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Abstract  

Contrast microbubbles in combination with ultrasound (US) are promising vehicles for local 

drug and gene delivery. However, the exact mechanisms behind intracellular delivery of 

therapeutic compounds remain to be resolved. We hypothesized that endocytosis and pore 

formation are involved during US and microbubble targeted delivery (UMTD) of therapeutic 

compounds. Therefore, primary endothelial cells were subjected to UMTD of fluorescent 

dextrans (4.4 to 500-kDa) using 1-MHz pulsed US with 0.22-MPa peak-negative pressure, 

during 30s. Fluorescence microscopy showed homogeneous distribution of 4.4 and 70-kDa 

dextrans through the cytosol, and localization of 155 and 500-kDa dextrans in distinct 

vesicles after UMTD. After ATP depletion reduced uptake of 4.4-kDa dextran and no uptake 

of 500-kDa dextran was observed after UMTD. Independently inhibiting clathrin- and 

caveolae-mediated endocytosis, as well as macropinocytosis significantly decreased 

intracellular delivery of 4.4 to 500-kDa dextrans. Furthermore, 3D-fluorescence microscopy 

demonstrated dextran vesicles (500-kDa) to co-localize with caveolin-1 and especially 

clathrin. Finally, after UMTD of dextran (500-kDa) into rat femoral artery endothelium in vivo, 

dextran molecules were again localized in vesicles that partially co-localized with caveolin-1 

and clathrin. Together, these data indicated uptake of molecules via endocytosis after 

UMTD. In addition to triggering endocytosis, UMTD also evoked transient pore formation, as 

demonstrated by the influx of calcium ions and cellular release of pre-loaded dextrans after 

US and microbubble-exposure. In conclusion, these data demonstrate that endocytosis is a 

key mechanism in UMTD besides transient pore formation, with the contribution of 

endocytosis being dependent on molecular size.  

 

Introduction 

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) interaction2, 3. Before its use as a 

clinical modality, it is of utmost importance to obtain new physiological insights into the 

mechanisms of uptake by US and microbubble-exposed cells. 

   Microbubbles were originally developed as US contrast agents, and are administered 

intravenously to the systemic circulation to enhance scattering of blood in echocardiography. 

They consist of a gas core stabilized with an encapsulation, ranging from 1-10 μm in 
diameter4. Nowadays, research focuses on the use of US and microbubbles for therapeutic 

applications. It has been demonstrated that US–exposed microbubbles can achieve safe 

and efficient local delivery of a variety of drugs5, 6 and genes7-9. In an US field, microbubbles 

will oscillate, and this may stimulate cells to admit the drug or gene10. The advantage of 

using US and microbubbles is that only the microbubbles in the US beam will be activated. 

In this way, delivery can be targeted to specific organs or sites by focusing the US beam on 

the specific target. This is indicated by the term US microbubble-targeted delivery (UMTD).  
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   However, the exact mechanism of cellular uptake of therapeutics after UMTD is not fully 

understood. One of the principal mechanisms is thought to be induction of cell membrane 

pores11, 12. Studies employing scanning-electron microscopy revealed pore-like structures in 

the cell membrane after treatment by US either with or without microbubbles1, 9, 11, 13 . The 

presence of enhanced transmembrane ion fluxes during US and microbubble-exposure was 

also demonstrated14, 15. Although the hypothesis of pore formation during UMTD is supported 

by these studies, it was recently questioned in studies by Duvshani-Eshet et al.16, 17. In these 

studies, pore-like structures were found both in US and microbubble-exposed cells as well 

as in control cells16. Furthermore, atomic-force microscopy studies suggested that these 

pore-like structures represented depressions in the membrane rather than actual pores. 

Exposing cells to US and microbubbles altered both diameter and depth of these 

depressions17, indicating that the depressions in the membrane might represent endocytotic 

invaginations. Interestingly, Juffermans et al. recently demonstrated that US-exposed 

microbubbles induced formation of hydrogen peroxide (H2O2), and an influx of calcium ions, 

causing local hyperpolarization of the cell membrane18. In addition, other studies 

demonstrated that H2O2, as well as a rise in intracellular calcium levels are directly 

correlated with endocytosis19-21. 

   Nevertheless, as there is still no consensus about the internalization mechanisms involved 

in UMTD, the aim of this study was to examine whether macromolecules enter the cell solely 

via transient pores, or that endocytosis might also be involved in the uptake during UMTD. 

As a model for drug delivery, uptake of dextrans ranging from 4.4 to 500-kDa in size was 

studied. Primary endothelial cells and rat femoral artery endothelium, the prime target cells 

for intravenous microbubbles, were subjected to UMTD of different sized dextran molecules 

to study whether the mechanism behind UMTD is dependent on molecular size. 

 

Materials and methods  

Cell culture  

Primary bovine aortic endothelial cells (BAECs, Cell Applications, San Diego, CA, USA) 

were cultured as described previously22. Cells between passage 3 and 7 were used for 

UMTD experiments. Forty-eight hours prior to UMTD, cells were seeded at 33% confluency 

to one of the two gas-permeable, US-transparent membranes of an OpticellTM cell culture 

chamber (Biocrystal, Westerville, OH, USA).   

 

Ultrasound exposure  

Prior to UMTD, the OpticellTM chamber was mounted in the experimental acoustic set-up, 

described in detail in22 In short, a v303-SU 1-MHz unfocused 14mm diameter single-element 

transducer (Panametrics, Waltham, MA, USA) was placed in a water-tank filled with 37�C 

phosphate-buffered saline (PBS, Invitrogen, Groningen, the Netherlands) at an angle of 45� 
relative to the cell monolayer. The transducer was connected to an arbitrary waveform 

generator (33220A, Agilent, Palto Alto, CA, USA) and a linear 60-dB power amplifier 

(150A100B, Amplifier Research, Bothell, WA, USA). The US signal was monitored by a  
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synchronized digital oscilloscope (GOULD DSO 465, Valley View, OH, USA). Peak negative 

acoustic pressure generated at the region-of-interest (ROI) was 0.22 MPa as verified with a 

calibrated hydrophone (PVDFZ44-0400, Specialty Engineering Associates, Soquel, CA, 

USA). Cells were exposed to sine-wave US-bursts with a 6.2% duty cycle and a 20-Hz pulse 

repetition frequency for 30 seconds. 

 

Preparation of microbubbles and dextran suspensions 

The ultrasound contrast agent Sonovue® (Bracco, High Wycombe, UK) was reconstituted in 

5 mL of saline solution according to the manufacturer’s protocol, resulting in a preparation 
containing 2-5·108 microbubbles/mL. Tetramethylrhodamine isothiocyanate (TRITC)-labeled 

dextran (4.4, 70 or 155-kDa; Sigma-Aldrich), fluorescein isothiocyanate (FITC)-labeled 

dextran (500-kDa; Sigma-Aldrich) or lysine-fixable FITC-labeled dextran (500-kDa, Molecular 

Probes, Invitrogen) was added to 125 μL of Sonovue®, with a final concentration of 2 mg/mL 

in 10 mL PBS.  

 

Cellular distribution 

Above described microbubble-dextran solution was added to the cells directly followed by 

the US protocol. Immediately after UMTD, cells were washed with PBS at room temperature 

and confocal laser microscopy images were taken with a 100x oil-immersion lens (Carl-

Zeiss, Sliedrecht, the Netherlands) to investigate the cellular distribution and localization of 

the dextran.  

 

Inhibition of endocytosis during UMTD 

To prevent active uptake of extracellular molecules, cells were depleted from adenosine 

triphosphate (ATP) by incubation with ATP-depletion buffer containing 50 mM NaN3 and 50 

mM deoxyglucose in PBS supplemented with 1.8 mM Ca2+. To test the ATP depletion buffer, 

cells were pre-incubated with ATP-depletion buffer or with PBS (no depletion) for 30 

minutes, followed by 1-hour incubation with Alexa-fluor 488-conjugated transferrin (0.1 

mg/mL), or with TRITC-labeled 70-kDa dextran (2 mg/mL), which is specifically taken up via 

clathrin-coated pits23 or macropinocytosis25, respectively. Cells were pre-incubated with 

ATP-depletion buffer or with PBS for 30 minutes, followed by the UMTD protocol. Finally, 

cells were washed twice in PBS, mounted on a microscope slide, followed by direct 

acquisition of confocal images using a 40x lens (Carl-Zeiss). SlideBookTM software 

(Intelligent Imaging Innovations, I.I.I.; www.intelligent-imaging.com, Denver, CO, USA) was 

used to assess the mean intensity of fluorescence (MIF) per cell. 

   To study the involvement of three main endocytosis pathways, cells were pre-treated 30 

minutes with chlorpromazine (15 μM; Sigma-Aldrich), inhibitor of clathrin-mediated 

endocytosis; filipin (4 μg/mL; Sigma-Aldrich), inhibitor of caveolin-mediated endocytosis or 

wortmannin (0.1 μM; Sigma-Aldrich), inhibitor of macropinocytosis prior to UMTD of 4.4, 70, 

155 and 500-kDa dextrans.  
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The specificity of the inhibitor was tested in a separate assay, where BAECs were either not 

pre-treated or pre-treated for 30 minutes with one of the above mentioned endocytosis 

inhibitors. Thereafter, cells were either incubated 1-hour with Alexa-fluor 488-conjugated 

transferrin (Molecular Probes, Invitrogen, the Netherlands), which is specifically taken up by 

clathrin-coated pits23 or with Alexa-fluor 488-conjugated cholera toxin subunit-B (Molecular 

Probes), which is specific for caveolin-mediated endocytosis24. To assess the inhibitory 

effect of the endocytosis inhibitors on macropinocytosis, cells were incubated 1-hour with 

FITC-labeled 70-kDa dextran25. Afterwards, cells were fixed with 4% formaldehyde. Confocal 

images were taken at 100x magnification using an oil-immersion lens (LSM410, Carl-Zeiss, 

the Netherlands). The number of fluorescent vesicles per cell per image was counted, and 

expressed as percentage of non-inhibited cells.  

 

In vivo dextran delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic overview of microbubble-dextran administration to rat femoral arteries. 

Both femoral arteries were cannulated proximal to the aorta and connected with T-tubing to an 

infusion pump (arrow). The internal iliac and deep femoral arteries were closed to optimize 

microbubble-dextran delivery to the femoral artery. Area 1 was exposed to ultrasound (US) and area 

2 served as control. The area of the artery between the dotted lines was dissected for analysis. An 

example of the vessel is shown by 10x magnification image, with actin stained red and nuclei blue. 

 

The animal study was approved by the Animal Research Committee at the VU University 

Medical Center. Male Wistar rats (n=4, 400-450g; Harlan, Horst, the Netherlands) were 

anesthetized with pentobarbital (60 mg/kg intraperitoneal) and ketamine HCl (70 mg/kg 

intramuscular) with a pentobarbital maintenance dose (30 min/15 mg/kg intraperitoneal). 

Rats were placed in a supine position on a heating pad maintaining body temperature at 

37ºC. An intraperitoneal catheter was placed to administer pentobarbital. The trachea was 



Chapter 4 
 

 52 

intubated with polyethylene tubing to facilitate breathing. The animals received 75 IU/kg 

heparin (Leo Pharmaceutical Products, Weesp, the Netherlands) intravenously to prevent 

catheter clotting. Mean arterial pressure (100-120 mm Hg), and heart rate (340-380 bpm) 

were continuously monitored via a catheter in the carotid artery connected to a pressure 

transducer. Both femoral arteries were uncovered by opening the skin and cannulated in the 

common iliac artery, schematically depicted in figure 1. The internal iliac and deep femoral 

arteries were closed to optimize microbubble-dextran delivery to the femoral artery. The 

microbubble-dextran (500-kDa, FITC-labeled, lysine-fixable) saline solution was infused 

using bifurcated tubing at a constant rate of 4 mL/h. The tip of the US transducer was fixed 

at 3 cm distance from the left femoral artery (right femoral artery served as control), with a 

2% agarose gel between the tip of the transducer and the exposed artery for good US 

conductance. Same US protocol as described above was applied to the in vitro situation. 

Directly after US exposure, 4% formaldehyde in saline was infused for fixation of the 

arteries, followed by 5 minute treatment of 0.05% Triton X-100 in saline for permeabilization 

of the endothelial cells. Arteries were dissected, cut open longitudinally and fixed on silicone 

plates. Arteries were stained for clathrin and caveolin-1 as described for BAECs. After 

staining, arteries were placed on a microscope slide covered with VectashieldTM containing 

nuclear stain DAPI, and sealed using a cover slip and colorless nail polish. Image acquisition 

was performed as described in the section below. 

 

Immunostaining for clathrin and caveolin-1 

Directly following UMTD of the lysine-fixable FITC-labeled dextran (500-kDa), regions-of-

interest were cut from the Opticell� (approximately 1.5 cm2) and placed in PBS. Cells were 

fixed in 4% formaldehyde 10 minutes at room temperature. Cells were washed three times 

with PBS, permeabilized for 5 minutes in 0.05% Triton X-100 (Sigma-Aldrich) in PBS, 

followed by three washes in PBS-Tween (0.5%, Tween 20; Sigma-Aldrich). Cells were 

incubated with polyclonal goat anti-clathrin heavy chain, a marker for clathrin-mediated 

endocytosis (Santa Cruz, the Netherlands) or with monoclonal mouse anti-caveolin-1 (Clone 

C060; BD Biosciences, Breda, the Netherlands), a marker for caveolin-mediated 

endocytosis; both antibodies were diluted 1:100. Cells were incubated overnight at 4�C, 

washed three times with PBS-Tween, and incubated with both Cy3-labeled rat-anti-mouse 

and Cy5-labeled donkey-anti-goat secondary antibodies (1:100, Molecular Probes) 30 

minutes at room temperature in the dark. Cells were washed twice with PBS-Tween, washed 

once with PBS and mounted on a microscope slide with mounting-medium containing DAPI 

nuclear stain (VectashieldTM, Vector Laboratories, Burlingame, CA, USA). 3-Dimensional 

(3D) images were acquired using a ZEISS Axiovert 200M MarianasTM inverted microscope 

(I.I.I) equipped with a motorized stage (stepper-motor z-axis increments: 0.2 micron). Images 

were taken using a 63x oil-immersion lens (Carl-Zeiss). A cooled CCD camera (C1280x1024 

pixels; Cooke Sensicam, Cooke, Tonawanda, NY), recorded images with true 16-bit 

capability. The camera is linear over its full dynamic range (up to intensities of over 4000) 

while dark/background currents (estimated by the intensity outside the cells) are typically 
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<100. The microscope, camera, data viewing/processing were conducted/controlled by 

SlideBookTM. This software was also used to deconvolve the 3D image stacks in order to 

remove out-of-focus light, as well as to quantify the extent of co-localization for dextran with 

clathrin or caveolin by calculating Pearson’s correlation factor. Pearson’s correlation factor 
lies between +1 and –1. A positive value implies a positive correlation, thus co-localization, 

‘0’ implies no correlation, and a negative value implies an inverse correlation. As a control, 
the correlation factor between clathrin (Cy5)/DAPI and caveolin (Cy3)/DAPI was determined. 
 
Ultrasound and microbubble-induced pore formation 

To study pore formation, the influx of calcium ions was measured with the fluorescent probe 

Fluo-4 (Molecular Probes), a cell-permeant acetoxymethyl ester sensitive for free cytosolic 

calcium. To acquire time-lapse images during US exposure the transducer was mounted on 

the microscope, as described in15. To study the effect of inhibitors of endocytosis on the US 

and microbubble-evoked calcium influx, cells were pre-incubated 30 minutes with 

chlorpromazine, filipin and wortmannin at concentrations indicated above prior to the calcium 

measurements 

   BAECs were pre-loaded with dextran molecules using the syringe loading protocol of 

Clarke and McNeil26, with minor adaptations. In short, 1 mL of DMEM containing 2% PF-68 

(Sigma-Aldrich, the Netherlands), 20 mg TRITC-labeled dextran (4.4 or 155-kDa) and 106 

cells was drawn in and expelled through a 29-gauge needle for four times, using a sterile 1 

mL syringe. Subsequently, culture medium was added to the dextran-loaded cell suspension 

in a 1:1 ratio. This was repeated 5 times for each OpticellTM so a total of 10 mL of the 

dextran-loaded cells mixture was added to an OpticellTM. Cells were allowed to recover 

overnight. As positive control, dextran-loaded cells were permeabilized to release all dextran 

from the cell, using 0.1% triton X-100 PBS solution for 5 minutes. Differences in 

fluorescence were assed using ImagePro-plus 5.0. Mean intensity of fluorescence per cell 

after triton X-100 treatment of the cells was used as baseline. 

 

Statistics  

Data are presented as mean±standard error of the mean (SEM). All experiments were 

repeated at least three times. Per condition at least six microscopical fields were analyzed, 

containing approximately 10-20 cells per field. Groups were tested for normal distribution 

with one sample Kolmogorov-Smirnov test. Differences between groups were tested using a 

one-way ANOVA with Bonferroni post-hoc analysis or the non-parametric Kruskal-Wallis test 

with Dunn’s post-hoc test. Differences between groups in the experiment of calcium influx 

were tested using two-way ANOVA with Bonferroni post-hoc analysis. A p-value lower than 

0.05 was considered statistically significant. 
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Results 

Cellular distribution of differently sized dextrans 

After UMTD dextran molecules of 4.4-kDa showed a homogeneous distribution throughout 

the cytosol as well as in the nucleus (figure 2B). Dextran molecules of 70-kDa showed a 

similar distribution pattern in the cytosol, but were absent in the nucleus (figure 2C). Larger 

dextrans (155 and 500-kDa) showed a different cytosolic pattern of distribution after UMTD, 

as they were mainly found in vesicle-like structures, but lacked nuclear localization (figure 

2D and 2E, respectively). In the absence of US no uptake of dextran molecules was found 

(figure 2A, results shown for 4.4-kDa).  

 

 

 

Figure 2: Cellular distribution of fluorescent dextrans after UMTD. A. No uptake of 4.4-kDa 

dextran in the absence of US. B. Homogeneous distribution in the cytosol, and nucleus of 4.4-kDa 

dextran after UMTD. C. Homogeneous distribution in the cytosol of 70-kDa dextran, but absence of 

nuclear localization. D. Localization of 155-kDa mainly in vesicle-like structures. E. Vesicular-like 

localization of 500-kDa dextran. 
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 Figure 3: ATP depletion. Confocal images demonstrating uptake of transferrin and fluorescent 

dextrans in the absence or presence of ATP depletion. Cells were pre-treated with PBS (no depletion) 

or ATP-depletion buffer for 30 minutes. A,D,G,J. Relative negative controls; A. no transferrin, D. no 

70 kDa dextran, G,J. no UMTD. B. Uptake of transferrin after 1-hour incubation in PBS, C. in ATP-

depletion buffer. E. Uptake of 70 kDa dextran after 1-hour incubation in PBS, F. in ATP-depletion 

buffer. H. UMTD of 4.4 kDa dextran without depletion, I. after ATP depletion. K. UMTD of 500-kDa 

dextran without depletion, L. after ATP depletion. 
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Inhibition of endocytosis during UMTD 

To further investigate whether vesicle-like dextran-positive structures found after UMTD 

were endocytotic vesicles, UMTD of dextran was studied after overall inhibition of 

endocytosis through ATP depletion of the cells as well as inhibition of specific endocytotic 

pathways. Deprivation of cells from ATP resulted in inactivation of the endocytotic 

machinery, as these cells were no longer capable to actively internalize transferrin (figure 

3A-C) or 70-kDa dextran (figure 3D-F). Interestingly, UMTD of 4.4-kDa dextran was still 

successful after ATP depletion (figure 3G-I). However, mean intensity of fluorescence 

(MIF±SEM) decreased by 62% (no depletion: 365.4±15.1, ATP depletion: 138.7±13.3, 

p<0.001). UMTD of 500-kDa dextran was completely inhibited when cells were ATP 

depleted (figure 3J-L). 

   The specificity of the inhibitors of endocytosis was evaluated using specific substrates for 

clathrin-mediated endocytosis, caveolin-mediated endocytosis and macropinocytosis. In 

BAECs, chlorpromazine inhibited clathrin-mediated endocytosis of transferrin by 

55.7±14.9%. Filipin inhibited caveolin-mediated endocytosis of choleratoxin subunit-B by 

50.9±11.4%. Macropinocytosis of 4.4-kDa dextrans was inhibited by 61.7±7.6% when cells 

were pre-treated with wortmannin. Importantly, all three inhibitors were found to have the 

most pronounced effect on their respective pathway at the concentrations used (table I). 

 

 
 
 
Blocking macropinocytosis (wortmannin), or clathrin-mediated endocytosis (chlorpromazine) 

both caused a significant decrease in MIF after UMTD of all studied dextran sizes (figure 4). 

Filipin, inhibiting caveolin-mediated endocytosis, caused a significant decrease in MIF after 

UMTD of dextrans of 155 and 500-kDa (figure 4C,D), but not for 4.4 and 70-kDa dextrans 

(figure 4A,B). 
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Figure 4: UMTD of dextrans in the presence of endocytosis blockers. Graphs show mean 

intensity of intracellular fluorescence (MIF)±SEM for UMTD of all sizes of dextran, expressed as 

percentage of control (non-exposed cells). A. Significant reduction in cellular uptake of 4.4, and 70-

kDa (B) dextrans in the presence of chlorpromazine (CPZ; clathrin-mediated uptake) and wortmannin 

(macropinocytosis). Filipin (caveolin-mediated endocytosis) had no significant effect on the uptake of 

4.4 and 70-kDa dextrans. C. Significant reduction in cellular uptake of 155-kDa, and 500-kDa (D) 

dextrans for all blockers. 

 

Co-localization of endocytosis markers and 500-kDa dextran molecules 

To further substantiate the role of endocytosis, we investigated whether internalized 500-kDa 

dextran co-localizes with clathrin and/or caveolin-1, which are established markers for two 

main routes of endocytosis. Figure 5 shows clear co-localization of dextran with clathrin 

(figure 5B,C) and to a minor extent with caveolin-1 (figure 5D,E), as demonstrated by the 

yellow/orange color in the merged images of dextran (green) and clathrin/caveolin-1 (red). 

The extent of co-localization was determined using Pearson’s correlation factor. A positive 
correlation was found for dextran with clathrin was 0.35±0.06 (p<0.001, compared to 

hypothetical value of 0.0), for dextran with caveolin 0.19±0.05 (p<0.01). As control, no 

correlation was found for DAPI (nuclei) with either Cy3 (0.01±0.01, p=0.3) or Cy5 channel (-

0.01±0.02, p=0.7) (both secondary antibodies). 
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Figure 5: Co-localization of dextran with endocytosis markers after UMTD. One optical section 

from a 3D-image stack is shown. A. Vesicle-like localization of 500-kDa dextran in green. B. 

Immunostaining for clathrin in red. C. Co-localization of dextran and clathrin, demonstrated by the 

yellow/orange color (indicated by arrows). D. Immunostaining for caveolin-1 in red. E. Co-localization 

of dextran and caveolin, demonstrated by the yellow/orange color (indicated by arrows). DAPI was 

used as nuclear counterstain. 

 

In vivo dextran delivery 

Results derived from in vivo experiments showed that dextran molecules of 500-kDa were 

localized in vesicle-like structures in the endothelium of the rat femoral artery after UMTD 

(figure 6A,B). No dextran was internalized in control artery not exposed to US. The 

endothelium was stained for clathrin and caveolin-1, and clear changes could be detected in 

the cellular pattern of both proteins in the US-exposed artery (figure 6D,F) compared to 

control artery (figure 6C,E). Furthermore, part of the dextran-positive vesicles clearly co-

localized with clathrin (figure 6D), indicated by the yellow/orange color. Co-localization with 

caveolin-1 was detected to a lesser degree (figure 6F). After determining Pearson’s 
correlation factor, results similar to the in vitro situation were found. A positive correlation 

factor of 0.35±0.11 was found for clathrin, as well as for caveolin-1 (0.16±0.04). Both 

correlations were significantly different from the hypothetical value of 0.0 (p<0.05). As 

control, no correlation was found for DAPI with either Cy3 (-0.05±0.02, p=0.7) or Cy5 (-

0.04±0.02, p=0.7). 

Clathrin Merged Dextran A 
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Figure 6: UMTD of 500-kDa dextran in vivo. Images are optical sections from 3D-image stacks from 

the endothelial layer of the femoral arteries. A,C,E. Image from control artery not exposed to US, 

demonstrating no dextran uptake. B,D,F. Image from artery exposed to US, demonstrating dextran 

(green) uptake by the endothelium and localization in vesicle-like structures. C,D. Immunostaining for 

clathrin in red. Panels demonstrate redistribution of clathrin-positive vesicles, indicated by more and 

larger clathrin-positive vesicles (possibly early endosomes) after UMTD. Arrows indicate co-

localization of a part of the dextran-positive vesicles with clathrin. E,F. Immunostaining for caveolin-

1in red. Panels demonstrate redistribution of caveolin-1, indicated by larger internalized caveolin-

positive vesicles after UMTD, compared to a well-organized pattern on the cell membrane. However, 

minor co-localization with dextran is observed (one arrow indicating yellow vesicle).  
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Ultrasound and microbubble-induced pore formation 

Previously, we ascribed the increase in intracellular calcium levels after US and 

microbubbles exposure to transient pore formation in cardiomyoblast cells15. Also, US and 

microbubbles caused influx of calcium ions in BAECs. Fluorescent intensity reached a peak 

value of 186.4�3.4%, followed by a decrease towards basal levels (figure 7A). There was no 

detectable change in the calcium influx in cells exposed to either US alone (no 

microbubbles) (98.2�0.2%) or microbubbles alone (no US; 97.1�0.3%), or without both US 

and microbubbles (94.3�0.3%) as respectively shown in figure 7B-D. In order to investigate 

whether the inhibitors of endocytosis affected the calcium influx evoked by US and 

microbubbles, the calcium influx was also measured in the presence of chlorpromazine, 

filipin and wortmannin. It was found that chlorpromazine and wortmannin did not significantly 

affect the US and microbubble-evoked influx (figure 7E). However, filipin caused a large 

increase in the US and microbubble-evoked influx (320.4�7.2%, p<0.001). 

 

Figure 7: US and microbubble-mediated calcium 

influx. Live-cell measurements of intracellular 
calcium levels over time. Data shown as mean 
intensity of fluorescence (MIF)�SEM, expressed as 
percentage of MIF on t=0s. Dotted lines represent 
moments of US on and off-switch, respectively. A. 
Increase in MIF during US-exposed microbubbles 
(black squares). The absence of extracellular 
calcium in the buffer resulted in a minor increase in 
fluorescence, compared to US and microbubbles 
with calcium (p<0.001). B,C,D. Calcium influx 
controls. No influx of calcium ions was measured 
when cells were exposed to US alone (B), 
microbubbles alone (C) or no US and no 
microbubbles (D)  E. Effect of endocytosis inhibitors 
on the US and microbubble-evoked calcium influx. 
Chlorpromazine and wortmannin have no significant 
effect on the US and microbubble-evoked calcium 
influx, however, filipin significantly augmented the 
US and microbubble-evoked calcium influx 
(p<0.001). 
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Furthermore, formation of transient pores was studied by cellular release of dextran following 

exposure to US and microbubbles (figure 8). Cells were pre-loaded with dextran, and 

following US exposure MIF significantly decreased to 63.4±2.1% for 4.4-kDa dextran (figure 

8A) and to 79.1±2.3% for 155-kDa dextran (figure 8B), compared to cells not exposed to US 

and microbubbles (100.0±2.7%, p<0.05). Because filipin did not inhibit uptake of 4.4 and 70-

kDa dextrans and augmented the US and microbubble-evoked calcium influx, its influence 

on dextran release was explored. Treatment with filipin alone, without US and microbubbles, 

did not cause a decrease in MIF (100.0±1.5%, figure 7). However, exposure of filipin-treated 

cells to US and microbubbles caused significantly more release of the 4.4-kDa dextrans 

(54.9±3.1%, p<0.05), compared to non-filipin-treated cells exposed to US and microbubbles 

(63.4±2.1%) (figure 8a). Filipin-treatment of cells did not significantly alter the release of 155-

kDa dextran (75.6±2.3%) after US and microbubble exposure (figure 8b). 
 

 

 

 

 

 

 

 

 

 

 

Figure 8: US and microbubble-mediated cellular dextran release. A. Mean intensity of 

fluorescence (MIF)±SEM of 4.4-kDa dextran-loaded cells after US and microbubble-

exposure (grey bars), compared to cells not treated with US and microbubbles (black bars). 

US-exposed microbubbles resulted in a significant release of dextran (p<0.05). Pre-

treatment of cells with filipin prior to US and microbubble-exposure, resulted in significantly 

more dextran release (p<0.05), compared to cells that only received pre-treatment with filipin 

(without US and microbubbles) and to cells exposed to US and microbubbles (no filipin). B. 

155-kDa dextran loaded cells. Exposure of cells to US and microbubbles (grey bars) resulted 

in a significant release of dextran (p<0.05), compared to cells not treated with US and 

microbubbles (black bars). Filipin had no additional effect on release of 155-kDa dextran. 

Release of 4.4-kDa dextran was significantly higher than release of 155-kDa dextran after 

US and microbubble-exposure (p<0.05). 
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Discussion 

This is, to the best of our knowledge, the first study demonstrating that endocytosis plays a 

key role in UMTD of macromolecules sized between 4 and 500-kDa besides transient pores. 

The role of endocytosis was established by studying cellular localization of dextrans after 

UMTD, uptake of dextrans during ATP depletion, and the effect of individual blockers of the 

three main routes of endocytosis on dextran uptake. Furthermore, co-localization of 500-kDa 

dextran with markers for different endocytosis pathways was demonstrated in vitro as well as 

in vivo. In addition to endocytosis, we demonstrated the occurrence of transient pores in the 

cell membrane by showing both influx of calcium ions and cellular release of pre-loaded 

dextrans.  

   Studying cellular localization of fluorescent dextrans after UMTD, we found that the smaller 

dextran molecules of 4.4 and 70-kDa were homogeneously distributed throughout the 

cytosol. This is similar to the cellular distribution found after micro-injection of dextran 

molecules from 3-70-kDa into the cytosol27, 28, indicating that during UMTD the small dextran 

molecules enter cells via transient pores in the cell membrane. In contrast, dextran 

molecules of 155 and 500-kDa were mainly localized in vesicle-like structures after UMTD, 

indicating that the larger dextrans might be taken up via endocytosis29. When these dextran 

molecules had entered via pores, a homogeneous cytosolic distribution would be expected, 

comparable to the distribution of these dextran molecules after micro-injection27, 28. 

Therefore, uptake of larger dextrans through UMTD appears to be mediated through other 

pathways than pore formation. After this first indication of endocytosis, these experiments 

were repeated while depriving the cell from ATP. Depleting the cells from ATP did not stop 

the 4.4-kDa from entering the cell, but did significantly block the uptake by 62%. This 

decrease in fluorescence may be explained by either a 62% contribution of the endocytotic 

pathway or by a (partial) wash-out of the dextrans taken up via pores as these pores might 

not have resealed, as this is also - like all cellular processes - an energy-dependent 

process30. Interestingly, UMTD of 500-kDa dextran was completely blocked after ATP 

depletion, suggesting endocytosis as a route of entry during UMTD. Endocytosis is further 

evidenced as an important mechanism of UMTD by the decrease in cellular uptake of 

dextran molecules after inhibition of clathrin-mediated endocytosis, caveolin-mediated 

endocytosis and macropinocytosis. Interestingly, not only the uptake of larger dextrans was 

inhibited by the endocytosis inhibitors, but also the smaller dextrans showed a similar 

decrease after inhibiting clathrin-mediated endocytosis and macropinocytosis, although the 

confocal images of the smaller dextrans indicated uptake via pores. This discrepancy might 

be explained by the high level of fluorescence in the cytosol masking seperate vesicles. 

Finally, co-localization of 500-kDa dextran with clathrin, and to a lesser degree caveolin-1, 

further supported the role of endocytosis during UMTD.  

   Importantly, the in vitro findings pointing to the involvement of endocytosis were extended 

to the in vivo situation. Using the same US parameters, 500-kDa dextrans were delivered 

into endothelium of the rat femoral artery. Confocal images of the US and microbubble-

exposed artery showed conspicuous changes in the cellular pattern of caveolin-1 and 
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clathrin, compared to the artery not exposed to US, indicating translocation of caveolin and 

clathrin upon UMTD. It has been described in literature that in vitro for example shear stress 

can induce translocation of caveolin-131, 32. Furthermore, the dextran was clearly localized in 

vesicle-like structures that partially co-localized with both clathrin, and to a lesser degree 

caveolin-1, comparable to the in vitro data. These in vivo data further substantiated the role 

of endocytosis in UMTD of macromolecules to endothelial cells. 

   All three main routes of endocytosis were involved in UMTD of dextran molecules of 155 

and 500-kDa, as demonstrated by the effect of the inhibitors of these routes of endocytosis. 

Caveolin-mediated endocytosis did not seem to be involved in UMTD of dextran molecules 

of 4.4 and 70-kDa, as filipin was not able to block the uptake of these smaller dextrans. 

However, it is known that filipin disrupts formation of caveolae by altering the distribution of 

cholesterol in the membrane33, thereby changing the physical properties of the membrane. 

This is confirmed by pre-treating the cells with filipin, followed by exposure to US and 

microbubbles. Under these conditions, filipin enhanced the US and microbubble-induced 

calcium influx three-fold. Secondly, filipin augmented the loss of cytosolic small fluorescent 

dextrans following UMTD, but did not affect the loss of larger dextrans. Together, these data 

suggest that filipin increased vulnerability of the cell membrane, and enhanced pore 

formation during exposure to US and microbubbles. Thus, caveolin-mediated endocytosis is 

also likely to play a role in UMTD of molecules ≤70-kDa. Unfortunately, replacing filipin with 

another inhibitor of caveolin-mediated endocytosis would most likely also result in increased 

formation of transient pores as these inhibitor all interfere with the physical properties of the 

cell membrane34.  

   We previously demonstrated the occurrence of transient pores evoked by US and 

microbubbles in cardiomyoblast cells. We showed that an increase in intracellular calcium 

was caused by the influx of calcium ions from the extracellular environment through transient 

pores in the cell membrane15. In the present study it was found that also in BAECs, US and 

microbubbles evoked a calcium influx. Pore formation caused by US and microbubbles is 

further supported by the cellular release of fluorescent dextrans. Cells pre-loaded with 4.4-

kDa dextran (diameter of 2.8 nm) showed a decrease in cytosolic fluorescence down to 

63.4% after UMTD compared to only a small decrease down to 79.1% for 155-kDa dextran 

(diameter of 17 nm). This indicates that the contribution of transient pores is less important 

for UMTD of macromolecules ≥155-kDa using our US parameters. These data are in 

contrast with the study of Mehier-Humbert et al. who suggested that dextran molecules with 

a diameter between 11.6 and 37.0 nm were able to enter the cell via pores, and no 

differences were found between molecule sizes13. However, the role of endocytosis in 

cellular entry of these molecules was not excluded in that study.  

   It remains unclear how UMTD induces endocytosis. It has been demonstrated that US-

exposed microbubbles may cause a rise in temperature, which might affect membrane 

permeability and endocytosis. However, the rise in temperature has only been demonstrated 

for cavitating microbubbles35. Exposing microbubbles to US with our parameters does not 

cause inertial cavitation and most likely also no increase in temperature. Several studies 
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demonstrated that shear stress induces endocytosis in endothelial cells36-38. Flow of 

extracellular fluid induced by oscillation of microbubbles in an US field may cause shear 

stress and subsequent activation of endocytotic pathways. Furthermore, US and 

microbubble-evoked generation of H2O2, as well as a rise in intracellular calcium levels are 

involved in inducing endocytosis15, 18-21, 39. Another recent publication showed that resealing 

of pores in the cell membrane, induced by a bacterial toxin, requires calcium-dependent 

endocytosis to remove the pores from the plasma membrane. They also found that this 

calcium-dependent endocytosis is required in a similar way to repair lesions formed in 

mechanically porated cells40, which may be comparable with US and microbubble-porated 

cells. Besides US and microbubble-induced uptake via endocytosis, another route of uptake 

that has been proposed is fusion of microbubble shell components with the cell membrane, 

especially in the case of lipid microbubbles. However, fusion has not yet been demonstrated 

experimentally, only suggested4, 41. Furthermore, if fusion does take place, it is to be 

expected that this will lead to a homogeneous distribution of the dextran in the cytosol. In 

this study, we found a vesicular localization of the larger dextrans and a key role for 

endocytosis, arguing against an important role for fusion. 

   To summarize, UMTD provides opportunities for new therapies due to its low toxicity, low 

immunogenicity, non-invasive nature, local application and its cost-effectiveness. Another 

advantage over other targeted delivery systems for therapeutic compounds is that molecular 

imaging and therapeutic compound delivery can be performed simultaneously42. The finding 

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

subsequent subcellular localization of the therapeutic compound is dependent on the 

molecular size, should be taken into account when designing new effective therapies using 

UMTD. Pharmaceutical chemical compounds are generally smaller than 4-kDa and may 

have their target in the cytosol or nucleus, as they are small enough to pass the nuclear 

pore. Proteins may range from 4 to 500-kDa. DNA, which needs to enter the nucleus for 

effective therapy, often exceeds 500-kDa and is likely to be trapped in endosomes. This 

compartmentalization of therapeutic compounds, and most importantly genes, may affect 

therapy efficiency and should be taken into consideration when measuring drug action 

following UMTD. On the other hand, as many crucial signalling events are known to occur in 

these endosomes43, the endocytotic mechanism could also be exploited for therapy. 

   In conclusion, endocytosis plays a key role in UMTD of molecules sized between 4 and 

500-kDa besides transient pore formation. The contribution of transient pores as a 

mechanism of UMTD decreases, when molecule size increases. These findings provide 

important new insight in the mechanisms of UMTD and will lead to the rational design of new 

drug or gene therapies involving UMTD. 
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