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Conventional delivery methods for drugs or genes, such as systemic administration via 

intravenous injection or oral administration, often do not suffice for therapeutic compounds 

such as peptides, silencing RNAs and genes1. A recent development in delivery systems for 

therapeutic compounds is the microbubble-ultrasound (US) interaction. Nowadays, research 

focuses on the use of US and encapsulated microbubbles for therapeutic applications, taking 

advantage of their low toxicity and immunogenicity, low-invasive nature, local application and 

cost-effectiveness2-4. In particular the vascular system, especially the endothelium, is an 

attractive target for ultrasound and microbubble targeted therapy because of its accessibility 

and its importance in a wide range of pathological conditions5-8. 

   To fully exploit the therapeutic possibilities of ultrasound and microbubble mediated 

therapy, it is necessary to understand all facets of how ultrasound and microbubble 

mediated gene delivery (UMTGD) is facilitated. Chapter 2 demonstrates that targeted 

transfection of primary endothelial cells is possible using UMTGD. Furthermore, all the 

parameters studied, US intensity, exposure time and frequency of US, the DNA 

concentration and timing of medium change significantly influenced UMTGD efficiency in 

endothelial cells in vitro. Optimal parameter settings increased the total number of 

transfected cells as well as the expression levels of the transgene per cell.  

   Using UMTGD, two strategies can be used to alter the homeostatic balance of endothelial 

cells by expressing transgenes or by silencing endogenous target genes. In chapter 3 both 

strategies were evaluated by studying changes in the expression of the moderately 

expressed gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in cultured 

endothelial cells. This study showed that almost all endothelial cells harbored siRNA after 

UMTD and about half of all cells harbored plasmid DNA. However, whereas siRNA was very 

effective in downregulation of GAPDH protein by approximately 70%, only 2% of the 

endothelial cells expressed the plasmid DNA. This difference in the efficacy of UMTD of 

siRNA versus plasmid DNA may be explained by the cellular localization of the nucleotides 

after UMTD. siRNA was mainly found in the cytosol of endothelial cells, i.e. at the location 

where it directs the degradation or translational expression of their target mRNA in a 

sequence specific way9. In contrast, plasmid DNA has to end up into the nucleus for 

transcription10. However, immediately after UMTD, we found plasmid DNA to be mainly 

localized in endosomes in the cytosol, whereas it was absent in the nucleus. Also, 24 hours 

after UMTD, plasmid DNA was still found in endosomes and not in the nucleus. The low 

efficacy of expression of the transgene after ultrasound and microbubble targeted delivery 

found in this study may also explain why most of the reported successful studies in 

experimental disease models use plasmids encoding potent paracrine factors, as their 

efficacy does not depend on the need to transfect the majority of all target cells. 

   The discrepancy in efficacy of UMTD of siRNA versus plasmid DNA may further be 

explained by our study on the mechanisms that facilitate the uptake of compounds following 

UMTD (chapter 4). In this chapter we show in vitro as well as in vivo endocytosis to 

represent an important mechanism in UMTD facilitated uptake of molecules sized between 4 

and 500-kDa, in addition to transient pore formation. Deprivation of the endothelial cells from 
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ATP, inhibition of clathrin- and caveolae-mediated endocytosis, and blockade of 

macropinocytosis, all resulted in a significantly decrease of intracellular delivery of the 

dextrans, demonstrating that endocytosis is a key mechanism of UMTD. Moreover, 

fluorescence microscopy showed that 155 and 500-kDa dextrans were localized in distinct 

vesicles after UMTD, whereas smaller molecules were homogenously distributed throughout 

the cytosol and -when small enough- pass the nuclear pore through diffusion. In addition, in 

vitro as well as in vivo, 500 kDa dextran vesicles were found to co-localize with clathrin and 

to a minor extent with caveolin, markers for clathrin- and caveolin mediated endocytosis 

respectively, confirming the importance of endocytosis in UMTD. In addition to triggering 

endocytosis, UMTD also evoked transient pore formation, as demonstrated by the 

homogeneous distribution of 4.4 and 70-kDa dextrans in the cytosol. Additionally, the influx 

of calcium ions and cellular release of pre-loaded dextrans after US and microbubble-

exposure demonstrated pore formation. Interestingly, the contribution of transient pores as a 

mechanism of UMTD decreases when molecule size increases. Thus, the cellular uptake of 

larger molecules is more dependent on endocytosis in UMTD.  

   Taken together, the high efficacy of UMTD with siRNA may be explained by the size of 

siRNA. As SiRNA is only about 15 kDa, it is likely that most of the siRNA will enter the cell 

via pores and, as shown in chapter 3, end up in the cytosol of cells. On the other hand, the 

uptake of plasmid DNA (with a size of ~3500 kDa), which needs to end up in the nucleus for 

transcription, is most likely dependent on endocytosis. From this perspective it is not 

surprising that only a few cells, which received plasmid DNA after UMTD, express the 

transgene. Together, these chapters demonstrate that silencing of endogenous target 

genes, using siRNA, is the most promising ultrasound and microbubble targeted gene 

therapeutic strategy to alter the homeostatic balance of endothelial cells.   

   Besides the potential use of ultrasound and microbubbles for gene therapy, this technique 

may be useful in a wide variety of therapies. In designing novel therapeutic approaches 

employing UMTD, the finding that the molecular size of the compounds dictates its ease of 

uptake and its subsequent subcellular localization, should however be taken into account. 

Furthermore, the endocytotic mechanism may be exploited for therapeutic purposes, as 

many crucial signaling events are known to occur in the endocytotic pathway, especially 

endosomes.  

   Vascular remodeling is closely related to the progression of vascular pathologies11. 

Angiotensin II and TGF-β are both key mediators of vascular remodeling11, 12. TGF-β is 
known to decrease the sensitivity of vascular smooth muscle cells to ANG II. Chapter 5  

demonstrates that TGF-ß1 attenuates Ang II-mediated MAPK p44/42 signaling in rat aortic 

smooth muscle cells through downregulation of AT1R levels, which seems mainly dependent 

on the inhibition of transcriptional activity of the AT1R gene. Furthermore, pretreatment with 

TGF-ß1 completely inhibited Ang II mediated proliferation of RASMC but synergistically 

increased Ang II induced plasminogen activator inhibitor-1 expression. Further insight in the 

mechanism of transcriptional repression of the AT1R gene through TGF-β may be exploited 
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to develop new therapeutic strategies for vascular disease which are associated with 

vascular remodeling. 

   While TGF-β has ambiguous effects on the cardiovascular system, decreasing the 

sensitivity of vascular smooth muscle cells to Ang II through down regulation of AT1R mRNA 

by ultrasound and microbubble targeted delivery of AT1R siRNA may also be an effective 

strategy to treat e.g. arterial restenosis after angioplasty. In angioplasty, the endothelial cell 

layer is damaged and the vascular smooth muscle cells are exposed to the lumen, which 

makes these cells easily accessible for ultrasound and microbubbles targeted delivery of 

AT1R siRNA. Surprisingly, in vitro exposure of vascular smooth muscle cells (VSMCs) to 

ultrasound and microbubbles alone already results in decreased AT1R mRNA levels of about 

50% compared to cells not exposed to ultrasound and microbubbles (figure 1). In 

cardiomyoblast cells, Juffermans et al.13 found that ultrasound and microbubbles cause an 

increase in intracellular levels of hydrogen peroxide (H2O2). As reactive oxygen species, 

including H2O2, were reported to downregulate AT1R mRNA by Ang II 14, this mechanism 

may account for the downregulation of AT1R mRNA in vascular smooth muscle cells after 

ultrasound and microbubble exposure. This effect may be explored in detail to examine the 

therapeutic potential of ultrasound and microbubbles to reduce arterial restenosis. If 

effective, ultrasound and microbubble exposure during stenting may be instituted relatively 

easily in the clinic because the microbubbles are approved by the regulatory authorities for 

use as ultrasound contrast agents in echocardiography.  

 
Figure 1: UMTD reduces AT1R mRNA by about 50% in VSMCs 18 hours after exposure. VSMCs 

were cultured in OpticellsTM. After cells had grown to 90% confluence, 125 μL of Sonovue 

microbubbles were added and cells were subsequently exposed to sine-wave US-bursts (1MHz) with 

a 6.2% duty cycle and a 20-Hz pulse repetition frequency for 30 seconds. Peak negative acoustic 

pressure generated at the region-of-interest (ROI) was 0.22 MPa. (P<0.001) 
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Intravenous injection of microbubbles is the most convenient route of administration in  

vascular UMTD therapy. However, following i.v. injection the microbubbles disperse over the 

total blood volume, resulting in a dramatic drop in their concentration. Furthermore, 

microbubbles and drugs quickly separate after intravenous injection if both are not coupled. 

For this reason, most in-vivo UMTD studies rely on microbubble infusion immediately 

upstream of the target organ.  

   In chapter 6, we examined whether microbubbles may be targeted to blood vessels of a 

specific organ to increase their local concentration. To this end, microbubbles were equipped 

with antibodies that recognize TGF-ß, a marker that is strongly expressed on the endothelial 

cells of diabetic kidneys. We demonstrated that the TGF-ß targeted microbubbles homed 

specifically to the kidney and attached themselves firmly to the vascular wall, demonstrating 

the feasibility of microbubble targeting. Importantly, this type of targeted microbubbles may 

not only be used for targeted delivery of drugs or genes, but may also be used to monitor the 

extent or progression of disease. Furthermore, targeted microbubbles may be used to 

transport neutralizing therapeutic antibodies to the target organ. Destruction of the 

microbubble shell using a high intensity pulse would release the attached antibodies directly 

in the target organ. Such a strategy would reduce the amount of antibody needed, making 

neutralizing antibody therapy substantially more cost-effective. Although it has been 

demonstrated that the specific TGF-ß antibody used in our study has a beneficial effect in 

several models of kidney disease15, the functionality of the microbubble delivered TGF-ß 

antibodies remains to be established. 

 

Future directions 

In conclusion, this thesis shows that in vitro US intensity, exposure time and frequency of 

US, the DNA concentration and timing of medium affect gene transfection efficiency and 

demonstrates that the contribution of endocytosis and pore formation to intracellular delivery 

mediated by ultrasound and microbubbles and subsequent subcellular localization of the 

therapeutic compound is dependent on the molecular size. To design a gene therapy, one 

can choose to express transgenes or silence endogenous target genes to interfere in the 

progression of vascular disease. When using ultrasound and microbubbles for the delivery of 

oligonucleotides it seems that silencing of endogenous target genes, using siRNA, is far 

more effective than the delivery and subsequent expression of transgenes. To further 

improve ultrasound and microbubble targeted gene therapy efficiency and increase its 

potential for gene therapeutic use, further studies should focus on improving the release of 

plasmid DNA from the endosomes.and study how plasmid DNA could be more efficiently 

transported to the nucleus for transcription. For these studies, one may look into strategies 

developed for other non viral techniques, such as a fusion of microbubbles and liposomes in 

combination with the use of plasmid DNA with a nuclear localization signal16. 

 In addition to the potential use of ultrasound and microbubbles for gene therapy, this 

technique may be useful for a wide variety of therapeutic applications to treat vascular 

diseases. The unexpected finding that AT1R mRNA in vascular smooth muscle cells is 
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reduced by 50% after ultrasound and microbubble exposure may be explored in detail to 

study the therapeutic potential of ultrasound and microbubbles to reduce arterial restenosis 

in vessels after angioplasty. Moreover further research on the mechanism of transcriptional 

repression of the AT1R gene by TGF-β may result into development of new ultrasound and 
microbubble mediated therapeutic strategies for vascular disease which are associated with 

vascular remodeling. Finally, chapter 6 demonstrates that microbubbles can be targeted to 

the site of disease using antibodies aimed at specific disease markers. These microbubbles 

may provide new non-invasive diagnostic tools, improve UMTD efficiencies and may act as 

an efficient vector for local delivery of neutralizing antibodies. 
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