possi-
ble because the expression of CD105 has been re-
ported to be correlated with poor prognosis and ele-
vated levels of soluble CD105 in the plasma have been
linked to metastasis (44, 45). This agent appears to be
a multifunctional contrast agent, and we next plan to
confirm its multifunctional abilities.

Conclusions

In conclusion, a targeted cationic microbubble
(CMB105) was successfully constructed. Changes in
the plasmid loading capacity and targeting to endo-
thelial cells and ultrasound-mediated gene transfer
with NMB, CMB, and CMB105 were carefully com-
pared both in vitro and in vivo. The plasmid loading
capacity increased significantly with both CMB and
CMB105; the addition of CD105 antibody to the CMB
did not significantly affect plasmid loading capacity.
CMBI105 exhibited excellent ability for targeting en-
dothelial cells both in vitro and in vivo and were not
affected after loading the plasmid because the main
mechanism was the reaction between the antigen and
antibody. In contrast, for CMB, the mechanism in-
volved electrostatic interaction in vitro. Thus, CMB
may not target endothelial cells in vivo. Cell mem-
brane permeability and transfection efficiency in-
creased with increasing quantities of microbubbles
targeting HUVECs, whereas cell viability decreased.
With increasing transfection efficiency, the expression
of endostatin and caspase-3 increased after treatment
with CMB and CMB105. In contrast, VEGF was de-
creased, and the cell cycle was inhibited in the Gl
phase. The therapeutic effect of CMB105 was better
than CMB; angiogenesis and tumor cell invasion were
inhibited successfully in vitro, and apoptosis and tu-
mor growth inhibition were observed in vivo. Overall,
these data demonstrated the excellent advantages
associated with using targeted CMB to enhance ul-
trasound-mediated gene transfer in vitro and in vivo.
The transfer method selected for our in vitro experi-
ment could better evaluate this advantage. When
targeted cationic microbubbles (CMB105) were used
in vivo, better therapeutic effect was achieved com-
pared with CMB. We suggest that CMB105 is a very
useful multifunctional ultrasound contrast agent.

Supplementary Material

Fig.S1 - Fig.S3.
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