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Abstract. The present study aimed to construct targeted 
cationic microbubbles (TCMBs) by synthesizing cationic 
microbubbles conjugated to an intercellular adhesion 
molecule‑1 (ICAM‑1) antibody, and then to use the TCMBs 

to deliver the angiopoietin‑1 (Ang‑1) gene into infarcted heart 
tissue using ultrasound‑mediated microbubble destruction. It 
was hypothesized that the TCMBs would accumulate in higher 
numbers than non‑targeted cationic microbubbles (CMBs) in 
the infarcted heart, and would therefore increase the efficiency 
of targeted Ang‑1 gene transfection and promote angiogenesis. 
The results of the study demonstrated that the ability of TCMBs 

to target inflammatory endothelial cells was 18.4‑fold higher 
than that of the CMBs in vitro. The accumulation of TCMBs 
was greater than that of CMBs in TNF‑α‑stimulated human 
umbilical cord veins, indicated by a 212% higher acoustic 
intensity. In vivo, the TCMBs specifically accumulated in the 
myocardial infarct area in a rabbit model. Three days after 
ultrasound microbubble‑mediated gene transfection, Ang‑1 
protein expression in the TCMB group was 2.7‑fold higher 
than that of the CMB group. Angiogenesis, the thickness of the 
infarct region and the heart function of the TCMB group were 
all significantly improved compared with those in the CMB 
and control groups at 4 weeks following gene transfection (all 
P<0.01). Therefore, the results of the current study demonstrate 
that ultrasound‑mediated TCMB destruction effectively deliv-
ered the Ang‑1 gene to the infarcted myocardium, resulting 
in improved cardiac morphology and function in the animal 
model. Ultrasound‑mediated TCMB destruction is a prom-
ising strategy for improving gene therapy in the future.

Introduction

Clinical therapeutic revascularization techniques have 
improved considerably in recent years; however, treatment 
of extensive myocardial infarction and refractory myocardial 
ischemia remains relatively difficult due to poor long‑term 
outcomes (1). It has been demonstrated in a number of experi-
mental and pre‑clinical studies that gene‑based therapeutic 
angiogenesis is feasible (2,3). However, the low efficiency of 
gene delivery to the target tissue limits the potential of this 
type of therapy (4,5).

Ultrasound‑targeted microbubble destruction (UTMD) has 
garnered increased attention as a potential method for gene 
delivery in recent years. In an ultrasound field, microbubbles 
undergo either stable cavitation or inertial cavitation, which 
results in oscillatory shear, high‑pressure microstream and 
physical stretching of endothelial cells. These bioeffects can 
cause sonoporation on the surface membranes of cells, increase 
blood vessel wall permeability and facilitate gene uptake (6‑8). 
Studies investigating the UTMD‑mediated delivery of angio-
genesis genes to treat ischemic heart disease have attracted 
considerable attention  (9‑11). However, this novel gene 
transfection technique requires further development prior to 
its application as a clinical treatment (12,13). Gene concen-
tration at the site of sonoporation may cause unsatisfactory 
therapeutic effects. Although focused ultrasound destruction 
of microbubbles can, to a certain extent, provide targeted gene 
release, microbubbles that lack a tissue‑specific ligand linkage 
will distribute throughout the body via the blood circulation. 
Consequently, the amount of the therapeutic gene reaching the 
target tissue is limited, resulting in poor gene uptake (12,13). 
One possible method of increasing the therapeutic potential of 
UTMD is to specifically target microbubbles to the tissue of 
interest by conjugating receptor ligands or antibodies to their 
surface (14).

Intercellular adhesion molecule‑1 (ICAM‑1), which is 
expressed by inflammatory endothelial cells, participates in 
leukocyte rolling and adhesion (15). Overexpression of ICAM‑1 
is considered to be a marker of endothelial cell dysfunction or 
injury and has been observed in a number of related diseases, 
including thrombosis and myocardial infarction (15,16). The 
present study attempted to conjugate an ICAM‑1 antibody to 
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cationic microbubbles to facilitate attachment to the injured 
vasculature, as well as boosting the regional microbubble 
population around the injured vascular endothelial cells in 
the infarcted myocardium. It was hypothesized that the use of 
an ICAM‑1 antibody would allow greater numbers of micro-
bubbles to accumulate in the injured vascular endothelial 
tissue and promote gene transfer through the endothelial gap, 
resulting in increased gene uptake and more efficient intrave-
nous gene transfection.

Angiopoietin 1 (Ang‑1) serves an important role in 
angiogenesis and its effects following myocardial infarc-
tion last longer than those of vascular endothelial growth 
factor (17,18). In addition, Ang‑1 may reduce the vascular 
permeability caused by endothelial growth factors, promote 
vessel maturation and ultimately improve myocardial perfu-
sion  (19,20). Therefore, in the present study, Ang‑1 was 
selected as the therapeutic gene to be tested in a model of 
myocardial infarction and targeted cationic microbubbles 
(TCMBs) loaded with an ICAM‑1 monoclonal antibody were 
used as the carriers of the Ang‑1 gene. It was hypothesized 
that TCMBs would enhance gene delivery to the ischemic 
area, thus increasing therapeutic angiogenesis and improving 
infarcted heart function.

Materials and methods

Preparation of the TCMBs. The cationic micro-
bubbles were composed of a perf luoropropane gas 
core encapsulated by 1,2‑distearoyl‑sn‑glycero‑3‑phos-
phocholine (DSPC; Sigma‑Aldrich; Merck Millipore, 
Darmstadt, Germany), 1,2‑distearoyl‑sn‑glycero‑3‑phospho-
ethanolamine‑N‑[maleimide (polyethylene glycol)‑2000] 
(DSPE‑PEG2000; Avanti Polar Lipids, Alabaster, AL, USA), 
1,2‑dipalmitoyl‑sn‑glycero‑3‑phosphate (DPPA; Sanofi 
Genzyme, Barr, Switzerland) and 3β‑[N‑(N',N'‑dimethylam
inoethane)‑carbamoyl] cholesterol hydrochloride (DC‑Chol; 
Avanti Polar Lipids) [molar ratio (39:1:40:20%)]. DC‑Chol 
provided a positively charged surface for the cationic micro-
bubbles. For the biotinylated microbubbles, DSPE‑PEG2000 
biotin (Avanti Polar Lipids, Inc.) was added, enabling conjuga-
tion of the targeting ligands using biotin‑streptavidin binding 
chemistry. Following the generation of the biotinylated micro-
bubbles, streptavidin (30 µg/108 microbubbles; Sigma‑Aldrich; 
Merck Millipore) was added for 30 min at 4˚C, as previously 
described (21). The biotinylated monoclonal ICAM‑1 antibody 
(bs‑4617R; 1:100; Beijing Biosynthesis Biotechnology Co., 
Ltd., Beijing, China) was mixed with the cationic microbubbles 
in a 1:100 volume ratio for 30 min at 4˚C. Static flotation was 
used to remove the unbound antibody from the microbubbles 
by washing three times with phosphate‑buffered saline (PBS).

To confirm the conjugation of the ICAM‑1 antibody to 
the cationic microbubbles, 100 µl fluorescein isothiocyanate 
(FITC)‑labeled mouse anti‑human immunoglobulin (Ig) G 
(ab49867; 1:100; Abcam, Cambridge, MA, USA) was added to 
200 µl microbubbles and mixed for 30 min at 4˚C. The mixture 
was separated by low‑speed centrifugation at 4˚C (400 x g 
for 5 min) and the upper layer was washed three times with 
PBS to remove the free FITC‑conjugated IgG. The successful 
construction of TCMBs was confirmed by the presence of 
bright green fluorescence at the fringe of the microbubble 

surface, as shown using fluorescence microscopy (Olympus 
Corporation, Tokyo, Japan).

To analyze the characteristics of the TCMBs, non‑targeted 
cationic microbubbles (CMBs) were used as a control. 
The morphology of the microbubbles was examined using 
bright‑field and fluorescence microscopy (Olympus Corpora-
tion), the mean diameter of the microbubbles was determined 
by electrozone sensing (Multisizer™ version 3; Beckman 
Coulter, Inc., Brea, CA, USA) following the manufacturer's 
protocol and the zeta potential of the microbubbles was 
measured using a Zetasizer Nano S instrument (Malvern 
Instruments, Worcestershire, UK) according to the manufac-
turer's operating manual.

Conjugation of the DNA to the microbubbles. The Ang‑1 gene 
plasmid was constructed by ligating the Ang‑1 gene into the 
pcDNA3.1 vector with a cytomegalovirus promoter to induce 
Ang‑1 expression. A total of 20 µg Ang‑1 plasmid was mixed 
with 200 µl (~1x108) TCMB or CMB in 1 ml PBS. The mixture 
was incubated for 15 min at room temperature and then centri-
fuged at 37˚C and 400 x g for 5 min to form two phases. The 
upper layer contained the microbubble‑bound plasmid and 
the lower, clear layer contained the unbound plasmid. The 
subnatant was collected and its plasmid content was analyzed 
using UV spectrophotometry at 260 nm and was compared 
with a standard. The standard curve was created in house 
using UV spectrophotometry at 260 nm to detect the Ang‑1 
gene plasmid with a series of different concentration (0.01, 
0.05, 0.1, 0.5, 1.0, 5.0, 10.0 and 20.0 µg/ml). The gene‑carrying 
efficiency of the microbubbles was defined as follows: (Total 
quantity of plasmid‑quantity of plasmid in the subnatant)/total 
quantity of plasmid.

Targeting ability of TCMBs for inflammatory endothelial cells 
in vitro. Human umbilical vein endothelial cells (HUVECs) 
were extracted from the endothelium of human umbilical 
cord veins. The umbilical cords were acquired from the 
delivery room at Renmin Hospital (Wuhan, China) and the 
experimental process was approved by the Ethics Committee 
of Renmin Hospital. Briefly, the umbilical vein was filled 
with 20 ml of 0.1% collagenase (Type II; cat. no. 17101015; 
Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) dissolved in PBS and incubated for 15 min at 37˚C. The 
collagenase solution was drained from the cord and collected. 
The cells in this solution were recovered via centrifugation at 
37˚C and 112 x g for 5 min and transferred to culture dishes. 
HUVECs were subsequently in endothelial cell medium 
(ECM) containing 10% fetal bovine serum and 1% endothelial 
cell growth supplement (ScienCell Research Laboratories, 
Inc., Carlsbad, CA, USA). The cells were maintained for 24 h 
in 10‑cm culture dishes at 37˚C in an atmosphere containing 
5% CO2. The HUVECs were subsequently treated with human 
recombinant tumor necrosis factor‑α (TNF‑α; R&D systems, 
Inc., Minneapolis, MN, USA) to generate a model of inflamma-
tory endothelial cells. A total of 2x106 HUVECs were cultured 
in ECM supplemented with various doses of TNF‑α (0, 10, 20 
and 50 ng/ml) at 37˚C in an atmosphere containing 5% CO2 
for 4 h. Western blotting was then used to detect the expression 
of ICAM‑1. The adherent cells were lysed in 1 ml of ice‑cold 
tissue lysis buffer (1X Tris‑buffered saline, 1.5% Triton X‑100, 
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0.5% deoxycholic acid, 0.1% SDS, protease inhibitor cocktail 
and 1 mM phenylmethanesulfonyl fluoride; all Sigma Aldrich; 
Merck Millipore) and centrifuged (12,000 x g, 20 min, 4˚C), 
following which the supernatants were collected. The protein 
concentration was determined using a bicinchoninic acid 
protein assay kit (P0010; Beyotime Institute of Biotechnology, 
Haimen, China). Protein samples (30 µg/lane) were separated 
by 10% SDS‑PAGE, transferred onto polyvinylidene fluoride 
membranes and blocked with 5% nonfat dry milk for 1 h at 
room temperature. Membranes were subsequently incubated 
with rabbit anti‑human ICAM‑1 primary antibody (1:200; 
bs‑4617R; Beijing Biosynthesis Biotechnology Co., Ltd.) 
at 4˚C overnight before being incubated with horseradish 
peroxidase‑coupled secondary antibody (goat anti‑rabbit IgG; 
1:5,000; ab6721; Abcam) for 1 h at room temperature. The 
membranes were washed with 20 ml TBST for 5 min 3 times 
and exposed to X‑rays to detect the expression bands. Image J 
software (version 1.4; National Institutes of Health, Bethesda, 
MA, USA) was used to quantify the bands.

The HUVECs were cultured in an inverted parallel‑flow 
chamber filled with extracellular matrix (Collagen I from rat 
tail tendons; C3867; Sigma‑Aldrich; Merck Millipore) for 
microbubble attachment. When the HUVECs reached 70% 
confluence (~2x106), they were activated with 50 ng/ml TNF‑α 
at 37˚C in an atmosphere containing 5% CO2 for 4 h. Resting 
(unactivated) HUVECs served as a control. The TCMBs or 
CMBs were passed across the HUVECs at a flow rate of 
2 dynes/cm2, as previously reported (19). The microbubbles 
that adhered to the HUVECs in the presence or absence of 
TNF‑α stimulation were observed and counted.

Targeting ability of TCMBs to the human umbilical cord vein 
ex vivo. To test the targeting ability of the TCMBs in blood 
vessels, the human umbilical cord vein was used to mimic a 
blood vessel. Segments of the human umbilical cord vein were 
washed with a heparinized solution (20 UI/ml) and filled with 
ECM containing 50 ng/ml TNF‑α for 6 h at 37˚C to induce 
an inflammatory condition. Then, 2x108 TCMB or CMB were 
diluted in normal saline to a total volume of 10 ml. The diluted 
microbubble solutions were then passed through the umbilical 
vein using an automatic infusion pump at 2  ml/min. A 
10‑MHz vascular ultrasound probe (Philips Medical Systems, 
Inc., Bothell, WA, USA) was used to detect the adhesion of the 
microbubbles to the umbilical vein following stimulation with 
or without TNF‑α. A video was taken, stored and analyzed 
using Qlab 6.0 software (Philips Medical Systems, Inc.).

Acute myocardial infarction (AMI) model. A total of 90 
healthy New Zealand white rabbits (male; 4  months old; 
weight, 2.5±0.2 kg) were provided by the Wuhan Institute of 
Biological Products, Co., Ltd. (Wuhan, China). Rabbits were 
housed at 20˚C and 60% humidity with a 12 h light‑dark cycle 
and free to access food and water.

Rabbits were anesthetized by ear vein injection of 30 mg/kg 
pentobarbital sodium (P3761; Sigma‑Aldrich; Merck Milli-
pore) and connected to an electrocardiogram (ECG). The 
heart was exposed, a left thoracotomy was performed and  
the left circumflex coronary artery was ligated 5 mm below 
the left atrial appendage using a 6‑0 polypropylene suture. The 
ends of the ligature were passed through a short PE 10 tube to 

form a snare. Following ligation, contraction of the regional 
myocardium was decreased and the infarcted area turned pale. 
AMI was confirmed as an ST‑segment elevation >2 mm on 
the ECG. Reperfusion was induced by releasing the snare 2 h 
after AMI and was verified by a >50% drop of the ST‑segment 
≥15 min.

All animal experiments described in this section 
conformed to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(NIH Publication No. 85‑23, revised 1996). Approval from 
the Institutional Animal Care and Use Committee of Wuhan 
University Health Science Center was also obtained prior to 
performing experiments.

Imaging targeted TCMBs in the infarcted heart. To test the 
accumulation of TCMBs in infarcted heart, myocardial contrast 
echocardiography was performed as previously reported (22). 
Briefly, 10 rabbits with similar lengths of infarcted myocar-
dium (1.0‑1.5 cm) were randomly selected and 1 ml of either 
TCMBs (n=5) or CMBs (n=5) was slowly injected for 5 min 
through the ear vein 2 days after AMI and reperfusion. The 
slow injection allowed for interaction between the micro-
bubbles and the ICAM‑1 expressed in infarcted myocardium. 
An S5‑1 cardiac ultrasound probe (Philips Medical Systems, 
Inc.) was used to observe the filling of microbubbles into the 
myocardium. Ultrasound contrast images were acquired 3 min 
after the microbubbles were completely infused. The intensity 
of the signals originating from the retained microbubbles in 
the left ventricular anterior wall (infarct area) and the inferior 
wall (non‑infarct area) was measured. The ratio of the inten-
sity of the signals (anterior wall:inferior wall) was calculated 
to evaluate the adhering ability of the microbubbles to the 
infarcted myocardium. These rabbits were used in further 
experiments.

Experimental grouping. To ensure that infarcted areas in 
the experimental animals were all similar, rabbits with 
an infarcted myocardium length of >1.5 or <1.0  cm were 
excluded from this study. The remaining 65 rabbits with AMI 
and reperfusion were randomly divided into three groups and 
used for gene transfection. The targeted cationic microbubble 
group (TCMB group; n=25) received an intravenous injection 
of TCMBs and the Ang‑1 plasmid suspension with ultrasound 
exposure. The non‑targeted cationic microbubble group (CMB 
group; n=25) received an intravenous injection of CMBs and 
the Ang‑1 plasmid suspension with ultrasound exposure. The 
control group (n=15) received an intravenous injection of the 
Ang‑1 plasmid alone.

Gene transfection by ultrasound‑mediated microbubble 
destruction. Ultrasound‑targeted microbubble destruc-
tion‑mediated gene transfection was performed 2 days after 
AMI. The concentrations of the TCMB and CMB suspensions 
were adjusted to ~2x108 microbubbles/ml. A total of 1 ml 
microbubble suspension was mixed with 1 ml Ang‑1 plasmid 
(1 mg/ml) and the mixture was incubated at room temperature 
for 15 min to ensure sufficient contact between the plasmid 
and the microbubbles. Rabbits were then injected with 2 ml 
plasmid‑microbubble solution via the ear vein and ultrasound 
irradiation was performed for gene transfection.
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The iE33 ultrasound diagnostic system with an M3S 
transducer (Philips Medical Systems, Inc.) was used for ultra-
sound exposure. The ‘contrast’ procedure was selected and 
the second harmonic mode, with a frame rate of 80 Hz, was 
switched on. The probe emission frequency and the receiving 
frequency were 1.7 and 3.4 MHz, respectively. An ECG trigger 
was performed every 4‑8 cardiac cycles and the depth was set 
at 5 cm. Once the microbubble infusion began, the ultrasound 
beam was continuously aimed from the chest wall towards 
the heart of the rabbit. The ultrasound blasting function was 
activated to disrupt the microbubbles when the myocardial 
filling of the contrast agent reached a plateau (~30 sec after 
vein injection), allowing for adhesion of the microbubbles. 
The ultrasound exposure (mechanical index 1.3 and 100% 
overall gain) lasted for 5 min. One flash per six cardiac cycles 
was used to disrupt the microbubbles and a pulsing interval 
allowed replenishment and adhesion of the microbubbles 
before the next flash, as previously reported (22).

Myocardial Ang‑1 expression. Rabbits were sacrificed by 
intravenous injection of 30 ml air following anesthesia with 
30 mg/kg pentobarbital sodium. A total of 5  rabbits were 
randomly selected from each group and the hearts were 
harvested 3 days following transfection. The myocardial tissue 
from the infarct and border region was cut into small blocks of 
equal size (0.5x0.5x0.5 cm) and snap‑frozen for the analysis of 
Ang‑1 expression.

Semi‑quantitative reverse transcription‑polymerase chain 
reaction (RT‑PCR) was used to detect myocardial Ang‑1 
mRNA expression in all of the groups. The primers for Ang‑1 
were as follows: Forward, 5'‑TGC​CAT​TAC​CAG​TCA​GAGG‑3' 
and reverse, 5'‑CAA​GCA​TCA​AAC​CAC​CATC‑3'; the primers 
for rabbit β‑actin were as follows: Forward, 5'‑GTG​CTT​CTA​
GGC​GGA​CTG​TTA​GA‑3' and reverse, 5'‑CAC​GAA​TAA​
AGC​CAT​GCC​AAT‑3'. Total RNA was extracted from 100 mg 
myocardium using TRIzol reagent according to the manu-
facturer's protocol (15596‑026; Invitrogen; Thermo Fisher 
Scientific, Inc.). The samples were then treated with DNase 
I (18068‑015; Invitrogen; Thermo Fisher Scientific, Inc.) for 
15 min at room temperature, and the RNA was further puri-
fied using an RNA cleanup kit (74204; Qiagen, Inc., Valencia, 
CA, USA). cDNA was synthesized using SuperScript III 
First‑Strand Synthesis System RT‑PCR kit (18080‑051; 
Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. PCR was performed with a final 
reaction volume of 50 µl containing PCR amplification buffer 
(1X), Taq DNA polymerase (2.5 U), dNTPs (4 mM), primers 
(0.4 µM) and template DNA (4 ng). Cycling conditions were 
as follows: 94˚C for 2 min, followed by 30 cycles of 94˚C for 
30 sec, 55˚C for 30 sec, 72˚C for 1 min, and a final extension 
step at 72˚C for 5 min. PCR products were electrophoresed 
on a 1% agarose gel and stained with ethidium bromide. The 
relative expression of Ang‑1 mRNA was normalized to that 
of β‑actin using a gel imaging analysis system (Geliance 200; 
PerkinElmer, Inc., Waltham, MA, USA).

Western blot analysis was performed as described above 
to determine the Ang‑1 protein expression in the myocar-
dium from the infarcted and border regions, and the relative 
expression of the Ang‑1 protein was normalized to that of 
β‑actin. The primary antibody used was rat anti‑rabbit Ang‑1 

polyclonal antibody (1:200; bs‑0800R; Beijing Biosynthesis 
Biotechnology Co., Ltd.) and the secondary antibody was 
horseradish peroxidase‑coupled goat anti‑rat IgG (1:2,000; 
ab97057; Abcam).

Cardiac function. A standard echocardiography examina-
tion was performed in all groups the day before AMI, 2 days 
after AMI and 4 weeks following gene transfection. The left 
ventricular morphology and motion were observed and the 
left ventricular end‑diastolic and end‑systolic dimensions 
(LVEDD and LVESD, respectively), left ventricular ejection 
fraction (LVEF) and left ventricular fractional shortening 
(LVFS) were measured to assess changes in left ventricular 
function.

Myocardial perfusion. Myocardial contrast echocardiography 
(MCE) was performed 4 weeks after gene transfection. A total 
of 1 ml SonoVue® microbubble solution (Bracco SpA, Milan, 
Italy) was injected via the ear vein and the short‑axis view at 
the papillary muscle level was obtained to assess myocardial 
perfusion. All acquired images were transferred to the work-
station for a frame‑by‑frame, off‑line analysis. The myocardial 
blood volume was analyzed by calculating the ratio of the 
intensity of the contrast agent in the left ventricular anterior 
wall (infarct area) to that in the inferior wall (non‑infarct area) 
in the digital images. The MCE images were analyzed using 
Qlab 6.0 software.

Angiogenesis. Myocardium from the infarct and border regions 
was obtained 4 weeks after gene transfection and immuno-
histochemical staining for von Willebrand Factor (vWF) was 
performed. Sections of rabbit myocardium from the infarcted 
and border regions were fixed with 4% paraformaldehyde at 
room temperature for 24 h and embedded in paraffin. The 
sections were incubated in a citrate buffer (0.01 M; pH 6.0; 
P0081; Beyotime Institute of Biotechnology) at 100˚C for 
15 min for antigen retrieval. The sections were then blocked 
in blocking buffer (5% normal goat serum; C0265; Beyotime 
Institute of Biotechnology) at 37˚C for 20  min and incu-
bated with a rabbit anti‑vWF antibody (1:200; bs‑10048R, 
Beijing Biosynthesis Biotechnology Co., Ltd.) overnight 
at 4˚C. Sections were subsequently incubated with biotin 
conjugated secondary antibody (goat anti‑rabbit IgG; 1:200; 
bs‑0295G‑Bio, Beijing Biosynthesis Biotechnology Co., Ltd.) 
for 40 min and treated with streptavidin peroxidase for 10 min 
at 37˚C Finally, specimens were incubated in DAB for 5 mins at 
37˚C. The microvascular density (MVD) was then determined 
using optical microscopy (x200) according to the Weidner 
criteria (23). A pathologist was employed to average the five 
visual fields with the most capillaries in single‑blind manner.

Histomorphometry. At 4  weeks after transfection, rabbit 
hearts were harvested, fixed at 37˚C overnight with 10% 
paraformaldehyde and sectioned. The sections (thickness, 
5 µm) were stained with Masson's trichrome stain to assess the 
morphology of the heart, infarct size and collagen deposition 
in the myocardium.

Statistical analysis. Data are expressed as the mean ± standard 
deviation and were analyzed using GraphPad Prism 5 software 
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(GraphPad Software, Inc., La Jolla, CA, USA). Differences 
between groups prior to and following gene transfection were 
analyzed using paired t‑tests. Comparisons among multiple 
groups were made using a one‑way analysis of variance with 
Student Newman Keuls‑q post hoc analysis. All statistical 
analyses were two‑sided and P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Characterization of TCMBs and DNA conjugation. A sche-
matic of a TCMB is presented in Fig. 1A. The microbubbles 
were observed to be smooth and spherical. Fig. 1B shows the 
microscopic morphology of the CMBs and TCMBs under 
bright‑field and fluorescence microscopy, respectively. Bright 
green fluorescence was present at the periphery of each 
microbubble, which indicated that the ICAM‑1 antibodies 
were successfully bound to the surface of the microbubbles. 
The average diameters of the TCMBs and CMBs were 3.1 and 

2.9 µm, respectively and there were no significant differences 
between groups (P>0.05). The zeta potentials of the TCMBs 
and CMBs were +22.0±2.4 and +31.3±3.9 mV (P<0.01). This 
difference most likely resulted from the conjugation of the 
positively charged ICAM‑1 antibodies on the surface of the 
TCMBs. UV spectrophotometric analysis indicated that the 
DNA‑binding capacity of the TCMBs was mildly reduced 
compared with that of the CMBs (3.3±0.7 and 4.0±0.9 µg 
108/microbubble; P<0.05).

Targeting ability of TCMBs to inflammatory endothelial cells 
in vitro. The expression of ICAM‑1 in inflammatory endothe-
lial cells was analyzed using western blotting. The expression 
of ICAM‑1 in HUVECs was upregulated in a dose‑dependent 
manner following TNF‑α stimulation (Fig. 2A).

Figure 1. (A) Schematic illustration of a TCMB. An ICAM‑1 antibody was 
conjugated to the microbubbles using biotin‑streptavidin bridging chemistry. 
(B) CMBs and TCMBs under light and fluorescence microscopy (scale bar, 
15 µm). The green fluorescent ring around the microbubble surface indicates 
the combination of the fluorescein isothiocyanate‑labeled immunoglob-
ulin G and the ICAM‑1 antibody on the surface of a cationic microbubble. 
ICAM‑1, intercellular adhesion molecule‑1; TCMB, targeted cationic 
microbubble; CMB, non‑targeted cationic microbubbles; DSPE‑PEG2000, 
1,2‑distearoyl‑sn‑glycero‑3‑phosphoethanolamine‑N‑[maleimide (polyeth-
ylene glycol)‑2000].

Figure 2. Microbubbles targeted to HUVECs in vitro. (A) ICAM‑1 protein 
expression in HUVECs activated by various doses of TNF‑α (0, 10, 20 and 
50 ng/ml). (B) Representative images of CMBs and TCMB0s attached to 
resting and TNF‑α‑activated HUVECs. The inset shows a high‑magni-
fication view of a microbubble attached to a HUVEC. Magnification, 
x400; scale bar, 150 µm. (C) Number of TCMBs adhered to HUVECs was 
18.4‑fold greater than that of CMBs following TNF‑α stimulation (85±14 vs. 
8±3 microbubbles per microscopic field). HUVECs, human umbilical vein 
endothelial cells; TNF, tumor necrosis factor; CMB, non‑targeted cationic 
microbubble; TCMB, targeted cationic microbubble; ICAM‑1, intracellular 
adhesion molecule‑1.
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The flow chamber experiment showed that a large number 
of TCMBs adhered to HUVECs following TNF‑α stimula-
tion, whereas no significant adhesion occurred in the resting 
condition. Regardless of whether the cells were stimulated with 
TNF‑α or not, there was no significant adhesion of CMBs to the 
HUVECs (Fig. 2B). However, data from microbubble counting 
indicated that the number of adhered TCMBs was 18.4‑fold 
greater than that of CMBs following TNF‑α stimulation (85±14 
vs. 8±3 microbubbles per microscopic field, P<0.001; Fig. 2C).

Targeting ability of TCMBs to the human umbilical cord vein 
ex vivo. The flow chamber experiment confirmed that TCMBs 
adhered to HUVEC membranes under controlled physi-
ological conditions. Subsequently, the umbilical cord vein was 
used to simulate a vessel and further evaluate the targeted 
adhesion of the TCMBs to the vascular endothelium. CMBs 
and TCMBs were visible in the ultrasound field and there 
were no significant differences in the visibility of the groups. 
The results demonstrated that TCMBs were able to adhere 
to TNF‑α‑stimulated umbilical vein endothelium under flow 
conditions but did not adhere notably in the resting condi-
tion. No significant CMB adhesion to the umbilical vein was 
observed in TNF‑α‑stimulated or resting conditions, which 
eliminated the possibility of nonspecific adhesion. Acoustic 
quantitative analysis showed that the acoustic intensity of the 

TCMBs adhered to the umbilical vein endothelium was signif-
icantly higher than that of the CMBs (25.6±7.3 vs. 8.2±2.6 dB, 
P<0.001; Fig. 3).

Targeting ability of TCMBs to infarcted myocardium in vivo. 
To evaluate the ability of the microbubbles to target infarcted 
tissue, ultrasound imaging was performed to determine 
microbubble intensity in the left ventricle 3 min following 
intravenous injection. In the CMB group, no microbubble 
accumulation was detected in the infarcted region. By 
comparison, intense contrast enhancement was observed in 
the TCMB group (Fig. 4A). The ratio of the signal intensity 
(anterior wall/inferior wall) in the TCMB group was 86% 
greater than that of the CMB group (P<0.01; Fig. 4B). These 
results demonstrate that the TCMBs were able to adhere at 
the infarcted site and were retained.

Ultrasound‑mediated TCMB destruction increases Ang‑1 
gene expression in ischemic myocardium. RT‑PCR and 
western blot analyses were conducted to evaluate the delivery 
of Ang‑1 to the infarcted myocardium 3  days following 
UTMD‑mediated gene transfection. The results indicated 
that the expression of Ang‑1 mRNA in the TCMB group was 
significantly increased compared with that in the CMB group 
(P<0.01) and very low Ang‑1 mRNA expression was detected 
in the controls (Fig. 5A).

Results from the western blot analysis demonstrated that 
the expression of Ang‑1 protein in the TCMB group was 

Figure 4. Targeted microbubbles adhere to the infarcted zone. 
(A) Representative images of the CMBs and TCMBs that accumulated 
within the infarcted region 3 min after intravenous injection. Red arrows 
indicate the infarcted area. (B) Compared with the CMB group, the targeting 
ability of the TCMBs to the infarcted zone was significantly greater (n=5 per 
group). CMB, non‑targeted cationic microbubble; TCMB, targeted cationic 
microbubble.

Figure 3. Ultrasonic analysis of microbubble‑specific targeting to human 
umbilical cord veins. (A) Representative images of CMBs and TCMBs 
attached to human umbilical cord veins following TNF‑α stimulation. The 
red dashed lines delineate the intima of the umbilical vein. A greater number 
of TCMBs attached to the intima of the human umbilical vein that was acti-
vated by TNF‑α. (B) Acoustic intensity of the TCMBs and CMBs adhered 
to the umbilical vein endothelium was 25.6±7.3 and 8.2±2.6 dB, respectively. 
CMB, non‑targeted cationic microbubble; TCMB, targeted cationic micro-
bubble; TNF, tumor necrosis factor.
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Figure 5. Targeted Ang‑1 gene expression. (A) Semi‑quantitiative reverse transcription polymerase chain reaction and (B) western blot analyses were conducted 
to detect Ang‑1 mRNA and protein expression, respectively, 3 days after ultrasound‑targeted microbubble destruction‑mediated Ang‑1 gene delivery. The 
highest levels of Ang‑1 mRNA and protein expression were observed in the TCMB group (n=5/group). Ang‑1, angiopoietin 1; CMB, non‑targeted cationic 
microbubble; TCMB, targeted cationic microbubble.

Figure 6. Angiogenesis and myocardial perfusion in infarcted hearts. (A) Neovascularization of the infarct and border areas was detected following immu-
nostaining for von Willebrand factor. The number of capillaries was counted to calculate the microvascular density (scale bar, 50 µm). (B) MVD in the 
TCMB group was significantly higher than that of the CMB and the control groups. (C) Myocardial contrast echocardiography was performed to assess the 
myocardial perfusion [presented as the ratio of the signal intensity in the anterior wall (infarct area) to that in the inferior wall (non‑infarct area)] in the infarct 
area. (D) Compared with the CMB and control groups, ultrasound‑targeted microbubble destruction‑mediated Ang‑1 gene delivery significantly improved 
myocardial perfusion in the TCMB group (n=20 in each of the TCMB and CMB groups; n=10 in the control group). MVD, microvascular density; TCMB, 
targeted cationic microbubble; CMB, non‑targeted cationic microbubble.
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significantly higher than in the CMB group (P<0.01). Addi-
tionally, very low Ang‑1 protein expression detected in the 
controls (Fig. 5B).

Ultrasound/ICAM‑1‑targeted, microbubble‑mediated Ang‑1 
gene transfection increases myocardial angiogenesis and 
improves perfusion. At 4  weeks after gene transfection, 
immunohistochemical staining for vWF was performed to 
determine the microvascular density (MVD) in the infarct 
and border regions. The results indicated that the MVD in the 
infarct and border regions (primarily at the border region of 
the infarcted myocardium) of the TCMB group was signifi-
cantly increased compared with that of the CMB and control 
groups (all P<0.01; Fig. 6A and B).

MCE demonstrated that the contrast agent was markedly 
absent from the anterior wall; however satisfactory filling 
occurred 2 days following AMI in other regions. The ratios of 
the signal intensity in the anterior wall (infarct region) to that 
of the inferior wall (non‑infarct region) of the three groups 
were low and similar to each other (data not shown). A total 
of 4 weeks after transfection, the perfusion of the infarcted 
myocardium was improved in all groups; however, the 
improvement in the TCMB group was greater than that in the 
CMB group, which in turn, was greater than that in the control 
group (all P<0.01; Fig. 6C and D).

Ultrasound/ICAM‑1‑targeted, microbubble‑mediated Ang‑1 
gene transfection improves cardiac morphology and function. 
Masson's trichrome staining demonstrated that the rabbits in 
the control group had the largest left ventricle, the largest range 
of infarction, the thinnest ventricular wall and the greatest 
collagen deposition in the infarct and border myocardia. 

Rabbits in the CMB group had a thicker ventricular wall and a 
smaller left ventricle, a smaller range of infarction and collagen 
deposition, and the TCMB group had the smallest and thickest 
infarct wall compared with the control group (Fig. 7A). The 
TCMB group had a similar infarct length to the CMB group; 
however, the infarct lengths in both microbubble groups were 
significantly smaller than that of the control group (P<0.05; 
Fig. 7B). However, the TCMB group had a significantly greater 
infarct thickness than the CMB and control groups (P<0.01; 
Fig. 7C) These data demonstrated that Ang‑1 gene transfection 
mediated by the ultrasound destruction of TCMBs prevented 
the infarcted region from thinning and extending and improved 
ventricular remodeling following infarction (Fig. 7).

At 2 days after AMI, left ventricular anterior wall motion 
and ejection fraction were significantly reduced in all groups 
and there were no significant differences among the three 
groups. Additionally, 4 weeks following Ang‑1 gene trans-
fection, LVEDD decreased in the CMB and TCMB groups 
compared with the baseline dimensions, while the LVEF 
and LVFS increased by various degrees in all groups with 
the exception of the control group. The greatest improve-
ments in LVEDD, LVEF and LVFS occurred in the TCMB 
group (Fig. 8).

Discussion

The aim of the present study was to test the hypothesis that 
cationic microbubbles conjugated to an ICAM‑1 antibody by 
biotin‑streptavidin chemical conjugation could bind to and 
target the delivery of the Ang‑1 gene to the infarcted heart, thus 
improving cardiac function. The results of the current study 
indicated that TCMBs were able to recognize injured vascular 

Figure 7. Histomorphology of infarcted hearts. (A) Representative histological Masson's trichrome staining of transverse sections of infarcted hearts 28 days 
following UTMD‑mediated Ang‑1 gene delivery. The infarct length and thickness (blue) of the left ventricular wall are presented (no magnification). The 
(B) infarct length and (C) thickness of the left ventricular wall were measured 4 weeks after UTMD‑mediated Ang‑1 gene delivery. The TCMB and CMB 
groups (n=20 per group) had similar infarct lengths, which were significantly lower than that of the control group. However, the thickness of the infarct region 
was significantly increased in the TCMB group compared with that of the CMB and control group (n=10 in the control group). Ang‑1, angiopoietin 1; UTMB, 
ultrasound‑targeted microbubble destruction; CMB, non‑targeted cationic microbubble; TCMB, targeted cationic microbubble; NS, not significant.
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endothelium and site‑specifically deliver the Ang‑1 gene to the 
infarct area following myocardial infarction. Compared with 
the non‑targeted microbubbles, TCMBs significantly increased 
the efficiency of UTMD‑mediated Ang‑1 gene transfection 
in the myocardium of the infarcted and border regions. High 
expression of Ang‑1 enhanced angiogenesis, improved cardiac 
perfusion and promoted myocardial repair.

UTMD is a promising strategy for gene delivery due to 
its hypotoxicity, low immunogenicity and reproducibility of 
use (8‑11). However, the therapeutic effects of UTMD have 
been somewhat limited as the efficiency of gene transfection 
in  vivo remains unsatisfactory  (24). A number of factors, 
including the ultrasound parameters, exposure equipment, the 
microbubble characteristics and the types of target tissues and 
cells that are transfected, affect the transfection efficiency of 
UTMD, and gene concentration at the site of sonoporation is a 
critical factor for gene transfection in vivo (25,26). There are 

two factors that determine the gene concentration at the site of 
sonoporation: The gene‑binding capacity of the microbubbles 
and the targeted adhesion of the microbubbles to the surface 
of the cells.

The gene‑binding capacity of microbubbles is a key 
factor affecting the concentration of genes at the site of sono-
poration (27). Previous studies used commercially available 
microbubbles, including SonoVue or Definity microbubbles, as 
in vivo gene delivery vehicles (28,29). In these studies, plasmid 
DNA was mixed and incubated with microbubbles to couple 
the genes to the microbubbles prior to intravenous injection. 
This direct coupling strategy was simple to perform; however, 
the negatively charged surfaces of the commercially available 
microbubbles prevented their effective conjugation to the 
negatively charged nucleic acid due to the repulsion of the 
electric charges. The unconjugated plasmid DNA was cleared 
and degraded by endogenous nucleases prior to reaching the 
target tissue (30). In the present study, a cationic microbubble 
composed of DC‑Chol, DSPC, DSPE‑PEG and DPPA was 
synthesized. DC‑Chol is a well‑known cationic lipid that 
can provide a positive surface charge for microbubbles (31). 
The other lipids were used to form the components of the 
lipid shell and to increase the stability of the microbubbles 
in blood. The results of the current study demonstrated 
that the cationic microbubble had a significant positive zeta 
potential (+31.3±3.9 mV) and the combination of the plasmid 
DNA and the cationic microbubbles was as high as 4 µg/108 
microbubbles in a neutral pH environment. Furthermore, 
although the ICAM‑1 antibody was conjugated to the cationic 
microbubbles, the microbubbles showed a net positive charge 
(+22.0±2.4 mV). The cationic microbubbles were able to form 
stable complexes with the plasmid DNA by electrostatic attrac-
tion and they protected the plasmid DNA from degradation 
by endogenous nucleases (32). This may produce an obvious 
advantage when used in vivo.

An alternative approach to increase the concentration of 
genes at the site of sonoporation is to specifically target micro-
bubbles to the issue of interest. Non‑targeted microbubbles may 
disperse throughout the entire body, resulting in unsatisfactory 
treatment even though the operator‑guided ultrasound destruc-
tion of the microbubbles releases the gene with a certain degree 
of targeting. Previous studies have described the successful 
coupling of specific ligands to microbubbles, thereby making 
it possible for microbubbles to recognize a target tissue (33,34). 
Wang  et  al  (33) constructed a phospholipid microbubble 
conjugated to a single‑chain antibody specific for activated glyco-
protein IIb/IIIa, due to its binding to a ligand‑induced binding 
site; the results demonstrated that the targeting microbubble may 
be used to detect atherosclerotic plaques. Leong‑Poi et al (35) 
prepared αV‑integrin‑targeted microbubbles by conjugating a 
monoclonal antibody against the αV integrin to the microbubble 
surface. The targeted microbubbles directly attached to the 
microvascular endothelial surface, thus allowing assessment 
of the treatment as a promoter of therapeutic angiogenesis (35). 
In the present study, a cationic microbubble conjugated to an 
ICAM‑1 antibody was constructed. ICAM is widely distributed 
on the surface of many cells, such as endothelial cells. ICAM 
expression is quite low under normal conditions; however, its 
expression is significantly increased following the activation 
of endothelial cells by inflammatory cytokines, ischemia or 

Figure 8. Echocardiographic assessment of cardiac function. Compared with 
the control group (n=10), LVEDD, LVEF and LVFS in the CMB group (n=20) 
were slightly improved 4 weeks following ultrasound‑targeted microbubble 
destruction‑mediated angiopoietin 1 gene delivery; however, a greater 
improvement was observed in the TCMB group (n=20). *P=0.001, **P=0.034, 
***P=0.025 vs. control; #P=0.04, ##P=0.001 vs. CMB. LVEDD, left ventricular 
end‑diastolic dimension; LVEF, left ventricular ejection fraction; LVFS, left 
ventricular fractional shortening; CMB, non‑targeted cationic microbubble; 
TCMB, targeted cationic microbubble.
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hypoxia (36,37). The upregulation of ICAM‑1 expression is 
an important marker of endothelial cell injury and leukocyte 
activation (16). Following the occurrence of ischemia, multiple 
inflammatory factors induce the overexpression of ICAM‑1 in 
microvascular endothelial cells (38,39). Therefore, ICAM‑1 is 
a potential marker for early detection of inflammation/injury 
and may be a possible target for gene delivery. The results of 
the current study demonstrated that microbubbles conjugated 
to ICAM‑1 antibodies were able to recognize inflammatory 
vascular endothelial cells and deliver a greater concentration 
of the Ang‑1 gene to the ischemic myocardium through their 
selective adhesion to the injured endothelium. Flow chamber 
studies indicated that the coupling of Ang‑1 plasmid DNA to 
the surface did not interfere with the targeting of the TCMBs. 
Compared with the CMBs, the number of TCMBs that adhered 
to the cells was 18.4‑fold greater following TNF‑α stimulation 
in vitro. Furthermore, the number of TCMBs that adhered to 
the umbilical vein endothelium was significantly increased 
compared with the number of adhered CMBs. Additionally, 
a large number of TCMBs were specifically retained in and 
adhered to the injured vascular endothelium of the infarcted 
rabbit myocardium, whereas no CMBs adhered to the infarcted 
myocardium. The specific adhesion of microbubbles carrying 
a gene to a site of injured vascular endothelium may improve 
contact between the gene and the endothelium and increase the 
amount of the gene delivered to the target tissue. The results of 
the current study showed that the level of Ang‑1 gene expression 
and the subsequent biological effects, including changes in the 
morphology and function of the infarct heart and myocardial 
perfusion, were all significantly improved in the TCMB group 
compared with the CMB group.

In conclusion, the data collected in the present study data 
demonstrate that ICAM‑1‑targeted cationic microbubbles are 
able to effectively carry the Ang‑1 gene. They specifically accu-
mulate at the site of injury following myocardial infarction and 
therefore may be a promising carrier for gene therapy. The use 
of ultrasound and ICAM‑1‑targeted cationic microbubbles to 
promote angiogenesis using gene therapy is a feasible, simple 
and effective approach that may have clinical applications in 
the treatment of refractory ischemic heart diseases.
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