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Abstract

MicroRNAs are involved in many pathologic processes and are a promising target for thera-

peutic intervention. However, successful, localized delivery of microRNA-based therapeutics 

is lacking. In this study, cationic ultrasound-responsive microbubbles (MBs) were used to de-

liver microRNA blockers and mimics I n vitro and in vivo. Cationic MBs successfully delivered 

microRNA blockers to human endothelial cells on ultrasound (US) exposure in vitro. This in 

vitro US protocol did not successfully deliver microRNA mimics to skeletal muscle of mice, 

whereas an US protocol that is routinely used for contrast imaging did. Additionally, we 

used cationic MBs and US to locally deliver antimiR and antagomiR molecules with US caus-

ing inertial cavitation. Delivery of antimiR to the extracellular compartments of the muscle 

was only slightly increased, whereas delivery of antagomiR to the capillaries, myocytes and 

extracellular space was significantly increased. AntagomiR seems to be a more suitable 

microRNAblocker than antimiR for use in combination with MBs and US for local delivery.

Key words: Ultrasound, Microbubbles, MicroRNA, AntimiR, AntagomiR, Drug delivery, 

Endothelial cells. 
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Introduction

Soon after the discovery of microRNA (miRNA) in humans [1], miRNA have been recognized 

as a potential target for pharmaceutical intervention [2]. Therapy can focus on either gain 

of function (e.g. with miRNA mimics) or inhibition (e.g. with anti-miRs or antago-miRs) of 

miRNA. Anti-miRs are single stranded, RNAse resistant RNA molecules that can block miRNA 

function [3]. Anti-miRs are hydrophilic and are considered not to be taken up efficiently by 

cells. Anti-miR can be modified to create an antago-miR by adding a cholesterol group to 

the 3` end of the anti-miR, resulting in its cellular uptake upon systemic injection [4]. MiRNA 

activity can also be boosted using miRNA mimics. Developments in miR mimic chemistry 

have not led to substantial success in in vivo miR mimic delivery [5]. Ideally, anti-miR, antago-

miR and miRNA mimics would be injected in the blood and only taken up by specific tissues 

or cells. Development of drug delivery vehicles for anti-miR and miRNA mimics is still in its 

infancy [6–8], and localized delivery of anti-miR, antago-miR and miRNA mimics remains a 

challenge.

One type of drug delivery vehicle for localized delivery is the microbubble [9]. Microbubbles 

(MB) are gas-filled spheres with a micrometer diameter (between 1-10 μm) and are used as 

a contrast agent in ultrasonography. These gas-filled spheres can be given a positive net-

charge and be loaded with molecules such as oligodeoxynucleotides [10] and siRNA [11]. 

After intravenous injection of these ‘loaded’ MB, ultrasound (US) can locally cause MB in the 

ultrasonic field to cavitate. Cavitation of MB causes loss of their payload and permeabilizes 

the vasculature, leading to an increased localized release and uptake of therapeutics at the 

site of US treatment [10–14]. In vitro studies have shown that MB+US induced drug delivery 

to cells can be achieved at low mechanical index (MI) US (ranging from 0.1-0.4), causing 

stable oscillation of MB [15]. On the other hand, in vivo studies report the use of high MI US 

(above 1), leading to destruction of MB (inertial cavitation). These high MI in vivo approaches 

have been successful in local delivery of drugs without causing major damage [10–14]. This 

discrepancy in US-parameters between in vitro and in vivo raises the question whether the 

mechanism at which we’re looking in vitro is the same as the in vivo mechanism of drug 

delivery.

The first goal of this study is to test whether anti-miR and antago-miR molecules can be 

loaded upon cationic MB and subsequently be delivered intracellularly to cultured human 

umbilical vein endothelial cells (HUVECs). The second goal of this study is to test whether 

US-settings that successfully deliver anti-miR and antago-miR in vitro can be used for in vivo 

delivery of miRNA mimics (as a model small RNA) to skeletal muscles of mice. Thirdly, a com-

parison between anti-miR and antago-miR is made regarding tissue distribution in skeletal 

muscle of mice after MB and US induced local delivery at 7 MHz and 2 MHz. Finally, this 

study aims to establish what kind of miR blocking agent is most suitable for local delivery 

using MB and US and re-evaluate the relevance of in vitro data for in vivo small RNA delivery. 



Chapter 3

58

Materials and methods

Anti-miR, antago-miR and miRNA mimics
For in vitro transfection experiments and in vivo delivery experiments, anti-miR and antago-

miR molecules targeting miR-214 were designed and synthesized (VBC-Biotech, Vienna, 

Austria) as well as a mismatch control anti-miR and antago-miR (Supplementary figure 

A). For in vivo miR mimic delivery, a commercially available double-stranded AmbionTM 

miR-159a mimic (Life Technologies, Bleiswijk, The Netherlands) was used, miR-159a is not 

endogenously expressed by mice. 

Fluorescence imaging
Microscopic imaging was performed on a ZEISS Axiovert MarianasTM 200M inverted fluores-

cence microscope (Intelligent Imaging Innovations (I.I.I.), Denver CO, USA) in combination 

with SlidebookTM 5.0 software (I.I.I.) for qualitative and quantitative analysis.

Cationic MB production and anti-miR complex formation
Cationic MB design was based on work by Christiansen et al. [13] but altered to improve MB-anti-

miR/antago-miR binding. Di-stearoyl-phosphatidylcholine (DSPC, Avanti polar lipids, Alabama, 

USA), di-stearoyl-tri-ammoniumpropane (DSTAP, Avanti polar lipids) and PEG40-stearate (Life 

Technologies, Bleiswijk, the Netherlands) were dissolved in glycerol (Invitrogen, Life Technolo-

gies, Bleiswijk, the Netherlands) at 10 mg/ml at 70 oC. Phospholipids and PEG40-stearate were 

transferred to a 2 ml reaction tube in a DSPC:DSTAP:PEG40-stearate weight ratio of 8:4:1 to an 

H2O:glycerol:propyleneglycol mixture with a 24:14:3 volume ratio. Perfluorobutane gas (C4F10 

,F2 Chemicals Ltd., Lancashire, UK) was added to the capspace of the reaction tube after which 

the phospholipid mixture was placed in a Decon FS200 ultrasonic bath (Decon Ultrasonics 

Ltd., East Sussex, UK) for 10 min. MB were created by high speed shaking (4500 rpm) using 

a VialmixTM device (Lantheus Medical Imaging inc., MA, USA). MB were washed three times 

by means of centrifugal flotation. MB size-distribution and amount were determined using 

a Multisizer 3TM (Beckman Coulter Nederland B.V., Woerden, the Netherlands). Next, MB were 

tested for their capability to load FITC-labeled anti-miR, antago-miR and Ambion miRNA 

mimic (Life Technologies, Bleiswijk, the Netherlands) molecules. MB were diluted to 500*106 

MB/ml and anti-miR, antago-miR or miR mimic was added to a concentration of 1.4 nmol/

ml, 2.9 nmol/ml and 3.3 nmol/ml respectively. After 5 minutes of incubation, complexes were 

analyzed microscopically using differential inference contrast imaging and FITC fluorescence 

imaging. Additionally, cationic MB payload was determined for anti-miR molecules. 2 nmol of 

FITC-labeled anti-miR was added to 200*106 cationic MB in a volume of 300 μl and allowed 

to form complexes for 5 min. Degassed H2O was subsequently added up to a volume of 3 ml 

and unbound anti-miR was separated from the cationic MB using centrifugal flotation at 300 

g for 10 min. Unbound anti-miR was collected and its concentration was determined using a 
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FLUOstar Galaxy microplate reader (MTX Lab systems, Virginia, USA). The percentage of anti-

miR bound to the MB was determined by subtracting the unbound amount of anti-miR from 

the added amount of anti-miR.

Microbubble induced transfection of HUVECs with anti-miR at an angle of 90o.
A custom designed in vitro US treatment chamber was manufactured for treatment of 

HUVEC monolayers at an angle of 90o, i.e. pushing MB to the cells (Supplementary figure 

B, In vitro system 1). US was supplied by a V303-SU unfocused single element ultrasound 

transducer (Panametrics, Waltham, MA, USA), driven by an arbitrary waveform generator 

(AWG-5000 series, Tektronix, Oregon, USA) and amplifier. The scattering effect of the cylindri-

cal metal casing of the treatment chamber on the US wave was determined with a needle-

hydrophone (Precision Acoustics, Dorchester, UK) (Supplementary Figure C). The treatment 

chamber dampened the US-pressure but did not alter the shape of the US-wave. 

HUVECs were isolated and cultured as described previously [16]. Passage 2 HUVECs were 

seeded on 12 mm diameter Millipore standing culture inserts (Merck, Darmstadt, Germany). 

Three days after seeding, culture inserts with HUVEC monolayers were placed in the treat-

ment chamber. Cy3-labeled anti-miR was added to MB to form MB-anti-miR complexes 

which were subsequently added to the culture medium. This was added to the treatment 

chamber containing the HUVECs. Treatment consisted of applying one of three different US 

protocols: short pulse, long pulse, or 50% pressure, and as control no US. Exact parameters 

of the ultrasound protocols are listed in table 1. 

After treatment, HUVECs were allowed to recover at 37 oC and 5% CO2 in a humidified 

atmosphere for 60 minutes. After 60 minutes, HUVEC monolayers were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS), stained for f-actin with Alex Fluor 

488 Phalloidin (Life Technologies) and enclosed on a glass microscopy slide with mounting 

medium containing DAPI nuclear staining (Vector laboratories, Peterborough, United King-

dom). Subsequently, fluorescence pictures of these monolayers were taken using the 10x 

and 40x objectives. Statistical significance of differences in transfection percentage were 

tested with a Mann-Whitney U test.  A HUVEC was considered transfected when the nucleus 

contained a Cy3-fluorescent signal.

Table 1. Ultrasound treatment protocols for in vitro transfection of HUVEC monolayers.

Protocol: Frequency: PnP: Pulse duration: PRF: Treatment duration:

Short pulse 1 MHz 100 kPa 20 cycles 1000 Hz 60 seconds

Long pulse 1 MHz 100 kPa 2000 cycles 10 Hz 60 seconds

50% pressure 1 MHz 50 kPa 2000 cycles 10 Hz 60 seconds

In vitro 2 1 MHz 200 kPa 2000 cycles 20 Hz 30 seconds

Exact parameters for the different ultrasound treatment protocols for the in vitro treatment of HUVEC monolay-

ers. PnP: peak-negative-pressure, PRF: pulse repetition frequency.
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Microbubble induced transfection of HUVECs with anti-miR at an angle of 45o. 
Transfection efficiency of MB and US was also tested in an alternative in vitro system, (Supple-

mentary figure B: in vitro system 2). This system applies US at a 45 o angle, thus not pushing 

the MB directly to the cells and has been used successfully for the in vitro transfection of 

siRNA into aortic endothelial cells [17]. HUVECs were seeded on Opticell culture membranes 

and treated with MB+US (US protocol is listed in table 1; in vitro 2) in combination with ei-

ther cy3-labeled anti-miR or antago-miR after 3 days. Control cells received MB with bound 

anti-miR or antago-miR, but no US. After treatment, medium was immediately replaced with 

serum-containing culture medium. Cells were fixed 1 h, 3 h, 18 h or 24 h after treatment, 

subsequently stained for F-actin and the nucleus (as previously described) and analyzed 

using the fluorescence microscope as previously described for in vitro system 1. Localiza-

tion of transfected anti-miR and antago-miR was analyzed for all timepoints. Additionally, 

transfection% and the number of membrane adherent cells for control cells and US-treated 

cells 1 h or 3 h after treatment was determined per 10x magnification window. To test for 

statistical significant differences, a student’s t-test was performed. 

Additionally, cells were treated with US+MB in combination with either anti-miR or antago-

miR targeting miRNA-214 or mismatch control-anti-miR/antago-miR, or over night incuba-

tion of antago-miR-214 as a positive control. 48 h after treatment, RNA was extracted from 

these cells and purified using the TriPure RNA isolation reagent (Roche Applied Science, 

Penzberg, Germany). miR-214 levels were determined with a TaqMan MicroRNA Assay (Ap-

plied Biosystems, Foster City, CA, USA) as published before [18]. Briefly, 2 ng total RNA was 

used for miR-214-specific reverse transcription (Taqman® MicroRNA Reverse Transcription 

Kit, Applied Biosystems). Amplification and detection of specific mature miRs was performed 

by specific TaqMan hybridization probes and Sybr Green (Applied Biosystems) in a MyIQ 

single-color quantitative real time polymerase chain reaction (qRT-PCR) system (Bio-Rad, 

Veenendaal, the Netherlands) at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 

and 60°C for 60 s. The cycle threshold (Ct) of each target gene was automatically defined, 

located in the linear amplification phase of the PCR, and normalized to the expression of 

the small nuclear RNA RNU6 (ΔCt value). miR-214 levels in US-treated cells were normalized 

to the levels of non-treated control cells. miR-214 levels of different groups were tested for 

statistical difference using a student’s t-test. 

Animal studies
All animal studies were approved by the institutional animal care and use committee at the 

VU University Medical Center. Male C57BL/6 mice (n=49, 20-24 g; Harlan, Horst, the Nether-

lands) were anesthetized with a mixture of azepromazine, fentanyl and midazolam through 

i.p. injection and placed on a homeothermic blanket (Panlab, s.l.u., Barcelona, Spain).
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In vivo effect of ultrasound protocols on MB integrity
In this study three different US-protocols in combination with or without MB were used for 

in vivo drug delivery (table 2). MB in the hind limb were visualized at the spot of treatment 

on the Siemens Sequoia in cadence mode at 14 MHz for treatment protocol ‘Low intensity’, 

‘High intensity 7 MHz’ and ‘High intensity 2 MHz’. Clips were recorded and stills from these 

clips just before US-application and directly after US-application were compared to visualize 

the effect of US-protocols on MB integrity. 

In vivo miR mimic delivery 
Mice received an i.v. injection of miRNA mimics (1 nmol ~ 70 μg/kg) with or without cationic 

MB (200 * 106 MB) through the tail vein in a volume of 100 μl H2O. Subsequently, the upper 

portion of the right hind limbs of mice were treated with ultrasound using different US 

treatment protocols; ‘High intensity 7 MHz US only’, ‘Low intensity 1 MHz’ and ‘High intensity 

7 MHz’, 7 MHz protocols were applied with a Siemens Sequoia C512 system and 1 MHz 

protocol with arbitrary waveform generator, amplifier and single-element US-transducer, 

which was also used to the in vitro experiments. Exact parameters of US-treatment protocols 

are listed in table 2. After US-treatment, mice were whole-body-perfused with 40 ml of PBS 

over 15 min. After perfusion, semimembranosus muscles from the treated and non-treated 

hind-limb were isolated and frozen in liquid N2. Total RNA was isolated with TriPure Isolation 

Reagent. miR159a mimic levels were determined with a TaqMan MicroRNA Assay (Applied 

Biosystems, Foster City, CA, USA) as described earlier in this manuscript. The relative differ-

ence in miR mimic levels between the treated and non-treated hind limb was calculated 

(ΔΔCt) and presented as fold increase. The mean fold-increases of treatment groups were 

tested for statistical significant differences with a Mann-Whitney U non-parametric test.

Table 2. Ultrasound treatment protocols for in vivo delivery of miRNA mimics, anti-miR and 

antago-miR.

Protocol: I.v. injection: Freq: MI: Pulsing:

High intensity 7 
MHz only

miR mimic or anti-miR 
or antago-miR only

7 MHz 1.8 Imaging in cadence mode at MI=0.22 with 1 
second MB destruction (MI=1.8) every 10 seconds.

Low intensity 1 
MHz 

miR mimic + MB 1 MHz 0.2 Intermittently 10 seconds US on/off. PRF: 10 Hz, 
pulse duration: 2000 cycles.

High intensity 7 
MHz 

miR mimic  or anti-miR 
or antago-miR + MB

7 MHz 1.8 Imaging in cadence mode at MI=0.22 with 1 
second MB destruction (MI=1.8) every 10 seconds.

High intensity 2 
MHz only

anti-miR or antago-
miR only

2 MHz 1.4 Imaging in cadence mode at MI=0.20 with 1 
second MB destruction (MI=1.4) every 10 seconds.

High intensity 2 
MHz

anti-miR or antago-
miR + MB

2 MHz 1.4 Imaging in cadence mode at MI=0.20 with 1 
second MB destruction (MI=1.4) every 10 seconds.

Treatment parameters for in vivo MB+US treatment of mice for local delivery of miRNA mimics, anti-miR and 

antago-miR. AWG: arbitrary waveform generator, V303-SU: V303-SU unfocused single element ultrasound 

transducer, MI: mechanical index, PRF: pulse repetition frequency, Freq: frequency of US wave.
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In vivo anti-miR and antago-miR delivery 
Mice received an i.v. injection through the tail vein of anti-miR or antago-miR either with or 

without cationic MB. MB-dose was 200*106 for all mice and anti-miR/antago-miR dose was 2 

nmol (~77 ug/kg of body weight). Mice received US-treatment of either 7 MHz with an MI of 

1.8 (High intensity 7 MHz) or 2 MHz with an MI of 1.4 (High intensity 2 MHz) at the right hind 

limb for 15 minutes (table 2). For a complete overview of treatment for the different groups 

we refer to supplementary table A. After US-treatment, mice were whole body perfused with 

40 ml of PBS over 15 minutes after which the semimembranosus muscles of both the left and 

right hind limb were extracted and frozen in liquid N2. Cryosections were cut and directly ana-

lyzed using our previously described fluorescence microscope. For both treated and control 

muscles, the peak intensity of fluorescence in the capillaries was measured and a line was 

drawn through 3 myocytes of which the mean intensity was determined, this mean intensity 

included both myocytes and extracellular space in one mean value. The fluorescence signal 

in the treated muscle was normalized for the non-treated muscle and means of fold-increase 

due to local US-application for each group were displayed in a graph. Differences between 

non-treated hindlimbs and treated hindlimbs were tested for statistical significance using a 

Wilcoxon signed-rank test. Additionally, cryosections were immunofluorescently stained for 

CD31 (Santa Cruz Biotechnology, Dallas, Texas, USA) and the nucleus for qualitative analysis. 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 (GraphPad Softwar Inc., La Jolla, 

CA, USA). Specific tests that were used for different sets of data are mentioned in the materi-

als and methods section at the description of the appropriate experiment. 

Results

Microbubble size distribution and anti-miR, antago-miR or miR-mimic loading
Polydisperse cationic MB were created and washed, resulting in MB with diameters between 1 

and 6 μm (Fig 1A). MB yields ranged from 2.5*109 - 3.5*109 MB per tube. These MB could homo-

geneously bind anti-miR, antago-miR and miR mimic, as observed by fluorescence microscopy 

(Fig 1B). Interestingly, antago-miR showed a higher binding capacity to cationic MB compared 

to anti-miR and miRNA mimics. Additionally, cationic MB could bind 46% of the total amount of 

added anti-miR (Fig 1C), corresponding to 0.92 nmol/200*106 MB (1,3 μg/200*106 MB). 
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Microbubble induced transfection of HUVECs at an angle of 90o, pushing MB 
directly to the cells
The experimental procedure, including the addition of MB + anti-miR to cells (without 

US), did not affect the cell monolayer integrity (Fig 2 A). However, treatment of HUVEC 

monolayers with MB, anti-miRs and US lead to a disturbance of the monolayer as seen by 

fluorescence microscopy (Fig 2 B) but also led to a nuclear presence of anti-miR.

Areas with and without transfected cells were analyzed at a higher magnification (40x). In 

areas without the transfected cells, monolayer integrity was not compromised (Fig 2 C, D, 

E), but transfected areas displayed two distinct HUVEC phenotypes (Fig 2 F, G, H). Firstly, 

HUVECs with a clearly disrupted F-actin cytoskeleton and single-stranded anti-miR in their 

nucleus were seen, whereas a second phenotype did not have anti-miR in their nucleus nor 

a clearly disrupted F-actin cytoskeleton. 

Transfection percentage as a result of MB+anti-miR+US treatment was determined by 

means of fluorescence microscopy (see Fig 2 I). A short pulse US protocol resulted in a 

median transfection of 2.3% of total HUVECs, whereas a long pulse US protocol resulted 

in significant higher transfection percentages ranging from 13-30% with a median of 22%. 

Treating HUVECs with US protocols 50% pressure or without US resulted in percentages 

below 1%. In subsequent in vitro experiments in an alternative system we continued with a 

long-pulse US-treatment protocol. 

Figure 1 Cationic microbubble size distribution and oligonucleotide binding. A) Size distribution of cat-

ionic microbubble populations after washing on as measured by a Multisizer 3TM on a 2-log x-axis. Y-axis dis-

plays the abundance of fractions of MB normalized for the most abundant fraction. Dotted line represents +/- SD 

for 4 independent measurements. B) FITC-labeled anti-miR, miR mimic and antago-miR binding to cationic MB. 

Anti-miR, antago-miR and miRNA mimics are visualized in green. C) Quantification of the percentage of anti-miR 

which is attachment to cationic MB +/- SEM.
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Microbubble induced transfection of HUVECs at an angle of 45o, pushing MB 
along the cell layer
Transfection of anti-miR molecules to HUVECs was also tested in an alternative setup which 

applies US at a 45 o angle. As in treatment at 90o, MB+US treatment resulted in cellular uptake 

of anti-miR molecules in the nucleus of the cells 1 h after treatment (Figure 3 A). The f-actin 

skeleton of transfected HUVECs was disturbed, but to a lesser extent then in in vitro system 1. 

Anti-miR could still be found in the nucleus 3 h, 18 h and 24 h after treatment (18 h and 24 

Figure 2 Transfection of HUVEC in vitro at an angle of 90o
. A) Montage image of MB+anti-miR (no US) 

treated HUVEC monolayer, B) Montage image of US+MB+anti-miR treated HUVEC monolayer. C, D, E) Detail 

images of a non-transfected US+MB+anti-miR treated HUVEC area with blue and green channels (C), red chan-

nel (D) or all three channels (E). F, G, H) Detail images of a transfected US+MB+anti-miR treated HUVEC area 

with blue and green channels (F), red channel (G) or all three channels (H). Red = antimir, blue = nucleus, green 

= F-actin. I) Quantification of transfection% as a result of different US-protocols, each point represents an indi-

vidual experiment and horizontal line represents the median value. (* p<0.05) n=4. 
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Figure 3 Transfection of HUVEC in vitro at an angle of 45o. A) Fluorescence microscopy images of 

anti-miR and antago-miR transfection in HUVECs without US-treatment and 1h, and 3h after US-treatment. 

B) Quantification of fluorescence images regarding number of membrane-adherent cells and anti-miR trans-

fection% per 10x magnification window. (* p<0.05 compared to Without US groups) C) Quantification of 

fluorescence images regarding number of membrane-adherent cells and antago-miR transfection% per 10x 

magnification window. (* p<0.05 compared to Without US groups) D) Quantifcation of miR-214 knockdown 

in HUVECs 48 h after treatment with US, cationic MB and anti-miR/antago-miR. Relative expression of miR-214 

was normalized for untreated control cells. N=3 for fluorescence microscopy experiments and n=4 for miR-214 

knockdown experiments. (* p<0.05) Bars represent mean value +/- SEM. 
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h in Supplementary figure D). Interestingly, 1 h after treatment, antago-miR could be found 

intracellularly in HUVECs both in the cytoplasm and in the nucleus (Figure 3 A). Antago-miR 

could still be found in the HUVECs 3 h, 18 h and 24 h after treatment (Figure 3 A). MB+US treat-

ment in combination with anti-miR resulted in a small, non-significant, decrease in membrane 

adherent cells at 1 h after treatment which decreased further significantly 3 h after treatment 

(p<0.0001) compared to no US treatment. Mean transfection percentage was 23% at 1 h and 

25% at 3h, and thereby comparable to the transfection percentage of system 1. As expected, 

we observed a negative correlation between percentage of transfection and the number of 

membrane-adherent cells, both at 1 h and 3 h after treatment (Supplementary figure E). 

Functionally, treatment of HUVECs with MB+US and a mismatch control-anti-miR did not 

affect miRNA-214 levels. However, MB+US treatment with an anti-miR-214 resulted in a sta-

tistically significant decrease in miRNA-214 levels compared to different controls (p<0.05) of 

50% (Figure 3 D). Treatment of HUVECs with MB+US and antago-miR (both mismatch control 

and antago-miR-214) resulted in a decrease in miRNA-214 levels compared to non-treated 

control cells. However, no difference was seen between mismatch control antago-miR and 

antago-miR-214. As a positive control, overnight incubation of HUVECs with antago-miR-214 

(without MB and US) resulted in a drastic decrease of miRNA-214 expression of around 90%, 

48 h after the onset of treatment. O/n incubation of a mismatch control antago-miR did not 

result in this miRNA-214 knock-down (supplementary figure F). 

Effect of US-protocols on MB integrity
The low intensity 1 MHz protocol (which resembles our in vitro 45o angle protocol) did not 

have an effect on MB integrity, whereas both the 7 MHz and 2 MHz high intensity US protocols 

caused MB destruction as can clearly be seen when looking at US contrast images directly 

before and after application of these specific US-protocols (Supplementary figure G). 

In vivo MB+US induced delivery of miR-mimics. 
As shown in figure 4, high intensity only treatment did not have an effect on miR mimic 

delivery (median fold-increase 1.4). Treatment of hind limbs with low intensity 1 MHz (the 

protocol resembling the in vitro 45o angle protocol) also did not have effect on miR mimic 

delivery. High intensity US treatment, however, resulted in significantly higher delivery of 

miRNA mimics with a median 2.6 fold-increase (ranging from 2.2-3.7) (p<0.05). 

In vivo MB+US induced delivery of anti-miR and antago-miR. 
After i.v. injection, antago-miR could be found in the capillaries and to a lesser extent in 

arterioles (Figure 5), both in mice which received antago-miR+MB and antago-miR only 

(data for antago-miR only not shown). Without MB, local US-treatment at 7 MHz did not 

have an effect on antago-miR delivery. In the presence of MB however, local treatment with 

US at 7 MHz resulted in an increased delivery of antago-miR to the capillaries and caused 
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Figure 4 In vivo US+MB induced lo-

cal delivery of miRNA mimics. For each 
mouse individually, the fold-increase of 
miR mimic content in the treated hind limb 
compared to the non-treated hind limb was 
determined and plotted. Each data point 
represents the fold-increase for one mouse. 
(*p<0.05

Figure 5 In vivo US+MB induced local delivery of anti-miR and antago-miR at 7 MHz. Fluorescence 

microscopy images (10x and 40x magnification) of cryosections of treated semimembranosus muscles of mice 

stained for CD31 (green) and nucleus (blue), anti-miR and antago-miR are red. Antago-miR could mostly be 

found in the capillaries (white arrows) and at myocyte-myocyte junctions (white stars), US-treatment (left 

panel) increased antago-miR delivery. Anti-miR could mostly be found around arterioles (white arrows), US-

treatment (left panel) did not have effect on anti-miR delivery or tissue distribution. Images are representative 

images for several experimental mice per group (anti-miR n=3, antago-miR n=6). 
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extravasation of fluid (edema), also containing antago-miR (Figure 5). Additionally, antago-

miR could be found more pronounced at myocyte cell-cell contacts. Similar effects of local 

US treatment at 2 MHz were observed, however, 2 MHz treatment caused microbleedings 

and more pronounced extravasation of fluid (Supplementary figure H). 

After i.v. injection, anti-miR could mostly be found in the vessel wall of arterioles and to a 

lesser extent the capillaries (Figure 5) both in mice which received anti-miR+MB and anti-

miR only (data for anti-miR only not shown). Local application of US at 7 or 2 MHz caused 

extravasation of fluid which also contained anti-miR molecules but did not have an effect 

on anti-miR delivery to the capillaries. 

Quantification of microscopic images showed that treatment with MB and US at 7 MHz re-

sulted in a 2.5-fold increase in antago-miR delivery to the capillaries (p<0.05) and a significantly 

increased delivery to the myocyte/extracellular space compartment (p<0.05) (Figure 6). In the 

Figure 6 Quantification of anti-miR delivery to capillaries and myocytes/extracellular space in 

muscles treated with US at 7 MHz. Quantification of anti-miR and antago-miR signal intensity from fluo-

rescence images. Capillary intensities and myocyte/extracellular space intensities were measured for each indi-

vidual mouse and normalized for the intensity of the non-treated control hind-limb. (*p<0.05 compared to the 

non-treated control hind-limb.) Bars represent mean values +/- SEM. 
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absence of MB, no effect on antago-miR levels in either capillary or myocyte/extracellular 

space was observed. The same pattern was observed when mice were treated with 2 MHz 

US (Figure 7). Localized MB+US treatment at 7 or 2 MHz did not result in increased delivery of 

anti-miR to the capillaries (Figure 6+7) and a small, non-significant, increase in anti-miR levels 

in the myocyte/extracellular space compartment. 

Discussion

In the present study, anti-miR, antago-miR and miRNA mimicking molecules were attached 

to cationic MB for in vitro and in vivo local delivery experiments. These MB were capable of 

delivering anti-miR and antago-miR in vitro to HUVECs upon ultrasound exposure, resulting 

in knockdown of the anti-miR target, but not of the antago-miR target. Additionally, local 

delivery of miRNA mimics to the hind limb of mice was increased after US-treatment with 7 

MHz at an MI of 1.8, but not with 1 MHz at an MI of 0.2. Furthermore, local 7 MHz US treat-

ment after i.v. injection of MB increased delivery of antago-miR, but not of anti-miR, to capil-

laries, myocytes and extracellular space. Similar effects were observed with US treatment at 

2 MHz. Treatment both in vitro and in vivo was performed using different US-protocols (table 

3) and we found that successful in vitro protocols are very different from successful in vivo 

protocols. 

Nucleic acid-MB binding has been studied before [11,13]. These approached bound DNA 

or RNA to the cationic MB, washed away unbound material and used the MB-DNA/RNA 

complexes in subsequent experiments. In the present study, anti-miR, antago-miR and miR 

mimicking molecules were added after MB production and directly used for in vitro or in 

vivo testing, without washing. This results in lower loss of anti-miR, antago-miR and miR, 

a homogeneous distribution of small RNA molecules on the MB surface and comparable 

payloads (in the μg per 100 * 106 MB range) as in the Carson et al. study [11]. Antago-miR 

bound more easily to MB than anti-miR. In addition to the electrostatic interaction of RNA 

with cationic MB, the cholesterol group of the antago-miR might lead to an increase in 

binding through hydrophobic interactions with the phospholipids of the MB. Since not all 

anti-miR, antago-miR or miR mimic was bound to the MB, some of the added anti-miR, 

antago-miR or miR mimic was still in solution. 

MB-anti-miR/antago-miR complexes were tested in vitro to transfect HUVECs. We applied 

US at an angle of 90o or 45o and found that to achieve similar levels of transfection, the 

pressure for treatment at 45o needed to be doubled compared to 90o, showing that even in 

vitro, US-parameters that are optimal for one setup do not necessarily translate to another 

setup. In addition to transfecting HUVECs, US+MB treatment also caused cell damage and 

significantly decreased the number of membrane-adherent cells. We did not perform spe-

cific stainings for cell viability, however, we did observe that after 24 h, cells that contained 
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anti-miR or antago-miR could still be found and were not stressed, indicating that at least a 

fraction of transfected cells survives. The contribution of viability loss was not investigated, 

which is a limitation but nevertheless, proof-of-concept for delivery is demonstrated. Trans-

fected anti-miR was found in the nucleus and antago-miR in both the nucleus and cytosol. 

Functional microRNA are mainly localized in the cytosol, we thus expected the antago-miR 

to be more successful in in vitro knockdown based on localization. Additionally, MB+US 

induced siRNA transfection is characterized by cytosolic localization and very successful in 

achieving knockdown [17]. Surprisingly, anti-miR-214 caused a 50% reduction in miR-levels 

whereas antago-miR-214 had no effect on specific miR-levels. The mechanism in which 

transfection of anti-miR to the nucleus of cells in 23% of treated HUVECs leads to a 50% 

reduction of miR-expression is unclear. This could be caused by limitations in microscope 

detector sensitivity, or  that anti-miR-214 molecules would interfere with RNA isolation 

protocols or  the primers for reverse transcription in the qPCR analysis [19,20], however, the 

latter is unlikely. Additionally, antago-miR delivery using MB+US did not result in specific 

knockdown of the miRNA-target. 

US-parameters which are successful in anti-miR, antago-miR and siRNA delivery (Low in-

tensity 1 MHz) [17] in vitro do not cause MB destruction and do not increase local delivery 

of miR-159 to the treated muscle. Since previous studies on local delivery with US+MB use 

US protocols that cause MB destruction [11], we also tested the capability of our standard 

contrast imaging protocol, which does cause MB destruction, to locally deliver miRNA mim-

ics. Treatment with this 7 MHz high intensity protocol resulted in an increased local miR 

mimic delivery. In contrast to in vitro findings, for in vivo delivery of small RNAs it seems 

necessary to destroy MB. 

The local application of US (without MB) at 7 MHz did not have an effect on anti-miR levels 

or distribution in the blood vessels. However, US-treatment in the presence of MB caused 

edema, creating extracellular space in which some anti-miR could be seen. The same pat-

tern of anti-miR distribution was observed with the 2 MHz high intensity US protocol. Local 

delivery of oligonucleotides with US and MB has been studied before in which beneficial ef-

fects of using MB as drug delivery vehicle have been claimed. For instance, a previous study 

on local delivery of siRNA using MB+US claimed that siRNA enters target tissue at the spot 

where US is applied, and not in remote areas [21]. However, in that particular study, blood 

flow was disrupted and the MB and siRNA were incubated in the lumen of the treated blood 

vessel without flow and blood pressure. Studies reporting on siRNA delivery after systemic 

injection, thus retaining flow and blood pressure, also report on successful delivery of siRNA. 

However, these studies do not include all of the proper controls; for instance the injection 

of MB carrying siRNA without the local application of US to exclude that MB themselves 

can transfer siRNA to the target in the absence of US [22]. A study that does include that 

control reports that ~50% of the therapeutic effect of MB+US+siRNA treatment might be 

attributed to MB+siRNA alone [11], local application of US doubles that effect. Whether that 
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is purely due to a local increase of siRNA levels, increased extravasation or increased cellular 

permeability is not mentioned; the mechanism by which MB+US increases the effectivity 

of siRNA in vivo is unclear. We found that local US-treatment does cause the MB to col-

lapse, increasing vascular permeability in the capillaries and causing extravasation of fluid 

in which anti-miR (or siRNA) leaves the blood and enters the extracellular compartment of 

the muscle. Anti-miR might subsequently slowly enter myocytes and endothelial cells even 

though anti-miR uptake over cellular membranes is generally considered low. In this sense, 

the effect of MB+US might mostly be an increased delivery effect and less a sonoporation/

increased cellular permeability effect as we did not see acute intracellular entry of anti-miR.

The local application of US after i.v. injection of MB, both at 2 MHz and 7 MHz, significantly 

increased local delivery of antago-miR to the capillaries. Additionally, treatment caused 

extravasation of fluid into the muscle containing antago-miR, further increasing the local 

delivery of antago-miR. Since antago-miR can cross cell membranes if given the time, 

we expect the antago-miR from the extracellular space to diffuse into the mycoytes and 

endothelial cells. When antago-miR delivery is compared to anti-miR delivery, antago-miR 

delivery is increased both in the capillaries and extracellular compartment whereas anti-miR 

delivery is not. In addition to that, antago-miR are more readily taken up by cells, making the 

antago-miR a more feasible molecule for local delivery using MB and local US-treatment. Our 

in vitro results showed that MB+US delivery of antago-miR through sonoporation of HUVECs 

did not result in a knockdown of the specific miR-target which could be a consequence 

of the manner of transfection which is MB+US mediated. The main effect we see occur in 

vivo, however, is increased deposition of antago-miR and not direct intracellular entry of 

antago-miR due to sonoporation. The deposited antago-miR is expected to be taken up by 

cells through diffusion, like the overnight antago-miR-214 group in our in vitro experiments, 

which did show significant knockdown of miR-214 levels (Supplementary figure I). Since the 

mechanisms of in vitro and in vivo delivery of MB+US seem so different, antago-miR can still 

be considered as the most viable molecule for in vivo use despite their failure in knocking 

down miR in vitro, probably due to the short cellular exposure time. In vivo knockdown of 

miRNA-targets yet has to be determined in future experiments. 

MB+US treatment increases delivery of anti-miR or antago-miR mainly through increasing 

extravasation rather than direct cellular entry. This makes this technique suitable to treat 

cell types besides endothelial cells. One of the issues with drug delivery vehicles is transfer 

over the endothelial lining of blood vessels and drug delivery vehicles are most successful 

in tissues where endothelial barrier function is compromised or intrinsically low (i.e. tumors, 

liver). MB+US treatment increases permeability of the endothelial barrier in targeted tissues, 

causing edema but also enabling hydrophilic drugs, small RNA or drug delivery vehicles to 

treat harder to reach tissues and cell types. 

In summary, the present study showed that US+MB treatment in vitro could transfect en-

dothelial cells with both anti-miR and antago-miR molecules. The anti-miR molecule was 
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successful in specifically knocking down its target, whereas the antago-miR was unable to 

do so. Additionally, in vivo experiments showed that MB+US treatment increased the local 

delivery of miRNA mimics when a US-protocol was used that destroyed MB. Furthermore, 

US+MB treatment increased the local delivery of antago-miR, but not of anti-miR, to the 

blood vessels both at 7 MHz and 2 MHz US. The US-protocols that were used in this study 

were not further optimized for delivery or uptake. The treatment caused extravasation 

of fluid into the muscle containing anti-miR and antago-miR, and this effect was more 

pronounced for antago-miR. The combination of higher delivery of antago-miR to both 

the capillaries and extracellular space and their increased capability to further enter cells 

through diffusion, make the antago-miR a more suitable molecule for local delivery with MB 

and US compared to the anti-miR. 

In conclusion, we have shown that US-protocols that work best in vitro do not necessarily 

work for localized delivery in vivo. We’ve shown that successful molecules for miR-knockdown 

in vitro may not be the most suitable for in vivo use. The sonoporation mechanism which is 

used and studied in vitro is most probably not the driving mechanism behind the promising 

results which have been obtained in in vivo local siRNA delivery over the past years.
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Supplementary figures

Supplementary figure A Nucleotide sequences for in vitro and in vivo anti-miR and antago-miR de-

livery. Anti-miR-214 and antago-miR-214 consists of the inverse complementary mature miR-214 sequence. 

The mismatch control anti-miR and antago-miR contains 6 mismatches (underlined). Antago-miR are 3’cho-

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

Supplementary figure B In vitro systems 1 and 2 for US+MB induced HUVEC transfection. A custom 

designed metal ring was created for fitting 12 mm culture plate inserts (A). The culture plate insert was placed 

in the metal insert holder and sealed with a rubber ring (B). A plastic spacer with inlets for degassed H2O to 

conduct ultrasound was attached to the bottom part of the UTC metal casing with in- and outlets to insert 

treatment medium. The metal ring and plastic spacer were separated by a membrane cut out of an Opticell® 

(Thermo Scientific, MA, USA) (C). The two metal rings were connected placing the membrane of the insert on 

top of the system (D). For ultrasound treatment the V303-SU ultrasound transducer was inserted in the plastic 

spacer at the bottom after which the plastic spacer was filled with degassed H2O. Phosphate buffered saline 

(PBS) was added on top of the culture plate insert and a syringe was attached to the metal casing inlet to inject 

treatment medium (E). In vitro system 2 applied ultrasound at a 45o. Cells were cultured in an Opticell culture 

system which contains two membranes on one of which HUVECs were grown. The Opticell was placed in the 

system with the HUVEC attached side up (F). 
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Supplementary figure C The effect of the UTC on the ultrasound wave from a V303-SU. A) Calibra-

tion curves of the V303-SU transducer both without (w/o) and with (w) UTC. B) Shape of a 10 cycle ultrasound 

pulse from the V303-SU. C) Shape of a 10 cycle ultrasound pulse after placing the UTC in between transducer 

and hydrophone. 

Supplementary figure D Transfection of HUVEC in vitro at an angle of 45o. Fluorescence microscopy 

images of anti-miR and antago-miR transfection in HUVECs 18 h and 24 h after US-treatment. Anti-miR and 

antago-miR (red) can still be seen in the nuclei of HUVECs, although at a much lower intensity compared to 

after 1 and 3 h. White arrows indicate cells were either anti-miR or antago-miR could still be seen in the cell 18 

or 24 h after treatment. 
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Supplementary figure E Correlation of anti-miR/antago-miR transfection and membrane adher-

ent cell numbers in after transfection at 45o. Analysis of 10x magnification windows regarding transfec-

tion% and amount of membrane adherent cells were plotted with transfection% on the x-axis and membrane 

adherent cells on the y-axis to visualize the relation between the two.

Supplementary figure F MicroRNA-214 

expression 48 h after o/n incubation with 

either control-antago-miR of antago-

miR-214. Expression of miRNA-214 was mea-

sured by qPCR and normalized for RNU6. Data is 

represented as relative expression +/- SEM, n=3.
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Supplementary figure G Effect of in vivo US treatment protocols on MB integrity. Cadence images 
of MB in the hind-limbs of mice pre- and after US-treatment with different US-protocols used throughout 
this study. 

Supplementary figure H In vivo US+MB induced local delivery of antimir and antagomir at 2 MHz. 

Fluorescence microscopy images of cryosections of treated muscles of mice. Images are representative images 

for several experimental mice per group (antimir n=3, antagomir n=6). 
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Supplementary fi gure I Proposed mecha-

nism of intracellular uptake of antago-miR 

after in vivo MB+US induced local delivery. 

1) The myocyte is surrounded by several capillar-

ies that contain MB , with antago-miR bound to its 

surface, in the lumen. 2) Upon US exposure, the MB 

collapses, increasing permeability of the capillaries 

and causing extravasation of antago-miR into the 

extracellular space. 3) Subsequently, antago-miR 

which has extravasated, diff uses into the myocyte 

to reach the target miRNA. 


