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The medical need for targeted delivery 

Cardiac disease is still the leading cause of death in the world, contributing 7.4 million deaths 

due to ischemic cardiac disease and another 1.1 million due to hypertensive cardiac disease 

annually [1]. Ischemic cardiac disease, including acute myocardial infarction (MI), can now be 

effectively treated due to the development of interventions such as coronary artery bypass, 

coronary angioplasty, and heart transplantations [2]. For secondary prevention of recurrent 

vascular events, aspirin, beta-blockers, angiotensin-converting enzyme (ACE) inhibitors are 

successfully used [2]. Ischemic cardiac disease has evolved into a manageable long-term 

disease, where death is no longer directly caused by the ischemic event, but rather by the 

subsequent remodeling process leading to heart failure. This remodeling process, which can 

take years, offers new possibilities to treat (ischemic) cardiac disease by orchestrating the 

(patho)physiological processes in the heart. A new type of therapeutic target to orchestrate 

(patho)physiological processes in the heart are microRNAs (miRNAs), which are elaborately 

discussed in chapter 2 of this thesis. miRNAs are single stranded RNA molecules that bind to 

the 3’ untranslated region of messenger RNA (mRNA) through Watson-Crick binding, thereby 

inhibiting the translation of mRNA into protein. Because miRNA-mRNA binding occurs even 

when miRNA and mRNA sequences are not entirely complementary, one miRNA can bind to 

several miRNA, inhibiting the translation of groups of proteins. These miRNA provide a prom-

ising target for therapeutic intervention. By inhibiting miRNAs, the translation of therapeutic 

groups of proteins can be increased and by increasing miRNA function, the translation of 

pathophysiological groups of proteins can be inhibited. Due to this therapeutic potential, 

several therapeutic strategies and molecules, such as antimiRs, antagomiRs, LNAs, miRNA 

mimics, viral vectors, and plasmid DNA (pDNA) [3] to influence miRNA function have been 

developed. These molecules have a common chemical structure based on deoxyribonucleic 

or ribonucleic acid with an abundance of phosphate molecules, resulting in a net negative 

charge of these therapeutics. Pharmacokinetic studies show that these miRNA therapeutics 

are readily taken up by the kidney, liver, spleen, and bone marrow, but only modestly in 

cardiovascular cell types, including the heart [4,5]. Proof of concept studies, however, show 

that miRNA-therapeutics effectively steer physiological process in the heart when repeat-

edly injected (2-5 times) either intravenously, intraperitoneally, or subcutaneously at high 

doses ranging from 0.5-30 mg/kg body weight, depending on the organ, indication and 

what miRNAs are targeted [6,7]. The doses at the lower end (e.g. around 0.5) indicate the 

feasibility of using miRNA-therapeutics to effectively treat the heart. However, if doses at 

the higher end are extrapolated (~30 mg/kg), clinically a dose of 2/3 injections of ~2 grams 

would be necessary to effectively treat the heart, which significantly increases costs and the 

risk for causing off-target side-effects. Even though proof of concept of miRNA-therapeutics 

in the heart has been achieved at acceptable dosages, pharmacokinetic studies underline 

the poor uptake of miRNA-therapeutics in the heart. Therefore, strategies to increase the 
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local uptake of miRNA-therapeutics in the heart will greatly benefit cardiac treatment with 

miRNA-therapeutics, and in this thesis the effect of UTMD on increased miRNA-therapeutic 

delivery, and cellular and organ distribution was studied. 

Aim of this thesis:

In this thesis, the use of ultrasound triggered microbubble destruction (UTMD) to deliver 

miRNA-inhibitors in vitro, to skeletal muscle, and to the healthy murine heart and the murine 

heart after ischemia-reperfusion. Here, the previous chapters will be placed in their context 

by addressing first the medical need for techniques such as UTMD for targeted delivery of 

miRNA-therapeutics to the heart. Second, the secondary questions, introduced in the gen-

eral introduction, will be addressed, both from the perspective of the findings presented in 

this thesis and from the perspective of previously published studies. Subsequently, the main 

question of this thesis ‘how UTMD can be used to increase uptake of miRNA-therapeutics to 

the heart’ will be addressed. Finally, directions for future research will be presented. 

1.  Can UTMD be used to increase delivery of miRNA-therapeutics in vitro and 

in vivo to cardiac and skeletal muscle? (Chapters 3 and 4)

During the work presented in this thesis, UTMD was for the first time successfully used to 

increase the delivery of antimiR and antagomiR to endothelial cells in vitro and the murine 

skeletal muscle in vivo, while delivery of antagomiR was also successfully increased to the 

murine heart (Figure 1). Within the work of this thesis, actual knock-down of the antagomiR 

target in the heart was not analyzed, which is a limitation of the work presented here and 

should be addressed in future research. In vitro, antimiR was more easily delivered than 

antagomiR, which is reflected in both transfection percentage and miRNA knockdown. US 

protocols that were successful in vitro did not increase delivery of miRNA-therapeutics to 

the murine skeletal muscle in vivo. 

However, US protocols employing a mechanical index of 1.9 at 7 MHz or 1.4 at 2 MHz did 

increase delivery of miRNA-therapeutics to the skeletal muscle, especially to the capillaries 

of the muscle. Furthermore, UTMD increased delivery of antagomiR to the healthy myo-

cardium, especially to the cardiomyocytes, which persisted for at least 48 hours. Interest-

ingly, delivery to the reperfused myocardium was not increased, which could possibly be 

explained by the increased permeability of blood vessels in the reperfused myocardium 

as a result of ischemia reperfusion where UTMD cannot further increase this permeability. 

The main challenge during the work described in this thesis was to achieve reproducible 

delivery of antagomiR with low variability. During the first experiments on the murine 

heart, we found that US protocols around 2 MHz have the highest potential of delivering 

antagomiR. However, since 2 MHz US imaging provides a poor spatial resolution, the murine 



General discussion, summary and future directions

137

6

heart cannot be reliable placed in focus of the transducer at this frequency. At 6-7 MHz, 

spatial resolution is signifi cantly better and placing the murine heart exactly in the focus of 

the US transducer is easier, which probably accounts for the more reproducible results at 6-7 

MHz. However, when this technique is transferred to bigger animals or even to clinical use, 

6-7 MHz provides only 2-3 cm penetration depth, meaning that only small parts of the heart 

can be treated at a time. While this will be ideal if only a small part of the heart need to be 

treated, when the entire heart needs treatment, lower frequencies (1-2 MHz) must be used. 

In that case, because the human heart is signifi cantly larger compared to the murine heart, 

placing the heart in focus of the transducer will be easy. 

In addition to the previously described capability of UTMD to locally deliver pDNA, viral 

vectors, siRNA, and nanoparticles to the heart, UTMD can also be used to locally deliver 

antagomiR. 

2.  How does UTMD infl uence bio distribution of miRNA-therapeutics in 

cardiac and skeletal muscle? (Chapters 3 and 4)

Chapter 4 described the eff ect of UTMD on increased cardiac uptake and localization of 

miRNA-inhibitors (antagomiR) in the murine heart and showed that antagomiRs enter car-

diomyocytes quickly after UTMD and remain within these cells for at least the fi rst 48 hours 

Figure 1: Overview of fluorescence microscopy 
images to illustrate the effect of UTMD on targeted 
delivery of antimiR and antagomiR to endothelial 
cells, skeletal muscle, and the murine heart. Antimir 
and antagomiR are dyed in red, for endothelial cells 
f-actin fibres are in green, and for skeletal muscle 
and the heart, CD31 is dyed in green. Nuclei are 
stained in blue. 

Figure 1: Overview of fl uorescence microscopy im-
ages to illustrate the eff ect of UTMD on targeted 
delivery of antimiR and antagomiR to endothelial 
cells, skeletal muscle, and the murine heart. Anti-
mir and antagomiR are dyed in red, for endothe-
lial cells f-actin fi bres are in green, and for skeletal 
muscle and the heart, CD31 is dyed in green. Nuclei 
are stained in blue. 
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(Figure 2). Interestingly, in contrast to the cardiac muscle, UTMD to the skeletal muscle, as 

described in chapter 3, increased the uptake of miRNA-inhibitors to the micro-vessels and 

not to the myocytes, which is comparable to earlier studies on delivery of pDNA to the 

skeletal muscle using UTMD [8] (Figure 2). 

In addition, UTMD in skeletal muscle increased vascular permeability, which caused ex-

travasation of miRNA inhibitor containing blood plasm to the interstitial areas. The diff erent 

eff ects of UTMD on bio-distribution of miRNA-therapeutics in skeletal and cardiac muscle 

can be caused by several diff erences between the organs. First, the cardiac muscle is con-

tinuously contracting during UTMD, causing a higher interstitial pressure, which prevents 

Figure 2: Overview of the effect of UTMD on 
biodistribution of antagomiR in skeletal muscle and 
the murine heart. AntagomiR is dyed in red. In 
skeletal muscle, the vasculature is dyed in green 
(CD31), in the heart, cellular membranes are stained 
in green (Wheat Germ Agglutinin). Nuclei are 
stained in blue.  

Figure 2: Overview of the eff ect of UTMD on biodis-
tribution of antagomiR in skeletal muscle and the 
murine heart. AntagomiR is dyed in red. In skeletal 
muscle, the vasculature is dyed in green (CD31), in 
the heart, cellular membranes are stained in green 
(Wheat Germ Agglutinin). Nuclei are stained in 
blue. 
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interstitial edema. Furthermore, the cardiac muscle has a much higher energy demand and 

short-term disruptions of hemodynamics or flow in the capillaries has a more profound ef-

fect on cardiomyocytes than it has on skeletal myocytes. In addition, the capillary density of 

skeletal muscles is much lower compared to cardiac muscles, which means that the density 

of MB during UTMD is higher in de heart. Finally, contraction of cardiomyocytes is depen-

dent on extracellular calcium whereas skeletal contraction is not. In summary, the difference 

in effects on bio distribution is probably caused by either the difference in activity between 

cardiomyocytes and myocytes during UTMD, the higher density of MBs in the heart, the 

differences in dependency on extracellular calcium, or a combination of these factors. Car-

diomyocytes are much more sensitive to UTMD-initiated stress on hemodynamics, strain on 

energy supply, and permeability of blood vessels and cellular membranes, which probably 

causes a significant influx of antagomiR into cardiomyocytes but not in skeletal myocytes.

The localization of delivered antagomiR to the heart is comparable to pDNA delivery [9–11], 

and studies on contrast dyes [12,13], which clearly showed increased uptake after UTMD. 

Strangely, the one previous study on the localization of oligonucleotides in the heart after 

UTMD, performed by Tsunoda et al., showed delivery of oligonucleotides to the coronary 

artery wall [14]. This study is in line with other studies that demonstrated increased uptake 

of oligonucleotides to the blood vessel wall after UTMD [15]. To achieve increased cardiac 

uptake, Tsunoda et al. used a bolus 500 μl of siRNA-carrying MB that was directly injected 

into the left ventricle of a mouse during the application of 60 seconds of continuous US. 

This setup is rather unconventional, first an injection volume of 500 μl can cause significant 

hemodynamic effects, especially when injected directly into the heart, and second, US was 

applied continuously, which means that MB are imploded the moment they enter the coro-

nary artery and will probably be destroyed before ever reaching the capillaries. Given the 

unconventional setup used by Tsunoda et al., the clear results we have described in Chapter 

4 and the localization of pDNA in cardiomyocytes after UTMD, we can conclude that the 

antagomiR (and most probably other oligonucleotides) are delivered most potently to the 

cardiomycoytes after UTMD to the heart. 

3.  Which miRNAs are most suitable for cardiac treatment with UTMD? 

(Chapters 2 and 4) 

Targets for cardiac treatment with UTMD and miRNA-inhibitors should meet two important 

requirements. First, the miRNA-target should exert its function in an area where miRNA-

inhibitor delivery as a result of UTMD is increases and second, the miRNA-target should have 

a negative effect in the pathophysiological post-MI response, meaning that inhibition of the 

target improves cardiac function. 
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Localization of miRNA therapeutics after UTMD
The cellular localization of delivered miRNA-therapeutics after UTMD depends is organ 

specific, and therefore, the selection of what is the most suitable miRNA as a therapeutic 

target for UTMD is as well. For instance, miR-214 is known to inhibit angiogenesis and is 

localized in the endothelial cells of blood vessels [16]. To increase angiogenesis in skeletal 

muscle, miR-214 is a promising target. UTMD in skeletal muscle leads to increased delivery 

of antagomiR-214 to the endothelial cells of the capillaries, miRNA-214 is inhibited, thereby 

removing the inhibitory function of miR-214 on angiogenesis, and the formation of new 

blood vessels will be stimulated. However, UTMD in the heart leads to increased delivery 

of antagomiR to the cardiomyocytes. In these cells, miR-214 can actually protect against 

cellular injury [17,18]. Increased delivery of miR-214 in the heart with UTMD will inhibit the 

protective effects of miR-214 and might actually increase cellular damage. miRNA-targets 

for UTMD in the heart should thus not only be active within the cardiomyocytes, but should 

have a pathophysiological effect specifically in the cardiomyocytes. Some recent examples 

of suitable miRNA-targets for UTMD to the heart can be grouped into 5 categories: (1) apop-

tosis inducing (e.g. miR-1, miR-144 or miR-208a) [19–21], (2) cellular stress inducing (e.g. 

miR-100, miR-2861, miR-103/107 or miR-132/212) [22–25], (3) cardiomyocyte hypertrophy 

inducing (e.g. miR-206, miR-208a, miR-132/212, miR-22, miR-199b, miR-328) [6,25–30], (4) 

proliferation inhibiting (e.g. miR-1, miR-34a, miR-15) [31–33], and (5) compromising car-

diomyocyte performance (e.g. miR-24, miR-25, miR-132/212) [34,35]. In addition to these 

miRNAs with a negative effect on cardiac performance, several miRNAs have been identi-

fied that positively affect cardiomyocytes (e.g. miR-590, and miR-199a [36]) and provide an 

interesting target for UTMD in combination with miRNA gain-of-function therapeutics. 

UTMD will be most effective to treat cardiac diseases where dysfunction of cardiomyocytes 

is central to chronic deterioration of cardiomyocyte function such as heart failure with 

reduced ejection fraction or heart failure with preserved ejection fraction. In those diseases, 

delivery of a cocktail of antagomiR against all 5 described process in the previous paragraph 

would reduce apoptosis, decrease cellular stress, inhibit hypertrophy, increase proliferation 

and improve cardiomyocyte performance. Acute treatment of myocardial infarction is of 

interest due to the possibility to reduce apoptosis and/or the influx of inflammatory cells 

during the acute phase. However, since vascular permeability in the infarcted zone is already 

high, UTMD does not further improve local delivery of miRNA-inhibitors, and an i.v. injection, 

as an alternative to the already successfully studied intramyocardial injections [37,38], of a 

cocktail of miRNA inhibitors directly after reperfusion might be sufficient to achieve high 

cardiac uptake of these therapeutics, even without UTMD. 
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4.  How can delivery of miRNA therapeutics to the heart be increased with 

UTMD? (Chapter 4)

The suitability of UTMD to increase the cardiac uptake of miRNA therapeutics in the clinical 

setting depends on four important variables: (1) The ultrasound parameters that are used to 

trigger MB destruction, (2) the doses of miRNA therapeutic and MB that must be used, (3) 

the injection route of the MB that can be used, and (4) and the timing of UTMD. 

Ultrasound parameters
Throughout chapters 2, 3 and 4, different US protocols have been used to locally deliver 

miRNA-inhibitors using UTMD. UTMD can be triggered by either a clinical ultrasound scan-

ner or a custom-made setup with arbitrary waveform generator, amplifier and ultrasound 

transducer, which allows the user to exactly specify all aspects of the US parameters (e.g. 

frequency, waveform, amount of consecutive sound waves per US pulse, peak negative pres-

sure, pulse repetition frequency, and duty cycle). For the in vivo work in this thesis, clinical 

ultrasound scanners were chosen because of their widespread presence in hospitals glob-

ally. As a result, UTMD parameters that are tested in vivo can be more easily translated to the 

clinical situation. On these clinical scanners, Doppler modes and microbubble destruction 

modes (such as cadence mode on Siemens Sequoia machines) at frequencies between 2-7 

MHz at a mechanical index above 1, are all suitable to induce local delivery. The downside 

of using clinical US equipment is the dependency on preset US parameters that a clinical 

scanner provides, which do not allow the freedom to optimize the US waveform. As a result, 

one cannot use optimal US parameters such as wavelength (over 1000 consecutive waves 

compared to 4-8), pulse repetition frequency, and duty cycle, parameters that are known to 

increase the effects of UTMD. UTMD with clinical scanners is achievable, but the results are 

far from optimal. On the other side, setups with arbitrary waveform generators that drive 

single element transducer provide unlimited options to optimize US waveforms for UTMD. 

The downside of this approach is the unavailability of these systems in the clinic, and the lack 

of imaging capabilities. While working with arbitrary waveform generators, the tissue is not 

visualized and it is unknown which part of the tissue is actually in focus and is treated with 

UTMD. Ideally, UTMD should be induced with a machine employing multiple transducers.  

One transducer is used for 3D US imaging at 7 MHz to pinpoint exactly where UTMD should 

be induced. Secondary transducers, operating at 1-2 MHz with a very small focus and driven 

by an arbitrary waveform generator, can be used for UTMD. Imaging at 7 MHz provides the 

exact coordinates for UTMD and computing algorithms are used to pinpoint the secondary 

transducers to the defined coordinates. The arbitrary waveform generator, with unlimited 

options for optimization of US protocols, delivers the most optimal US for the specific ap-

plication. Unfortunately, such an ideal machine is expensive and, if not necessary for routine 

imaging, will most likely only be adopted if it can serve as a platform device to improve the 

local delivery of a multitude of therapeutics. A compromise might be the development of 
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optimized waveforms that can be added to existing US machines specifically for UTMD. 

This would require only a software update on clinical scanners, which is much cheaper. 

The major hurdle in this case would be CE-marking. Clinical scanners on the market have 

received CE-marking based on the maximal power output, since optimal US waveforms for 

UTMD have much longer pulse length, the transmitted energy is also much higher and with 

new waveforms, clinical scanners might lose their CE-marking.  

miRNA therapeutic and MB dose
The main reasons for targeted delivery of therapeutics to the hearts are to increase the 

efficacy of the therapeutic in the target organ and to lower the off-target effects. Therefore, 

the employed dose that is used to achieve therapeutic effects is important. In all in vivo ex-

periments in this thesis, to achieve successful targeted delivery of therapeutics with UTMD, 

the dose of antimiR or antagomiR was 0.75 mg/kg body weight and 10*109 MB/kg body 

weight. Using this dose, UTMD could increase local delivery over 10-fold. 

The employed dose of antimiR and antagomiR (0.75 mg/kg body weight) was substantially 

lower compared to the majority of studies that employed either subcutaneous injections or 

direct intravenous injections (5-25 mg/kg body weight) [6,39–41]. In addition, UTMD could 

increase local delivery over 10-fold, which makes the translational prospect of UTMD to 

decrease the necessary clinical dose of miRNA-inhibitors promising. However, the amount 

of MB that is needed to achieve successful targeted delivery might cause translational 

problems. When the MB dose of 10*109 per kg body weight is extrapolated to a human of 

80 kg, the necessary MB dose would be 800*109 MB. Currently, the MB-dose that is used 

for imaging purposes in humans that is considered safe is 0.5*109 [42–44]. To achieve suc-

cessful UTMD, a MB dose was used that is 1600 times higher than the dose that is used for 

imaging. In previous studies on UTMD, lower doses have  been used ranging from 1*109 MB 

to 28*109 MB/kg body weight, which are still at least 160 times higher than the doses used 

for imaging [11,45–48]. The needed MB dose is probably this high due to the relatively low 

payload of therapeutics on the MB and because MB are distributed throughout the entire 

blood pool, which means that the majority of the MB are not at the organ to be treated 

and are filtered out by the liver and spleen before reaching the heart [49,50]. In order to 

lower the necessary MB dose, intravascular catheters can be used to inject MB directly at 

the site of treatment. In addition, because of the gaseous core of MB, therapeutics can only 

be attached to the shell, which limits the amount of therapeutics that can be attached to 

each MB. Technologies to increase the payload, such as attaching miRNA-therapeutic filled 

liposomes or nanoparticles, might provide a solution. 

Route of injection
For UTMD to be effective, the therapeutic-carrying MB must be able to reach the targeted 

organ. In our work, MB were injected intravenously, but local injections directly into the tissue 
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[51], intraventricular injections [14] and intracoronary injections [52], as an alternative route 

to intravenous injections [53], have been successfully used. Of these injection routes, the 

intravenous route is least invasive. However, since the intravenous route must be combined 

with a very high MB dose, coronary infusion represents an interesting alternative that needs 

a substantially lower dose to achieve similar effects with UTMD [52]. With a intracoronary 

catheter, MB can be injected directly at the entrance of the cardiac microvasculature, if the 

application of US is timed correctly, MB can be destroyed directly as they pass the capillaries 

of the heart before they are distributed throughout the entire blood pool and filtered out 

through the lungs, liver and kidney. 

Timing of treatment
Administration of MB for UTMD using a intracoronary catheter is especially interestin since 

during treatment of MI with primary percutaneous coronary intervention [54] a catheter is 

already present in the coronary artery. This same catheter could be used to locally infuse 

MB into the heart. This would mean, however, that UTMD must be performed directly after 

reperfusion when antagomiR already readily enter cardiomyocytes as we observed in chap-

ter 4. Therefore, it is not recommended to apply UTMD directly after reperfusion. In more 

chronic cardiac conditions, UTMD might be useful (e.g. heart failure (both with reduced and 

preserved ejection fraction), arrhythmias, or hypertrophic cardiomyopathy), which would 

require an additional operation to place a catheter in the coronary artery.  

5.  What type of miR-therapeutic is most suitable for increased delivery with 

UTMD? (Chapters 3 and 4)

Within this thesis the effect of UTMD on the local delivery of two different types of miRNA-

inhibitors (antimiR and antagomiR) and miRNA mimics were tested. In vitro experiments in 

chapter 3 indicated that antimiRs are more suitable than antagomiRs, with UTMD both caus-

ing better transfection and target miRNA knockdown in cultured endothelial cells. UTMD 

to the skeletal muscle, however, clearly increased antagomiR delivery to the vasculature 

and extracellular space of the muscle, but was unable to locally increase the delivery of 

antimiR and only slightly increased delivery of miRNA mimics. We reasoned that increased 

local delivery was caused by increased vascular permeability and extravasation of antimiR 

or antagomiR outside of the blood vessel. Subsequently, the antimiR or antagomiR would 

slowly diffuse into myocytes or endothelial cells. Since antagomiR are more lipophilic [55], 

these would diffuse across cellular membranes more easily than the hydrophilic antimiR 

and miRNA mimics. Based on these results, antagomiR would be a more suitable molecule 

for UTMD. Therefore, antagomiR were chosen for UTMD experiments on the heart. Surpris-

ingly, the delivery pattern of antagomiR after UTMD to the heart was completely different 

from the skeletal muscle. In the heart, the antagomiR directly enters cardiomyocytes after 

UTMD. Even though antimiR were not tested in the cardiac setting, these molecules would 
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probably be delivered in a similar pattern and directly enter cardiomyocytes due to UTMD 

because of their similar size. The absence of the cholesterol-molecule on antimiR is not 

expected to influence the direct cellular entry in cardiomyocytes. In that case,  diffusion 

across a cellular membrane would not be necessary and antimiR are probably as suitable 

as antagomiR. 

6.  What is the value of in vitro results in UTMD in predicting in vivo success? 

(Chapters 3 and 4)

As stated in the introduction of this thesis, there is a clear difference in US protocols that 

are commonly used for in vitro UTMD compared to in vivo UTMD. Therefore, in this thesis, in 

vitro UTMD experiments on endothelial cell transfection were performed and US settings 

from these in vitro experiments were transferred to an in vivo UTMD protocol. The in vitro 

US protocol did not lead to an increase in local delivery in vivo. The UTMD protocol that did 

work in vivo, however, employed short pulse lengths while such an US protocol showed 

inferior results in vitro.  The mechanical index used in vivo, however, was substantially higher 

compared to the in vitro protocol. In addition, based on the in vitro studies, the antimiR was 

expected to yield the best results, while antagomiR delivery was more successful in vivo. 

In short, the in vitro experiments on UTMD and sonoporation that were performed within 

the framework of this thesis had no predictive value for in vivo success of US protocols or 

therapeutic molecules. 

The discrepancy in US protocols that are used for in vitro studies or for in vivo studies can 

be clearly found in literature. For in vitro studies on cell layers, low intensity US (mechanical 

index < 0.5) and long pulse lengths are commonly used [56] while for in vivo studies high 

intensity US (mechanical index >1) and both long [57] and short pulse lengths [58–60] are 

used. In vitro studies on UTMD in cell suspensions do sometimes employ higher mechanical 

indexes [59], but cell suspensions do not represent the in vivo situation where cells are rarely 

found in suspension. Furthermore, in vitro studies show a higher efficacy of UTMD to deliver 

siRNA compared to delivering pDNA [56], while still the majority of in vivo studies on UTMD 

focus on delivery of pDNA [57,61–64]. 

Several critical differences between in vitro setups and the in vivo situation are most likely 

responsible for the described discrepancies, these include the distance between individual 

MB, the distance between MB and cells, the density of the medium, the speed of flow, and 

how many layers of cells are in between a cavitating MB and the cell type to be treated. 

The proposed mechanism by which UTMD increases local delivery is based on a physical 

phenomenon where stably cavitating or exploding MB cause yet streams which deposit 

therapeutic payload, punch holes in cells to increase cellular permeability, increase endo-

cytosis, and increase cellular permeability [65]. Because of the physical nature of UTMD, 

its resulting bio-effects are highly dependent on the distance between individual MB, the 

distance between MB and cells, the density of the medium, the speed of flow, and how 
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many layers of cells are in between a cavitating MB and the cell type to be treated [66]. 

These are all factors that are significantly different in in vitro setups compared to in vivo 

setups. In order to achieve reliable in vitro results that can be translated to the in vivo situa-

tion, these parameters need to be included. Therefore, there is a need for 3D in vitro models, 

including different cells types, a vascular system lined with endothelial cells with vessels of 

different diameters, ability to adjust flow rate, and the use of media with different densities 

up to including blood. 

7. What is the driving mechanism behind UTMD in vivo? (Chapters 3 and 4)

Several bio-effects of UTMD that cause increased local delivery of therapeutics have been 

described. These include an increase in vascular permeability leading to extravasation of 

therapeutics [67–69], an increased cellular permeability by creating cellular membrane 

instabilities [70–72] or causing a calcium influx and subsequent increase in endothelial 

permeability [73]. This leads to extravasation of therapeutics outside of the blood vessels, 

diffusion of therapeutics inside the cells (sonoporation), an increase in endocytosis and 

lysosomal uptake of therapeutics [72–74], while more recently even the uptake of whole MB 

inside cells has been described [75]. Of these, the only bio-effect that has been effectively 

described in vivo and indisputably is a driving mechanism behind UTMD  is the effect on 

vascular permeability, while all other mechanism have only been observed and described 

in vitro, employing mechanical indexes that are below 0.5. In addition, increased cellular 

permeability and increased endocytosis would cause localized uptake of therapeutics in 

the endothelial cells of the targeted organ since these cells are in direct contact with the 

blood borne MB. If these were the driving mechanism behind UTMD, direct delivery to 

endothelial cells and a diffuse delivery pattern surrounding the blood vessels should be ex-

pected. However, the experiment on cardiac delivery described in chapter 4 demonstrated 

that antagomiR is delivered directly to the cardiomyocytes and hardly to the endothelial 

cells. The pattern of delivery to cardiomyocytes was patchy, meaning that a cardiomyocyte 

either was loaded with antagomiR or did not contain antagomiR at all, indicating that the 

mechanism that drives this increased uptake is cardiomyocyte dependent. The previously 

described mechanisms of UTMD cannot explain this described delivery pattern. 

A potential alternative mechanism of UTMD in the heart is that UTMD might cause micro-

embolisms and very short-term ischemia-reperfusion during treatment. The similarity 

between the cardiac delivery pattern of antagomiR directly after 30 minutes of ischemia 

followed by reperfusion and the delivery pattern after UTMD is striking, both the intracel-

lular presence of antagomiR and the patchy appearance of delivery. Furthermore, in 2009, 

the effect of UTMD on cardiac function (left ventricular function, ST-segment elevation, 

premature ventricular contractions) was found to be very similar to phenomenon observed 

during ischemia-reperfusion [76], even though this has not received much attention since. 

In addition, in chapter 4 UTMD caused a temporal increase in ventricular wall thickness and 
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a decrease in ventricular volumes, which can be an indication of cardiac edema but also of 

hypercontractility due to alterations in calcium handling. Thereby, UTMD seems to cause 

bio-effects in cardiomyocytes that seem similar to the effects of ischemia-reperfusion. In the 

case of ischemia-reperfusion, the length of 30 min also causes irreversible cardiomyocyte 

damage, leading to subsequent apoptosis and inflammation at 24 and 48 h. For UTMD, 

the proposed ischemia-reperfusion is very short-lived, causing cardiomyocyte stress and 

membrane permeability at the cellular level through unknown mechanisms. UTMD did not 

cause persistent inflammation and apoptosis. This hypothesis has not been tested in this 

thesis and we have no evidence that increased delivery of therapeutics to the heart during 

UTMD is mediated through the proposed mechanism. However, the similarities between 

the effects of ischemia-reperfusion and UTMD on the murine heart warrant future research 

into this hypothesis. 

8.  Is UTMD a safe method to increase cardiac delivery of miRNA-

therapeutics? (Chapters 3 and 4)

Throughout the experiments of this thesis, UTMD caused potentially damaging side effects. 

During in vitro experiments, treatment with MB and US caused disruption of cell monolay-

ers, cell detachment, and disruption of the cytoskeletal actin fibers. During in vivo studies on 

skeletal muscle, UTMD caused edema and microbleedings while UTMD on the heart caused 

abnormalities in the ECG, a decrease of ventricular volumes, an increase in ventricular 

wall thickness, and an influx of cells that partly consists of neutrophils while no cardiac-

cell apoptosis was observed. All these potentially damaging side effects were temporal 

and restored within 48 h after treatment with the exception of the influx of neutrophils. 

Neutrophils could be observed up to 48 h after treatment, while no further time points 

were investigated. It cannot be excluded that neutrophil numbers would decrease after 

48 h, as this was not studied. All described effects were temporal and did not represent an 

immediate threat to the mice and UTMD seems a safe method to increase cardiac delivery 

of miRNA-therapeutics. However, we cannot exclude that the influx of neutrophils persists 

and on the long term some interstitial fibrosis might be formed. This remains a priority for 

future research. 

9.  Can UTMD be improved by using a cationic polymer to bind miRNA-

therapeutics to the MB shell? (Chapter 5)

In chapter 5 we investigated what type of MB is most suitable to bind miRNA-therapeutics 

and if the use of a cationic polymer could increase MB payload. We found that direct attach-

ment of antimiR to cationic MB and attachment through complexion results in comparable 

payloads and in vitro delivery of antimiRs to endothelial cells. Both payload as well as in 

vitro transfection showed no statistically significant differences between both strategies, 

although MB with miR-inhibitors attached through complexion with polymer seemed 
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slightly more successful. The only slight increase in payload when using the polymer does 

not outweigh the additional work that is required to use the cationic polymer in the antimiR 

attachment process. 

Future directions

To maximally benefit from UTMD to treat chronic heart disease like heart failure we have 

selected 5 areas that warrant further research and development. 

1. Elucidating the mechanism of UTMD

The mechanism of UTMD is still not fully understood. UTMD to locally deliver oligonucle-

otides was introduced in the ‘90s, and UTMD to deliver pDNA to selected tissues in the 

early ‘00s. These first in vivo experiments were successful and initiated a multitude of in 

vitro studies to optimize the US parameters for UTMD and study the mechanism of UTMD 

in the mid ‘00s. These in vitro studies showed that UTMD caused cellular permeability and 

increased endocytosis, and this effect was achievable by using US intensities below a 

mechanical index of 1 while using pulse lengths of thousands of consecutive waves. Now, 

after over 10 years of in vitro studies on optimal US parameters and sonoporation, these 

‘optimal’ in vitro parameters are not used for in vivo proof of concept studies, and in vivo US 

protocols more closely resemble the protocols in the late ‘90s and early ‘00s than the more 

recently developed in vitro protocols. After almost 20 years of discrepancies between in 

vitro US protocols and in vivo US protocols one must question if sonoporation is the main 

mechanism behind the success of UTMD. The need for this question is further strengthened 

by  the clear organ-dependent bio-distribution of therapeutics delivered with UTMD and 

the clear in vitro observation that higher mechanical indexes, like the ones used in vivo, 

mostly causes detachment of cell-cell junctions, rather than cellular permeability. The effect 

of UTMD is without doubt caused by a combination of increased vascular permeability, 

increased cellular permeability, increased endocytosis, organ-specific processes that are 

triggered by UTMD, and thus far unknown bio-effects. But if the success of UTMD is to be 

further improved, we must first determine which of these mechanisms contributes most to 

the local delivery of therapeutics after UTMD, preferably for each organ separately. 

2. Development of new US machines for UTMD

To maximize the reproducibility of UTMD and provide control of the exact location of an 

organ that is treated, US systems should be able to image with high spatial resolution and 

signal-to-noise ratio while delivering a very focused and local US beam with high mechani-

cal index and low frequency for UTMD. Combining both in one US protocol is challenging 

since the spatial resolution and signal-to-noise ratio of imaging are best when using short 
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US pulses (4-8 consecutive waves) and high frequencies (5-7 MHz) while UTMD performance 

is best with long pulses (thousands of consecutive waves) and low frequencies (1-2 MHz). 

This was partly solved by the development of MB destruction options on for instance the 

Siemens Sequoia systems in cadence mode, where a US protocol for imaging is alternated 

with a protocol for UTMD. However, with these machines, the difference between imag-

ing frequency and UTMD frequency is dependent on the selected US transducers, which 

allow switching from 14 MHz to 7 MHz, or 4 MHz to 1 MHz, but still does not allow best 

performance on imaging and UTMD at the same time. In addition, the protocol for UTMD is 

still transmitted along the entire imaging plane, reaching deep into the tissue and causing 

effects in the entire organ, not just at the area to be treated. The ideal US machine for UTMD 

would use an imaging probe with 4 transducers. One of these is used for 3D imaging to gen-

erate a model of an entire organ. Within this picture the exact spots of the organ that need 

to be treated can be designated. Based on this designation, the phase in which the other 

three transducers transmit their US-beam in relation to each other is set in such a way that 

at the designated spot of treatment, the US waves transmitted from three different sources 

are in exact phase to cause a high mechanical index with long pulse length. In all other areas 

of the organ the mechanical index is substantially lower as the transmitted US waves are 

out of phase and negate each other. This will allow the delivery of US with high precision, 

causing UTMD there where it is needed and lower side effects in the rest of the organ. 

Unfortunately, development of such a machine is very expensive, as are the manufacturing 

costs. Development of such a machine will therefore only be feasible if UTMD becomes a 

standard of care to increase the local delivery of therapeutics in general. 

3. Development of relevant in vitro systems

As described in the general discussion, in vitro studies on UTMD have had very limited 

predictive value for in vivo success. This was attributed mainly to the physical nature by 

which UTMD causes its effect. The focus placed on discrepancies between in vitro studies 

and in vivo studies within this thesis does not serve to argue that in vitro studies should 

not be performed. In vitro studies can be very valuable in studying the effects of UTMD at 

the cellular level, especially for MB that are molecularly targeted. This thesis, however, does 

argue for developing better in vitro models to study UTMD. Because of the physical nature 

of UTMD, in vitro models should take physical parameters into account like the distance 

between individual MB, the distance between MB and cells, the density of the medium, the 

speed of flow, and how many layers of cells are in between a cavitating MB and the cell type 

to be treated. In order to achieve reliable in vitro results that can be translated to the in vivo 

situation, these parameters need to be included. Therefore, there is a need for 3D in vitro 
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models, including different cells types, a vascular system lined with endothelial cells with 

vessels of different diameters, ability to adjust flow rate, and the use of media with different 

densities up to including blood. 

4. Increasing payload on MB

One of the major hurdles for translating UTMD to the clinic are the high MB doses that are 

used for in vivo proof of concept studies. The need for these high doses is probably caused 

by two reasons. First, to achieve successful UTMD, the cumulative of many MB is needed. 

Second, and more importantly, the payload of therapeutics on a MB is relatively low. In 

our studies we used a dose of 0.75 mg/kg body weight of antagomiR to treat mice, and to 

attach ~60% of this dose to MB, 200*106 MB per mice were needed. To reduce the needed 

amount of MB and allow clinical translation of UTMD, methods to increase the payload on 

MB are needed. Several studies in that direction have already been performed and solutions 

include attaching so-called loaded lipoplexes to MB [77], attaching drug-load liposomes to 

the MB surface [78,79], or by alternating cationic polymer layers with anionic nucleic-acid 

based therapeutics [80].

5. Pharmacokinetics of miRNA-therapeutics

The reason to study UTMD as a technique to locally deliver miRNA-therapeutics is based 

on the assumption that cardiac uptake of these therapeutics is low and therapeutic effect 

is poor. In order to achieve potent therapeutic effects, very high doses would be needed, 

which also increases the risk for off-target side-effects. It has been postulated that UTMD, by 

delivering therapeutics locally and decreasing the needed dose, could decrease treatment 

costs for miRNA-therapeutics. However, several potent miRNA-target have been identified, 

and streamlining and scaling up the production process for therapeutics for these targets is 

probably cheaper than adding the need for UTMD for each treatment. Therefore, the main 

reason to use UTMD remains to significantly improve efficacy and decrease side-effects of 

miRNA-inhibitors for miRNA-targets that must be reached in specific cell types, or are oth-

erwise extremely difficult to target. In order to define for which miRNAs targeted delivery is 

need, we must know the exact pharmacokinetic profile of  miRNA-inhibitors. Current studies 

show conflicting evidence, while some studies achieve sufficient cardiac delivery in mice 

and pigs, others show poor cardiac uptake of miRNA-therapeutics. Therefore, reproducible 

pharmacokinetic studies on all classes of miRNA-therapeutics are highly needed. 

Summary and conclusion

The main question of this thesis was ‘How can UTMD be used to increase cardiac uptake 

of miRNA inhibitors to the heart?’. This can be achieved by binding antagomiR to cationic 
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MB through electrostatic interaction, injecting these MB intravenously, and applying US to 

the heart using a clinical US device with an mechanical index between 1.4 and 1.9 and a 

frequency between 1.5 MHz and 7 MHz in Power Doppler mode. Important considerations 

that have to be taken into account are:

1. Results on delivery of miRNA-inhibitors in vitro and to skeletal muscle are not predictive 

of delivery to the heart;

2. MiRNA-inhibitors are delivered directly into cardiomyocytes;

3. UTMD has no beneficial effect on delivery directly after ischemia-reperfusion, and is 

likely most suitable for treatment of chronic cardiac diseases like heart failure;

4. A combination of accurate imaging of the heart while applying UTMD greatly improves 

the reproducibility of UTMD;

5. UTMD causes bio-effects to the heart, which are very similar to bio-effects caused by 

ischemia-reperfusion;

6. The bio-effects of UTMD on the heart are transient and UTMD is a safe method for 

delivery of miRNA-inhibitors to the heart; and

7. The mechanism of UTMD is not driven by sonoporation alone. 

UTMD is a promising technique to increase the cardiac uptake of miRNA-inhibitors. How-

ever, the effect and mechanism of UTMD in the heart are still not sufficiently clear in order 

to select the specific cell-types, miRNA-targets and treatment-timing for treatment. After 

the mechanism of UTMS in the heart is elucidated, optimal machines for UTMD have been 

developed, relevant in vitro models to screen miRNA-targets have been established, and we 

know exactly how UTMD changes the pharmacokinetic profile of miRNA-inhibitors, we can 

translate the use of UTMD from the lab to the clinic. 
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