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Introduction

Cardiovascular diseases are still the leading cause of death worldwide [1], are multifactorial 

in nature [2], have limited treatment options for long term pathophysiological effects, and 

therefore novel treatment modalities are continuously being developed [2,3]. One recently 

discovered class of novel therapeutic targets are microRNAs (miRNA) [4] , which are small 

single stranded RNA molecules that regulate a variety of physiological and pathological 

processes in cardiovascular diseases, including cardiac hypertrophy [5–12], and ischemic 

heart disease [13–16]. The great potential of manipulating miRNA activity has triggered the 

development of potent inhibitors to miRNA through anti-sense mechanisms [17] and serve 

as a therapeutic strategy to prevent the progression of cardiovascular disease. These inhibi-

tors show strong and long-lasting therapeutic effects of up to three months after a single 

treatment [18]. Unfortunately, after systemic injection, these miRNA inhibitors have a low 

cardiac uptake, and are mostly delivered to off-target organs such as the liver, kidney, and 

spleen [19,20]. Therefore, strategies to increase cardiac specificity of miRNA inhibitors and 

thereby improve efficacy and decrease off-target effects are needed. 

One such a strategy is ultrasound triggered microbubble destruction (UTMD), where 

therapeutics are attached to or enclosed in the shell of gas-filled microspheres called 

microbubbles (MB) [21]. After intravenous injection of these MB, a localized ultrasound 

(US) beam is used to activate the MB to implode. During implosion, the MB deposits its 

therapeutic payload in the targeted organ. In addition, local bio-effects caused by UTMD 

include increased vascular and cellular permeability, which further increases the localized 

delivery of therapeutics [22]. UTMD has thus far been used to successfully increase localized 

delivery of pDNA, nanoparticles, and siRNA [23–25]. In order to achieve proof-of-concept 

that UTMD can also be used for localized delivery of miRNA inhibitors to different organs, 

including the heart, MB must be developed that can bind miRNA inhibitors to carry these to 

the heart after intravenous injection. 

Therefore, the main goal of this study was to design MB that can bind miRNA inhibitor – 

either directly through electrostatic interaction – or through first complexing the inhibitor 

with a cationic polymer and subsequently attaching these to the MB shell. In order to achieve 

this goal, MB of appropriate size and at sufficient yields were developed and subsequently, 

miRNA inhibitors were attached to these molecules and aggregation of these complexes 

was studied. Additionally, inhibitors were complexed with a PEG-based cationic polymer 

and the MB payload of inhibitors was studied, both for direct attachment of anti-miR and 

for attachment through complexion with the cationic polymer. Finally, the in vitro transfec-

tion efficiency of UTMD using MB carrying inhibitors through direct coupling or through 

complexion with the polymer was studied. 
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Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-3-trimethylammo-

nium-propane (DSTAP) are obtained from Avanti Polar Lipids. Polyoxyethylene-40 stearate 

(PEG40s) and glycerol are purchased from Sigma-Aldrich. Perfluorobutane gas is acquired 

from F2 Chemicals Ltd. Cy3-labeled anti-miR-214 is used (Figure 1). It is a 2`O-methyl-RNA 

oligonucleotide, the sequence is phosphorothioate modified (*) and there is a 5`cy3-

modification.

Figure 1: The sequence of anti-miR-214.

Methods:

1.  Development of neutral and cationic microbubbles and direct 

attachment of anti-miR

1.1. Production and characterization of microbubbles for direct loading of anti-miR

1.1.1. Neutral microbubbles
Eight different types of neutral microbubbles (nMB) were developed. DSPC and PEG40s were 

dissolved in glycerol (10 mg/mL) at 70 oC during 1 h. A mixture 2 mg of glycerol dissolved 

DSPC, 0.07-2 mg of glycerol dissolved PEG40s, 0-193.2 μL glycerol and 600 μL degassed 

H2O up to a total volume of 1 mL were added to a 2.0 ml Eppendorf tube. The molar ratio 

of DSPC:PEG40s varies from 12:1 to 0.4:1. The mixture was sonicated for 10 minutes. Subse-

quently, perfluorobutane gas was added to the headspace of the Eppendorf tube and the 

tube was shaken for 45 seconds using a VialmixTM (4500 rpm). The number, size and surface 

area of produced MB were determined with the MultisizerTM 3 coulter counter. nMB are 

washed twice using centrifugal flotation (1000 rpm, 10 min, at room temperature (RT) and 

subsequently measured using the MultisizerTM 3. MB yield, size and surface area before and 

after washing were compared. 

1.1.2. Cationic microbubbles
Four different kinds of positively charged (cationic) microbubbles (cMB) were developed. 

DSPC, DSTAP and PEG40s were dissolved in glycerol (10 mg/mL) at 70 oC during 1h. 1.33 mg 

DSPC, 0.59 mg DSTAP, 0.07-0.28 mg PEG40s, 179.7-200.5 μL glycerol and 600 μL degassed 

H2O up to a total volume of 1 mL were added to a 2.0 ml Eppendorf tube. The molar ratio 
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of phospholipids:PEG40s varied from 12:1 to 3:1. The molar ratio of DSPC:DSTAP was 2:1. 

The solution was mixed and sonication for 10 minutes. Perfluorobutane gas was added to 

the headspace of the tube and the tube was subsequently shaken for 45 seconds using a 

VialmixTM (4500 rpm). The number, size and surface area of produced cMB were determined 

with the MultisizerTM 3 coulter counter. MB are washed thrice using centrifugal flotation 

(1000 rpm, 10 min, RT) and subsequently measured using the MultisizerTM 3.  MB yield, size 

and surface area before and after washing were compared. 

1.2. Attaching anti-miR-214 to cationic MB

Figure 2: After adding antagomiR to positively charged microbubbles, microbubble-antagomiR complexes 

are formed. 

To bind anti-miR-214 to cMB, 700 pmol of anti-miR was dissolved in 500 μL degassed H2O. 

Subsequently, 0.5*109 c MB suspended in 500 μL degassed H2O were added. During an 

incubation time of 15 minutes, cMB-anti-miR complexes were formed (Figure 2). After bind-

ing, the amount and size distribution of cMB carrying anti-miR was determined using the 

MultisizerTM 3. In addition, anti-miR-MB complexes were analyzed by means of fluorescence 

microscopy. Subsequently cMB were washed twice using centrifugal flotation (1000 rpm, 10 

min, RT). After washing, the amount and size of cMB-anti-miR complexes was determined 

using the MultisizerTM 3. 

1.3. Varying anti-miR concentrations to minimize aggregation
Subsequently, to prevent MB aggregation the effects of adding varying anti-miR concentra-

tions to cMB on aggregation was studied. cMB with a phospholipids:PEG40s molar ratio of 

12:1 and DSPC:DSTAP molar ratio of 2:1 were produced as described previously. After wash-

ing twice, anti-miR was added to MB in a volume of 100 μL degassed H2O. MB concentration 

was fixed at 0.5*109 MB/ml. Anti-miR were added in 5 different concentration: 175 nM, 350 

nM, 700 nM, 1400 nM and 2800 nM.  After 10 minutes of incubation, anti-miR-MB complexes 
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were analyzed with fluorescence microscope with a cy3-filter. Subsequently, the number, 

size and surface area of MB were determined with the MultisizerTM 3 coulter counter. 

2. Development of anti-miR-polymer complexes and their attachment to MB

2.1. Synthesis of polymer NB-183-2.
Synthesis of polymer NB-183-2 is described in the text below and graphically in Figure 3.

Synthesis of backbone polymer
Dimethyl -5-hydroxyisophthalate (1, 1.0 mmol) and PEG 1000 (2, 1.0 mmol) were placed in 

a three neck round-bottom flask and stirred until homogeneous, Novozyme 435 (10% by 

weight with respect to monomers) and 4Å molecular sieves (10% by weight with respect 

to PEG) were added. The resultant reaction mixture was stirred using a magnetic bead at 

90 °C under vacuum for 48 h and for additional 12 h with overhead stirrer at 90 °C under 

vacuum and then quenched by adding chloroform. The enzyme and molecular sieves were 

removed by filtration and the filtrate was concentrated to get the crude product, which 

was redissolved in deionized water for dialysis using membrane (MWCO 6000). After the 

completion of dialysis, the pure product polymer 3 was obtained as a waxy off-white solid 

by freeze-drying.

Synthesis of NB-183-2 
Poly[(polyoxy ethylene-1000)-oxy-5-hydroxyisophthaloyl] (3) was reacted with  4-bromo-

N-boc butyl amine using potassium carbonate as a base  in acetonitrile solvent at room 

temperature to obtain  N-boc butyl amine substituted polymer derivative(10) .This deriva-

tive was treated with 5% hydrochloric acid solution at 450C to obtain crude product and was 

further purified by dialysis to afford NB-183-2. 

2.2. Anti-miR-polymer complex formation
Anti-miR-214 was dissolved in H2O at 0.0135 nmol/μl. NB-183-2 was dissolved in H2O at 

4 mg/mL. Anti-miR-polymer (AP) complexes were formed by mixing both components 

in different ratios to create AP complexes with different N/P ratios ranging from 0.5-160 

(Supplementary table A). The anti-miR was labeled with Cy3 and the polymer was labeled 

with FITC. After mixing anti-miR with polymer, the AP complexes were incubated for 1 hour 

at 37 degrees Celsius. 

After incubation, complexes were run on a 4% agarose gel to determine the effect of N/P 

ratio on complex formation and complex charge. The gel was analyzed using the LAS-3000 

(Fujifilm, Tokyo, Japan) with green light and Pro-Q filter to detect the Cy3 labeled anti-miR. 
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2.3. Microbubble production
Three different formulations were used to form neutral, cationic and anionic MB (table 1). 

Distearoyl-phosphatidylcholine (DSPC, Avanti Polar Lipids, Alabaster, AL, USA), distearoyl-tri-

ammoniumpropane (DSTAP, Avanti Polar Lipids ), 1,2-dipalmitoyl-sn-glycero-3-[phospho-

rac-(3-lysyl(1-glycerol))] (DPPG, Avanti Polar Lipids) and polyethylene glycol-40 (PEG40) 

stearate (Life Technologies, Bleiswijk, Netherlands) were solved in glycerol(Invitrogen, Life 

Technologies) at a concentration of 10 mg/mL at 70˚C. DPPG was solved in 10.6 mg/mL.

Cationic MBs (cMBs) were formed by adding DSPC, DSTAP and PEG40-stearate to a degassed 

H2O-Propyleenglycole mixture (table 1). Anionic MBs (aMBs) were prepared by addition of 

DSPC, DPPG and PEG40-stearate to a degassed H2O-Propyleenglycole mixture (Table 1). 

Figure 3: Overview of polymer NB-183-2 synthesis. (A) First a co-polymer backbone is created, subsequently 

(B) functional side-chains are attached to the backbone. Finally (C), these cationic side chains can be used to 

attach anionic anti-miR after which the polymer self-assembles into a anti-miR-polymer complex. 
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For neutral MBs (nMBs) DSPC and PEG40-stearate were added to degassed H2O (Table 1). 

Subsequently, perfluorobutane gas (C4 F10 F2 Chemicals, Lancashire, UK) was added to the 

mixture and the Eppendorf tubes were placed in the ultrasonic bath (Decon Ultrasonics, 

East Sussex, UK) for 10 minutes. Thereafter, MBs were formed by shaking the mixture, for 

45 seconds, using a Vialmix device (Lantheus Medical Imaging, North Billerica, MA, USA). 

After formation, the MBs were washed three times in H2O by centrigual centrifugation. MB 

size and distribution were measured using the Multisizer 3 (Beckman Coulter Nederland, 

Woerden, Netherlands). To test for significant differences in mean size a One-Way ANOVA 

test was performed, with a Post Hoc analysis with a Bonferroni correction. 

Table 1: Volume ratios of the different compounds used to create cationic, anionic and neutral 

microbubbles.

DSPC = Distearoyl-phosphatidylcholine; DSTAP = distearoyl-tri-ammoniumpropane; DPPG = 1,2-dipalmitoyl-

sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))]; PEG40stearate = polyethylene glycol-40 stearate.

2.4. Microbubble-anti-miR-polymer complex formation
Cationic, anionic and neutral MBs were diluted to a concentration of 1.0 * 109 MB per mL. 

Subsequently, MBs were mixed with AP complexes (with N/P ratio 10 and 160) in a 1:1 

volume ratio and incubated for 5 minutes at room temperature. The AP complexes and MBs 

were visualized using a fluorescence microscope (ZEISS Axiovert Marianas 200M inverted 

fluorescence microscope, Intelligent Imaging Innovations, Denver, CO, USA). Pictures were 

taken in the DIC, Cy3 and FITC channels at 100× and 400× magnification. MB payload was 

quantified in arbitrary units by selecting five MBs, within one sample, in the 400× DIC im-

age. Across the five selected MBs, Cy3 intensity was measured using line statistics, which 

measures the intensity of all MB across a line drawn over a MB (Slidebook 5.0 software, 

Inteligent Imaging Innovation). MB payload was calculated by subtracting background 

intensity from peak intensity (Fig. 3). This was done for both MB edges. These two values 

were averaged and represented the payload of the analyzed MB. This calculation was done 

for all five selected MBs within one sample and the results were averaged to calculate the 

mean MB payload within that sample. The type of MB with the highest loading capacity 

was selected for further experiments. To test for significant differences in anti-miR payload 

on the different MBs a One-Way ANOVA was performed, with a Post Hoc analysis with a 

Bonferroni correction.   

Subsequently, the effect of 5 minutes incubation time on MB payload was determined. 

Therefore, Cationic MBs were combined with AP complexes and were rested for either 0 
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of 5 minutes before analysis with fluorescent microscopy. MB payload was quantified as 

described before. To test for significance a Mann-Whitney U-test was performed. 

Next, the effect of anti-miR concentration on MB payload was determined. First, AP com-

plexes (N/P ratio 10) were formed with different anti-miR concentrations (6.1; 10.4; 14.7; 19.0; 

23.3 * 10-3 nmol/μl) by mixing anti-miR, polymer and H2O. Additionally, anti-miR dilutions 

at the same concentration (without the polmyer) served as a control. The diluted anti-miR 

and the AP complexes were mixed with cMBs (diluted to 1.0 * 109 MB per mL) in a 1:4,5 

volume ratio. Binding of complexes and anti-miR to cMB was analyzed using fluorescence 

microscopy in the DIC, FITC and Cy3 channels at 100× and 400× magnification. 10 MBs were 

selected in the 400× DIC image and MB payload was calculated as described previously. To 

test for significant differences between the groups a Student’s T-test was performed. 

Figure 4: Method used to quantify MB payload. Plot of Cy3-intensity values of pixels across a line drawn over 

a MB. The difference between the peak intensity and the lowest intensity (background), depicted as the green 

arrow, was used as a measure for the anti-miR payload on the MB. MB = microbubble.

3. In vitro delivery of anti-miR to HUVECs using MBs and US

Human umbilical vein endothelial cells (HUVECs) (P1), isolated as described previously (Juf-

fermans et al. 2009) and stored in liquid nitrogen, were defrosted and subsequently washed 

in serum-free medium. The medium was replaced by serum-containing medium and the 

HUVECs were seeded on OptiCell culture membranes (Thermo Scientific, Waltham, MA, 

USA) or Sylgard (Dow Corning, Midland, Michigan, USA) and stored in an incubator (37˚C 

and 5% CO2). Cells were grown until confluence was reached. 

An OptiCell culture membrane (Thermo Scientific) was placed on top of the ultrasound 

treatment chamber and filled with 5% agarose solution, in which a circle was cut. The 

space between the US transducer and the OptiCell culture membrane was filled with H2O 

(Fig. 5). Different concentrations anti-miR (6.1; 10.4; 14.7; 19.0; 23.3 8 10-3 nmol/μl), either 

complexed with polymer at N/P ratio 10 or anti-miR alone, were combined with cMBs in a 

1:4,5 volume ratio and serum-free medium was added. The mixture was added to the cut-

out circle in the ultrasound setup. HUVECs were placed on top of the mixture and US (310 
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peak-to-peak voltage, 3000 cycli, 50 ms) was applied for 60 seconds. The same procedure 

was followed for anti-miR, with different concentrations. After treatment, the HUVECs were 

allowed to recover for 180 minutes in serum-containing medium in the incubator (37˚C 

and 5% CO2). Thereafter, cells were fixed with 10% paraformaldehyde and washed three 

times with phosphate-buffered saline (PBS). Subsequently, Alex Fluor 488 Phalloidin (Life 

Technologies) was used to stain F-acti and mounting medium containing DAPI nuclear stain 

(Vector Laboratories, Peterborough, UK) was used to stain the nucleus. Subsequently, 100× 

and 400× magnification images were taken using the fluorescence microscope.

Figure 5: Ultrasound treatment chamber. 

Photograph of ultrasound treatment setup 

used for HUVEC transfection. HUVECs= human 

umbilical vein endothelial cells

Transfection percentage was determined by analyzing 100× magnification fluorescence im-

ages. A transfected cell was defined as a cell that contained a Cy3 fluorescent signal within 

the nucleus. The amount of transfected nuclei was divided by the total nuclei count to 

calculate the transfection percentage. Additionally, intensity of transfected nuclei was mea-

sured. Intensity was measured as mean intensity of Cy3 in the whole nucleus subtracted by 

the mean background intensity and as peak Cy3 intensity in the nucleus subtracted by the 

lowest background intensity. Mean and peak Intensity were measured in 4 transfected cells. 

If less than 4 cells were transfected, intensity of all transfected cells was measured. Both 

transfection percentage and mean/peak intensity were analyzed using a Student’s t-test. 

4. Statistical analysis

Statistical analysis was done with IBM SPSS Statistics 20 (IBM, Portsmouth, UK). Specific 

tests used for different experiments were described in the method section contributed to 

the experiment and include One-Way ANOVA with a Bonferroni Post Hoc correction, and 

student’s t-test.  
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Results

1.  Development of neutral and cationic microbubbles and direct 

attachment of anti-miR

1.1. Production and characterization of microbubbles for direct loading of anti-miR

1.1.1. Neutral microbubbles
Neutral MB yields (i.e. the number of MB created in a single tube) ranged from 2.9 * 109 MB / 

ml to 5.7 * 109 MB / ml before washing (Fig. 6 and Table 2). Higher PEG40s contents seemed 

to increase MB yield although this was not statistically significant. In addition, higher PEG40s 

contents increased the variability of MB yields. Washing of MB, to get rid of unincorporated 

phospholipids and PEG40s, reduced the MB yield ~2-3-fold. Before washing, mean MB 

diameter ranged from 1.62 μm to 1.76 μm and higher PEG40s contents seem to increase 

MB diameter (Table 2). After washing, MB diameter ranged from 1.75 μm to 1.97 μm, which 

is higher compared to pre-washing diameters and indicates a loss of smaller MB during the 

washing procedure. Of all tested conditions, only a DSPC:PEG40s ratio of 0.4:1 resulted in 

average MB yields above 2 * 109 MB / ml after washing. 

Figure 6: Positively charged MB (DSPC:DSTAP ratio 2:1) yield before (left) and after (right) washing as a results 

of varying phospholipid:PEG40s ratios (From 12:1 – 0.4:1). 
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Table 2: Neutral MB yield, mean diameter and Surface area weighed diameter before and after washing as a 

result of varying DSPC:PEG40s ratios. 

DSPC:PEG40s ratio

MB yield  

(109 /mL) SD

Mean MB 

diameter (μm) SD

Surface area weighed mean 

diameter (μm) SD

Before washing

12:1 (high DSPC content) 3.5 0.96 1.63 0.04 2.96 0.30

9:1 3.6 0.83 1.64 0.01 3.56 0.85

6:1 3.1 0.84 1.64 0.03 3.88 1.10

3.3:1 4.3 1.2 1.70 0.07 4.18 0.20

3:1 2.9 1 1.64 0.05 4.03 1.17

1.7:1 3.1 2.5 1.65 0.07 3.64 0.86

0.8:1 4.4 1.1 1.69 0.07 3.95 0.85

0.4:1 (high PEG40s content) 5.7 2.0 1.76 0.05 4.21 1.12

After washing

12:1 (high DSPC content) 1.1 0.19 1.75 0.09 3.42 0.62

9:1 1.2 0.71 1.80 0.27 3.37 0.97

6:1 1.1 0.10 1.78 0.17 2.99 0.06

3.3:1 1.9 1.0 1.97 0.55 3.39 1.42

3:1 1.3 0.74 1.81 0.17 2.88 0.19

1.7:1 1.8 2.2 1.88 0.45 3.45 1.44

0.8:1 1.9 1.6 1.92 0.26 3.22 0.42

0.4:1 (high PEG40s content) 3.4 1.4 1.81 0.10 3.22 0.35

1.1.2. Positively charged microbubbles
Positively charged MB yields (cationic MB) with a fixed DPSC:DSTAP ratio and varying PEG40s 

contents ranged from 3.6 * 109 MB / ml to 3.8 * 109 MB / ml before washing (Fig. 7 and 

Table 3). PEG40s contents seemed to have no effect on MB yield. Washing of MB, to get 

rid of unincorporated phospholipids and PEG40s, reduced the MB yield ~2.3-fold. Before 

washing, mean MB diameter ranged from 1.57 μm to 1.61 μm and PEG40s had no effect on 

MB diameter (Table 2). After washing, MB diameter ranged from 1.55 μm to 1.61 μm, which 

is comparable to pre-washing diameters. However, surface weighed diameters did decrease 

during washing, which indicates a loss of larger diameter MB as a result of washing. The 

PEG40s content used had no effect on MB yield, MB diameter and MB surface area weighed 

diameter before and after washing.  Overall, MB yield, size and the effect of washing for 

cationic MB seemed to be more reliable and stable compared to neutral MB. 
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Figure 7: Positively charged MB (DSPC:DSTAP ratio 2:1) yield before (left) and after (right) washing as a results 

of varying phospholipid:PEG40s ratios. 

Table 3: Positively charged MB (constant DSPC:DSTAP ratio 2:1) yield, mean diameter and Surface area weighed 

diameter before and after washing as a results of varying phospholipid:PEG40s ratios. 

Phospholipid:PEG40s ratio

MB yield  

(109 /mL) SD

Mean MB 

diameter (μm) SD

Surface area weighed 

mean diameter (μm) SD

Before washing  

12:1 (high phospholipid content) 3.8 1.1 1.60 0.09 4.15 0.43

9:1 3.6 1.2 1.60 0.08 5.36 1.19

6:1 3.6 1.5 1.57 0.11 4.54 1.80

3:1 (high PEG40s content) 3.7 1.4 1.61 0.05 5.34 0.76

After washing

12:1 (high phospholipid content) 1.7 0.95 1.61 0.07 2.01 0.12

9:1 1.5 0.60 1.57 0.11 1.95 0.23

6:1 1.5 1.0 1.55 0.14 1.90 0.24

3:1 (high PEG40s content) 1.5 0.85 1.59 0.06 1.96 0.10

Positively charged MB yields (cationic MB) with a fixed phospholipid:PEG40s ratio and vary-

ing DSPC:DSTAP contents ranged from 2.6 * 109 MB / ml to 3.6 * 109 MB / ml before washing 

(Fig. 8 and Table 4). DSTAP contents seemed to have no effect on MB yield. Washing of MB 

reduced the MB yield ~2.3-3-fold. Before washing, mean MB diameter ranged from 1.63 μm 

to 1.66 μm and DSTAP contents had no effect on MB diameter (Table 2). After washing, MB 

diameter ranged from 1.55 μm to 1.65 μm, which is comparable to pre-washing diameters. 

Again, surface weighed diameters did decrease during washing, which indicates a loss of 

larger diameter MB as a result of washing. The DSTAP content used had no effect on MB 

yield, MB diameter and MB surface area weighed diameter before and after washing.  
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Figure 8: Positively charged MB (constant phospholipid:PEG40s ratio 9:1) yield before (left) and after (right) 

washing as a results of varying DSPC:DSTAP ratios. 

Table 4: Positively charged MB (constant phospholipids:PEG40s ratio 9:1) yield, mean diameter and Surface 

area weighed diameter before and after washing as a results of varying phospholipid:PEG40s ratios. 

DSPC:DSTAP ratio

MB yield  

(109 /mL) SD

Mean MB 

diameter (μm) SD

Surface area weighed 

mean diameter (μm) SD

Before washing

4:1 (high DSPC content) 3.6 1.3 1.63 0.06 4.79 1.25

3:1 2.7 2.0 1.65 0.07 6.71 2.23

1:1 (high DSTAP content) 2.6 9.2 1.66 0.02 6.59 0.96

After washing  

4:1 (high DSPC content) 1.2 0.77 1.65 0.14 2.13 0.24

3:1 1.1 0.89 1.57 0.13 1.98 0.25

1:1 (high DSTAP content) 1.1 0.38 1.55 0.09 1.94 0.21

1.2. Attaching anti-miR-214 to cationic MB
After incubation of anti-miR with cationic MB, anti-miR attached to the MB shell as observed 

by fluorescence microscopy (Fig. 9). Anti-miR-MB complexes were washed to remove un-

bound anti-miR, which resulted in a MB loss of over 90% (Table 5). This loss was caused by 

aggregation of anti-miR-MB complex into clusters . 

Figure 9: A fluorescence microscopy image 

(magnification 40x, cy3-filter) of microbubble 

anti-miR complexes.
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Table 5: The effect of anti-miR-MB coupling on MB loss during washing. 

Amount of anti-miR-cMB complexes before and after washing

MB number  

(108 / mL) SD

Before washing    

phospholipids:PEG40s = 12:1 4.4 0.35

phospholipids:PEG40s = 9:1 4.1 0.44

phospholipids:PEG40s = 6:1 4.1 0.31

phospholipids:PEG40s = 3:1 4.2 0.37

After washing

phospholipids:PEG40s = 12:1 0.28 0.13

phospholipids:PEG40s = 9:1 0.12 0.075

phospholipids:PEG40s = 6:1 0.16 0.041

phospholipids:PEG40s = 3:1 0.23 0.16

1.3. Varying anti-miR concentrations to minimize aggregation
To reduce aggregation, cationic MB were incubated with increasing concentrations of anti-

miR (ranging from 175 nM to 2800 nM). Analysis with fluorescence microscopy showed ex-

cessive aggregation of anti-miR-MB complexes at low anti-miR concentrations (Fig. 10A-B), 

which decreased when higher anti-miR concentrations were used (Fig. 10C-E). In addition, 

fluorescence microscopy revealed that while higher concentration of anti-miR lowered ag-

gregation, it did increase the amount of unbound anti-miR which was clearly observed by a 

higher background signal of free anti-miR at higher concentration (Fig. 10D-E). 

 

Figure 10: Effect of increasing antagomiR amounts added to cationic MB. Panels A-F display fluorescence 

microscopy images (magnification 10x, cy3-filter) of cationic MB incubated in 175, 350, 700, 1400, and 2800 

nM anti-miR, respectively. Ultrasound microbubbles with a molar ratio phospholipids:PEG40s of 12:1 and 

DSPC:DSTAP of 2:1 are showed. 
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The effect of anti-miR concentration on MB aggregation was confirmed by measuring the 

MB amount and MB size using the Multisizer 3TM (Table 5). MB numbers at low anti-miR 

concentration ranged from 0.72-0.87 * 108 MB / ml, indicating a significant loss of single MB 

compared to the 3.9 * 108 MB / ml if no anti-miR was added to the MB. At higher anti-miR 

concentrations (1400 nM and 2800 nM), MB numbers were higher (2.5 and 2.9 *108 MB / ml) 

and loss of single MB was lower. The effect of anti-miR concentration on complex formation 

was confirmed by studying the surface weighed mean diameter. At lower anti-miR concen-

trations the surface weighed diameter of complexes was higher compared to higher anti-

miR concentrations, indicating the presence of larger complexes at lower concentrations. 

For the cationic MBs used in these experiments, a higher anti-miR concentration displayed 

lower aggregation, which is beneficial for intravenous injection for in vivo experiments, but 

increased the amount of unbound anti-miR still in solution. 

2. Development of anti-miR-polymer complexes and their attachment to MB

2.1. Anti-miR-polymer NB-183-2 complex formation
For AP complexes with a N/P ratio ≤ 5, anti-miR shift was observed towards the positive 

electrode on the agarose gel, indication either negatively charged AP complexes or un-

bound anti-miR (Fig. 11). For AP complexes with an N/P ratio >5, anti-miR shift was observed 

towards the negative electrode, indicating a positive charge of AP complexes, which in-

creased with increasing N/P ratios (Fig. 11). 

Table 5: The number, size and surface area weighed diameter of ultrasound microbubbles where various anti-

miR concentrations are added to 5.0E+08 ultrasound microbubbles per mL. Ultrasound microbubbles with a 

molar ratio phospholipids:PEG40s of 12:1 and DSPC:DSTAP of 2:1 are used. 

Anti-miR 

concentration (nM)

MB number  

(108 / mL) SD

Mean diameter 

(μm) SD

Surface weighed 

mean diameter (μm) SD

0 3.9 0.25 1.47 0.01 1.85 0.19

175 0.72 0.23 1.76 0.17 3.02 0.27

350 0.87 0.07 1.41 0.07 2.60 0.44

700 1.5 0.17 1.36 0.08 2.61 0.76

1400 2.5 1 1.40 0.06 2.02 0.20

2800 2.9 0.21 1.43 0.07 2.04 0.16
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A B 

Figure 11: Effect of N/P ratio on net charge of AP complexes. (A) Fluorescent image of agarose gel with AP 

complexes. The numbers correspond to the N/P ratios showed in B. The + and – represent the poles of the elec-

trophoresis. N = 3. (B) N/P ratios corresponding to the numbers on the agarose gel. For the composition of the 

different N/P ratios see supplementary table  A.  

2.2. Microbubble production
All MBs (cationic MB (cMB), anionic MB (aMB), and neutral MB (nMB) had a diameter be-

tween 1-10 μm (Fig. 12). Neutral MB formation resulted in MBs with a mean diameter of 

2.15±0.22 μm. Anionic MBs had a mean diameter of 1.80±0.07 μm and the mean diameter of 

cationic MBs was 1.77±0.05 μm. Statistical analysis showed a significant difference in mean 

size between cationic and neutral MBs (p < 0.05). 

Figure 12: Size distribution of cationic, anionic and neutral MBs. Microbubble size distributions are plotted on 

a 2-log x-axis. The y-axis represents the fraction of MBs normalized to the most abundant size. The solid line 

represents the mean fraction and the dashed lines represent ± SEM. Distribution is based on three independent 

measurements. cMB = cationic microbubbles; aMB = anionic microbubbles; nMB = neutral microbubbles; MB 

= microbubbles.



Chapter 5

126

2.3. Microbubble-anti-miR-polymer complex formation
Cationic MBs showed a significant higher AP complexes payload for both N/P ratio 10 (p < 0.01) 

and N/P ratio 160 (p < 0.05) compared to neutral and anionic MBs (Fig. 13A-B+F). Additionally, 

cMB payload was significantly higher when combined with AP complexes with N/P ratio 10 

compared to AP complexes with N/P ratio 160 (p < 0.01) (Fig. 13B). No differences in MB payload 

were observed directly after formation or after 5 minutes of incubation (P = 0.700) (Fig. 13C)

Higher anti-miR concentration did not result in a significant increase in MB payload (Fig. 

13D). Additionally, no significant differences were shown between cationic MB payload for 

AP complexes and anti-miR alone (Fig. 13E). However, for all concentrations cationic MBs 

showed a higher payload for AP complexes.    

3. In vitro delivery of anti-miR to HUVECs using MBs and US

MB+US was successfully used to transfect HUVECs with AP complexes or anti-miR alone 

(Fig. 14A). AP complexes showed a higher transfection than anti-miR for the three highest 

concentrations, although not statistically significant (Fig. 14B). Increasing anti-miR concen-

trations (both complexed in AP and alone) did significantly increase transfection percent-

age. The amount of transfected anti-miR, as measured by the mean and peak intensity of 

cy3-signal in the cells, did not show significant differences between the anti-miR and the AP 

complexes (Fig. 14C-D). However, higher anti-miR concentrations resulted in statistically sig-

nificant increased amounts of transfected cells, regardless of whether anti-miR was directly 

coupled to the MB or coupled as AP complex (Fig. 14C-D). 

Conclusion

Direct attachment of anti-miR to MB and attachment through complexion result in compa-

rable payloads and in vitro delivery of anti-miRs 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 

slightly more successful. 

Microbubble yields and size 
Before attachment of anti-miR molecules to MB, we investigated if MB with diameters between 

1-5 μm and yields above 1*109 MB/ml could be easily created. We therefore started with devel-

oping neutrally charged MB and found that higher contents of PEG40s in the MB shell increased 

the MB yield, whereas sizes were comparable. Subsequently, we developed cationic MB that 

should be suitable for direct attachment of the anionic anti-miR molecules. These experiments 

showed that PEG40s content and DSTAP content did not influence MB yield and size, with all 

conditions producing sufficient yields of over 1.0*109 MB / ml and sizes between 1-5 μm. 
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Attachment of anti-miR to MB and minimizing aggregation
Anti-miR easily attached to the cationic MB shell. However, during washing experiment to 

remove unbound anti-miR molecules, 90% of the MB were lost, mostly due to aggregation. 

In an effort to decrease aggregation, we increased anti-miR concentrations to attach to the 

MB shell. Higher anti-miR concentrations lowered MB aggregation. At lower concentration, 

Figure 13: Binding of AP complexes to MBs. (A) Fluorescent images (40×) of nMB, aMB and cMB mixed with AP 

complexes (N/P ratio 10). Images were taken in the Cy3 (red), FITC (green) and DIC (bright) channel. (B) Quanti-

fication of the anti-miR (Cy3) intensity on the different MBs that were mixed with either AP complexes with N/P 

ratio 10 or 160 (N=6). (C) Quantification of anti-miR (Cy3) intensity of cMBs that were mixed with AP complexes 

(N/P ratio 10) and were either incubated for 5 minutes or analyzed directly (N = 3). (D) Anti-miR payload on 

cMBs that were mixed with AP complexes (N/P ratio 10). The x-axis displays the anti-miR concentration within 

the AP complexes. Control is the concentration used in the earlier experiment displayed in panel B (N=6). (E) 

Comparison between cMBs mixed with either AP complexes or anti-miR (N=6). (F) Fluorescent images (640×) 

of cMBs mixed with AP complexes (N/P ratio 10). Images were taken in the Cy3 (red) and FITC (green) channels. 

Bars represent mean Cy3 intensity ± SEM *p < 0.05, **p < 0.01.  MBs = microbubbles; AP complexes = anti-miR-

polymer complexes; cMBs = cationic microbubbles
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the MB shell is probably not saturated with anti-miR molecules, and because MB compete 

for the same anti-miR molecules, they attach to the same anti-miR molecule. By increasing 

the anti-miR concentration, the MB shell becomes saturated and more negatively charged, 

thereby preventing aggregation. At this stage, we choose not to wash the MB to remove 

unbound anti-miR since during the washing process MB are exposed to centrifugal forces. 

These forces cause the MB to aggregate  after which single anti-miR-MB complexes cannot 

be separated after resuspension. Consequently, not washing the MB means that unbound 

anti-miR will also be injected for in vivo experiments. Although not within the scope of 

this study, determining the amount of unbound anti-miR must be performed as unbound 

anti-miR might still cause off-target effects. 

A 

B C 

D  

Figure 14: HUVEC transfection. (A) Fluorescent images (100×) of HUVECs transfected with anti-miR (N/P ratio 10) at a 
concentration of 23.3 * 10-3 nmol/μl in the form of anti-miR alone or AP complexes. Images are taken in the Cy3 (red), 
DAPI (blue) and FITC (green) channels. (a) HUVECs transfected with AP complexes. (b) HUVECs transfected with anti-
miR alone. (B) Quantification of the transfection percentages of HUVECs for both the AP complexes and the anti-miR 
group. The amount of transfected cells was divided by the total amount of cells (N = 5). (C) Quantification of the mean 
intensity of the transfected HUVECs (N = 5). (D) Quantification of the peak intensity of the transfected HUVECs. The 
same nuclei were analyzed for both the mean as peak intensity (N=5). Bars represent mean ± SEM. *p < 0.05, ** p < 
0.01. HUVECs= Human Umbilical Vein Endothelial Cells; AP complexes = anti-miR-polymer complexes.
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Generation of anti-miR-polymer complexes and attachment to microbubbles
Anti-miR was complexed with cationic polymer NB-183-2 to form anti-miR-polymer com-

plexes at N/P ratios 10 and higher. AP complexes attached readily to cationic MB, but not 

to neutral or anionic MB. AP with an N/P ratio of 10 showed the highest attachment to 

cationic MB. First complexing anti-miR with polymer and subsequently attaching these to 

MB slightly increased the MB payload compared to direct attachment, this slight increase 

was, however, not statistically significant.  

That attachment of AP could only be achieved to cationic MB is somewhat surprising since 

previously Florinas et al. showed that siRNA-arginine complexes could be easily attached 

to anionic MBs. Arginine is a cationic protein and as such is expected to yield similar results 

to our cationic polymer. This difference might be explained by considering that in our ex-

periments the outer shell of the AP complexes might be covered with anti-miR, creating an 

anionic outer layer on the APs that can be coupled to cationic MB. This possibility is further 

strengthened by the observation that AP with N/P ratio 10 were coupled to cationic MB at 

higher amounts compared to AP with an N/P ratio of 160. The AP complexes with higher 

N/P ratio are more cationic, which results in increased repellence to cationic MBs. When N/P 

ratio is increased even more possibly a point can be reach at which AP complexes will bind 

to anionic MBs. 

In vitro transfection of HUVECs with anti-miR 
Cationic MBs, with either anti-miR or AP complexes attached to their surface, were able to 

deliver anti-miR to HUVECs upon ultrasound exposure. Delivery of anti-miR as AP complexes 

led to higher transfection percentages compared to delivery of anti-miR alone. However, 

these differences were small and not statistically significant. Thus, these results show that 

cationic polymeric nanoparticles can be used to increase the anti-miR payload of MBs and 

the in vitro delivery of anti-miR to HUVECs. However, these improvements are small and not 

statistically significant. In conclusion, the slight increase in payload and transfection NB-183-

2 provides does not outweigh the additional costs and effort that is required. 
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Table A. Composition of the anti-miR-polymer complexes with different N/P ratios.


