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Abstract

Recent developments in microRNA (miRNA) research have identified these as important 

mediators in the pathophysiological response upon myocardial infarction (MI). Specific 

miRNAs can inhibit the translation of entire groups of mRNAs, which are involved in spe-

cific processes in the pathophysiology after MI, e.g. the fibrotic, apoptotic or angiogenic 

response. By modulating miRNAs in the heart, these processes can be tuned to improve 

cardiac function. Antagomirs are effective miRNA-inhibitors, but have a low myocardial 

specificity and cardiac antagomir treatment therefore requires high doses, which causes 

side effects. In the present study, ultrasoundtriggered microbubble destruction (UTMD)was 

studied to increase specific delivery of antagomir to the myocardium. Healthy control mice 

were treated with UTMD and sacrificed at 30 min, 24 h and 48 h, after which antagomir 

delivery in the heart was analyzed, both qualitatively and quantitatively. Additionally, po-

tential harmful effects of treatment were analyzed by monitoring ECG, analyzing neutrophil 

invasion and cell death in the heart, and measuring troponin I after treatment. Finally, UTMD 

was tested for delivery of antagomir in a model of ischemia–reperfusion (I/R) injury. We 

found that UTMD can significantly increase local antagomir delivery to the non-ischemic 

heartwith modest side-effects like neutrophil invasion without causing apoptosis. Delivered 

antagomirs enter cardiomyocyteswithin 30 min after treatment and remains there for at 

least 48 h. Interestingly, after I/R injury antagomir already readily enters the infarcted zone 

and we observed no additional benefit of UTMD for antagomir delivery. This study is the first 

to explore cardiac antagomir delivery using UTMD. In addition, it is the first to study tissue 

distribution of short RNA based therapeutics (~22 base pairs) at both the cellular and organ 

levels after UTMD to the heart in general. In summary, UTMD provides a myocardial delivery 

strategy for non-vascular permeable cardiac conditions later in the I/R response or chronic 

conditions like cardiac hypertrophy.

Key words: Ultrasound, Microbubbles, MicroRNA, Antagomir, Drug delivery, Ischemia 

reperfusion, Cardiovascular. 
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Introduction

Since the discovery of microRNAs (miRNAs) in humans [1], many of these small non-coding 

RNA molecules have been found to be involved in progressive pathological conditions, 

including several cardiac diseases [2]. miRNAs are small RNA molecules that bind to the 3’ 

untranslated region of mRNA molecules and thereby block their translation. One miRNA 

can potentially bind to whole groups of mRNA targets that are directly involved in specific 

processes like apoptosis, angiogenesis or fibrosis formation [3]. Blocking the functionality of 

specific miRNAs has been feasible for several years [4] and by this approach cardiac func-

tion was improved in several models of disease [5,6]. However, current approaches that use 

miRNA inhibitors have low organ specificity [7] and therefore employ high doses, making 

side effects and cost an issue and creating the need for better delivery strategies. One such 

delivery strategy is the use of gas-filled microbubbles (MB) in combination with ultrasound 

(US) [8]. Intravascular MB can, upon destruction by US Triggered MB Destruction (UTMD), lo-

cally increase vascular permeability and cellular membrane permeability [9,10]. Several studies 

have successfully delivered plasmid DNA specifically to the heart to improve cardiac function 

[11–13]. As this strategy has also been used to locally deliver siRNA as a proof of concept [14], 

UTMD is an interesting option to increase cardiac local delivery of miRNA inhibitors due to 

similarities in chemical structure with siRNAs. In this study, we hypothesized that UTMD can be 

used to increase antagomir inhibitor delivery to the healthy and diseased hearts. Antagomirs 

are single stranded, 2’-O-methyl and phosphorothioate linked oligoribonucleotides with a 

sequence that is exactly complementary to its miRNA-target and a cholesterol attached to 

the 3’ end. As a highly relevant cardiac disease we choose a model of ischemia–reperfusion 

(I/R) to test UTMD effectivity. We investigated the localization of these delivered antagomirs at 

both the whole organ as well as at the cellular level to determine feasible cellular targets for 

miRNA modulation, specific for UTMD. In addition, we determined the localization of delivered 

antagomir over time (up to 48 h) and investigated the acute functional response of the heart 

to UTMD and the later (patho) physiological response of the heart to UTMD at a cellular level.

Materials and methods

Antagomir–microbubble preparation

Cationic microbubbles (cMB) were produced as described previously [15]. Briefly, a combina-

tion of 1,2-distearoyl-sn-glycero-3- phosphocholine (Avanti Polar Lipids, Alabaster, LA, USA), 

1,2-stearoyl-3-trimethylammonnium-propane (Avanti Polar Lipids) and polyoxyethylene-

40-stearate (Life Technologies, Bleiswijk, TheNetherlands), in a molecular ratio of 2:1:0.6, 

was solved in a H2O(l), glycerol (Life technologies), propylene glycol (Sigma-Aldrich, Zwijn-

drecht, The Netherlands) mixture (volume 24:13:3) in a 2 ml tube with perfluorobutane gas 
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(C4F10(g)¸ F2 Chemicals, Lancashire, UK) in the capspace. cMB were produced by means of 

mechanical agitation using a Vialmix™(Lantheus Medical Imaging, North Billerica, MA, USA) 

high-speed shaker. Subsequently, cMB were washed 3 times using centrifugal flotation. Size 

distribution and amount of washed cMB were determined using a Multisizer 3’ (Beckman 

Coulter Nederland, Woerden, Netherlands) and concentrated to 2 * 109 cMB/ml in H2O for 

in vivo experiments. Antagomir formulation for analysis time points 30 min and 24 h was 

Cy3-5’-a*c*ucccugccuuucccuua*u*g*u*-3’-cholesterol. For the 48 h timepoint it was Cy3-5’-

a*c*ugccugucugugccugc*u*g*u*-3’-cholesterol. Antagomirs are 3’ cholesterol modificated, 

2’-O-methylated, and contain PTO-linkages (*) at the first two and last four nucleotides. An-

tagomirs were custom-ordered from VBC-Biotech, Vienna, Austria as reported before [16]. 

Prior to UTMD treatment, 2 nmol of antagomir was added to 200 * 106 cMB in 100 μl H2O at 

room temperature and incubated for 5 min to bind the negatively charged antagomir to the 

cationic MB through electrostatic interactions prior to i.v. tail vein injection.

Animal experiments

All animal experiments were approved by the institutional Animal Experimentation Com-

mittee of Utrecht University.

AntagomiR delivery to the healthy myocardium
Male C57BL/6 mice (n = 50, 20–24 g; Harlan, Horst, Netherlands) were anesthetized with 

aerosol anesthetic isoflurane. Subsequently, mice were placed on a heating pad while their 

temperature was being monitored and maintained at 37 °C. Mice received a bolus i.v.  injec-

tion of 0.75 mg/kg bodyweight of antagomir either combined with 200 * 106 cMB in 100 μl 

H2Oorwith100 μl H2O alone for control animals. After i.v. injection, mice hearts were treated 

locally with high intensity US using a Philips Sonos 5500 with either an S12 or S3 transducer in 

short axis view (Fig. 1) with different treatment protocols (Table 1). Both the S12 and S3 trans-

ducer were coupled to the mouse skin by US transmission gel (Aquasonic 100, Parker Labs, NJ, 

USA). For the S3 transducer (1.5 MHz), the distance between the transducer and murine heart 

was 4 cm and machine settings for focus and depth were set to 4 cm and 9 cm respectively. 

Focus is the distance from the surface of the transducer at which the US picture is clearest and 

depth is the maximum distance that is visualized on the US machine. For the S12 transducer 

(7 MHz) the distance between US-transducer and murine heart was 1.5 cm, regardless of the 

focus settings on the US machine. For the S12 B-mode treatment protocol, two imaging set-

tings of the Sonos 5500 were used. For the S12 B-mode 1 protocol, the machine was set to 

the Fusion 1 setting, and for the S12 B-mode 2 protocol, the machine was set to the Fusion 5 

setting. Fusion 1 and Fusion 5 are Philips Sonos specific settings that determine the frequency 

that is received by the US transducer for image processing. The Fusion 1 settings receive and 

process frequencies closer to 6 MHz while the Fusion 5 settings receive and process frequen-

cies closer to the 8MHz. In addition to S12 B-mode protocols, mice were also treated with S12 
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Power Doppler protocols as Power Doppler employs longer US pulses (B-mode delivers two 

waves per pulse versus Power Doppler that deliver 6–8 waves per pulse), which is expected 

to result in more robust local delivery. Two different S12 Power Doppler treatment protocols 

were used. The S12 Power Doppler 1 protocol employed an MI of 1.5 and a focus and depth at 

1.5 cm and 9 cm respectively. The S12 Power Doppler 2 protocol used identical settings with 

the except the settings for focus and depth, these were 3 cm and 16 cm. As this focus and 

depth are higher, the Sonos machine automatically increases the amount of US pulses that 

the transducer transmits and decreases the US-frequency to 6 MHz. The S12 Power Doppler 

2 protocol thus employs the same MI and frequency, but a higher amount of US-pulses per 

second. Murine hearts were treated with US for 1 s every 10 s for 15 min. Treated mice were 

sacrificed 30 min, 24 h or 48 h after treatment after which the hearts were embedded in Tissue 

Tek O.C.T. Compound (VWR International B.V., Amsterdam, The Netherlands), frozen in liquid 

nitrogen and whole blood was taken for further analysis. Prior to, directly after treatment, and 

at the moment of sacrifice, cardiac function was measured in M-mode by means of echocar-

diography (Vevo 2100, Visualsonics, Amsterdam, The Netherlands). To determine the direct 

effect of treatment on cardiac function, the difference between before and after treatment 

was calculated for measured left ventricular diameter, heart rate, fractional shortening, and 

ventricular wall thickness and for calculated left ventricular volumes, ejection fraction, and 

cardiac output. Additionally, the ECG was recorded before, during and directly after treatment.

Figure 1 Used US-transducers for UTMD. A) Transducers operate at different frequencies as displayed be-

low the images. The S3 transducer has an imaging surface which is 4× as large as the S12 transducer, making 

it more difficult to precisely place the transducer over a mouse heart. B) The dotted red line represents the imag-

ing/treatment plane that was used for UTMD.

AntagomiR delivery to ischemia-reperfusion myocardium
For delivery experiments on the ischemia–reperfusion (I/R) hearts, mice were anesthetized 

with an intraperitoneal injection of a mixture of Fentanyl (0.05 mg/kg), Dormicum (5 mg/
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kg) and Domitor (0.5 mg/kg). Mice were intubated and ventilated with a gas mixture of 96% 

oxygen and 4% nitrogen. The left coronary artery (LCA) was ligated with an 8-0 vicryl suture 

with a section of polyethylene-10 tubing placed over the LCA. After 30 min, reperfusion 

was initiated by releasing the ligature and tubing as described before [17].Within 5 min 

of the initiation of reperfusion, mice received an i.v. injection of 0.75 mg/kg body weight 

antagomir in 100 μl H2O either with cMB (2 * 108 in total) or without cMB for control animals. 

Subsequently, the S12 transducer was placed on the heart and mice were treated with the 

S12 Doppler protocol B as described in Table 1. Mice were sacrificed either 30 min or 24 h 

after treatment at which point the heart was collected for further analysis.

Qualitative immunofluorescence microscopy

Wheat germ agglutinin-staining and montage-imaging
Myocardial cryosections, 10 μm thick, were fixed in 4% paraformaldehyde in PBS for 5 min. 

Subsequently, sections were permeabilized using 0.01% vol. triton x-100 (Sigma-Aldrich) 

in PBS and stained with 50 μl wheat germ agglutinin (WGA) Alexa Fluor 488 Conjugate 

solution (1 μg/ml, Life technologies) and enclosed with mounting medium containing DAPI 

(Vector Labs, Peterborough, UK) for nuclear staining. Next, sections were visualized on a 

ZEISS Axiovert Marianas 200 M inverted fluorescence microscope (Intelligent Imaging In-

novations, Denver, CO, USA) with DAPI, FITC and cy3 filter sets. Of these sections, montage 

images of the whole heart were made by stitching separate images taken at 200× magnifi-

cation to determine localization at the organ level. For localization at the cellular level, 400× 

high-magnification images were taken.

CD31-staining
For the 30 minute time point, cryosections were stained for CD31 using immunofluorescence. 

Sections were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 5 min. Sub-

sequently, sections were permeabilized using 0.01% vol. triton x-100 and incubated with 100 

μl of polyclonal primary antibody against CD31 (2 μg/ml, sc-1506, PECAM-1 (M-20), Santa Cruz, 

Dallas, TX, USA) over night at 4 °C in PBS with 1% bovine serum albumin (BSA). Subsequently, 

100 μl of secondary antibody with conjugated Alexa Fluor 488 dye was added (Life Technolo-

gies) for 30 min at room temperature (RT) in PBS with 1% BSA, sections were enclosed with 

mounting medium containing DAPI for nuclear staining (Vector Labs). Subsequently, sections 

were visualized at 400×magnificationwith DAPI, FITC and cy3 filters. Negative controls for the 

staining, using only the secondary antibody, were performed to correct for nonspecific binding .

TUNEL-staining
To detect cell death at 24 h and 48 h, cryosections were stained with a fluorescein in situ cell 

death detection kit TUNEL assay according to manufacturer’s instructions (Roche, Cat no.: 
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11 684 795 910, Woerden, The Netherlands) and Hoechst counter stain for nuclei. Sections 

were analyzed with a ZEISS Axiovert Marianas 200 M inverted fluorescence microscope at 

200× magnification.

Neutrophil-staining
To study neutrophil infiltration, cryosections were fixed in acetone, incubated with Avidin 

(Biotin Blocking system, Dako, Heverlee, Belgium) for 15 min, washed with PBS 3 times, 

subsequently incubated with biotin (Biotin Blocking system) and washed with PBS 3 times. 

Next, sections were washed with PBS containing 0.05% vol. TWEEN and incubated in nor-

mal goat serum for 30min. Then, sections were incubated with 100 μl of primary antibody 

against Ly-6G ((1.25 μg/ml) Biolegend, Fell, Germany) in PBS containing 0.1% bovine serum 

albumin (BSA) for 60 min. at RT, washed 3 times with PBS and, subsequently, incubated with 

a biotinylated secondary goat-anti-rat antibody (Southern biotech, Birmingham, AL, USA) in 

PBS with 1% BSA for 30 min. at RT.

Sections were then washed 3 times with PBS and incubated with streptavidin-FITC 

(Biolegend) in PBS for 60 min. at room temperature. Finally, sections were washed 3 times, 

counterstained with Hoechst nuclear staining and enclosed in mounting medium. Negative 

controls for the staining, using only the secondary antibody, were performed to correct for 

non-specific binding .

Quantitative fluorescence microscopy

Frozen hearts were sectioned in slices of 10 μm from apex to base in the transversal plane. 

Immediately after sectioning, pictures of 10 slices per mouse were taken at 100× magnifica-

tion on the ZEISS Axiovert Marianas 200 M. Pictures were taken with a 10× air objective, 

constant illumination time of 1000 ms, constant settings on the CCD-detector, and constant 

pixel size. Pictures were subsequently analyzed using Slidebook 5.5 Software (Intelligent 

Imaging Innovations). A digital overlay mask of the cy3-channel (antagomir signal) was cre-

ated with a lower cut-off (threshold) value set at 100 a.u. intensity and a maximum cut-off 

value set at 4095 a.u. (which was the sensitivity limit of the camera). The auto-fluorescence 

of murine hearts was determined by imaging sections of 4 untreated murine hearts and 

defined the average cy3-channel intensity as the lower cut-off (threshold). Of this mask the 

Mean intensity, Median intensity, Maximal intensity, Sum intensity and Surface area above 

threshold of the mask were calculated as read-out parameters for the effect of US and cMB 

treatment on antagomir delivery to the heart (for an in detail description of these param-

eters we refer to the supplementary data). It is important to note that only the readout 

parameters Sum intensity and Surface area above threshold directly represent increased tis-

sue delivery of antagomir. The other read-out parameters Mean intensity, Median intensity 

and Max intensity give information about distribution of antagomir through the section. To 
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compare groups, sections 2400–3100 μm away from the apex were used since that part of 

the heart was in the US-beam during treatment.

Troponin I ELISA

Troponin I levels were determined in whole blood taken from mice with a high sensitivity 

ELISA kit following the manufacturer’s instructions (Life Diagnostics, Cat. No: CTNI-1-HS, 

West Chester, PA, USA). For the blood collected 30 min after treatment, Troponin I levels 

were correlated to the quantification of antagomir delivery to the heart using the Pearson 

correlation test.

Statistical analysis

Statistical analysis was performed with Prism5 (Graphpad Software, La Jolla, CA, USA). 

Means of different treatment groups were tested for statistical difference compared to the 

untreated control group with a student’s t-test and considered significantly different at p 

<0.05. 

Figure 2 Cationic microbubble size distribution and antagomir attachment. A) Graph ofmicrobubble 

size distribution. On the x-axis the microbubble diameter is depicted. On the y-axis, the  amount of microbub-

bles of a particular size is displayed as a fraction of the most-abundant size. B) Fluorescence microscope image 

of antagomir bound to cationic microbubbles. 

Results

Microbubble preparation and antagomir binding

As we described before, prepared cMB had a mean diameter of 1.77 μm (Fig 2A) and an-

tagomir was successfully attached to the MB shell through electrostatic interactions during 

a 5 minute incubation time (Fig 2B). 
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Delivery of antagomiR to the healthy myocardium

Localization of antagomiR (30 min)
Upon a single i.v. injection of 0.75 mg/kg antagomir, no fluorescent antagomir signal could 

be observed in the hearts of the control group (Fig. 3A+F) 30 min after treatment. After 

injection of cMB with antagomir, US treatment increased delivery of antagomir to the 

myocardium (Fig. 3B–E+G–I) across all treatment groups. For the S12 B-mode 1 protocol, 

however, this effect was mild (Fig 3B). The results with the S12 B-mode 2 protocol were 

heterogeneous; in 2 out of 6 mice delivery was profound (Fig. 3C),while in the remaining 

mice antagomir delivery was mild (Fig. 3D). The qualitative results of the S3 Power Doppler 

protocol were more reproducible, leading to increased delivery to cardiomyocytes in all 

mice (Fig. 3E). Additionally, with the S12 Bmode protocols, delivery was restricted to the 

anterior wall of the heart (Fig. 3C+D). Interestingly, antagomir delivery was not restricted 

to the anterior wall of the heart when the S3 Power Doppler protocol was used. However, 

in the S3 Power Doppler group, localization of antagomir delivery was not uniforma nd the 

extent of delivery was heterogeneous as well. High-magnification images revealed that all 

delivered antagomir in the S12 B-mode 1 group was localized directly around the capil-

laries (Fig. 3G). The cellular delivery pattern of S12 B-mode 2 and S3 Power Doppler were 

comparable and antagomir could be found inside cardiomyocytes (Fig. 3H+I). Strikingly, 

cardiomyocytes either turned entirely red or did not show any intracellular antagomir signal 

at all, indicating an on-or-off reaction of cardiomyocytes to the treatment.

Quantification of local delivery (30 min)
Quantification of increased delivery revealed that UTMD treatment influenced antagomir 

delivery to the heart in several quantitative parameters (Fig. 3J–N). UTMD with S12 B-mode 2 

and S3 Power Doppler significantly increased the Mean intensity (Fig. 3J) and Max intensity 

(Fig. 3L) compared to control animals (p < 0.05), indicating an effect on distribution pattern 

of delivered antagomir as a result of UTMD. Additionally, UTMD with S12 B-mode 2 and 

S3 Power Doppler significantly increased Sum intensity (Fig. 3M) and Surface area above 

threshold (Fig. 3N) (p < 0.05), which indicates an absolute increase in antagomir delivery to 

the myocardium.

Localization of antagomiR (24 h)
After 24 h, antagomir fluorescent signal could still be observed in the hearts of US and cMB 

treated mice (Fig 4B+C) but not in control animals (Fig. 4A). Treatment with the S3 Power 

Doppler protocol led to antagomir delivery to the anterior left ventricular wall, the septum 

and the posterior wall (Fig 4B). As S3 Power Doppler treatment was most successful at 30 min 

we added a treatment protocol with S12 Power Doppler for analysis at 24 h. The S12 Power 

Doppler transducer is smaller compared to the S3 transducer, which allows for more precise 
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Figure 3 UTMD-triggered antagomir delivery to the healthy myocardium after 30 min. A–E) Montage 

images of hearts extracted 30 min after UTMD, stained with wheat germ agglutinin (green) and DAPI (blue). The 

antagomir is visualized in red. Arrows point toward the part of the  heart where the UTMD effect was observed. Size 

bar=1mm. F–I) Higher magnification images with CD31 staining (green) and DAPI staining (blue). Antagomir is visu-

alized in red. Size bar= 100 μm. J–N) Quantification of fluorescence images. *p < 0.05, +p < 0.01, #p =0.06 compared 

to control values. Amount of animals per group: control=6, S12 B-mode 1=5, S12 B-mode 2=6, S3 Power Doppler=3. 

Control animals received an i.v. injection of antagomir only and were treated with the S3 Power Doppler protocol. 
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placement on the heart. 24 h after As with S3 Power Doppler treatment, S12 Power Doppler 

1 treatment increased delivery of antagomir to the heart (Fig. 4C). High-magnification im-

ages revealed that for both treatment protocols, at a cellular level, antagomir delivery was 

similar (Fig. 4D–G). The same on-or-off uptake response in cardiomyocytes of antagomir 

was observed at 24 h. No difference in cellular localization was observed between the S3 

Power Doppler (Fig. 4D+E) and S12 Power Doppler protocols (Fig. 4F+G). Two distinct mor-

phological patterns of cellular antagomir delivery were observed. First, antagomir delivery 

was observed in areas with a high density of cells, indicating intracellular and extracellular 

antagomir delivery (Fig. 4H+I, arrow-heads). Second, antagomir delivery was observed into 

cardiomyocytes displaying a normal morphology and no influx of cells (Fig. 4J+K, arrows). A 

part of the influx of cells was identified as neutrophils (Fig. 4M+O). However, not all invading 

cells could be identified; possible other candidates are monocytes and lymphocytes. Ad-

ditionally, only in some areas antagomir delivery was found in combination with an influx 

of neutrophils (Fig 4M+O), in some other areas no neutrophils could be found around spots 

of antagomir delivery (Fig 4L+N). Finally, independent of delivery pattern, no apoptosis was 

observed in all animal groups (Fig. 4P–S). As positive control, I/R mouse hearts were stained 

with the same TUNEL procedure. Apoptosis was clearly visible in those hearts as can be seen 

in Fig. 8.

Quantification of local delivery
Quantification of microscopy images at 24 h revealed that UTMD treatment of micewith S3 

or S12 Power Doppler 1 protocols significantly increased Mean intensity (Fig. 4T), Median 

intensity  (Fig. 4U), Max intensity (Fig. 4V), Sum intensity (Fig. 4W) and Surface area above 

threshold (Fig. 4X) compared to control animals (p < 0.05), meaning that UTMD both had 

an effect on antagomir delivery pattern (indicated by parameters Mean intensity, Median 

intensity, and Max intensity) and caused an absolute increase of antagomir delivery to the 

myocardium (indicated by parameters Sum intensity and Surface area above threshold). 

Treatment with S12 Power Doppler showed the most homogeneous delivery results.

Localization of antagomiR (48 h)
48 h after treatment, no antagomir could be seen in the myocardium in control animals (Fig. 

5A). As the S12 Power Doppler 1 treatment gave the most reproducible results at 24 h, we 

used this protocol for delivery at 48 h. At 48 h, antagomir delivery to the anterior wall of the 

left ventricle was increased with S12 Power Doppler 1 treatment; however, the increase was 

modest (Fig. 5B). In an effort to further increase delivery, the US-intensity was increased, the 

resulting US-protocol Power Doppler 2 increased the area of the heart in which the US and 

cMB effect could be observed (Fig. 4C). S12 Power Doppler 2 had a higher setting for depth 

and focus compared to S12 Power Doppler 1, resulting in a larger pulse length of emitted 

US, a slightly lower frequency (6 MHz for S12 Power Doppler 2 compared to 7 MHz for Power 
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Figure 4 UTMD-triggered antagomir delivery to the healthy heart after 24 h. 
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Doppler 1), and thus a higher US intensity. Importantly, at 48 h, the two distinct patterns 

of antagomir delivery could still be observed (Fig. 5D–G, arrowhead for pixilated pattern, 

arrows for normal morphology). As after 24 h, antagomir delivery at 48 h was sometimes 

accompanied by a modest influx of neutrophils (Fig. 5L–O). Furthermore, since this influx of 

neutrophils might suggest that apoptosis was induced in cardiomyocytes upon the treat-

ment we tested this by TUNEL staining. Apoptosis was mostly not detected, only in few mice 

very low numbers of apoptotic cells (2/3 per imaging field) could be observed (Fig. 5P–S).

Figure 4 UTMD-triggered antagomir delivery to the healthy heart after 24 h. (continued)

A–C) Montage images of hearts extracted 24 h after treatment, stained with wheat germ agglutinin (green) 

and DAPI (blue), antagomir is visualized in red. Arrows point toward the part of the heart where the UTMD effect 

was observed. Size bar= 1 mm. D–G) Fluorescence microscopy images of cryosections of hearts treated with 

either S3 Power Doppler UTMD or S12 Power Doppler UTMD, stained with wheat germ agglutinin (green) and 

DAPI (blue), antagomir is visualized in red. Solid line arrows point toward intracellular delivery of antagomir-

with undisturbed cardiomyocytemorphology. Arrowheads point toward intracellular delivery of antagomir ac-

companied by an increased density of nuclei. Size bar=100 μm.H–K) Images of hearts treated with S12 Power 

Doppler protocol, stainedwithwheat germ agglutinin (green) and DAPI (blue), antagomir is visualized in red. 

Arrowheads point toward intracellular delivery of antagomir accompanied by an increased density of nuclei 

(H+I). Solid line arrows point toward intracellular delivery of antagomirwith undisturbed cardiomyocyte mor-

phology (J+K). Size bar=50 μm. L–O). Neutrophil staining (green) of S12 Power Doppler treatedmice with nuclei 

in blue and antagomir in red. Arrows point toward neutrophils. Size bar=50 μm. P–S) TUNEL-staining (green) 

of S12 Power Doppler 1 treatedmice with nuclei in blue and antagomir in red. Size bar=50 μm. T–X)Quantifica-

tion of fluorescence images. *p < 0.05,+p < 0.01, #p=0.06 compared to control values.Amount of animals per 

group: control=5, S3 Power Doppler=5, S12 Power Doppler 1 = 3. Control animals received an i.v. injection of 

antagomir only and were treated with the S3 Power Doppler protocol.
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Figure 5 UTMD-triggered antagomir delivery to the healthy heart after 48 h.
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Figure 5 UTMD-triggered antagomir delivery to the healthy heart after 48 h. A–C) Montage images 

of hearts extracted 30min after treatment, stained with wheat germ agglutinin (green) and DAPI (blue), an-

tagomir is visualized in red. Arrows point toward the part of the heart where the UTMD effect was observed. Size 

bar=1mm. D) Images of cellular antagomir delivery after S12 Power Doppler 1 (D+E) and S12 Power Doppler 2 

(F+G) protocols. Solid line arrows point toward intracellular delivery of antagomir with undisturbed cardiomyo-

cyte morphology. Arrowheads point toward intracellular delivery of antagomir accompanied by an increased 

density of nuclei. Size bar=100 μm. H–K) High magnification images of cellular delivery pattern of UTMD using 

the S12 Power Doppler 2 protocol, stainedwith wheat germ agglutinin (green) and DAPI (blue), antagomir is 

visualized in red. Solid line arrows point toward intracellular delivery of antagomir with undisturbed cardiomyo-

cyte morphology. Arrowheads point toward intracellular delivery of antagomir accompanied by an increased 

density of nuclei. Size bar= 50 μm. L–O) Neutrophil staining (green) of S12 Power Doppler 2 treated mice with 

nuclei staining (blue) and antagomir in red. Size bar= 50 μm. E) TUNEL-staining (green) of S12 Power Doppler 

2 treated mice. Nuclei are visualized in blue and antagomir in red. Size bar=50 μm. T–X) Quantification of fluo-

rescence images. *p < 0.05, +p < 0.01 compared to control values. Amount of animals per group: control =4, S3 

Power Doppler=4, S12 Power Doppler 1 A=3, S12 Power Doppler 2 B=6. Control animals received an i.v. injection 

of antagomir only and were treated with the S3 Power Doppler protocol.

Quantification of local delivery (48 h)
Quantification of microscopic images of hearts taken after 48 h showed that the increased 

delivery persisted for 48 h (Fig. 5T–X). The original S12 Power Doppler 1 protocol showed 

no effect on Mean intensity (Fig. 5T) and Median intensity (Fig. 5U) and a decrease in Max 

intensity (Fig. 5V), indicating an effect of UTMD on delivery patterns. The S12 Power Dop-

pler 1 protocol also showed an increase in Sum intensity (Fig. 5W) and Surface area above 

threshold (Fig. 5X) compared to controls, indicating increased delivery of antagomir. Control 
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values for total amount of antagomir presence were comparable to the levels of 24 h; how-

ever, this was distributed over a smaller area, resulting in higher values for Mean intensity, 

Median intensity and Max intensity. This is probably the reasons why at 24 h the S12 Power 

Doppler 1 protocol does not cause significant increases in these parameters compared to 

controls. The S12 Power Doppler 2 protocol, with increased US intensity, displayed the most 

consistent delivery results and showed the highest Sum intensity (Fig. 5W) and Surface 

area above the threshold (Fig. 5X), which indicates increased delivery of absolute amounts 

of antagomir. Furthermore, the S12 Power Doppler 2 protocol showed a trend to increase 

Mean intensity (Fig. 5T) and Median intensity (Fig. 5U). This means that both S12 Power 

Doppler protocols had an effect on delivery pattern of antagomir as well as an effect on 

absolute delivery of antagomir, which was increased.

The immediate effect of treatment on cardiac function

ECG
UTMD had an effect on the ECG during and shortly after treatment. However, only in the 

treatment group S12 Power Doppler 2, where hearts were extracted at the 48 h time point, 

all mice showed an effect of UTMD on the ECG. In all other groups, only a subset of treated 

mice showed ECG-alterations, therefore only the effect on ECG in the S12 Power Doppler 2 

group are displayed. UTMD affected the QRS-voltages, indicative for a ventricular conduction 

delay, probably due to changes in volume and form of the left ventricle. Additionally, ECG-

alterations during treatment were a predictor of antagomir delivery. In all animals where 

antagomir delivery to the heart was increased, ECG-alterations were observed. Similarly, if 

ECG alternations were not observed, antagomir delivery to the heart was also absent.

Cardiac and respiratory functions
UTMD had an immediate effect on cardiac function as measured in M-mode echocardiog-

raphy (Fig. 6). UTMD decreased diastolic diameter and calculated diastolic volume of the left 

ventricle for both the S12 and S3 Power Doppler treatment protocols (p < 0.05). Further-

more, there was a trend toward a decrease in systolic diameter and volume using the S3 

Power Doppler protocol. Additionally, UTMD showed a trend toward an increase in ejection 

fraction and fractional shortening for the S3 Power Doppler protocol (p < 0.1). Finally, UTMD 

increased anterior wall thickness, both in systole and diastole (p < 0.05) and posterior wall 

thickness in systole (p < 0.05). During treatment, some mice showed respiration difficulties 

when treated with the S3 or S12 Power Doppler protocols. After sacrificing and autopsy of 

these mice, pulmonary hemorrhaging was observed. In none of the mice petechiae on the 

hearts were observed.
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Figure 6 Effect of UTMD-treatment on cardiac function. Effect of 

UTMD on cardiac function by measuring cardiac function in M-mode di-

rectly before and after treatment. The difference in measured parameters 

before and after treatment is displayed in the figures. *p < 0.05,+p < 0.01 

compared to control values. Control animals received an i.v. injection of 

antagomir only and were treated with the S3 Power Doppler protocol.
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Myocardial contraction patterns (movie clips)
In addition to changing cardiac function as measured by M-mode, UTMD with the S3 and 

S12 Power Doppler treatment protocols also directly affected the contraction pattern of 

the heart. After treatment, the left anterior wall of the heart showed a delay in contraction 

compared to the rest of the heart. This was however completely normalized 24 h after treat-

ment, suggesting a temporal acute effect. 

Troponin I levels
UTMD treatment did not statistically significantly increase Troponin I levels of specific 

treatment groups at 30 min (Fig. 7A). Quantification of antagomir delivery was correlated 

with troponin I levels and we found a statistically significant correlation of Mean intensity, 

Median intensity and Sum intensity with troponin I levels (p < 0.05, Fig. 7B). This indicates 

that profound delivery of antagomir was associated with increased levels of troponin I in the 

blood. After 24 h and 48 h, Troponin I levels were at control levels in all treatment groups 

and mice (Fig. 7A).

Delivery of antagomiR to the I/R myocardium 

As the S12 Doppler 2 protocol gave the best results for antagomir delivery in the healthy 

heart, this protocol was used for the treatment of I/R mouse hearts.

30 min after treatment
Surprisingly, 30 min after I/R, antagomir delivery to the myocardium without UTMD was 

profound and similar in both control (Fig. 8A+B) and UTMD treated hearts (Fig 8C+D). This 

is in strong contrast to healthy control hearts from the earlier experiments (Fig. 6A). Cellular 

distribution patterns of antagomir in both I/R control and I/R UTMD hearts was comparable 

to antagomir distribution as a result of UTMD in the healthy heart (Fig. 8E–H).

Localization of antagomiR (24 h)
After 24 h, the antagomir could still be found in the heart both in control (Fig. 8I+J) and 

UTMD-treated animals (Fig. 8K+L) in the infarcted areas. Antagomir was located inside 

the cardiomyocytes (Fig. 8M–P), with comparable morphology as the UTMD-triggered 

delivered antagomir in the healthy myocardium. Clear intracellular presence of antagomir 

could be observed inside cardiomyocytes. Additionally, intracellular antagomir delivery was 

associated with the influx of cells (Fig. 8N). Not surprisingly, these cells were identified as 

neutrophils (Fig. 6Q–T, arrows), as to be expected 24 h after I/R. No difference between con-

trol hearts and UTMD treated hearts was observed. Additionally, TUNEL staining confirmed 
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the presence of apoptosis (Fig. 8U–X, arrows). Both apoptosis and neutrophil infiltration 

could mainly be found in areas that contained antagomir inside cardiomyocytes, this area is 

very likely the area of I/R, even though with the applied staining this cannot be concluded 

definitively.

Figure 7 Effect of UTMD-treatment on Troponin I release. A) Troponin I levels in the blood after 30min, 24 

h and 48 h. B) Correlation of troponin I levels in the blood at 30min with quantification markers for antagomir 

delivery.

Quantification of local delivery
Compared to healthy untreated hearts, I/R itself resulted in a significant increase in Mean 

intensity (Fig. 8Y), Median intensity (Fig. 8Z), Max intensity (Fig. 8AA), Sum intensity (Fig. 

8AB) and Surface area (Fig. 8AC) at 24 h (p < 0.05). No further effect of UTMD on antagomir 

delivery was observed. At 30 min, a non-significant increase was observed.
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Discussion

The present study shows that UTMD increases cardiac delivery of antagomir and changes 

the delivery pattern, when using US-protocols employing different imaging modes and fre-

quencies. One of the major new findings is that UTMD can increase local antagomir delivery 

to the heart, and that a short stranded RNA (~22 base pairs) can be acutely delivered to the 

cardiomyocytes intracellularly. S12 Power Doppler 2, with a higher setting for depth and 

Figure 8 UTMD-triggered antagomir delivery in the heart after ischemia reperfusion. A–D) 100× 

magnification images of control (A+B) and UTMD-treated heart after (C+D) extracted 30 min after IR, stained 

with wheat germ agglutinin (green) and DAPI (blue), antagomir is visualized in red. Size bar = 200 μm. E–H) 

400× magnification images of control hearts (E+F) and IR heart (G+H) extracted 30 min after reperfusion, 

stained with wheat germ agglutinin (green) and DAPI (blue), antagomir is visualized in red. Size bar=50 μm. 

I–J)Montage images of hearts extracted 24 h after IR, either after control treatment (I+J) or UTMD (K+L), stained 

with wheat germ agglutinin (green) and DAPI (blue), antagomir is visualized in red. Size bar=1mm. M–P) High-

magnification images of infarcted area with antagomir-uptake in cardiomyocytes 24 h after IR in control-treat-

ed (M+N) and UTMD (O+P) hearts, stained with wheat germ agglutinin (green) and DAPI (blue), antagomir 

is visualized in red. Size bar=50 μm. Q–T) Neutrophil staining (green) 24 h after IR in control-treated (Q+R) or 

UTMD (S+T) hearts (nuclei in blue, antagomir in red). Size bar=50 μm. U–X) TUNEL staining (green) for apopto-

sis in IR hearts 24 h after control-treatment (U+V) or UTMD (W+X) (nuclei in blue, antagomir in red). Size bar=50 

μm. Y–AC) Quantification of antagomir presence in IR-hearts. *p < 0.05. Amount of animals per group: Control 

30 min=6, IR 30 min=4, IR+UTMD 30 min=4, Control 24 h=5, IR 24 h=4, IR+UTMD 24 h=4. Control animals 

underwent ischemia–reperfusion (IR), received an i.v. injection of antagomir only andwere treated with the S3 

Power Doppler protocol.
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focus compared to S12 Power Doppler 1, gave the most robust delivery results, probably 

due to the larger pulse length of emitted US and thus a higher intensity. Delivery occurs 

mostly to the anterior wall of the heart and the extent of delivery is dependent on US fre-

quency and US mode. A higher frequency leads to a more restricted delivery to the anterior 

wall; a lower frequency reaches more parts of the heart. B-mode imaging protocols cause 

heterogeneous delivery patterns, in some mice delivering antagomir to capillaries and in 

other mice delivering antagomir into cardiomyocytes, Power Doppler protocols consistently 

deliver antagomirs into cardiomyocytes. This is probably caused by the higher amount of 

consecutive waves Power Doppler employs (6–8 pulses) compared to B-mode (2 pulses) 

within one US-pulse. B-mode imaging has the potential to cause similar effects but seems to 

operate at more of a threshold of US-energy that is needed, causing heterogeneous results. 

In addition to the groups reported in the Results section, more US-protocols were tested. 

Since these gave heterogeneous non-optimal results, we did not further explore these. 

However, we find it important to share those data and settings and these are included in 

the Supplementary data Fig. C. After treatment with Power Doppler protocols, antagomirs 

remain in the cardiomyocytes for up to at least 48 h. Some of the antagomir is internalized 

by cells that enter the heart after UTMD. A part of the cellular influx was identified as neu-

trophil granulocytes with molecular markers, non-identified cells might be monocytes or 

lymphocytes based on their morphology. Numbers of neutrophils remain the samefrom24 

to 48 h and no apoptosis is present in the heart up to 48 h after UTMD. We thus conclude 

that any potential damaging effects of UTMDin the heart is local and temporal, and do 

not persist nor cause damage to the cardiomyocytes. The acute effects of UTMD on the 

heart include temporary alterations of the ECG and thickening of the left ventricular wall, 

also influencing left ventricular volumes and ejection fraction. A possible explanation is the 

occurrence of temporary myocardial edema or hypercontractility due to increased cardiac 

permeability, thereby influencing calcium levels inside cardiomyocytes [18]. Strikingly, after 

I/R, antagomirs enter cardiomyocytes in the infarcted region of the heart and we found that 

the cellular delivery pattern is similar to UTMD-deliver patterns. This finding points to the 

existence of a potential therapeutically accessible window of increase vascular permeability 

directly after I/R, in which antagomir delivery can be confined to the part of the heart that 

is affected by I/R. Clearly, further studies to fully explore this opportunity will be necessary. 

Antagomirs have been successfully used in the past for cardiac applications. However, 

repetitive systemic doses used in those studies are high and range from 2.5–80 mg/kg body 

weight [19,20], making antagomir-treatment expensive. Additionally, antagomirs show low 

cardiac specificity [7]. Lowering the i.v.  dose of antagomir has been tried but resulted in 

specific miR knockdown in endothelial cells [21]. Using UTMD, one can lower the dose but 

still deliver antagomir to cardiomyocytes, increasing possibilities for cell-specific treatment. 

One drawback is that UTMD-effects when using the S12 Power Doppler protocols are 

confined to the anterior wall of the heart. This is  probably caused by US-energy absorbing 
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MBs in the left ventricle, as a results decreasing US-penetration and shielding the posterior 

wall. This is expected given the size distribution of the MB (~1–2 μm) as these are known 

to primarily absorb US waves at around 6–7 MHz. US-penetrance can be increased with an 

S3 transducer operating at a lower frequency (1.5 MHz), which causes less US-absorbance 

by MB and higher USpenetration. However, a lower frequency comes with a lower spatial 

resolution, making it difficult to position the transducer correctly over the mouse heart. 

Thiswill be less relevant in larger animals and humans where a lower spatial resolution is not 

an issue to correctly position the transducer over the heart. Additionally, a trans-esophageal 

transducer might be useful to treat specific parts of the heart by approaching the heart from 

different angles. 

Even though UTMD has been used in the cardiac setting before, only little information is 

known about localization of delivered therapeutics in the heart [14,22]. Much work has 

been done in optimizing US parameters and MBs, and results have improved [11,12,23,24]. 

However, with a focus and technical details, the mechanism of delivery remains to be 

conclusively elucidated. In vitro data suggests that sonoporation, a temporal increased 

membrane permeability due to vibration of single MB, is the driving force behind increased 

delivery using UTMD [25]. If that were the mechanism involved, we would expect most 

delivery to the capillaries, increased vascular permeability and extravasation of antagomir 

to the interstitium. In this study, however, delivery is mainly achieved to cardiomyocytes. Ad-

ditionally, we observed an on/off pattern of antagomir delivery to cardiomyocytes. If UTMD 

operates through a mechanism reliant on vibrations of single MB, with   the amounts of MB 

present in the heart, we would expect a more continues delivery pattern. Sonoporation, 

an increased membrane permeability due to oscillations of single MB, does not seem to 

be the driving factor behind UTMD effects in the heart. We have not elucidated the precise 

mechanism of delivery, but rather revealed a unique and consistent delivery pattern in the 

heart, which is very different from delivery patterns in skeletal muscle and does not fit with 

sonoporation but points toward a mechanism that both increases vascular permeability 

and cardiomyocyte permeability, without influencing endothelial cell permeability [15,26]. 

One (other) concern with UTMD is potential damaging effects of MB destruction [27–30]. 

These effects include endothelial damage, vascular rupture and cardiomyocyte damage. 

Early work on MB-destruction showed that damaging effect can be managed by adjusting 

the US treatment protocol [28]. Since several US treatment protocols were tested in the 

present study, we also studied adverse effects of treatment on the heart. 

We did indeed find comparable effects as previously described. Miller et al. in 2005 showed 

Evans blue localization inside cardiomyocytes after MB destruction [28], subsequently 

concluding that MB destruction causes cardiomyocyte damage. In the present study, an-

tagomir delivery patterns to cardiomyocytes looked very similar to the intracellular Evans 

blue patterns. However, we found no apoptosis of cardiomyocytes and therefore conclude 

that this intracellular delivery pattern does not represent damage but localized delivery of 



Chapter 4

104

a therapeutic agent. We did not specifically test for endothelial damage or vascular rupture. 

However, no apoptosis of endothelial cells nor extravasation of red blood cells was observed, 

neither petechiae on the heart. We conclude that no persisting adverse effects were caused 

by UTMD in healthy hearts. We did find acute effects of UTMD on cardiac function and ECG 

that disappeared within 24 h and 5 min, respectively. UTMD increased ventricle wall thick-

ness, influenced contraction pattern and decreased both systolic and diastolic volumes, 

clearly affecting cardiac function. Although this was not fatal in the animals presented in 

this study, some animals in the Power Doppler groups did show respiratory difficulties dur-

ing treatment. After treatment, this disappeared within 5 min. We speculate that the effect 

of UTMD on cardiac function causes a lower cardiac output, which could cause fluid buildup 

and edema in the lung. As fluids allow US propagation through the lung and air does not, 

in the case of pulmonary edema, US is propagated through the lungs and can cause MBs 

to explode in the pulmonary vasculature causing micro vessels to rupture. This can result in 

pulmonary hemorrhaging in those mice. We believe that this effect is specific for this animal 

model, as the US-transducers are designed for human use where the lungs are positioned 

farther away from the heart so that US-energy does not penetrate to this depth. 

Another major finding of our study is that I/R itself allows antagomirs to enter cardiomyo-

cytes within 30 min after reperfusion. This provides a potential strategy to specifically deliver 

antagomir to the infarcted area by injecting antagomir within 5 min of reperfusion. UTMD 

does not have an additional effect on antagomir delivery. Both UTMD and I/R are known 

to increase vascular permeability in the heart, causing antagomir to leave the blood vessel. 

Why antagomir subsequently can enter cardiomyocytes this easily within 30 min is unclear. 

In in vitro studies we experienced that antagomirs do enter cells on their own, but this 

typically takes hours, not 30 min. Our results indicate that in parallel with increased vas-

cular permeability, cellular permeability of cardiomyocytes also increases. The mechanism 

underlying this combined increased microvascular and cardiomyocyte permeability is still 

unknown, but clearly deserves renewed investigation. Since UTMD and I/R show similar 

antagomir uptake patterns, we hypothesize that the mechanism that drives uptake after 

UTMD might be caused by I/R stress to the cardiomyocytes, leading to temporary and 

reversible membrane permeabilization. 

In conclusion, the present study shows that UTMDcan locally deliver antagomir into the 

cardiomyocytes of the heart without causing persistent damage. The antagomir remains 

in the cardiomyocytes for over 48 h. The best results are obtained with an S12 transducer 

operating in Power Doppler mode, causing local antagomir delivery to the anterior wall of 

the heart as the MB-filled ventricle shields the posterior part. This study is the first to explore 

cardiac antagomir delivery using UTMD. In addition, it is the first to study tissue distribution 

of short RNA based therapeutics (~22 base pairs) at both the cellular and organ levels after 

UTMD to the heart in general. Interestingly, I/R itself provides a disease-associated targeting 

mechanism to locally deliver antagomir to the infarcted heart much like the increased reten-
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tion and enhanced permeability mechanism in tumors. As the delivery pattern caused by I/R 

is similar to UTMD-triggered delivery of antagomir, the underlying mechanism might also 

be related to — and probably involves — short-term, non-damaging (reversible), ischemia 

or reperfusion triggered events. These findings may be beneficial for developing therapeuti-

cal inhibition of myocardial apoptosis and promoting cardiomyocyte survival after cardiac 

I/R. Overall, UTMD is most suited to manipulate miRNA-function and subsequent processes 

like apoptosis, proliferation and/or hypertrophy in cardiomyocytes in the later stages after 

myocardial infarction or in more chronic cardiac diseases like hypertrophic cardiomyopathy 

or chronic heart failure.
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