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a b s t r a c t

The objective of this study was to synthesize a cationic microbubble (CMB) conjugated with an antibody
against matrix metalloproteinase 2 (CMBMMP2) to increase microbubble accumulation and gene trans-
fection in the infarcted myocardium and to restore ventricular function following an ischemic insult. We
previously reported that our CMBs enhanced the efficiency of gene transfection following ultrasound-
targeted microbubble destruction (UTMD) in rodent hearts. Therefore, we conjugated a thiolated
MMP2 antibody to the PEG chains on the CMB surface, which was verified by fluorescent microscopy.
Rats underwent ischemia/reperfusion injury 3 days prior to UTMD delivery of the control or Timp3
plasmid. The CMBMMP2 improved microbubble accumulation in the infarct region, with 57% more
contrast intensity compared to the non-conjugated CMB. UTMD-mediated CMBMMP2 delivery of the
Timp3 gene significantly increased TIMP3 protein levels in the infarct scar and border zone at 3 days
post-UTMD compared to delivery by the non-conjugated CMB. Both MMP2 and MMP9 activity were
reduced in the CMBMMP2 Timp3 group, which resulted in smaller and thicker infarcts and improved
cardiac function. UTMD therapy with this CMBMMP2 provides an efficient platform for the targeted de-
livery of factors intended to preserve ventricular structure and improve cardiac function after ischemic
injury.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ischemic cardiac injury is the main reason for heart failure.
Despite the advances in clinical management, ventricular
dysfunction and heart failure remain the major causes of morbidity
and mortality following ischemic injury [1,2]. Increased cardiac
matrix metalloproteinase (MMP) activity has been reported in both
patients with end-stage heart failure [3,4] and in experimental
models of heart failure [5]. Inhibition of MMP activity by tissue
inhibitors of matrix metalloproteinases (TIMPs) has been shown to
reduce ventricular remodeling and improve cardiac function
following ischemic injury [4,6,7].
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Gene therapy has been explored to treat a variety of conditions,
including myocardial infarction (MI) and heart failure [8,9].
Microbubbles, which were designed for molecular imaging and are
used as ultrasound contrast agents for visualizing perfusion, have
recently been adapted as a vehicle for delivering genes, proteins, or
drugs because of their visibility in the target tissue [10,11]. Micro-
bubble destruction provides a more targeted technique for gene
delivery than traditional intravenous injection.

Commercially available microbubbles are close to neutral in
charge and have a limited capacity to carry sufficient plasmid to
achieve a therapeutic effect. Modification of microbubbles to create
a positively charged surface has been shown to enhance gene de-
livery by ultrasound-targeted microbubble destruction (UTMD)
[12e14]. These cationic microbubbles (CMBs) protect the bound
DNA against nucleases [14,15]. We previously synthesized a CMB
and reported that UTMD employing our CMB enhanced gene
transfection efficiency in rodent hearts compared with the
commercially available Definity microbubble [13]. Another
 from ClinicalKey.com by Elsevier on October 10, 2018.
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approach to increase the therapeutic potential of microbubbles is to
specifically target them to the tissue of interest by conjugating
receptor ligands or antibodies to their surface. For example,
microbubbles conjugated with a luteinizing hormoneereleasing
hormone analog have been used to target human ovarian cancer
cells that express receptors for the hormone [16], andmicrobubbles
with an ICAM-1 antibody on their surface can specifically bind to
activated endothelial cells overexpressing this protein [17].

To enhance tissue targeting in the current study, we conjugated
an antibody against MMP2 onto our CMB to increase the accumu-
lation of the microbubbles in the infarcted myocardium of rats.
Following myocardial ischemic injury, the ischemic region has
increased levels of MMPs, which permits specific targeting of
microbubbles to the tissues expressing these proteins. Hence, we
hypothesized that this MMP2 antibody-conjugated CMB
(CMBMMP2) would improve UTMD-mediated gene transfection in
the ischemic heart.

An appealing candidate for cardiac gene therapy is Timp3, which
is a strong inhibitor of MMP2 and MMP9. Increased MMP levels
after MI participate in the remodeling of the extracellular matrix
[3,4]da dynamic scaffold that supports cardiomyocytes and facil-
itates contraction. Matrix remodeling promotes ventricular dilation
and dysfunction [18]. Re-establishing the MMP/TIMP balance by
increasing TIMP expression has been shown to mitigate matrix
remodeling and treat ischemic cardiomyopathy following an MI
[19]. Cells overexpressing Timp3 have been reported to improve
cardiac function when implanted into the injured heart of rodents
[7,20]. In this study, we describe the synthesis of the CMBMMP2 to
specifically target delivery of the matrix-modulating Timp3 gene to
the infarct region of the rat heart. We hypothesized that UTMD
using this CMBMMP2 would enhance gene delivery and expression
compared with the non-conjugated CMB, to improve cardiac repair
and ventricular function after an MI.
2. Materials and methods

2.1. Microbubble preparation

The CMBs were formulated with hydrogenated soy L-a-phosphatidylcholine
(HSPC), 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA), and dis-
tearoyl phosphatidylethanolamine-polyethylene glycol 2000-maleimide (DSPE-
PEG2000-maleimide; Avanti Polar Lipids, Alabaster, AL) at a molar ratio of 92:6:2, as
previously reported [21]. The CMBMMP2 was prepared via thiol-mediated bio-
conjugation [22]. Briefly, thiolation of the mouse MMP2 antibody (ProteinTech,
Chicago, IL) was performed using a 10-fold molar excess of Traut’s reagent (Thermo
Scientific-Pierce, Rockford, IL) in PBE buffer (1 mM EDTA in PBS, pH 8.0) at room
temperature on a bench-top rotator for 1 h. Excess Traut’s reagent was removed
with a Zeba Desalt Spin Column (Thermo Scientific-Pierce) equilibrated with
phosphate buffer (pH 6.0). The degree of thiolation (>90%) was controlled with
Ellman’s reagent (Thermo Scientific-Pierce), according to the supplier’s instructions.

Subsequently, the thiolated MMP2 antibody was reacted with the maleimide
functional groups at the distal end of the PEG chains on the CMBs at a MMP2:ma-
leimide molar ratio of 30:1 in an aqueous solution on a bench-top rotator at 4 �C for
24 h. To ensure that there were no unreacted maleimide groups, L-cysteine was
added at a L-cysteine:maleimide molar ratio of 1000:1. Unconjugated MMP2 was
removed by centrifuging the suspension at 10,000 rpm for 5 min. The conjugation of
MMP2 antibodies to the CMBs was confirmed using the Bio-Rad Protein Assay, as
previously reported [23].
2.2. Microbubble characterization

Following dilution in PBS, the size distribution and zeta potential of the
microbubbles were measured by dynamic light scattering (n ¼ 10 batches/group)
using a Zetasizer 3000HS (Malvern, Worcestershire, UK).

To confirm conjugation of the MMP2 antibody to the CMBs, 100 mL of fluorescein
isothiocyanate (FITC)-conjugated donkey anti-mouse IgG (Abcam, Cambridge, MA)
solution was added to 200 mL of aqueous CMBsMMP2 (10 mg/mL) and thoroughly
mixed for 30 min at 4 �C. The mixture was separated into two distinct layers: the
lower layer was discarded, and the upper layer was washed three times with PBS to
elute the free FITC-conjugated IgG. The microbubbles were observed under a fluo-
rescence microscope (Axio Observer, Carl Zeiss, Jena, Germany).
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2.3. Plasmid DNA and microbubble solutions

We used pcDNA3 plasmids (Life Technologies, Burlington, ON) containing either
the firefly luciferase gene or mouse Timp3 gene under the control of the cytomeg-
alovirus promoter (or empty pcDNA3 plasmid for the vector control). For in vivo
studies, plasmid DNA (0.20 mg/kg body weight) was incubated with the micro-
bubbles (0.10 mL/rat) for 20 min at room temperature. The microbubble solutions
were diluted with saline to a total volume of 0.4 mL/rat. The empty control plasmid
was delivered via the non-conjugated CMB.

2.4. Animal model

SpragueeDawley rats (weighing 200e225 g) were obtained from Charles River
Laboratories (Saint-Constant, QC). Under general anesthesia, ischemia/reperfusion
(I/R) was generated by occluding the left anterior coronary artery for 60 min fol-
lowed by reperfusion, as previously described [13]. Experiments were performed
according to the Guide to the Care and Use of Experimental Animals from the Canadian
Council on Animal Care.

2.5. MMP2-targeted imaging in the ischemic heart

To assess the accumulation of microbubbles in the myocardium, increase the
number of microbubbles in the cardiac interstitium, we performed MMP2-targeted
imaging. However, in order to transiently increase microvascular permeability prior
to microbubble injection and imaging, triggered myocardial contrast echocardiog-
raphy (MCE) was first performed, as previously reported [24,25]. Three days post-I/R
injury, the rats were sedated with 2% isoflurane, and 0.5 mL of the CMB solutionwas
infused intravenously via the tail vein at a rate of 3 mL/h for 10 min. Triggered ul-
trasound was performed with the Vivid 7 ultrasound system (GE Healthcare, Mil-
waukee, WI) with a M3S transducer operating in the second harmonic mode
(transmit: 1.6 MHz; receive: 3.2 MHz) with an electrocardiographic trigger at every
fourth end-systole. This sequence produced the optimummicrobubble signal in the
myocardium on the imaging frame.

MMP2-targeted imaging was performed immediately after the above MCE
procedure. Briefly, 0.2 mL of microbubble solution was slowly infused for 5 min to
allow for interaction between the microbubbles and the MMP2 expressed in the
heart tissue (CMB n ¼ 5, CMBMMP2 n ¼ 6). Ultrasound contrast images were taken 1
and 3 min after completion of the infusion. The intensity of the signals originating
from the retained microbubbles was measured after 3 min, and the signal intensity
in the infarct area was calculated as a percentage of that in the remote area, as
previously reported [26,27].

2.6. UTMD-mediated gene delivery

Three days following I/R, ratswere sedatedwith 2% isoflurane, and the plasmide
microbubble solution was infused into the tail vein at a rate of 1.2 mL/h for 20 min.
Simultaneously, an ultrasound beam was delivered with an M3S transducer using
the Vivid 7 system (GE Healthcare) operating in the second harmonic mode
(transmit: 1.6 MHz; receive: 3.2 MHz) with an electrocardiographic 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 mid left ven-
tricular level. A mechanical index of 1.3 was employed. Each ultrasound burst
eliminated a large number of the microbubbles in the myocardium, and a pulsing
interval of four cardiac cycles was employed to allow replenishment of the micro-
bubbles before the next burst. We previously employed this method for UTMD gene
delivery to the ischemic rat heart using our CMB [13].

2.7. Bioluminescence imaging and luciferase activity

Luciferase expression (photons/s/cm2/steradian) was monitored in live rats by
bioluminescence imaging using the Xenogen IVIS Spectra System and the Living
Image Program (Xenogen, Hopkinton,MA) at 3, 7, and 14 days after UTMD. Rats were
anesthetized with 2.5% isoflurane, and 5 min later, 150 mg/kg body weight of D-
luciferin (Xenogen) was injected intraperitoneally. Rats were imaged 5 min later
according to the manufacturer’s instructions (n ¼ 6/group).

Luciferase activity was also assayed at 3, 7, 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 Bio-
sciences, Mississauga, ON) were performed according to the manufacturer’s in-
structions. Luminescence was measured over 10 s. Luciferase activity was expressed
as relative light units (RLU)/min/mg heart mass (CMB n ¼ 4, CMBMMP2 n ¼ 6).

2.8. Myocardial function

Echocardiography was performed in M-mode in the short-axis view of the left
ventricle to evaluate left ventricular internal end-diastolic and end-systolic di-
ameters (LVIDd and LVIDs) on the day of I/R (prior to the procedure), and then 3 and
21 days after I/R (n¼ 6/group). Left ventricular end-diastolic volume (EDV) and end-
systolic volume (ESV) were calculated using the following formulae:
EDV ¼ 1.047 � LVIDd3; ESV ¼ 1.047 � LVIDs3. Ejection fraction was calculated as the
following: EF (%) ¼ (EDV � ESV)/EDV � 100.
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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2.9. Histology

Hearts were arrested at study end (21 days post I/R injury), perfusion-fixed at
physiological pressures with 10% formalin, and sectioned. Infarct length and thick-
ness were measured using computer-based planimetry, as previously reported [20].
Sections were stained with H&E and Masson’s trichrome to assess infarct area and
collagen deposition, respectively.
2.10. Myocardial MMP and TIMP3 expression

Left ventricular tissue (control n ¼ 7, CMB n ¼ 5, and CMBMMP2 n ¼ 8) was snap-
frozen 3 days after UTMD gene transfection. The heart homogenate was treated with
an appropriate extraction buffer and then protein expression levels of MMP2,
MMP9, and TIMP3 were measured byWestern blot using antibodies fromMilllipore
(Billerica, MA), as described previously [20].
2.11. Myocardial MMP activity

Left ventricular tissue (control n ¼ 7, CMB n ¼ 5, and CMBMMP2 n ¼ 8) was snap-
frozen 3 days after UTMD gene transfection. The activities of MMP2 and MMP9 in
the cardiac tissuewere quantified using gelatin zymography, as described previously
[20], and expressed as intensity units.
2.12. Statistical analyses

Data are expressed as mean � SD. Analyses were performed using GraphPad
Prism (v. 4) with the critical a-level set at P < 0.05. Student’s t-test was used to
compare differences between two groups. One- or two-way ANOVA (with Tukey or
Bonferroni multiple comparison post-tests) was used to compare differences among
three or more groups. A two-way, time-varying ANOVA was employed to compare
the echocardiographic measurements, and if the main effects or interaction was
significant, then differences were specified by Tukey or Bonferroni post-tests.
Fig. 1. Schematic illustration of CMBMMP2 synthesis. (A) HSPC, DOTMA, and DSPE-PEG2000-
reacted with the maleimide functional groups at the distal end of the PEG chains on the
representative fluorescent micrograph shows the CMBMMP2 stained with donkey anti-mous
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3. Results

3.1. Synthesis of the CMBMMP2

Using bioconjugation, antibodies against MMP2 were linked to
the PEG chains on the surface of the CMBs (Fig. 1A). Anti-MMP2
antibody conjugation to the CMB shell was confirmed by an FITC-
labeled antibody and immunofluorescent microscopy (Fig. 1B).

The sizes of the CMB (1.9 � 0.7 mm) and CMBMMP2 (2.1� 0.8 mm)
were approximately equal (P> 0.05). Conversely, the CMBMMP2 had
a significantly lower zeta potential (28.6 � 1.4 mV) than the CMB
(35.4 � 2.7 mV, P < 0.05). This difference mostly likely resulted
from the shielding of some of the positively charged surface on the
CMBs following conjugation of the MMP2 antibody.
3.2. Enhanced myocardial tissue targeting and gene delivery with
the CMBMMP2

To assess targeting of the microbubbles to the heart, we deliv-
ered a luciferase plasmid to the rats via tail vein injection 3 days
following I/R with either the CMB or CMBMMP2. UTMD was used to
burst the microbubbles in the heart. In vivo luciferase expression
was evaluated by bioluminescent imaging (Fig. 2A), which showed
localization to the heart. These images provide evidence that there
was minimal, if any, off-target gene delivery. The bioluminescence
decreased over time in both groups but was 99%, 120%, and 231%
greater at 3, 7, and 14 days, respectively, after gene delivery using
the CMBMMP2 compared with the CMB (Fig. 2B, P < 0.01).
maleimide were combined to form the PEGylated CMBs. Thiolated MMP2 antibody was
surface of the CMBs to conjugate the antibody molecules to the microbubbles. (B) A
e FITC-labeled IgG.

k from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 2. Myocardial targeting of the microbubbles and time course of luciferase expression and activity following UTMD. (A) Representative bioluminescence images of rats that
received the luciferase plasmid delivered by UTMD with the CMB or CMBMMP2 show targeted gene expression in the heart and no off-target expression in the liver. (B) Biolu-
minescence was significantly higher at 3, 7, and 14 days after gene delivery with the CMBMMP2 compared with the CMB (n ¼ 6/group). (C) Luciferase activity in the excised heart
tissue at 3, 7, and 14 days after UTMD was significantly higher with the CMBMMP2 (n ¼ 6) compared with the CMB (n ¼ 4).

P. Yan et al. / Biomaterials 35 (2014) 1063e10731066
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Fig. 3. Infarct binding capacity of the microbubbles. (A) Representative ultrasound contrast images of infarcted hearts 1 min and 3 min after the injection of CMB or CMBMMP2 and
the application of UTMD. Enlarged images at 3 min show an increased accumulation of microbubbles within the infarct region of rats injected with the CMBMMP2 (arrows indicate
infarct area). (B) MB-binding capacity within the infarct area was significantly greater in the CMBMMP2 group (n ¼ 6) compared to the CMB group (n ¼ 5) at 3 min after microbubble
injection and UTMD.

P. Yan et al. / Biomaterials 35 (2014) 1063e1073 1067
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Fig. 4. Myocardial TIMP3 protein following UTMD-mediated Timp3 delivery. (A) TIMP3 protein in the ischemic rat hearts was measured by Western blot 3 days after UTMD
treatment. The TIMP3 level in the scar/border zone was significantly higher following CMB (n ¼ 5) delivery of the Timp3 plasmid than the vector control (n ¼ 7), with the highest
levels seen after CMBMMP2 (n ¼ 8) delivery of the Timp3 plasmid. In the remote region, the level of TIMP3 protein did not differ among groups. (B) At 3 weeks after UTMD treatment,
there was no difference in the level of TIMP3 protein in the scar/border zone or the remote region of the rat hearts.

P. Yan et al. / Biomaterials 35 (2014) 1063e10731068
The pattern of luciferase activity in the excised heart following
gene delivery was similar to that seen with the in vivo biolumi-
nescent imaging. Luciferase activity in the heart tissue decreased
over the 2-week study period but was significantly greater with the
CMBMMP2 compared with the CMB at each time point (Fig. 2C,
P < 0.01). At 3, 7, and 14 days after gene delivery, luciferase activity
was 2.2-, 2.8-, and 2-fold greater with the CMBMMP2, respectively.
These data demonstrate that the CMBMMP2 had a greater capacity to
deliver genes to the heart than the CMB.
Downloaded for Anonymous User (n/a) at University Health Ne
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To evaluate the specific tissue-targeting capacity of the
CMBMMP2 to the infarct region, microbubble intensity was assessed
by left ventricular ultrasound imaging at 1 and 3 min after UTMD
with either the CMB or CMBMMP2 at 3 days post-I/R (Fig. 3A). In the
hearts perfused with CMBs, the intensity signal in the infarct area
3 min after microbubble infusion and UTMD was similar to that in
the non-infarct regions and increased minimally from the initial
1 min reading, suggesting that there was no microbubble accu-
mulation in the infarct region. In comparison, intense contrast
twork from ClinicalKey.com by Elsevier on October 10, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.



Fig. 5. Myocardial MMP2 protein and activity following UTMD-mediated Timp3 delivery. (A) MMP2 protein levels in the ischemic rat hearts were measured by Western blot 3 days
after UTMD treatment. There were no significant differences among groups (n ¼ 5e8/group) in either the scar/border zone or the remote region. (B) The hearts were evaluated by
gelatin zymography for MMP2 activity. Densitometry analyses illustrated that MMP2 gelatinolytic activity in the scar/border zone was highest in the vector control group (n ¼ 7)
followed by the CMB Timp3 plasmid group (n ¼ 5). The MMP2 activity in the CMBMMP2 Timp3 plasmid group (n ¼ 8) was the lowest. No differences among groups were observed in
the remote region.

P. Yan et al. / Biomaterials 35 (2014) 1063e1073 1069
enhancement was found within the infarct area 3 min after
CMBMMP2 infusion and UTMD, which mostly represented signal
from the CMBsMMP2 retained at the site of infarction. To minimize
the individual differences among the animals, myocardial contrast
intensity in the infarct areawas expressed as the percentage of that
in the remote area. In post-I/R rats, the myocardial infarct intensity
ratio from the accumulated CMBsMMP2 was significantly greater
(P < 0.01) than that from the CMBs, an increase of 57% (Fig. 3B).
These data suggest that the microbubbles conjugated with MMP2
antibodies were targeted to and accumulated in the infarct region.

3.3. Increased myocardial TIMP3 protein levels following UTMD-
mediated delivery of the Timp3 gene

The goal of UTMD is to effectively deliver therapeutic genes. The
matrix-modulating Timp3 gene has previously been shown to
Downloaded for Anonymous User (n/a) at University Health Networ
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improve the function of the ischemic rat hearts in cell therapy
studies [20]. To compare the efficiency of Timp3 gene delivery to the
myocardium with the CMB and CMBMMP2, the total amount of
TIMP3 protein in the scar and border zone (combined) and in the
remote region was determined by Western blot. The control group
underwent UTMD-mediated control plasmid delivery with the
CMB. At 3 days following UTMD-mediated Timp3 plasmid delivery,
the TIMP3 protein level in the scar/border zone of the myocardium
was significantly higher in rats receiving the Timp3 plasmid
compared with rats receiving the control plasmid (Fig. 4A, CMB:
P < 0.05, CMBMMP2: P < 0.01), with the highest TIMP3 level
observed in the CMBMMP2 delivery group (P < 0.05 vs. CMB).
However, in the remote region of the myocardium, there were no
observed differences in the TIMP3 protein level among the groups
(Fig. 4A). At 3 weeks following UTMD-mediated Timp3 plasmid
delivery, the TIMP3 protein level in both the scar/border zone and
k from ClinicalKey.com by Elsevier on October 10, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.
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the remote region of the myocardium did not differ among the
groups (Fig. 4B). These data indicate that the increase in TIMP3
protein in the scar/border zone following UTMD-mediated gene
delivery was transient.
3.4. Reduced myocardial MMP activity following UTMD-mediated
delivery of the Timp3 gene

Myocardial protein levels of MMP2 and MMP9 were evaluated
by Western blot 3 days following UTMD, in both the scar/border
zone and the remote region of the myocardium. No significant
differences were observed among the groups for either MMP2 or
MMP9 protein (Figs. 5A and 6A). MMP activity was measured by
gelatin zymography 3 days after UTMD in both the scar/border zone
and the remote region. In the remote region, MMP activity did not
vary among the groups (Figs. 5B and 6B). However, within the scar/
Fig. 6. Myocardial MMP9 protein and activity following UTMD-mediated Timp3 delivery. (A)
after UTMD treatment. There were no significant differences among groups (n ¼ 5e8/group
gelatin zymography for MMP9 activity. Densitometry analyses illustrated that MMP9 gelati
followed by the CMB Timp3 plasmid group (n ¼ 5). The MMP2 activity in the CMBMMP2 Timp
the remote region.

Downloaded for Anonymous User (n/a) at University Health Ne
For personal use only. No other uses without permissio
border zone, both the MMP2 and MMP9 activity were reduced in
the CMB group compared with the control group (Figs. 5B and 6B).
Importantly, the lowest MMP2 and MMP9 activity was observed in
the CMBMMP2 group (P< 0.05 vs. CMB). Therefore, UTMD-mediated
CMBMMP2 delivery of the Timp3 plasmid significantly reduced the
activity of MMP2 and MMP9.
3.5. Increased cardiac function and improved infarct morphology
following UTMD-mediated delivery of the Timp3 gene

Cardiac function was determined by echocardiographic exami-
nation. Ejection fraction was similar among all groups before I/R
(Day 0) and decreased to a similar degree 3 days following I/R (prior
to gene delivery; Fig. 7A). However, at 21 days after I/R (18 days
after gene delivery), ejection fraction was significantly greater in
the rats receiving UTMD-mediated delivery of the Timp3 plasmid
MMP9 protein levels in the ischemic rat hearts were measured by Western blot 3 days
) in either the scar/border zone or the remote region. (B) The hearts were evaluated by
nolytic activity in the scar/border zone was highest in the vector control group (n ¼ 7)
3 plasmid group (n ¼ 8) was the lowest. No differences among groups were observed in

twork from ClinicalKey.com by Elsevier on October 10, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.
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compared with the control plasmid (Fig. 7A, CMB: P < 0.01,
CMBMMP2: P < 0.01). The greatest improvement in ejection fraction
was seenwith CMBMMP2 delivery of the Timp3 plasmid (P< 0.05 vs.
CMB). Left ventricular internal dimensions were also assessed at
day 3 and day 21 post-I/R (Fig. 7B & C). The control group exhibited
the largest systolic and diastolic dimensions, while the CMBMMP2
Timp3 group exhibited smaller dimensions, but was only signifi-
cantly different than the CMB Timp3 group in the systolic dimen-
sion (Fig. 7B, CMBMMP2 vs. CMB: P < 0.01).
Fig. 7. Cardiac function following UTMD-mediated Timp3 delivery. (A) UTMD-
mediated Timp3 plasmid delivery was performed on day 3 after I/R. Echocardiogra-
phy was performed before I/R (Day 0) and 3 and 21 days after. By day 21, delivery of the
Timp3 plasmid by the CMB improved ejection fraction compared to the control plasmid
(P < 0.01), but the greatest improvement was found with the CMBMMP2 (P < 0.05 vs.
CMB, n ¼ 6/group). (B & C) Left ventricular internal systolic dimension (LVIDs) and
diastolic dimension (LVIDd) were assessed before I/R (Day 0) and 3 and 21 days after.
Delivery of the Timp3 plasmid attenuated the ventricular dilation at day 21 (n ¼ 6/
group). *P < 0.05, **P < 0.01 vs. control, #P < 0.05 vs. CMB.
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Histological examination of the rat hearts was performed 21
days after I/R (18 days after gene delivery). Staining of the
myocardial sections with H&E or Masson’s trichrome revealed less
fibrosis and scar tissue but more viable tissue within the infarct
region of the CMBMMP2 Timp3 group (Fig. 8A & B). The infarcts were
smallest and thickest after UTMD-mediated CMBMMP2 delivery of
the Timp3 plasmid (Fig. 8C & D, P < 0.01 vs. control, P < 0.01 vs.
CMB) and largest and thinnest in the control plasmid group. These
data demonstrate that UTMD-mediated CMBMMP2 delivery of the
Timp3 plasmid prevented the infarct from thinning and dilating.

4. Discussion

We synthesized a CMB conjugated with an MMP2 antibody
using bioconjugation. The CMBMMP2 exhibited significantly greater
myocardial infarct binding compared with the non-targeted CMB,
specifically targeting the scar and border zone region of the infarct.
Importantly, our data also demonstrated that CMBMMP2 delivery of
the Timp3 plasmid resulted in substantially greater gene trans-
fection efficiency compared with the CMB, significantly reducing
the activation of MMP2 and MMP9 and preventing infarct thinning
and dilation. Therefore, this CMBMMP2 is an important advance that
could be translated clinically to improve myocardial gene delivery.

UTMD has been reported to provide a non-invasive, safe, and
repeatable method for gene delivery [11,26,27], but the therapeutic
effects were somewhat limited because the plasmids did not
accumulate in the target tissue. Previous studies reported the
limited efficiency of UTMD-mediated gene delivery with Definity
microbubbles [13], and therefore many groups developed alternate
approaches to enhance plasmid transfection using UTMD [24,28],
including the synthesis of CMBs [12,14]. In our previous studies of
UTMD-mediated gene delivery to the murine heart [26,27], the
gene transfection efficiency was modest. We therefore synthesized
a CMB that enhanced gene transfection by increasing the amount of
plasmid delivered [13]. Positively charged microbubbles possess
increased carrying capacity for negatively charged plasmid DNA.
However, the number of microbubbles that are burst within the
target tissue is reliant upon the ultrasound operator’s guidance of
the ultrasound beam. The generation of targeted microbubbles is
intended to increase focal retention of the microbubbles within a
specific tissue, usually with the aim of enhancing the efficiency of
drug delivery or gene transfection. Targeted microbubbles have
been conjugated with antibodies against alpha(v)-integrins to
assess angiogenesis [29], with ligands of the GPIIb IIIa receptor to
bind platelet thrombi [30], and with antibodies against prostate-
specific membrane antigen to target prostate tumors [31].

After cardiac ischemic injury, myocardial MMP activity increases
significantly and contributes to matrix modulation and subsequent
ventricular dilation. Among the MMPs, MMP2 and MMP9 are the
most abundant in the myocardium. Using zymographic and real-
time PCR analysis, Chen et al. showed that MMP9 expression in
the mouse heart increased at 2e4 days and returned to normal
levels 1 week post-MI [32]. They also found that MMP2 expression
increased after injury, reached maximal expression at 1e2 weeks,
and persisted for 4 weeks. The expression profile of MMP2 provides
a wide window to target this protease for acute (3e4 days) and/or
chronic (3 weeks) therapy after an MI. A previous MMP2-targeted
microbubble has shown potential for post-I/R localization of
MMP2 activation and tracking of MMP-mediated matrix remodel-
ing in vivo [33]. The value of our CMBMMP2 is its capacity for tar-
geted myocardial binding following ischemic injury and efficient
gene delivery. We found an increase of 57% in the accumulation of
the CMBMMP2 within the infarct area and a more than 2-fold in-
crease in gene transfection. The large increase in the efficiency of
gene transfection is due partly to the MMP2 targeting and partly to
 from ClinicalKey.com by Elsevier on October 10, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.



Fig. 8. Infarct morphology following UTMD-mediated Timp3 delivery. (A) Representative heart slices at 21 days post-I/R show the location of the infarct (arrows). Trichrome staining
of myocardial sections shows less scar tissue in the infarct region of the CMBMMP2 group. (B) Representative micrographs (scale bar ¼ 60 mm) of myocardial samples 18 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) show less scar
and fibrotic tissues in the infarct region of the CMBMMP2 group. (D) Scar area, as a percentage of total left ventricular (LV) area, was smaller in the CMB group compared to the vector
control, but was smallest in the CMBMMP2 group (n ¼ 6/group). (E) Scars were thicker in the CMB group compared to the control group but thickest in the CMBMMP2 group (n ¼ 6/
group).
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the increased plasmid-carrying capacity of the positively charged
microbubble. Generating microbubbles with the ability to target
and bind the myocardium during UTMD is a tremendous
improvement for cardiac gene therapy.
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A number of genes have been used to restore cardiac function
after an MI, and Timp3 has received great attention. We previously
reported increased MMP activity and decreased TIMP3 expression
in the myocardium of humans with advanced heart failure [3,4].
ork from ClinicalKey.com by Elsevier on October 10, 2018.
. Copyright ©2018. Elsevier Inc. All rights reserved.
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Cell-based gene therapy with cells overexpressing Timp3 was re-
ported to improve cardiac function when implanted into the
ischemic heart of mice and rats [7,20]. Here, we demonstrated that
transfection with the Timp3 gene via UTMD significantly decreased
MMP2 and MMP9 activity and improved cardiac function following
I/R.

5. Conclusions

The novelty of the current study is the utilization of the
CMBMMP2 to target the Timp3 gene to the injured myocardium,
achieving specific localized effects in the scar and border zone re-
gions of the infarct. We demonstrated that this microbubble
enhanced gene transfection and led to improved cardiac function.
The CMBMMP2 may be an important advance in cardiac gene ther-
apy to restore ventricular function after ischemic injury.

Conflict of interest

None.

Acknowledgments

This work was funded by a grant from the Canadian Institutes of
Health Research (MOP119507 to RKL) and Natural Science Foun-
dation of Science and Technology Department of Shanxi Province,
China (No. 201101104302). RKL holds a Canada Research Chair in
Cardiac Regeneration.

References

[1] Gerczuk PZ, Kloner RA. An update on cardioprotection: a review of the latest
adjunctive therapies to limit myocardial infarction size in clinical trials. J Am
Coll Cardiol 2012;59:969e78.

[2] Sharma V, Bell RM, Yellon DM. Targeting reperfusion injury in acute
myocardial infarction: a review of reperfusion injury pharmacotherapy.
Expert Opin Pharmacother 2012;13:1153e75.

[3] Fedak PW, Maravec CS, McCarthy PM, Altamentova SM, Wong AP, Skrtic M,
et al. Altered expression of disintegrin metalloproteinases and their inhibitor
in human dilated cardiomyopathy. Circulation 2006;113:238e45.

[4] Fedak PWM, Altamentova SM, Weisel RD, Nili N, Ohno N, Verma S, et al.
Matrix remodeling in experimental and human heart failure: a possible reg-
ulatory role for TIMP-3. Am J Physiol Heart Circ Physiol 2003;284:H626e34.

[5] Graham HK, Horn M, Trafford AW. Extracellular matrix profiles in the pro-
gression to heart failure. European Young Physiologists Symposium Keynote
Lecture-Bratislava 2007. Acta Physiol (Oxf) 2008;194:3e21.

[6] Kandalam V, Basu R, Abraham T, Wang X, Awad A, Wang W, et al. Early
activation of matrix metalloproteinases underlies the exacerbated systolic and
diastolic dysfunction in mice lacking TIMP3 following myocardial infarction.
Am J Physiol Heart Circ Physiol 2010;299:H1012e23.

[7] Angoulvant D, Fazel S, Weisel RD, Lai TY, Fedak PW, Chen L, et al. Cell-based
gene therapy modifies matrix remodeling after a myocardial infarction in
tissue inhibitor of matrix metalloproteinase-3-deficient mice. J Thorac Car-
diovasc Surg 2009;137:471e80.

[8] Brunt KR, Wu J, Chen Z, Poeckel D, Dercho RA, Melo LG, et al. Ex vivo Akt/HO-1
gene therapy to human endothelial progenitor cells enhances myocardial
infarction recovery. Cell Transplant 2012;21(7):1443e61.

[9] Nagai T, Komuro I. Gene and cytokine therapy for heart failure: molecular
mechanisms in the improvement of cardiac function. Am J Physiol Heart Circ
Physiol 2012;303:H501e12.

[10] Ferrara KW, Borden MA, Zhang H. Lipid-shelled vehicles: engineering for
ultrasound molecular imaging and drug delivery. Acc Chem Res 2009;42:
881e92.
Downloaded for Anonymous User (n/a) at University Health Network
For personal use only. No other uses without permission. Co
[11] Geis NA, Katus HA, Bekeredjian R. Microbubbles as a vehicle for gene and drug
delivery: current clinical implications and future perspectives. Curr Pharm
Des 2012;18:2166e83.

[12] Panje CM, Wang DS, Pysz MA, Paulmurugan R, Ren Y, Tranquart F, et al. Ul-
trasound-mediated gene delivery with cationic versus neutral microbubbles:
effect of DNA and microbubble dose on in vivo transfection efficiency.
Theranostics 2012;2:1078e91.

[13] Sun L, Huang CW, Wu J, Chen KJ, Li SH, Weisel RD, et al. The use of cationic
microbubbles to improve ultrasound-targeted gene delivery to the ischemic
myocardium. Biomaterials 2013;34:2107e16.

[14] Wang DS, Panje C, Pysz MA, Paulmurugan R, Rosenberg J, Gambhir SS, et al.
Cationic versus neutral microbubbles for ultrasound-mediated gene delivery
in cancer. Radiology 2012;264:721e32.

[15] Lentacker I, De Geest BG, Vandenbroucke RE, Peeters L, Demeester J, De
Smedt SC, et al. Ultrasound-responsive polymer-coated microbubbles that
bind and protect DNA. Langmuir 2006;22:7273e8.

[16] Chang S, Guo J, Sun J, Zhu S, Yan Y, Zhu Y, et al. Targeted microbubbles for
ultrasound mediated gene transfection and apoptosis induction in ovarian
cancer cells. Ultrason Sonochem 2013;20:171e9.

[17] Villanueva FS, Jankowski RJ, Klibanov S, Pina ML, Alber SM, Watkins SC, et al.
Microbubbles targeted to intercellular adhesion molecule-1 bind to activated
coronary artery endothelial cells. Circulation 1998;98:1e5.

[18] Peterson JT, Li H, Dillon L, Bryant JW. Evolution of matrix metalloprotease and
tissue inhibitor expression during heart failure progression in the infarcted
rat. Cardiovasc Res 2000;46:307e15.

[19] Ducharme A, Frantz S, Aikawa M, Rabkin E, Lindsey M, Rohde LE, et al. Tar-
geted deletion of matrix metalloproteinase-9 attenuates left ventricular
enlargement and collagen accumulation after experimental myocardial
infarction. J Clin Invest 2000;106:55e62.

[20] Tian H, Huang ML, Liu KY, Jia ZB, Sun L, Jiang SL, et al. Inhibiting matrix
metalloproteinase by cell-based timp-3 gene transfer effectively treats acute
and chronic ischemic cardiomyopathy. Cell Transplant 2012;21:1039e53.

[21] Smith DA, Porter TM, Martinez J, Huang S, MacDonald RC, McPherson DD,
et al. Destruction thresholds of echogenic liposomes with clinical diagnostic
ultrasound. Ultrasound Med Biol 2007;33:797e809.

[22] Kalia J, Raines RT. Advances in bioconjugation. Curr Org Chem 2010;14:138e
47.

[23] Montenegro JM, Grazu V, Sukhanova A, Agarwal S, de la Fuente JM, Nabiev I,
et al. Controlled antibody/(bio-) conjugation of inorganic nanoparticles for
targeted delivery. Adv Drug Deliv Rev 2013;65(5):677e88.

[24] Chen S, Shohet RV, Bekeredjian R, Frenkel P, Grayburn PA. Optimization of
ultrasound parameters for cardiac gene delivery of adenoviral or plasmid
deoxyribonucleic acid by ultrasound-targeted microbubble destruction. J Am
Coll Cardiol 2003;42:301e8.

[25] Swanson SD, Dou C, Miller DL. Magnetic resonance imaging of microvascular
leakage induced by myocardial contrast echocardiography in rats. Magn
Reson Imaging 2006;24:603e9.

[26] Fujii H, Sun Z, Li SH, Wu J, Fazel S, Weisel RD, et al. Ultrasound-targeted gene
delivery induces angiogenesis after a myocardial infarction in mice. JACC
Cardiovasc Imaging 2009:869e79.

[27] Fujii H, Li SH, Wu J, Miyagi Y, Yau TM, Rakowski H, et al. Repeated and tar-
geted transfer of angiogenic plasmids into the infarcted rat heart via ultra-
sound targeted microbubble destruction enhances cardiac repair. Eur Heart J
2011;32:2075e84.

[28] Bekeredjian R, Grayburn PA, Shohet RV. Use of ultrasound contrast agents for
gene or drug delivery in cardiovascular medicine. J Am Coll Cardiol 2005;45:
329e35.

[29] Leong-Poi H, Christiansen J, Klibanov AL, Kaul S, Lindner JR. Noninvasive
assessment of angiogenesis by ultrasound and microbubbles targeted to
alpha(v)-integrins. Circulation 2003;107:455e60.

[30] Schumann PA, Christiansen JP, Quigley RM, McCreery TP, Sweitzer RH,
Unger EC, et al. Targeted-microbubble binding selectively to GPIIb IIIa re-
ceptors of platelet thrombi. Invest Radiol 2002;37:587e93.

[31] Wang L, Li L, Guo Y, Tong H, Fan X, Ding J, et al. Construction and in vitro/
in vivo targeting of PSMA-targeted nanoscale microbubbles in prostate can-
cer. Prostate 2013;73:1147e58.

[32] Chen J, Tung CH, Allport JR, Chen S, Weissleder R, Huang PL. Near-infrared
fluorescent imaging of matrix metalloproteinase activity after myocardial
infarction. Circulation 2005;111:1800e5.

[33] Su H, Du Y, Qian Y, Zong Y, Li J, Zhuang R, et al. Targeted ultrasound contrast
imaging of matrix metalloproteinase-2 in ischemia-reperfusion rat model:
ex vivo and in vivo studies. Mol Imaging Biol 2011;13:293e302.
 from ClinicalKey.com by Elsevier on October 10, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0142-9612(13)01273-8/sref1
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref1
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref1
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref1
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref2
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref2
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref2
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref2
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref3
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref3
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref3
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref3
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref4
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref4
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref4
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref4
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref5
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref5
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref5
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref5
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref6
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref6
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref6
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref6
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref6
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref7
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref7
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref7
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref7
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref7
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref8
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref8
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref8
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref8
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref9
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref9
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref9
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref9
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref10
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref10
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref10
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref10
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref11
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref11
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref11
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref11
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref12
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref12
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref12
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref12
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref12
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref13
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref13
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref13
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref13
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref14
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref14
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref14
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref14
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref15
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref15
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref15
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref15
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref16
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref16
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref16
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref16
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref17
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref17
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref17
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref17
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref18
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref18
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref18
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref18
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref19
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref19
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref19
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref19
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref19
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref20
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref20
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref20
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref20
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref21
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref21
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref21
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref21
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref22
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref22
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref23
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref23
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref23
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref23
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref24
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref24
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref24
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref24
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref24
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref25
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref25
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref25
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref25
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref26
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref26
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref26
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref26
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref27
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref27
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref27
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref27
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref27
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref28
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref28
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref28
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref28
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref29
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref29
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref29
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref29
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref30
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref30
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref30
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref30
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref31
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref31
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref31
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref31
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref32
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref32
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref32
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref32
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref33
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref33
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref33
http://refhub.elsevier.com/S0142-9612(13)01273-8/sref33

	The use of MMP2 antibody-conjugated cationic microbubble to target the ischemic myocardium, enhance Timp3 gene transfection ...
	1 Introduction
	2 Materials and methods
	2.1 Microbubble preparation
	2.2 Microbubble characterization
	2.3 Plasmid DNA and microbubble solutions
	2.4 Animal model
	2.5 MMP2-targeted imaging in the ischemic heart
	2.6 UTMD-mediated gene delivery
	2.7 Bioluminescence imaging and luciferase activity
	2.8 Myocardial function
	2.9 Histology
	2.10 Myocardial MMP and TIMP3 expression
	2.11 Myocardial MMP activity
	2.12 Statistical analyses

	3 Results
	3.1 Synthesis of the CMBMMP2
	3.2 Enhanced myocardial tissue targeting and gene delivery with the CMBMMP2
	3.3 Increased myocardial TIMP3 protein levels following UTMD-mediated delivery of the Timp3 gene
	3.4 Reduced myocardial MMP activity following UTMD-mediated delivery of the Timp3 gene
	3.5 Increased cardiac function and improved infarct morphology following UTMD-mediated delivery of the Timp3 gene

	4 Discussion
	5 Conclusions
	Conflict of interest
	Acknowledgments
	References


