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Abstract—Targeted drug delivery under image guidance is 
gaining more interest in the drug-delivery field. The use of mi-
crobubbles as contrast agents in diagnostic ultrasound provides 
new opportunities in noninvasive image-guided drug delivery. 
In the present study, the imaging and therapeutic properties 
of novel doxorubicin liposome-loaded microbubbles are evalu-
ated. The results showed that at scanning settings (1.7 MHz 
and mechanical index 0.2), these microbubbles scatter suffi-
cient signal for nonlinear ultrasound imaging and can thus be 
imaged in real time and be tracked in vivo. In vitro therapeutic 
evaluation showed that ultrasound at 1 MHz and pressures 
up to 600 kPa in combination with the doxorubicin liposome-
loaded microbubbles induced 4-fold decrease of cell viability 
compared with treatment with free doxorubicin or doxorubicin 
liposome-loaded microbubbles alone. The therapeutic effective-
ness is correlated to an ultrasound-triggered release of doxoru-
bicin from the liposomes and an enhanced uptake of the free 
doxorubicin by glioblastoma cells. The results obtained demon-
strate that the combination of ultrasound and the doxorubicin 
liposome-loaded microbubbles can provide a new method of 
noninvasive image-guided drug delivery.

I. Introduction

doxorubicin (doX) is one of the most powerful an-
ticancer drugs prescribed on its own or in combina-

tion with other agents. Because of its broad spectrum of 
activity, it is widely used for the treatment of solid tumors 
and hematological malignancies [1]. However, the use of 
free doX in clinical application is still rather limited be-
cause of the severe systemic side effects associated with its 
use. To overcome these major problems, doX has been 
encapsulated inside pegylated liposomes, preventing their 
recognition by the reticuloendothelial system [2]. This for-
mulation results in the passive accumulation of liposomes 
in the leaky tumor vasculature because of the enhanced 

permeability and retention effect [3]. doxil, a clinically ap-
proved liposomal doX formulation, is currently indicated 
for the treatment of cancers such as Kaposi’s sarcoma and 
ovarian cancer [2], [4]. although doxil strongly reduced 
the cardiotoxicity of doX in clinical trials [5], other ad-
verse effects have been reported, such as patients suffer-
ing from mucositis and hand and foot syndrome resulting 
from the localization of liposomes in skin capillaries [6]. 
Both the pharmacological actions of doX and its toxico-
logical effects are related to tissue concentration of doX 
[1]. For that reason, the development of a more efficient 
and targeted delivery method is required to increase the 
local concentration of doX at the desired site while mini-
mizing side effects to healthy tissues.

Image-guided ultrasound-mediated drug delivery shows 
great promise in improving the therapeutic ratio of a 
chemotherapeutic agent by increasing the local deposi-
tion and reducing the systemic side effects [7]–[9]. The 
combination of ultrasound waves and ultrasound contrast 
agents (microbubbles) is known to enhance the vascular 
extravasation and the intracellular delivery of drugs [10]–
[14]. The exposure of microbubbles to ultrasound causes 
the expansion and the contraction of microbubbles during 
the respective rarefaction and compression phases of the 
ultrasound wave. These oscillations may cause liquid flow 
around the microbubbles, known as microstreaming [15], 
[16]. at even higher acoustic pressures, the microbubbles 
undergo large oscillations, which lead to violent collapse 
and destruction of the microbubbles and in some cases 
inertial cavitation, wherein the microbubble disruption 
might be accompanied by the generation of shock waves 
in the medium close to the microbubbles [17]. In the case 
of an asymmetrical collapse, jet formation may also occur 
when a collapsing microbubble is located near the cell 
membrane [18]. These different physical phenomena can 
transiently enhance the permeability of tumor vasculature 
and cells and, therefore, the extravasation and the intra-
cellular uptake of the drugs [19], [20].

a key component of ultrasound-triggered local drug de-
livery is the ability to image the drug delivery vehicle in 
real time. Ideally, the drug carrier should be able to be 
tracked in vivo using low-mechanical-index (MI) imaging 
and once at the desired location, high-MI ultrasound may 
be used to trigger the drug release on site. another ap-
proach is to image the microbubble destruction process 
with doppler-based methods [21].
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several studies reported on the synergistic effect of 
doX and ultrasound. These studies focused mainly on 
the intracellular delivery of free or encapsulated doX by 
ultrasound alone [22]–[25] or co-injected with contrast 
agent [26]–[29]. However, a major limitation of the co-ad-
ministration approach is that liposomes can still extrava-
sate and accumulate in untargeted tissues, such as the 
skin capillaries, resulting in undesired side effects [6]. To 
minimize this side effect, one strategy is to develop a drug-
loaded microbubbles [26], [30], [31]. Geers et al., designed 
doxorubicin liposomes-loaded microbubbles. Hence, the 
doX is encapsulated in liposome particles that bind to 
the lipid shell of the microbubbles through a covalent link 
[26]. The clinical potential of the doX liposome-loaded 
microbubbles rests on ultrasound-triggered doX delivery 
monitored by ultrasound contrast imaging.

The goal of this study was first to investigate the im-
aging characteristics of the liposome-loaded microbubbles 
and to compare their performance to those of a commer-
cially available contrast agent (sonoVue, Bracco research, 
Geneva, switzerland). Then, the therapeutic effectiveness 
of the doX liposome-loaded microbubbles in human glio-
blastoma cells was evaluated and the mechanism of doX 
delivery was investigated.

II. Material and Methods

A. Preparation of Microbubbles

1) Unloaded Microbubbles: Unloaded microbubbles were 
prepared via the method described by Geers et al. [26]. 
Briefly, microbubbles were prepared from a lipid solution 
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (dPPc) 
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[PdP(polyethylene glycol)-2000] (dsPE-PEG-PdP) 
(avanti Polar lipids, albaster, al) in a 1:2:7 glycerine-
propyleneglycol-H2o solvent (sigma-aldrich, Bornem, 
Belgium). The molar ratio of the lipids in the lipid so-
lutions was, respectively, 65:35. This lipid solution was 
prepared as follows: the different lipids dissolved in cHcl3 
were mixed and the solvent was evaporated. afterward, 
the remaining lipid-film was dissolved in glycerine-propyl-
eneglycol-H2o. one milliliter of the mixture was trans-
ferred to a glass vial and its headspace was filled with 
c4F10 gas (F2 chemicals, Preston, UK) before mechanical 
agitation. Finally, unloaded microbubbles were obtained 
by high-speed shaking of the lipid solution in a capmix 
device (3M-EsPE, diegem, Belgium) for 15 s. The size 
and the concentration of the microbubbles in the disper-
sion (i.e., number of microbubbles/microliter) were deter-
mined with a Beckman-coulter Multisizer 4 (Beckman-
coulter, Brea, ca). The unloaded microbubbles showed 
an average volume diameter of 3.6 µm. The microbubble 
dispersions contained 1.23 × 109 microbubbles/ml.

2) DOX Liposome-Loaded Microbubbles: doX liposome-
loaded microbubbles were prepared by adding adequate 

amounts of doX liposomes functionalized with dsPE-
PEG-MalEIMIdE (avanti Polar lipids) to the lipid-
solution before mechanical activation (Fig. 1). The doX-
liposomes were prepared via the method described by 
lentacker et al. [32]. Briefly, adequate amounts of dPPc, 
dsPE-PEG-MalEIMIdE and cholesterol (dissolved in 
cHcl3) were transferred to a round-bottom flask and the 
solvent was evaporated using a rotary evaporator. The 
remaining lipid-film was then hydrated with ammonium 
sulfate buffer (250 mM) and the liposomal solution was 
extruded through a 200-nm filter. To remove the excess of 
ammonium sulfate, the liposome dispersion was pelletized 
in a Beckman l8-M ultracentrifuge at 10 000 g. Finally, 
doX liposomes were obtained by incubating the obtained 
liposomal dispersion with a sufficient amount of doX in 
Hcl (10 mg/ml in H2o) at 50°c for 2 h. afterward, the 
nonencapsulated doX was removed by ultracentrifuga-
tion at 10 000 g (Beckman l8-M ultracentrifuge). Finally, 
adequate amounts of doX-liposomes were mixed with the 
(dPcc, dsPE-PEG-sPdP) lipid solution as described in 
the previous section and were transferred into glass vi-
als and its headspace was filled with c4F10. after 15 s 
of mechanical agitation, the loaded microbubbles showed 
an average volume diameter of 4 µm. The microbubble 
dispersions contained approximately 1.04 × 109 micro-
bubbles/ml.

B. Acoustic Characterization

1) Microbubble Imaging: In this section, the imaging 
characteristics of the unloaded microbubbles and doX 
liposome-loaded microbubbles were investigated and 
compared with sonoVue using the setup shown in Fig. 
2. The microbubbles were diluted to a concentration of 
0.2‰ (0.2 ml of contrast agent in 1 l of deionized wa-
ter), which lies in the low end of the linear range of the 

Fig. 1. schematic presentation of doxorubicin (doX) liposome-loaded 
microbubbles. The microbubbles are filled with the hydrophobic c4F10 
gas. doX-containing liposomes are coupled to the microbubble’s surface 
through covalent thiol-maleimide linkages. The doX liposome-loaded 
microbubbles showed an average volume diameter of 4 µm, whereas the 
doX-loading liposomes are 200 nm in diameter.
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relation of intensity versus concentration [33], and this is 
similar to what is usually used clinically (normally 2.4 ml 
injected in 5 l of blood) [21]. The original concentration 
of all three types of microbubbles used in this study is 
108 microbubbles/ml; thus, consistency was maintained. 
The solution was continuously mixed by a magnetic stir-
rer to avoid flotation and to ensure uniform distribution 
of the microbubbles while a peristaltic pump (Masterflex, 
cole-Palmer, Vernon Hills, Il) was used to draw the solu-
tion into a rubber-based tissue mimicking cardiac dop-
pler-flow phantom (Model 523a, aTs laboratories Inc., 
Bridgeport, cT). contrast-enhanced ultrasound imaging 
of the microbubbles was performed with the c5–1 curvi-
linear transducer of a Philips iU-22 (Philips Medical sys-
tems, Bothell, Wa) ultrasound scanner. The transducer 
was placed so as to image the 8-mm-diameter flow channel 
of the phantom at a depth of 12 cm. a power modulation 
nonlinear pulsing scheme [34], [35] was used at a transmit 
center frequency of 1.7 MHz.

The contrast-to-tissue ratio (cTr) under different ex-
citation pressures was measured using the setup described 
above. cTr is defined as the ratio of the scattered inten-
sity from the microbubbles to the scattered intensity from 
tissue and it is an index of the ability to image contrast 
agent in the presence of tissue. acoustic pressures rang-
ing from 0.06 to 0.98 MPa, corresponding to mechanical 
indices (MI) of 0.05 to 0.75 were used. a continuous in-
fusion of the microbubble solution was passed through 
the phantom and 5 frames per MI were acquired at a 
frame rate of 0.5 Hz. The total volume in the field of view 
was about 5 ml (radius = 4 mm, length = 10 cm), so 
a flow rate of 200 ml/min (6.7 ml in 2 s) was used to 
make sure the region of interest (roI) was refreshed with 
new microbubbles for each frame so that microbubble de-
struction would not be an issue. qlaB software (Philips 
Healthcare, andover, Ma) was used in the analysis of the 
data. qlaB allows for selection of one or more roIs and 
produces time–intensity curves from the image loops. The 
intensity is obtained from uncompressed envelope detect-
ed data squared and then averaged from all pixel values 
in the roI. Two roIs were selected, one inside the tube 
lumen and one outside the tube. cTr as a function of MI 
was obtained by dividing the backscattered intensity from 

the microbubbles by the backscattered intensity from tis-
sue (in absolute scale units). In Fig. 3, examples of the 
roI selection during a cTr experiment are shown for 
low, medium, and high MI.

2) Microbubble Destruction: The setup shown in Fig. 2 
was also used to investigate the destruction of the unload-
ed and doX liposome-loaded microbubbles when exposed 
to ultrasound at MIs of 0.05 to 0.75. The destruction 
threshold of the microbubbles would allow us to determine 
the optimal MI to image and track the microbubbles in 
vivo without causing destruction and premature release of 
the drug, as well as to optimize the imaging of the micro-
bubble destruction process with a doppler-based method. 
similar to the cTr experiments, the results were com-
pared with sonoVue.

a freshly made solution of microbubbles (c = 0.2‰) 
was pumped into the flow phantom and the flow was 
stopped. The microbubbles were then insonified for 10 s at 
a frame rate of 10 Hz (100-ms interval). The 10 s imaging 
duration was selected so that it would be long enough to 
determine the ultrasound effect on the microbubbles (rate 
of destruction) while at the same time short enough to 
avoid any microbubble flotation. qlaB was used to select 
a single roI in the middle of the tube, and the decrease in 
intensity as a function of time was measured.

C. DOX Delivery by Microbubble-Assisted Ultrasound

1) Cell Culture: Human glioblastoma cells (U-87 MG) 
were derived from a malignant glioma [European collec-
tion of cell cultures (Ecacc), salisbury, UK]. cells were 
grown as a monolayer in dulbecco’s Modified Eagle’s Me-
dium (dMEM; Gibco-Invitrogen, carlsbad, ca) supple-
mented with 10% heat-inactivated fetal calf serum (Fcs; 
Gibco-Invitrogen). The cells were routinely subcultured 
every 4 d and incubated at 37°c in humidified atmosphere 
with a 5% co2 incubator.

2) Ultrasound Setup: Ultrasound waves were gener-
ated from a single-element transducer with a center fre-

Fig. 2. Flow phantom setup. a peristaltic pump draws the samples into 
a tissue-mimicking flow phantom (attenuation coefficient 0.5 dB/cm per 
MHz). Imaging done by a c5–1 curvilinear transducer and a Philips iU-
22 ultrasound scanner.

Fig. 3. selection of regions of interest in qlaB for contrast-to-tissue 
ratio (cTr) calculation at mechanical indices (MIs) of (a) 0.05, (b) 0.3, 
and (c) 0.7. Two identical regions were selected at the same depth, one 
inside the tube lumen (contrast) and one outside the tube (tissue).
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quency of 1 MHz. The 13-mm-diameter transducer was 
focused at 30 mm with a wide focal spot (i.e., beamwidth 
at −6 dB = 5 mm). The transducer was driven with an 
electrical signal generated by an arbitrary waveform gen-
erator (agilent Technologies Inc., santa clara, ca) and 
amplified with a power amplifier (adEcE, artannes sur 
Indre, France). The peak negative pressure of the acoustic 
wave was measured in a separate setup using a calibrated 
PVdF needle hydrophone (0.2 mm diameter, Precision 
acoustics, dorchester, UK) at the natural focal distance 
of the transducer.

3) DOX Delivery: U-87 MG cells were trypsinized, 
washed once, and resuspended in optiMEM (Gibco-Invit-
rogen) supplemented with 1% Fcs. during the procedure, 
the cell suspension was maintained in a water bath at 
37°c (Grant Instruments ltd., cambridge, UK). The cell 
suspension (3 × 105 cells in 1.5 ml) was then placed in 
a polystyrene cuvette (45 mm height, 10 mm inside di-
ameter, 12 mm outside diameter; Fisher scientific sas, 
Illkirch, France) and 15 µl of unloaded microbubbles 
alone or doX liposome-loaded microbubbles were added 
just before ultrasound application. Thus, a microbubble-
cell ratio of 5 was achieved and the final concentration of 
doX was of 3 µg/ml. The center of the plastic cuvette 
was positioned at the focal distance of the transducer in 
a deionized water tank at 37°c. The cell suspension was 
kept uniform through a gentle magnetic stirring during 
ultrasound application. subsequently, the cell suspension 
was exposed to 1-MHz sinusoidal ultrasound waves with a 
pulse repetition period of 100 µs, 40 cycles per pulse and 
for 30 s (i.e., optimal acoustic parameters for gene and 
drug delivery, as determined by Escoffre et al. [27]). The 
applied acoustic pressures were 200 to 600 kPa.

after ultrasound application, 500 µl of cells were cul-
tured in 24-well cell culture plates (corning life science 
BV, amsterdam, The netherlands) and incubated at 37°c 
in a humidified atmosphere with a 5% co2 incubator. 
Four hours later, 1 ml of optiMEM-10% Fcs was added 
to each well and incubated at 37°c in humidified atmo-
sphere with a 5% co2 incubator for 48 h.

4) DOX Uptake: Forty-eight hours after ultrasound-
triggered doX delivery, the cell medium was removed and 
the cells were washed with PBs and collected through cen-
trifugation (i.e., 3 min, 800 g). The cells were resuspended 
in 500 µl of PBs. Fluorescence histograms were recorded 
with a flow cytometer (Beckman-coulter, Fullerton, ca) 
and analyzed using the Kaluza software supplied by the 
manufacturer. a minimum of 10 000 events was analyzed 
to generate each histogram. The gate was arbitrarily set 
for the detection of red fluorescence [27].

5) DOX Release: The experimental procedure was 
adapted from de smet et al., 2010 [36] and performed 
at 37°c. The doX release from doX liposomes or doX 
liposome-loaded microbubbles was determined by measur-
ing the intensity of fluorescence (λex = 485 nm and λem 

= 590 nm) at 37°c and 10 min after treatment. a vol-
ume of 15 µl of unloaded microbubbles alone or doX 
liposome-loaded microbubbles was added to the plastic 
cuvette containing 1.5 ml of optiMEM-1% Fcs just be-
fore ultrasound application. subsequently, the solution 
was exposed to ultrasound. Three experimental groups 
were selected: 1) doX liposomes or doX liposome-loaded 
microbubbles after Triton X-100 at 10% v/v, which in-
duces doX release by dissolving the liposomes (positive 
control); 2) doX liposomes or doX liposome-loaded mi-
crobubbles alone (negative control); and 3) combination 
of doX liposomes or doX liposome-loaded microbubbles 
with ultrasound. after ultrasound application, 150 µl of 
the solution was introduced into a 96-well plate (corning 
life science BV). The percentage of doX release was cal-
culated according to

 DOX release (%) ,exp= ×
I
I 100

100  

in which I100 and Iexp are, respectively, the fluorescence 
intensity of positive control and the negative control or 
the combination of doX liposome-loaded microbubbles 
with ultrasound.

6) Cell Viability: The cell viability was evaluated us-
ing an MTT assay. Forty-eight hours after treatment, the 
cell medium was replaced with 0.5 mg/ml MTT solution 
(Molecular Probes, Invitrogen) and the cells were incu-
bated at 37°c in humidified atmosphere with a 5% co2 
incubator for 1.5 h. afterwards, the MTT solution was 
substituted by the dMso solution (sigma-aldrich, st. 
louis, Mo) and the cells were incubated for 10 min un-
der gentle agitation at room temperature. The absorbance 
was then measured at 570 nm (od570) to determine the 
amount of formed formazan and at 690 nm (od690) as a 
reference. The cell viability (cV) was calculated as [32]

 CV
OD OD

OD  control OD  control=
−
−

×
( )

( ) .570 690

570 690
100

x x
 

7) Statistical Analysis: data are presented as mean ± 
standard error of the mean (sEM) of five independent 
experiments. statistical analysis was performed using the 
nonparametric Mann-Whitney test. significance was de-
fined as p < 0.05 (ns, non-significance; *p < 0.05; **p < 
0.01; ***p < 0.001).

III. results

A. Ultrasonic Characterization

In this section, the measurements of cTr and destruc-
tion properties of the microbubbles are presented.

1) Contrast-to-Tissue Ratio: The contrast-to-tissue ra-
tio for sonoVue as a function of the MI as well as the 
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scattered intensity is shown in Fig. 4(a) (uncompressed 
data shown in decibels). The backscattered intensity from 
microbubbles (roI inside the tube) is shown in black (line 
with solid dots) and for tissue (roI outside the tube) in 
blue (line with crosses). The calculated cTr is shown in 
red (line with squares). sonoVue microbubbles exhibit a 
higher cTr at low, non-destructive MIs. at MIs of 0.05 
and 0.1, the cTr reaches 22 and 27 dB respectively. The 
best cTr for this setting of the ultrasound scanner is 
found at MI = 0.2 (29 dB). at this setting however, the 
pressure is high enough to destroy the microbubbles and 
real-time imaging is not possible [real-time contrast imag-
ing with sonovue is carried out at non-destructive pres-
sures (MI < 0.1)]. at higher MIs, incomplete tissue cancel-
lation resulting from nonlinear propagation of ultrasound 
causes the tissue signal to increase considerably, whereas 
the corresponding increase in the microbubble signal is 
less. as a result, the overall cTr decreases. The white 
area indicates the non-destructive MIs, and the gray area, 
the destructive MIs.

The cTr for unloaded microbubbles is shown in Fig. 
4(b). cTrs of 13 and 18 dB are measured for nondestruc-
tive MIs of 0.05 and 0.1, respectively. Even though these 
are 9 dB less than sonoVue, there is still enough micro-
bubble signal for imaging. The best cTr for these scan-
ning settings is 25 dB and it is reached at MI = 0.26. 
similar to sonoVue, the cTr decreases at higher MIs. 
Bubble size, concentration, gas content, frequency, shell 
elasticity, and thickness are among the various parameters 
influencing the microbubble response (and consequently 
the cTr).

loading of the microbubbles with the doX-liposomes 
does not seem to have an impact on the imaging properties 
of the microbubble; the results for doX liposome-loaded 
microbubbles [shown in Fig. 4(c)] are nearly identical to 
the results of the unloaded microbubbles shown in Fig. 
4(b). one small difference is that loading of the microbub-
bles with doX-liposomes seems to make them a slightly 
tougher and the destruction threshold (as described in the 
next section) increases. real-time non-destructive imaging 
at this optimal setting (cTr = 25 dB) may be possible 
with the drug-loaded microbubbles.

2) Microbubble Destruction: The microbubble destruc-
tion patterns for various MIs are shown in Fig. 5. The 
time axis is given in seconds and the signal intensity in ar-
bitrary intensity units (aIU). MIs of 0.05, 0.1, 0.21, 0.33, 
and 0.41 were used and ultrasound was applied for 6 s 
(60 frames). Higher pressures and longer exposure times 
followed the same trends (data not shown). The destruc-
tion of sonoVue microbubbles is shown in Fig. 5(a). at 
MI 0.05, the intensity remains constant throughout the 
insonation period, indicating that there is no destruction, 
whereas at MI 0.1, the intensity gradually decreases, in-
dicating that destruction is taking place. More than 6 s 
(60 frames) are required for the overall intensity to drop 
to half its initial value. Higher pressures steadily become 

more destructive, as expected, and at MI 0.4 the majority 
of the bubbles are destroyed within 2 to 3 s.

Fig. 5(b) demonstrates the destruction patterns of 
unloaded microbubbles. Unlike sonoVue, the scattered 
intensity at MI of 0.1 remains constant throughout the 
insonation period, indicating that there is no destruction. 
destruction is first observed at MI 0.21, where in the first 
second, the intensity drops by a factor of 2 before reach-

Fig. 4. contrast-to-tissue ratio for (a) sonoVue microbubbles, (b) un-
loaded microbubbles, and (c) doxorubicin (doX) liposome-loaded micro-
bubbles. The backscattered intensity from microbubbles [region of inter-
est (roI) inside the tube] is shown in black (line with solid dots) and for 
tissue (roI outside the tube) in blue (line with crosses). The calculated 
contrast-to-tissue ratio (cTr) is shown in red (line with squares). The 
white area indicates the non-destructive mechanical indices (MIs), and 
the gray area, the destructive MIs. 

http://dx.doi.org/10.1109/TUFFC.2013.2539/mm3
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ing steady state. at higher MIs, a sudden drop in the 
scattered intensity within the first 5 to 6 frames, followed 
by a constant decay throughout the insonation period is 
observed.

The corresponding results for doX liposome-loaded 
microbubbles are shown in Fig. 5(c). similar to the un-
loaded microbubbles, MIs of 0.05 and 0.10 are nonde-
structive; the intensity remains constant throughout the 
insonation time. MI 0.21 is slightly destructive because 
a slight decrease in intensity is observed in the first 4 to 
5 frames. clear destruction can be seen at MI 0.33, for 

which the intensity drops to 50% of its initial value within 
4 to 6 frames before reaching a plateau. similar trends 
were observed at higher MIs.

B. Evaluation of Therapeutic Efficiency and Mechanism 
of Drug Delivery

1) Enhancement of DOX-Induced Glioblastoma Cell 
Death by DOX Liposome-Loaded Microbubbles and Ultra-
sound: cell viability was assessed by the MTT assay 48h 
after treatment with doX liposome-loaded microbubbles 
and ultrasound and the results are shown in Fig. 6. When 
the U-87 MG cells were insonated at 600 kPa (MI = 0.6) 
with only the presence of unloaded microbubbles, the cell 
viability was 87 ± 2% (Fig. 6). similar cell viability was 
obtained at 200 and 400 kPa with the unloaded microbub-
bles. as shown in Fig. 6, the cell viability after treatments 
with free doX and doX liposomes-loaded microbubbles 
alone were 67 ± 1% and 71 ± 1%, respectively. The cy-
totoxicity induced by the treatment with doX liposome-
loaded microbubbles alone can be ascribed to the presence 
free doX-liposomes in the vial after mechanical activa-
tion, which can be endocytosed by the cells causing thus 
cytotoxicity. The combination of doX liposome-loaded 
microbubbles and ultrasound at 200 kPa induced a 2-fold 
decrease of cell viability compared with free doX or doX 
liposome-loaded microbubbles alone (***p < 0.001).

Increasing the acoustic pressure to 400 and 600 kPa 
caused a 3- and 4-fold decrease of cell viability respectively 
when compared with free doX or doX liposome-loaded 
microbubbles alone (***p < 0.001). These results clearly 
showed that the combination of doX liposome-loaded mi-
crobubbles with ultrasound induced a synergistic effect on 
the U-87 MG cell death.

2) Enhancement of DOX Release From DOX Liposome-
Loaded Microbubbles After Insonation: Because of the high 
intra-liposomal doX amount, the native doX fluores-
cence is quenched. release of doX from the aqueous in-
tra-liposomal medium will result in the dilution of the free 
doX in the extra-liposomal medium, leading to an incre-
ment of fluorescence intensity. The latter is proportional 
to the amount of doX in the medium. The doX release 
was assessed by spectrofluorometry after insonation of 
doX liposome-loaded microbubbles. The insonation at 
600 kPa of doX liposome-loaded microbubbles induced 
a significant increase of doX release from the liposomes 
loaded on the microbubbles (***p < 0.001 compared with 
the incubation of doX-loaded microbubbles in the me-
dium of cell culture; Fig. 7). These results reveal that the 
combination of doX liposome-loaded microbubbles with 
ultrasound induced an active release of doxorubicin from 
liposomes.

3) Enhancement of DOX Uptake by DOX Liposome-
Loaded Microbubbles and Ultrasound: Flow cytometry was 
used for quantitative determination of doX uptake in the 
U-87 MG glioblastoma cells. The native fluorescence of 

Fig. 5. Kinetics of destruction of (a) sonoVue microbubbles, (b) un-
loaded microbubbles, and (c) doxorubicin (doX) liposome-loaded micro-
bubbles. Mechanical indices (MIs) of 0.05, 0.1, 0.21, 0.33, and 0.41 are 
applied for 6 s (60 frames). 
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the doX was used to directly measure cellular uptake, 
fluorescence intensity being directly proportional to the 
internalized amount of doX. The insonation of U-87 MG 
glioblastoma cells at 600 kPa (i.e., optimal acoustic pres-
sure for cell viability) with the unloaded microbubbles did 
not show an increase in the fluorescence intensity (solid 
line) as shown in Fig. 8. The result is similar to that ob-
tained with untreated cells (data not shown). The treat-
ment of U-87 MG cells with the doX liposome-loaded 

microbubbles alone induced a shift of the histogram to 
the right (dashed line). This result can be explained by 
the intracellular doX leakage from doX-liposomes incor-
porated by U-87 MG cells. The combination of ultrasound 
with doX liposome-loaded microbubbles induced an ad-
ditional shift of the histogram to the right (short-dashed 
red histogram). This result suggests that the cellular up-
take of doX by U-87 MG was significantly (*p < 0.05) 
higher in the cells treated with ultrasound and doX lipo-
some-loaded microbubbles than in the cells treated with 
doX liposome-loaded microbubbles alone. These results 
confirm that the combination of doX liposome-loaded 
microbubbles with ultrasound induced an enhancement of 
free doX uptake by U-87 MG cells.

IV. discussion

The present study examined the imaging and thera-
peutic properties of doX liposome-loaded microbubbles 
for ultrasound-induced delivery of doX under diagnos-
tic ultrasound guidance. We have shown that when inter-
rogated with low nondestructive MI, these microbubbles 
scatter sufficient signal for nonlinear ultrasound imaging 
and can therefore be imaged in real time and tracked in 
vivo (Fig. 4). loading of the microbubbles with doX li-
posomes has no apparent effect on the acoustic properties 
of the microbubbles other than slightly increasing the de-
struction threshold (Fig. 5). The therapeutic evaluation of 
these microbubbles showed that ultrasound insonation of 
the doX liposome-loaded microbubbles induced a much 
higher glioblastoma cell death than treatment with free 
doX or doX liposome-loaded microbubbles alone (Fig. 
6). We have demonstrated that the enhanced therapeu-

Fig. 6. Enhancement of doxorubicin (doX)-induced cell death by ul-
trasound combined with doX liposome-loaded microbubbles. U-87 MG 
cells were incubated with 3 µg/ml doxorubicin alone (Free doX), or 
with doX liposome-loaded microbubbles alone (doX lPs-MB) or com-
bined with ultrasound at 200, 400, and 600 kPa for 30 s. Forty-eight 
hours after the treatment, cell viability was measured by an MTT assay. 
data expressed as mean ± sEM was calculated from five independent 
experiments. statistical analysis was performed using the nonparametric 
Mann–Whitney test. significance was defined as p <0.05 (*p < 0.05, **p 
< 0.01, and ***p < 0.001).

Fig. 7. Enhancement of doxorubicin (doX) release from doX liposome-
loaded microbubbles after insonation. doX liposome-loaded microbub-
bles were incubated with (positive control) or without (negative control) 
Triton X-100 at 10% v/v in optiMEM-1% fetal calf serum. In addition, 
these same microbubbles were insonated at the optimal acoustic pres-
sure of 600 kPa. data expressed as mean ± standard error of the mean 
(sEM) was calculated from five independent experiments. statistical 
analysis was performed using the nonparametric Mann–Whitney test. 
significance was defined as p <0.05 (*p < 0.05, **p < 0.01, and ***p 
< 0.001).

Fig. 8. Enhancement of doxorubicin uptake into U-87 MG cells with 
doxorubicin (doX) liposome-loaded microbubbles and ultrasound. U-87 
MG cells were incubated with unloaded microbubbles (Unloaded MB + 
Us) or doX liposome-loaded microbubbles (doX lPs-MB + Us) at the 
final doxorubicin concentration of 3 µg/ml with ultrasound at 600 kPa. 
In addition, cells were treated with doX liposome-loaded microbubbles 
alone (doX lPs-MB). Forty-eight hours after the treatment, doxorubi-
cin uptake was measured by flow cytometry. data expressed as mean ± 
standard error of the mean (sEM) was calculated from five independent 
experiments. 
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tic efficiency is associated with 1) an ultrasound-triggered 
release of doX from the doX liposome-loaded microbub-
bles (Fig. 8) and 2) an enhanced uptake of free doX by 
the cells (Fig. 7). In agreement with our previous data, 
these results support the hypothesis that sonoporation im-
proves the cellular uptake of free doX [26], [27], [32]. In-
deed, we demonstrated that microbubbles and ultrasound 
significantly enhanced the cellular uptake of free doX and 
the doX-associated cytotoxicity compared with the treat-
ment with free doX alone.

Based on the results obtained in the present study, we 
hypothesized that doX liposome-loaded microbubbles in 
combination with ultrasound may significantly improve 
the in vivo effectiveness of targeted doX delivery under 
ultrasound imaging guidance. our data support the idea 
that the design of a hybrid imaging/therapeutic probe is 
required to reach this double objective. Following intrave-
nous injection, these smart microbubbles may be tracked 
in vivo using conventional ultrasound contrast imaging 
modes. once the tumor microvasculature network is filled 
with the doX liposome-loaded microbubbles, a high-in-
tensity therapeutic ultrasound exposure may induce the 
destruction of microbubbles, promoting 1) the permeation 
of tumor endothelium, 2) the ultrasound-triggered release, 
and 3) the extravasation of the free doX into the en-
dothelial and tumor cells [37]–[39]. The enhanced uptake 
of doX in endothelial cells may potentiate the destruc-
tion of tumor microvasculature and breakdown the nutri-
ent supply (i.e., oxygen, nutrients, etc.) of the tumor [40]. 
Because free doX is more cytotoxic than liposomal doX 
[41], the local ultrasound-triggered delivery of free doX 
in the tumor may enhance the tumor cell death and tumor 
eradication. We believe that the use of optimal formu-
lation of doX liposome-microbubbles (i.e., without free 
doX liposomes) might exhibit fewer side effects than free 
doX. Thus, in the tissues unexposed to ultrasound, these 
micro-sized microbubbles would remain intact and there 
would be no release and extravasation of doX in these 
healthy tissues. This assumption remains to be demon-
strated in future in vivo studies.

In conventional chemotherapy with doxil, a single ther-
apeutic dose corresponds to 40 mg of doX for an 80-kg 
adult patient [41]. The concentration of loaded doX at-
tached to a single microbubble was estimated to be 5 × 
10−9 µg [26]. Based on these figures, a total of 8 × 1012 
doX liposome-loaded microbubbles must be intravenously 
injected to reach a similar therapeutic dose. However, the 
recommended diagnostic doses of current contrast agents 
(e.g., sonoVue and definity) are, respectively, 109 and 
1010 microbubbles for an 80-kg adult (i.e., about 1000 and 
100 times lower than that of doX liposome-loaded mi-
crobubbles required to reach a single therapeutic dose of 
doxil). nevertheless, recent studies have reported a good 
tolerance with 100- and 1000-fold higher doses of sonoVue 
and definity microbubbles in nonhuman primates and pa-
tients [42]–[46]. consequently, the injection of a high dose 
of doX liposome-loaded microbubbles could be consid-
ered for clinical doX delivery for therapeutic purposes. 

However, further preclinical studies might be necessary to 
identify putative toxicity of high lipid concentrations. In 
addition, the localized delivery character of this approach 
would likely require a smaller therapeutic dose than the 
one used in current chemotherapy protocols. Thus, thera-
peutic effects can be expected in human at recommended 
diagnostic microbubble doses.

The enhancement of doX loading efficiency on the mi-
crobubbles and the application of consecutive treatments 
constitute two other alternative approaches to reach the 
therapeutic dose of doxil. The small size of the micro-
bubbles limits the space for doX loading. Geers et al., 
reported that the binding of doX-liposomes on the sur-
face of the microbubbles could increase the amount of 
loaded doxorubicin [26], although they showed that 600 
to 1300 doX-liposomes nanoparticles are bound per sin-
gle microbubble; hence, the doX concentration remains 
rather limited. nevertheless, the loading efficiency can 
be further improved by applying multiple layers of doX-
liposomes around the microbubble shell. Finally, Zhao et 
al., reported that the repeated treatments of epirubicin 
and microbubble-assisted ultrasound induced an efficient 
inhibition of marrow leukemic tumor growth followed by 
tumor eradication [47]. no side effect associated with this 
protocol has been reported.

V. conclusion

our results demonstrated that doX liposome-loaded 
microbubbles have good imaging properties and a high 
therapeutic potential. Thus, the combination of these 
smart microbubbles and ultrasound presents a new po-
tential strategy for the ultrasound-triggered doX delivery 
under diagnostic ultrasound guidance.
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