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1
Aim of this thesis

The main research question of this thesis is how cardiac uptake of microRNA (miRNA) thera-

peutics to the heart can be increased using microbubbles (MB) as drug delivery vehicles 

through ultrasound triggered MB stable oscillation and ultrasound triggered MB destruction 

(UTMD). The work described in this thesis is part of many phases in the preclinical research 

theme of using miRNA modulation to treat cardiac diseases, including: (1) elucidating the 

role of miRNAs in cardiac biology, (2) selection of therapeutic miRNA, (3) development of 

miRNA modulating therapeutics, (4) increasing cardiac uptake of miRNA therapeutics, and 

(5) proof of concept therapeutic treatment of cardiac diseases. This thesis focuses mainly on 

phase (4) increasing cardiac uptake of miRNA therapeutics (Figure 1).

miRNA in cardiac biology (Phase 1)

The role of miRNAs in cardiac biology has only been studied for the last decade. miRNA were 

discovered as a class of regulatory RNA in human organisms in 2000 [1]. Unlike messenger 

RNA (mRNA), miRNA are not translated into proteins but inhibit translation of, or increase 

the degradation of, mRNA molecules by imperfect Watson and Crick base pairing to the 

mRNA 3’ untranslated region (UTR) with the use of a helper protein complex named RNA-

induced silencing complext (RISC) [2]. One single miRNA can potentially bind to hundreds 

of different mRNAs [3], hereby influencing whole cascades of proteins, which makes miRNA 

modulation a very powerful tool to manipulate cellular and tissue behavior. miRNA are in-

dispensable for normal cardiac development; when the entire miRNA-machinery is blocked 

Figure 1: The different phases of the preclinical research theme of using miRNA modulation to treat cardiac 

diseases. 
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or even when a selection of specific miRNAs is deleted, this leads to prenatal death and/or 

severely compromised cardiac function [4–6].

In addition to their role in cardiac development, miRNAs highly influence cardiac function 

and steer the pathophysiological response of the heart after cardiac diseases like myocardial 

infarction (MI) [7] and during heart failure (HF) [8,9]. Several studies have actually shown that 

either inhibition or stimulation of specific miRNAs can effectively improve cardiac function 

in several diseases. A more elaborate description of miRNAs in (cardiac) biology can be 

found in chapter 2 of this thesis. 

miRNA target selection for treatment of myocardial infarction (Phase 2)

Besides their general role in cardiac homeostasis, specific miRNAs are involved in myocardial 

pathological processes and potentially provide excellent therapeutic targets, especially since 

miRNAs can drive whole (patho)physiological processes by inhibiting protein cascades, 

rather than one specific protein [3]. miRNA candidate targets have been identified in all 

phases after MI. This (patho)physiological post-MI response can be divided into four phases. 

First, shortly after the MI itself (up to 48 h), endothelial damage and necrosis of cardiomyo-

cytes trigger innate immune cells to enter the infarcted zone [10]. These clear the infarcted 

zone from dead cells and matrix debris. Second, between 2-10 weeks, a fibrotic response is 

triggered with an ongoing apoptosis of additional cardiomyocytes and cross-linking of the 

extracellular matrix to form a scar tissue. At the border zone of the infarction, blood vessels 

are formed as a response to partially restore blood flow. Third, from several months onwards, 

the remote regions of the injured heart hypertrophy and interstitial fibrosis is formed. This 

cascade, over the course of 3-5 years, leads to a stiffer, dilated heart with compromised 

function, ultimately leading to HF and death [11,12]. 

Figure 2: Examples of micoRNAs that can be used as therapeutic target during most pathophysiological phas-

es after MI. 
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1
MiRNAs provide therapeutic targets for treatment of MI in all pathophysiological phases 

after MI (Figure 2), although one could speculate the earlier the intervention the better. 

After MI, miR-2861 and miR-1 regulate apoptosis and necrosis in cardiomyocytes during the 

Acute (Phase 1) and Intermediate phase (Phase 2) [13,14]. Upregulation of miR-21 and miR-

29 attracts fibroblast and triggers fibrotic infarct remodeling during the intermediate (Phase 

2) and late phase (Phase 3) [15]. Furthermore, miR-92a and miR-214 drive the angiogenic 

response (Phase 2) [16,17] and miR-208a is involved in cardiomyocyte hypertrophy in the 

late phase (Phase 3) [8]. In the chronic phase (Phase 4), inhibition of miR-25 can improve 

cardiac contractility of the heart [18]. And these are just some examples of over 50 discov-

ered miRNA involved in the different phases after MI at different time points.  While different 

miRNAs are also involved in several pathophysiological phases of other cardiac diseases, 

within this thesis the focus will be on MI as a proof-of-principle for increased cardiac delivery 

of miRNA-therapeutics. 

MiRNAs provide a particular interesting therapeutic target for treatment of the heart due to 

three important reasons. First, miRNAs induce potent cellular and tissue responses and are 

involved in directing complete pathophysiological processes rather than single proteins. 

Second, all different miRNA-candidates can be inhibited with one type of pharmaceutical 

molecule; an RNA-molecule with a complementary sequence to the miRNA. This provides 

a versatile platform for development of new therapeutic inhibitory molecules to target dif-

ferent physiological processes. Third, different miRNAs have been found to be active in cell 

specific processes of the pathophysiological response to MI. Moreover, the different cell 

types being active at different time points allows the development of sequential therapeu-

tic molecules to interfere in the post-MI process. This provides the possibility to develop a 

modular treatment package where specific miRNA-therapeutics are temporally used to treat 

different processes during the pathophysiological response after MI. To achieve specificity 

for each miRNA, only the sequence of the base-pairs of the miRNA-modulating therapeu-

tics have to be adjusted, with the general structure remaining identical [19]. Hereby, it is 

relatively easy to generate new therapeutic molecules for several targets. Using one type of 

pharmaceutical molecule against miRNA, and by only altering the base-pair sequence, MI 

can be treated during the acute, intermediate, and late phase. 

Development of miRNA modulating therapeutics (Phase 3)

Unfortunately, current miRNA-therapeutics suffer from poor biodistribution and only a small 

portion of injected therapeutics actually reaches the targeted heart. As a result, large doses 

of miRNA therapeutics are needed to achieve a potent local therapeutic effect. The first 

generation of miRNA inhibitors were double-stranded RNA molecules that suffered from 

quick degradation in the blood, poor cellular uptake, and poor biodistribution. Now, experi-
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mental miRNA-blockers consist of single stranded RNA molecules of 7-22 bp in length with 

phosphorothioate-RNA, 2’-O-Me-RNA, 2’-O-MOE-RNA, or locked nucleic acid (LNA) chemical 

modifi cations. These chemical modifi cations have greatly increased plasma stability, cellular 

uptake and binding affi  nity to miRNA targets. However, to achieve therapeutic eff ect, still 

high doses are needed due to the low cardiac uptake of miRNA-inhibitors [20], resulting 

in high costs and the potential for serious side eff ects in off -target organs. Ideally, before 

clinical introduction of miRNA-blockers, cardiac uptake of those molecules must be greatly 

increased. Alternatively, miRNA therapeutics to increase miRNA function were developed 

(e.g. miRNA precursors, pDNA expressing specifi c miRNA, or viral vectors). Development of 

these precursor molecules has been more challenging than development of inhibitors. The 

bio-distribution and stability of inhibitors was greatly improved by chemically changing the 

backbone of these RNA-based molecules. When this same approach is taken for precursors, 

the intracellular machinery that processes miRNAs does not recognize the precursors due to 

the chemical modifi cations. Therefore, in addition to the hurdles that are faced for delivery 

of inhibitors, precursors have a low stability in the blood. 

Figure 3: A) A cationic microbubble with DNA/RNA molecules attached, B) After intravenous injection, these 

microbubbles distribute themselves throughout the blood pool (both venous (blue) and arterial (red)), and C) 

the microbubbles are activated with a local ultrasonic beam after which the DNA/RNA molecules are released 

in the targeted organ (e.g. the heart) but not in un-targeted organs (e.g. the liver). 
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1
Ultrasound triggered microbubble destruction for increased cardiac 
uptake of miRNA therapeutics (Phase 4)

A strategy to increase cardiac uptake of miRNA-therapeutics that is studied in this thesis is 

US triggered MB activation. This can be further subdivided in US triggered MB stable oscilla-

tion and UTMD. Both take advantage of the ultrasound-responsiveness of gas microbubbles 

(MB, diameter 1-6 um). These MB contain a gas core and are coated with a cationic phos-

pholipid shell to bind anionic therapeutic RNA- or DNA-molecules (Figure 3A). In vitro and 

after direct injection into tissues, US at low mechanical index (below 1) can be used to cause 

stable oscillation of these MB, which causes increased cellular permeability and increased 

endocytosis, increasing uptake of therapeutics and cells locally. After intravenous injection, 

MB are distributed throughout the entire blood pool and UTMD can be used. With the use 

of an ultrasonic beam, the MB can be triggered in a single organ (e.g. the heart, Figure 

3B), resulting in the local collapse of MB and release of DNA/RNA in the targeted organ 

and reducing non-targeted organ effects (Figure 3C). Several organs have been treated 

using UTMD in combination with either DNA or RNA-based therapeutics. Examples include 

delivery of silencing RNA (siRNA) to tumors to reduce rumor growth [21] and plasmid DNA 

to the pancreas to treat diabetes [22,23]. Additionally, proof of concept for increased uptake 

in targeted organs has been shown by the delivery of reporter plasmids to the liver [24] and 

brain [25]. 

UTMD to the heart

UTMD can also be used to increase cardiac uptake of DNA or RNA-based therapeutics. 

A first proof of concept was performed in 2000 by increasing the cardiac uptake of  an 

adenovirus coding for beta-galactosidase by intravenously injecting albumin MB coated 

with the adenovirus and applying US every 4 to 6 cardiac cycles [26]. Using this protocol, 

beta-galactosidase activity in the heart was increased 10-fold compared to injecting the ad-

enovirus alone. Subsequently, UTMD has been used in the heart to deliver plasmid DNA. In 

the healthy heart, a reported plasmid for luciferase was attached to lipid MB and US at high 

mechanical index (>1.6) was used to trigger UTMD [27,28]. This resulted in robust expression 

of luciferase both in the anterior and posterior wall of the treated rat hearts. Compared to 

UTMD with adenovirus, however, expression was 10-fold lower for UTMD with pDNA and 

persisted for 7 days. In addition, several attempt have been made to improve cardiac func-

tion after MI through delivering therapeutic pDNA with UTMD [29–31]. For instance, delivery 

of pDNAs coding for stem cell factor (SCF) and stromal cell-derived factor (SDF)1α with 

UTMD at a mechanical index of 1.6 after 7 days of permanent coronary artery ligation in rats 

resulted in increased SCF and SDF-1α protein expression, increased vascular density in the 

myocardium, increased ejection fraction, reduced scar size, and increased infarct wall thick-

ness [31,32]. In another study, UTMD was used to deliver pDNA encoding for the protein 
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kinase AKT to improve cardiac function 5 days after ischemia reperfusion in rats. UTMD with 

pDNA for AKT resulted in increased protein levels of AKT and p-AKT, reduced apoptosis of 

cardiomyocytes, a decrease in infarct size, increased vascular density, and improved ejection 

fraction [30]. Another study showed the value of using molecular targeted MB for UTMD to 

deliver therapeutic plasmids to the heart. Three days after ischemia-reperfusion in rats, MB 

carrying pDNA coding for Timp3 and molecular targeted against matrix metalloproteinase-2 

(MMP2) were intravenously injected for UTMD [29]. Timp3 is a strong inhibitor of MMP2 

and MMP9, which participated in the remodeling process after MI. Inhibiting MMP2 and 

MMP9 halts the remodeling and improves cardiac function. UTMD resulted in increased 

TIMP3 expression, decreased MMP2 and MMP9 activity, increased ejection fraction, and 

decreased scar size. Multiple studies have shown the beneficial effects of UTMD to deliver 

therapeutic pDNA to the heart after MI. Given the claims that UMTD with siRNA is achieved 

much more easily compared to pDNA [33] it is surprising that only one study on the delivery 

of siRNA to the heart has been published [34]. In this study, siRNA delivery was found to 

be confined to the endothelium of the arterioles and venules whereas delivered plasmids 

penetrated deeper into the cardiac tissue and  were mainly found inside cardiomyocytes. 

This is surprising since siRNAs are smaller than pDNA and are reported to be delivered with 

UTMD more easily, which should make it easier for siRNAs to achieve a higher penetration 

depth within the treated tissue. However, one must keep in mind that siRNA delivery to the 

endothelial cells in the heart after UTMD was only observed in one study, and has not been 

confirmed since. Confirmation of both efficacy to use UMTD to deliver small RNA based 

therapeutics and their bio-distribution after UTMD is needed. Still, the success of UTMD to 

increase cardiac uptake of pDNA, the modest success to increase cardiac uptake of siRNA, 

and the multiple studies that show UTMD to be a suitable technique to deliver small RNA 

therapeutics to multiple organs other than the heart [21,35–38], make UTMD a promising 

technique to increase cardiac uptake of miRNA-therapeutics but also warrants the need 

for more mechanistic insights into UTMD in order to select the appropriate US protocols to 

achieve effective delivery of therapeutics with UTMD in vivo.  

Mechanistic insights in UTMD; sonoporation

In addition to the local release of therapeutics, additional bio-effects that occur as a result 

of UTMD are considered to increase cardiac uptake. First, the vasculature is permeabilized, 

allowing for extravasation of a therapeutics out of the blood vessels. This has been clearly 

demonstrated in the heart [39] as well as the brain [40]. Secondly, UTMD can increase cel-

lular permeability by a process called sonoporation, as has been extensively demonstrated 

in vitro [41]. The oscillation of MB causes micro-jetting around the bubbles, destabilizing 

cells and creating pores in the cellular membrane, and allowing diffusion of small RNAs into 

the cell. Thirdly, UTMD can increase endocytosis, further increasing uptake of therapeutics 
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1
[41]. This makes the UTMD not only suitable for local organ release of therapeutics but also 

to increase cellular uptake of therapeutics.

Discrepancies in in vitro systems and in vivo systems; driving force behind 

UTMD

Even though in vivo proof of concept has been shown and mechanisms that theoretically 

both increase local delivery and uptake have been discovered, several questions remain 

however. For instance, the mechanisms of increased uptake as a results of UTMD (sonopora-

tion) has mostly been studied in in vitro setups. Although this sequential testing would be 

appropriate for many drug delivery vehicles, for UTMD it might not be. First, ultrasound 

parameters that are studied in vitro differ from ultrasound parameters that have been stud-

ied in vivo. In vivo, high mechanical index US is used in order to achieve MB destruction. 

However, in vitro, high mechanical index US causes acute cell death, which makes it impos-

sible to study the mechanism of UTMD. Therefore, scientists have shifted towards using 

lower MI in in vitro studies. These lower MI protocols do not cause microbubble destruction 

but rather stable oscillation and when these lower MI protocols are used in vivo, local UTMD 

does not increase uptake of therapeutics. Second, in vitro studies study the effect of UTMD 

on cell monolayers or suspensions, not whole 3 dimension (3D) organs. In vivo studies show 

that therapeutics are not only transferred to the endothelial lining, but also to cells beyond 

the endothelium. How UTMD causes effects beyond the endothelial layer while the MB are 

initially injected intravascular remains unclear. Third, the reports on in vitro effect of UTMD 

seem to be biased towards the sonoporation effects. Even though it is true that in vitro 

UTMD causes cellular permeabilization and therapeutics are taken up intracellularly, one 

of the main effects is often disregarded or considered an experimental artifact. During all 

in vitro studies employing a monolayer as a model for drug delivery with UTMD, the loss of 

cells and cell-cell contacts is profound, maybe even more so than the actual intracellular 

delivery of therapeutics. Taken together, the effect of UTMD on cellular permeabilization 

and increased endocytosis, which has received the most attention in in vitro studies, might 

not be the main mediator behind the in vivo success of UTMD in increasing local uptake of 

therapeutics. This also means that therapeutics that are very suitable for UTMD in vitro as 

they rely on increased endocytosis and passive diffusion across whole created in cellular 

membranes, might not be ideal candidates for in vivo applications as these bio-effects only 

constitute a small part of the bio-effects of UTMD in vivo. 

Outline of this thesis:

The main question of this thesis is how cardiac uptake of microRNA (miRNA) therapeutics 

to the heart can be increased using microbubbles (MB) as drug delivery vehicles through 
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ultrasound triggered MB stable oscillation and ultrasound triggered MB destruction (UTMD). 

UTMD has been successfully used to increase cardiac uptake of DNA and moderately suc-

cessfully used to increase cardiac uptake of siRNA. Within this thesis, we aim to achieve 

increased delivery of miRNA-inhibitors, and especially focus on the localization of these 

therapeutics after UTMD, both in vitro and in vivo. In addition, given the discrepancies 

between in vitro and in vivo mechanistic insights of UTMD in the past, this thesis will focus 

on differences between these conditions to elucidate how UTMD can be optimally used to 

increase cardiac uptake of miRNA-inhibitors in vivo. 

To address this main question, the following secondary questions will be addressed 

throughout the chapters of this thesis:

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);

2. How does UTMD influence biodistribution of miRNA-therapeutics in cardiac and skeletal 

muscle? (Chapters 3 and 4);

3. Which miRNAs are most suitable for cardiac treatment with UTMD? (Chapters 2 and 4);

4. How can delivery of miRNA-therapeutics to the heart be increase with UTMD? (Chapter 

4);

5. What type of miRNA-therapeutic is most suitable for increased delivery with UTMD? 

(Chapters 3 and 4);

6. What is the value of in vitro results in UTMD in predicting in vivo success? (Chapters 3 

and 4);

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

8. Is UTMD a safe method to increase cardiac delivery of miRNA-therapeutics? (Chapters 3 

and 4);

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

MB shell? (Chapter 5). 

In chapter 6 ‘General discussion’, an answer to these separate questions will be given both 

from the perspective of the (experimental) data presented in this thesis and from literature. 

Ultimately, the main question how UTMD can be used to increase cardiac uptake of miRNA 

therapeutics to the heart will be addressed. In addition, future directions of research to 

achieve maximal therapeutic effects through miRNA modulation and UTMD will be pre-

sented. 
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