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We synthesized a cationic microbubble (CMB) with the aim of enhancing its DNA-carrying capacity to
improve targeted gene transfection of the ischemic heart for cardiac regeneration. We previously re-
ported that ultrasound-targeted microbubble destruction (UTMD) employing the commercial Definity
microbubble (MB) successfully transfected genes into rodent hearts, but the transfection efficiency was
modest. We synthesized a CMB and compared its DNA-carrying capacity and reporter gene transfection
efficiency with the Definity MB. The CMB bound 70% more plasmid DNA than the Definity MB. UTMD-
mediated gene delivery with the CMB enhanced both transfection efficiency and gene expression.
In vivo studies assessed the ability of the CMB to deliver the therapeutic AKT gene to the ischemic rat
myocardium and evaluated the effects on apoptosis, angiogenesis, and cardiac function. AKT transfection
with the CMB reduced infarct size (p < 0.05), increased infarct thickness (p < 0.05), reduced apoptosis
(p < 0.05), increased vascular density (p < 0.05), and improved cardiac perfusion and function (p < 0.05)
compared to the Definity MB. Delivery of AKT with the CMB resulted in greater cardiac functional
improvements compared to the Definity MB. UTMD therapy with this CMB provides an efficient platform
for the targeted delivery of factors required to regenerate the ischemic heart and preserve cardiac
function.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Following a myocardial infarction (MI), cardiomyocyte loss can
be associated with a cascade of interrelated events that culminate
in ventricular decompensation and heart failure. Despite advances
in clinical management, ventricular dysfunction and heart failure
remain the major causes of morbidity and mortality following an
MI [1,2]. Gene therapies have been demonstrated to enhance
angiogenesis and cell survival as well as reduce adverse cardiac
remodeling and improve recovery of ventricular function [3,4].
However, inefficient gene delivery to the target tissue has limited
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the potential of this therapy. Ultrasound-targeted microbubble
destruction (UTMD) can provide minimally invasive, repeatable,
and targeted gene delivery to the infarcted myocardium to restore
ventricular function.

Intravenously administered lipid microbubbles (MBs) are
currently utilized for the clinical evaluation of myocardial perfu-
sion. During the past decade, the UTMD technique has been used to
deliver genes to the hearts of animals [5e7]. Recently, this tech-
nique was also used to target delivery of a growth factor to the
ischemic rat myocardium [8]. We previously demonstrated that
UTMD-mediated gene therapy improved myocardial perfusion and
cardiac function following MI in mice [6] and rats [7]. We found
that UTMD gene delivery is a controlled DNA delivery technique
that is less invasive and more effective at targeted delivery than
other currently available approaches. Themain limitation of UTMD-
mediated gene transfection in previous studies was the modest
transfection efficiency of the commercially available, weakly
cationic Definity MB, which has a low DNA-binding capacity [9].
Therefore, we synthesized a positively charged MB with a greater
k from ClinicalKey.com by Elsevier on October 10, 2018.
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capacity to bind DNA and hence a predicted improvement in
UTMD-mediated gene transfection efficiency.

An appealing candidate for cardiac gene therapy is the protein
kinase AKT, which is activated by hypoxia and regulates cell
survival and angiogenesis [10]. Overexpressing the AKT gene
promotes cardiac cell survival, enhances paracrine effects, and
stimulates neovascularization around the infarct by upregulating
survivin, which is an inhibitor of apoptosis, and by downregulating
the pro-apoptotic BCL2-associated death promoter (BAD) protein.
AKT phosphorylates BAD, causing it to dissociate from the BCL2/
Bcl-X complex and lose its pro-apoptotic function [11e13]. Cells
overexpressing AKT improved cardiac function when implanted
into the injured heart [14]. Global overexpression of AKT in injured
myocardium may enhance cardiac repair and tissue regeneration.

In this study, we describe the synthesis of a cationic micro-
bubble (CMB) to increase the DNA-binding capacity compared with
the commercially available Definity MB. We hypothesize that this
CMB will enhance gene transfection efficiency. We utilized this
CMB to deliver the AKT gene to the ischemic rat myocardium via
UTMD and assessed AKT protein expression and the effects on
angiogenesis, apoptosis, and ventricular function.

2. Materials and methods

2.1. Preparation of the CMB

The CMB was prepared by the method of thin film hydration [15]. Hydrogenated
soy L-a-phosphatidylcholine (HSPC) and 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA) (Avanti Polar Lipids Inc., Alabaster, AL,
USA) were weighed and dissolved in a flask with chloroform at a molar ratio of 94:6.
The flask was placed on a rotary evaporator that was vacuumized to remove the
organic solvent, forming a thin lipid film. The mixture was incubated under vacuum
and dry conditions overnight. Phosphate-buffered saline (PBS) was added and the
mixture was hydrated on the rotary evaporator. The mixture was sonicated with
octafluoropropane (C3F8) gas (Airgas Inc., Calgary, AB, Canada) to prepare the CMB
suspension. The C3F8 gas was bubbled through the solution for 1 min before soni-
cation. Sonication was performed at 20 kHz, 33e42 W, with a Sonicator 3000
(Misonix Inc., Farmingdale, NY, USA). The CMBs were stable in suspension for up to
one month at 4 �C.

2.2. Characterization of the MBs

DEFINITY� MBs were purchased from Bristol-Myers Squibb Canada (Montreal,
QC, Canada). The zeta potential (n ¼ 10 batches/group) of the MBs was measured by
dynamic light scattering using a Zetasizer Nano ZS90 (Malvern, Worcestershire, UK).
The size of the MBs (n ¼ 5 batches/group) was determined by electrozone sensing
using a Multisizer 4 Coulter Counter (Beckman Coulter, Mississauga, ON, Canada).
The morphology was examined under light microscopy.

2.3. Evaluation of MB DNA-binding capacity

For this assay, 10, 20, 40, or 80 mg of luciferase plasmid DNA (2 mg/uL) in 5, 10, 20,
or 40 mL of TE buffer was dilutedwith saline to a total volume of 50 mL andwas added
to 50 mL of MB suspension (100 mL in total) and incubated for 10 min. To obtain the
accurate quantity of bound DNA, the microbubble fraction was collected and the
plasmid DNA on the microbubbles was separated and precipitated for analysis. The
samples were centrifuged at 1000 � g to form two phases: an upper, milky white
layer containing the MBs and a lower, clear layer. The two phases were separated,
and the plasmid DNA was precipitated with 3 M sodium acetate and 100% ethanol.
After another centrifugation, the DNA pellet was washed with 70% ethanol and re-
suspended with TE buffer to measure the DNA concentration in each layer using
optical density. The percentage of plasmid DNA in the MB layer was calculated using
the following formula: % ¼ (DNAMB/total DNA) � 100.

2.4. Plasmid DNA and MB solutions

We used pcDNA3 plasmids containing either the firefly luciferase gene or human
AKT gene under the control of a cytomegalovirus promoter (or empty pcDNA3
plasmid for the vector control). For in vivo studies, the amount of plasmid DNA was
based on body weight (0.20 mg/kg body weight). Therefore, 40e45 mg of plasmid
DNA (0.5 mg/uL) in 80e90 mL of TE buffer was diluted with saline to a volume of
100 mL and then mixed with an equal volume of microbubbles (200 mL in total) for
20 min at room temperature. The MB solutions were diluted with saline to a total
volume of 0.4 mL/rat.
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2.5. Animal model

SpragueeDawley rats (weighing 200e225 g) were obtained from Charles River
Laboratories (Saint-Constant, QC, Canada), and ischemia/reperfusion (I/R) was
generated under general anesthesia by occluding the left anterior coronary artery for
60 min followed by reperfusion, as previously described [7]. The Animal Care
Committee of the University Health Network approved all animal procedures.
Experiments were performed according to the Guide to the Care and Use of Experi-
mental Animals from the Canadian Council on Animal Care.

2.6. Experimental design and timeline

For the reporter gene study, the luciferase plasmid was delivered to the heart by
UTMD 3 days after I/R, and luciferase expression and activitywithin themyocardium
were measured over 14 days.

For the AKT gene study, echocardiography was performed 5 days after I/R to
measure infarct size. The experimental timeline is available in Supplemental Fig. 1.
To obtain rats with a similar infarct size, those with an akinetic left ventricular wall
length <0.8 cm or >1.2 cm were excluded from the study. The remaining rats were
randomly assigned to the vector control, CMB, or Definity MB group. Control animals
received empty plasmid via UTMD with the Definity MB, and treated animals
received the AKT plasmid via UTMDwith either the CMB or Definity MB 5 days after
I/R. Hearts were collected for TUNEL and Western blot analysis 3 days after UTMD-
mediated plasmid delivery. For histology and immunostaining, hearts were
collected 16 days after UTMD-mediated plasmid delivery (21 days after I/R).

2.7. UTMD delivery

Rats were sedatedwith 2% isoflurane, and the plasmideMB solutionwas infused
into the tail vein at a rate of 1.2 mL/h. Simultaneously, an ultrasound beam was
delivered with an M3S transducer using a Vivid 7 system (GE Healthcare, Milwau-
kee, WI) operating in the second harmonic mode (transmit: 1.6 MHz; receive:
3.2 MHz) with an electrocardiograph (ECG) trigger at every fourth end-systole for
20 min. The depth was set at 3 cm, and the transducer was adjusted with a gel
interface so that the focus was positioned at the myocardial level. A mechanical
index of 1.3 was employed. Each ultrasound burst was seen to eliminate a large
number of the MBs in the myocardium, and a pulsing interval of four cardiac cycles
allowed replenishment of the MBs before the next ultrasound burst.

2.8. Bioluminescence imaging and luciferase activity

Luciferase expression (photons/s/cm2/steradian) in live rats was monitored by
bioluminescence imaging using the Xenogen IVIS Spectra System and the Living
Image Program (Xenogen, Hopkinton, MA, USA) at 3, 7, and 14 days after UTMD. Rats
were anesthetized with 2.5% isoflurane, and 5min later,150mg/kg bodyweight of D-
luciferin (Xenogen) was injected intraperitoneally. Rats were imaged 5 min later
according to the manufacturer’s instructions.

Luciferase activity was assayed at 3 and 14 days after UTMD. The animals were
euthanized, and the hearts were perfused with normal saline, removed, snap-frozen
in liquid nitrogen, and stored at �80 �C. Luciferase activity assays (BD Biosciences,
Mississauga, ON, Canada) were performed according to the manufacturer’s
instructions. Luminescence was measured over 10 s. Luciferase activity was
expressed as relative light units (RLU)/min/mg heart mass.

2.9. Myocardial function, perfusion, and infarct measurement

Myocardial perfusion was evaluated using myocardial contrast echocardiog-
raphy on days 5 and 21 after I/R. Rats were sedated, and theMB solutionwas injected
through the tail vein. Digital images were used to measure signal intensity offline at
a pulsing interval of 1800e2000 ms (plateau intensity). The anterior wall repre-
sented the infarct region, and the posterior wall represented the non-infarct
(normal) region. The intensity ratio was calculated (signal intensity in the anterior
wall divided by that in the posterior wall) to estimate myocardial blood volume.

Using echocardiography, left ventricular end-diastolic and end-systolic diame-
ters and volumes were evaluated on the day of I/R (prior to the procedure), and then
5 and 21 days after I/R. Infarct length and thickness were measured on day 21 after I/
R. Infarct length was expressed as a percentage of the left ventricular circumference,
measured on the short-axis view of the left ventricle at the mid-papillary muscle
level during end-diastole. Infarct thickness (in mm) was measured in the mid-
portion of the infarct.

2.10. Myocardial AKT, phospho-AKT, survivin, and phospho-BAD expression

Hearts were snap-frozen on day 3 after UTMD-mediated plasmid delivery. The
heart homogenate was treated with an appropriate extraction buffer, and protein
expression of AKT, phospho-AKT (Ser473), survivin, and phospho-BAD was
measured by Western blot [16]. Each sample contained tissue from the infarct and
border zone regions.
work from ClinicalKey.com by Elsevier on October 10, 2018.
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2.11. Myocardial apoptosis

Hearts were snap-frozen on day 3 after UTMD-mediated plasmid delivery.
Terminal dUTP nick-end labeling (TUNEL) was performed on sections with an In Situ
Cell Death Detection Kit, TMR red (Roche Inc., Mississauga, ON, Canada) according to
the manufacturer’s instructions. Apoptotic cell death was determined by counting
the number of TUNEL-positive nuclei per microscopic field (200 � equals 0.4 mm2)
in five fields per slide and then averaging.

2.12. Histology

Hearts were arrested at study end (21 days post I/R injury), perfusion-fixed at
physiological pressures with 10% formalin, and sectioned. Sections were stained
with H&E and Masson’s trichrome to assess infarct size and collagen deposition,
respectively.

2.13. Blood vessel density

The infarct border region sections obtained on day 21 after I/R were immuno-
labelled for alpha smooth muscle actin (a-SMA) and factor VIII. To estimate vascular
density, capillaries and arterioles were counted in five fields per slide under a light
microscope (200�) and averaged. Vascular density was expressed as mean number
of vessels per 0.4 mm2.

2.14. Statistical analyses

Data are expressed as mean � standard deviation. Analyses were performed
using GraphPad Prism software (v. 4) with the critical a-level set at p < 0.05.
Comparisons among groups (DNA-binding, protein expression, vascular density,
infarct size, infarct thickness) were made using 1-way ANOVA. Repeated-measures
ANOVA was used for myocardial perfusion and left ventricular systolic function
(ejection fraction and fractional shortening). When F values were significant for the
main effects or the interaction, differences between groups were specified with
Fig. 1. Schematic illustration of novel CMB generation. Hydrogenated soy L-a-phosphatidylch
to form a cationic liposome suspension. (C) The lipid film was rehydrated in PBS. (D) The lipo
sonicated. The mechanical activation gave rise to MBs with a C3F8 gas core and lipid shell.
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Tukey’s multiple range post-test. Analysis of luciferase bioluminescence and activity
was performed with the non-parametric ManneWhitney test.
3. Results

3.1. Synthesis and characterization of the CMB

The CMB was synthesized by dissolving hydrogenated soy L-a-
phosphatidylcholine (HSPC; Fig. 1A) and 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA; Fig. 1B) in chloroform at
amolar ratio of 94:6, followed by rotary evaporation to form a dried
film. After sufficient rehydration with PBS (Fig. 1C), the resulting
suspension was sonicated with octafluoropropane gas (C3F8).
Mechanical activation gave rise to MBs with a C3F8 gas core and
lipid shell (Fig. 1D).

The newly synthesized CMB had a zeta potential of
36.7 � 2.4 mV, which was significantly greater (p < 0.01) than the
2.8 � 0.2 mV of the Definity MB. Optical imaging of both MBs
showed uniform size (Fig. 2A and B). The average diameter of the
Definity MB was 1.067 � 0.075 mm, and the CMB had an average
diameter of 1.566 � 0.213 mm. In vivo echocardiographic images
demonstrated a similar echogenic effect with both MBs (Fig. 2C and
D). MB destructionwas ECG-triggered (80ms after the peak of the R
wave) to deliver a burst of four frames of ultrasound every four
cardiac cycles. This episodically ruptured the MBs within the
myocardium, which was easily monitored as a marked reduction in
myocardial opacification and guided the correct positioning of the
ultrasonic probe (Fig. 2E and F).
oline (A) and 1,2-di-O-octadecenyl-3-trimethylammonium propane (B) were combined
some suspension was added to a vial containing octafluoropropane (C3F8) gas and then

k from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 2. Characterization of the MBs. (A & B) Optical microscopic images (scale bar ¼ 15 mm) of the MB suspensions show uniform morphology. (C & D) Echocardiographic images of
the MBs demonstrated a similar echogenic effect (white circles). (E & F) MB destruction was ECG-triggered to deliver a burst of ultrasound energy for four frames every four cardiac
cycles (demonstrated by reduction of the myocardial opacification within the circles). (G) DNA-binding capacity of the CMB was significantly higher than that of the Definity MB
when 10, 20, or 40 mg of luciferase plasmid DNA was added to the MB solution (**p < 0.01 vs. Definity MB, n ¼ 3e4/group).

L. Sun et al. / Biomaterials 34 (2013) 2107e21162110
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3.2. Enhanced DNA-binding capacity and gene delivery with the
CMB

To evaluate the DNA-binding capacity of the MBs, the amount
of DNA attached to the MBs was quantified following incubation
with varying amounts of plasmid. Fig. 2G shows that the binding
capacity was 51%, 70%, and 52% greater for the CMB compared to
the Definity MB when 10, 20, and 40 mg, respectively, of lucif-
erase plasmid DNA was added to the MB solution (p < 0.01).
However, there was no difference between the MBs for 80 mg of
plasmid.

The luciferase plasmid was delivered to the rat hearts 3 days
after I/R with either the CMB or Definity MB and released with
Fig. 3. Time course of luciferase expression and activity following UTMD. (A) Representative
(B) Bioluminescence was significantly higher at 3, 7, and 14 days after gene delivery with th
group). (C) Luciferase activity in the heart tissue at 3 and 14 days after UTMD was significa
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UTMD. Luciferase expression and activity within the myocardium
were measured up to 14 days. Luciferase expression was evaluated
by bioluminescence imaging (Fig. 3A). In vivo bioluminescence was
246%, 268%, and 173% greater at 3, 7, and 14 days, respectively, after
gene delivery using the CMB (Fig. 3B, day 3: p < 0.01, day 7 and 14:
p < 0.05). The pattern of luciferase activity in the excised myocar-
dium following gene delivery was similar to that seen with the
in vivo bioluminescence imaging. Luciferase activity in the heart
tissue was significantly greater with the CMB compared with the
Definity MB (Fig. 3C, p < 0.05). At 3 and 14 days after gene delivery,
luciferase activity was 1.9- and 2.2-fold greater with the CMB. These
data demonstrate that the new positively charged MB had a greater
capacity to deliver genes to the heart.
in vivo bioluminescence images of rats receiving luciferase plasmid delivered by UTMD.
e CMB compared with the Definity MB (*p < 0.05, **p < 0.01 vs. Definity MB, n ¼ 3e6/
ntly higher with the CMB (*p < 0.05 vs. Definity MB, n ¼ 4/group).
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3.3. UTMD-mediated delivery of AKT increased myocardial levels of
phospho-AKT and downstream target proteins

To evaluate delivery of the therapeutic AKT gene into the
myocardium, the total amount of AKT protein in the infarcted
myocardium was determined by Western blot 3 days following
UTMD-mediated plasmid delivery (Fig. 4A). The AKT protein level
was significantly higher with AKT plasmid delivery by either the
CMB (p < 0.01) or Definity MB (p < 0.05) compared with the vector
control, suggesting successful AKT gene transfection by UTMD.

Because phosphorylation of AKT and activation of its down-
stream targets survivin and phospho-BAD are important to
suppress apoptosis and enhance angiogenesis following ischemic
injury to the heart, the level of these proteins was measured by
Western blot 3 days after gene delivery (Fig. 4BeD). Phospho-AKT,
survivin, and phospho-BAD levels were all significantly higher after
Fig. 4. Myocardial levels of AKT, phospho-AKT, survivin, and phospho-BAD proteins followin
BAD (D) protein levels in the ischemic rat hearts were measured by Western blot 3 days afte
AKT plasmid compared with the vector control, with the highest levels seen with CMB deli
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delivery of the AKT plasmid via the Definity MB compared with the
vector control (Fig. 4BeD, p < 0.05). However, further increases in
these protein levels were found with CMB delivery of the AKT
plasmid (p < 0.01 vs. control, p < 0.05 vs. Definity MB).
3.4. UTMD-mediated delivery of AKT reduced myocardial apoptosis,
decreased infarct size, and increased infarct thickness

At 3 days after UTMD-mediated AKT plasmid delivery, the
number of apoptotic cells in the infarct border zone of the
myocardium (Fig. 5A and B)was highest in the vector control group,
followed by the Definity MB group (p < 0.05 vs. control), and then
the CMB group (p < 0.01 vs. control, p < 0.05 vs. Definity MB),
indicating that the vector control group had the greatest cell loss
following ischemic injury.
g UTMD-mediated AKT delivery. AKT (A), phospho-AKT (B), survivin (C), and phospho-
r UTMD treatment and were significantly higher following Definity MB delivery of the
very (*p < 0.05 and **p < 0.01 vs. control, #p < 0.05 vs. Definity MB, n ¼ 5e9/group).

work from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 5. Cell apoptosis and infarct size and thickness following UTMD-mediated AKT delivery. (A) Representative fluorescent micrographs (scale bar ¼ 30 mm; boxed areas enlarged
1.5�) illustrating TUNEL staining of apoptotic cells (arrows) in the infarct border zone of rat hearts 3 days after UTMD-mediated AKT plasmid delivery. Nuclei are stained blue with
DAPI. (B) The number of apoptotic cells was highest in the vector control group, followed by the Definity MB group, and then the CMB group (*p < 0.05 and **p < 0.01 vs. control,
#p < 0.05 vs. Definity MB, n ¼ 5/group). (C) Photomicrographs (scale bar ¼ 60 mm) of representative myocardial samples 16 days post-UTMD after staining with H&E (top panels,
arrows indicate infarct area) or Masson’s trichrome (bottom panels, arrows indicate both infarct and collagen deposition). (D) Infarcts were smaller in the Definity MB group
compared to the vector control (**p < 0.01), but were smallest in the CMB group (**p < 0.01 vs. control, #p < 0.05 vs. Definity MB, n ¼ 5e6/group). (E) Infarcts were thicker in the
Definity MB group compared to the vector control group (**p < 0.01), but were thickest in the CMB group (**p < 0.01 vs. control, #p < 0.05 vs. Definity MB, n ¼ 5e6/group).

L. Sun et al. / Biomaterials 34 (2013) 2107e2116 2113
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Histological examination of the rat heartswas performed16days
following UTMD-mediated plasmid delivery (21 days after I/R). The
myocardial samples were stained with H&E and Masson’s tri-
chrome. The vector control group had larger infarcts and greater
collagendeposition in the infarct region compared to theAKTgroups
(Fig. 5C). Echocardiography was used to measure infarct length and
thickness. The infarcts were smallest and thickest after UTMD-
mediated CMB delivery of the AKT plasmid (Fig. 5D and E, p < 0.01
vs. control, p< 0.05 vs. Definity MB) and largest and thinnest in the
vector control group (p < 0.01 vs. CMB and Definity MB).

3.5. UTMD-mediated delivery of AKT increased myocardial vascular
density and improved cardiac function and perfusion

At 16 days after UTMD-mediated plasmid delivery (21 days after
I/R), factor VIII immunostaining of the infarct border region iden-
tified small vascular structures, mainly capillaries, and a-SMA im-
munostaining identified larger vascular structures (arterioles) with
smoothmuscle cells within their walls (Fig. 6A). The density of both
types of vessels within the border region of the infarct was signif-
icantly increased after UTMD-mediated AKT gene transfection
compared with the vector control (Fig. 6B and C, p < 0.05 for
capillaries, p < 0.01 for arterioles). However, the highest vascular
densities were observed when the AKT plasmid was delivered by
the CMB (p < 0.05 vs. Definity MB).

Cardiac function was determined by echocardiographic exami-
nation. Ejection fraction was similar in all groups before I/R (day 0)
at approximately 75% and decreased to approximately 50% at 5 days
following I/R (prior to gene delivery; Fig. 6D). However, at 21 days
after I/R (16 days after gene delivery), ejection fraction was signif-
icantly improved in the rats receiving UTMD-mediated delivery of
the AKT plasmid via the Definity MB compared with the vector
control (48.2% vs. 42.4%, p < 0.05, Fig. 6D), with the greatest
improvement seen with CMB delivery of the plasmid (54.1%,
p < 0.05 vs. Definity MB). Fractional shortening exhibited a similar
pattern. At baseline, all groups exhibited a fractional shortening of
about 50%, which decreased to about 29% at 5 days following
ischemic injury (Fig. 6E). CMB delivery of the AKT plasmid
demonstrated the greatest improvement in fractional shortening
21 days after I/R compared with both the Definity MB (32.2% vs.
28.1%, p < 0.05) and the vector control (24.1%, p < 0.01, Fig. 6E).

Contrast echocardiography was employed to assess myocardial
perfusion by comparing the ratio of the signal intensity in the ante-
rior wall (infarct region) to the posterior wall (non-infarct region)
before and afterUTMD-mediatedAKT plasmiddelivery. The intensity
ratio increased significantly by 21 days after I/R following theUTMD-
mediated delivery of the AKT plasmid via the Definity MB (Fig. 6F,
p < 0.01 vs. control), with a further increase in perfusion when the
plasmid was delivered by the CMB (p < 0.05 vs. Definity MB). The
UTMD-mediatedCMBdelivery of theAKTgene produced the greatest
increase in ventricular function and myocardial perfusion.

4. Discussion

This study reports the synthesis of a CMB using HSPC and
DOTMA. The CMB performed as well as the commercially available
Fig. 6. Vascular density and myocardial function and perfusion following UTMD-mediated
sections 16 days after UTMD-mediated AKT plasmid delivery. The infarct border region was
plasmid groups compared to vector control (*p < 0.05), but was highest in the CMB group (*p<

higher in the AKT plasmid groups compared to vector control (**p< 0.01) and highest in the C
mediated AKT plasmid delivery was performed on day 5 after I/R. Echocardiography was pe
plasmid by the Definity MB improved ejection fraction (D) compared to the vector control (*p
#p < 0.05 vs. Definity MB, n ¼ 5e6/group). Fractional shortening (E) exhibited a similar patt
posterior wall [non-infarct region]) at 5 and 21 days after I/R was measured by myocardial
improved cardiac perfusion compared to vector control (**p < 0.01), but the greatest impro
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Definity MB as an echocardiographic contrast agent. However, the
CMB exhibited significantly greater DNA-binding capacity due to its
high zeta potential. This increased ability to bind DNA enhanced
luciferase reporter gene transfection compared with the weakly
charged Definity MB. Using UTMD, we demonstrated that the CMB
successfully delivered the AKT gene to the ischemic myocardium,
which significantly decreased apoptosis, increased vascular density,
reduced infarct size, increased infarct thickness, and enhanced
cardiac perfusion and function. Myocardial protein levels of
phospho-AKT and its downstream targets survivin and phospho-
BAD were significantly increased following UTMD-mediated
delivery of AKT, indicating successful gene expression and signaling.

Intravascular (coronary) gene therapy to prevent adverse
ventricular remodeling after an extensive MI is currently under-
going clinical trials, and the preliminary results are promising [17].
However, adequate targeted gene delivery has been a major limi-
tation. Therefore, UTMD-mediated gene delivery may be better
than the currently employed approaches of systemic or coronary
delivery of naked DNA, viral vectors, and plasmids, which are
limited by poor targeting, transfection of healthy tissues, and vector
immunogenicity. The UTMD approach is a non-invasive, non-viral,
repeatable alternative that targets the gene to a specific tissue, such
as the ischemic myocardium.

Previous studies have reported the limited efficiency of gene
delivery with Definity MBs, and many groups developed alternate
approaches to enhance plasmid transfection with UTMD [3,5]. In
our previous studies of UTMD-mediated gene delivery with Defi-
nity MBs [6,7], the gene transfection efficiency was modest. In the
current study, we used thin film hydration, as reported by Smith
et al. [15], to generate the CMBs. The CMBs were composed of HSPC
and DOTMA in a molar ratio of 94:6, and we found this formulation
to be more stable than others. DOTMA is a well-known cationic
lipid used to provide the MB with positive charge, and HSPC was
used to form the components of the lipid shell. The value of our
CMB is its enhanced DNA-binding capacity, an increase of up to 70%.
This positively charged MB protected the DNA from degradation in
the blood, boosting the transfection efficacy by up to three-fold. The
CMB has a zeta potential greater than 35 mV, substantially higher
than that of the Definity MB, making it an appealing candidate for
the UTMD gene therapy platform. Generating improved MBs with
greater plasmid-binding capacity for UTMD is an important
advance for this gene delivery technique.

A number of genes have been used for cardiac function resto-
ration after MI, and recently the protein kinase AKT has received
great attention. This gene is activated by hypoxia and regulates
apoptosis, cellular proliferation, and angiogenesis [13,18], processes
that contribute significantly to ventricular modulation and dilation
after MI, resulting in progressive heart failure. In addition, cells
overexpressing AKT have been reported to improve cardiac func-
tion when implanted into the injured heart [14]. In the current
study, UTMD-mediated delivery of AKT increased myocardial levels
of phospho-AKT and its downstream target proteins survivin and
phospho-BAD. Upregulated survivin, a member of the family of
apoptosis inhibitors, can reduce apoptosis and enhance cell survival
[10]. BAD is a pro-apoptotic protein of the BCL2 family. AKT phos-
phorylates BAD, which causes it to dissociate from the BCL2/Bcl-X
AKT delivery. (A) Photomicrographs (scale bar ¼ 60 mm) of representative myocardial
immunolabelled with factor VIII or a-SMA. (B) Capillary density was higher in the AKT
0.05 vs. control, #p< 0.05 vs. Definity MB, n ¼ 4/group). (C) Arteriolar density was also

MB group (**p < 0.01 vs. control, #p< 0.05 vs. Definity MB, n ¼ 4/group). (D & E) UTMD-
rformed before I/R (day 0) and 5 and 21 days after I/R. By day 21, delivery of the AKT
< 0.05), but the greatest improvement was found with the CMB (**p < 0.01 vs. control,

ern. (F) Myocardial perfusion (ratio of signal intensity in anterior wall [infarct region] to
contrast echocardiography. By day 21, delivery of the AKT plasmid by the Definity MB
vement occurred with CMB delivery (*p < 0.05 vs. Definity MB, n ¼ 5e6/group).

k from ClinicalKey.com by Elsevier on October 10, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.



L. Sun et al. / Biomaterials 34 (2013) 2107e21162116
complex and lose its pro-apoptotic function [11]. Importantly, our
data have demonstrated that CMB delivery of the AKT plasmid
exhibited significantly greater efficiency of gene transfection
compared with the Definity MB. Therefore, this CMB could be used
clinically to improve gene delivery.

Our study is not without its limitations. Because we did not
prewash the microbubbles prior to in vivo delivery, there is the
potential for unbound plasmid to enter the circulation. However,
only MB-associated DNAwas targeted to the heart and was able to
pass the endothelial barrier because of the mild endothelial
disruption induced by the UTMD [5,6]. The intravenous infusion of
free plasmid DNA results in its rapid degradation by nucleases, but
bound plasmid is protected from degradation by the microbubble
[19e22]. The endothelial barrier and the rapid degradation of
unbound plasmid reduce the potential for delivery of non-
sonicated plasmids to the heart. Although we cannot completely
exclude the possibility that circulating plasmids may have
contributed to the beneficial effects we found, we predict that any
such contribution was minimal. Another limitation is that we
included only one control group in our in vivo studies. This
control group received empty plasmid delivered via the Definity
MB, and we did not include a control with empty plasmid deliv-
ered by the CMB. However, our results confirmed that Definity
was a good MB for targeted gene transfection but that CMB was
better than Definity. Therefore, our data support the conclusion
that the plasmid-loaded CMB was better than the empty vector
with Definity, which may have been similar to the empty vector
with CMB.

We have shown that increasing the cationic charge of a MB
improved UTMD-mediated gene transfection. Additional modifi-
cations include the development of MBs to carry antibodies,
thereby further enhancing the tissue or cell specificity of delivery
and increasing transgene expression in the target area. These
enhancements could expand the therapeutic application not only
for cardiovascular disease but for other conditions as well,
including cancer. Microbubbles could be modified to carry inhibi-
tors that bind receptors of VEGF or EGFR to non-invasively target
and treat cancers. Recently, UTMD-mediated delivery of anti-EGFR
siRNA has been reported to inhibit squamous cell carcinoma
growth in mice [23]. This MB platform has a bright future.

5. Conclusions

Gene therapy may prevent adverse cardiac remodeling
following an MI if an adequate amount of DNA can be targeted to
the ischemic myocardium. Our CMB has greater gene transfection
efficiency compared with the commercially available Definity MB
and provides an efficient and efficacious platform for targeted
gene therapy when combined with UTMD. Improving the MBs
utilized for UTMD-mediated therapeutic gene delivery may be an
important advance in the prevention of heart failure after
ischemic injury.
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