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Drug delivery with microbubbles and ultrasound is 
gaining more and more attention in the drug delivery 
field due to its noninvasiveness, local applicability, and 
proven safety in ultrasonic imaging techniques. In this 
article, we tried to improve the cytotoxicity of doxo
rubicin (DOX)containing liposomes by preparing DOX
 liposomecontaining microbubbles for drug delivery 
with therapeutic ultrasound. In this way, the DOX release 
and uptake can be restricted to ultrasoundtreated areas. 
Compared to DOXliposomes, DOXloaded micro
bubbles killed at least two times more melanoma cells 
after exposure to ultrasound. After treatment of the 
 melanoma cells with DOXliposomeloaded microbub
bles and ultrasound, DOX was mainly present in the 
nuclei of the cancer cells, whereas it was mainly detected 
in the cytoplasm of cells treated with DOXliposomes. 
Exposure of cells to DOXliposomeloaded microbubbles 
and ultrasound caused an almost instantaneous cellular 
entry of the DOX. At least two mechanisms were identi
fied that explain the fast uptake of DOX and the supe
rior cell killing of DOXliposomeloaded microbubbles 
and ultrasound. First, exposure of DOXliposomeloaded 
microbubbles to ultrasound results in the release of 
free DOX that is more cytotoxic than DOXliposomes. 
 Second, the cellular entry of the released DOX is facili
tated due to sonoporation of the cell membranes. The 
in vitro results shown in this article indicate that DOX
 liposomeloaded microbubbles could be a very inter
esting tool to obtain an efficient ultrasoundcontrolled 
DOX delivery in vivo.
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IntroductIon
Doxorubicin (DOX), also called adriamycin, is one of the most 
frequently used anticancer drugs. DOX is used for the treatment 
of different solid and hematopoietic cancers such as breast cancer, 
osteosarcomas, aggressive lymphomas, and leukemias. Different 
mechanisms explain its cytotoxic activity.1 They include DNA 

intercalation, lipid peroxidation, and inhibition of topoisomerase 
II. The use of free DOX is rather limited because of the severe side 
effects. Indeed, besides damaging tumors, it also causes cardio
toxicity and nephrotoxicity.1 Additionally, the efficacy of free 
DOX is also hampered by multidrug resistance, originating from 
the Pglycoprotein and topoisomerase II resistance.1 Because of 
these problems associated with free DOX treatment, DOX has 
been encapsulated inside liposomes. These liposomes contain 
PEG (polyethylene glycol) chains at their surface to prevent 
recognition by the reticuloendothelial system (socalled stealth 
liposomes). This results in the passive accumulation of stealth 
liposomes in the tumor vasculature due to the enhanced perme
ability and retention effect.2 In 1995, the liposomal DOX formula
tions Doxil and Caelyx became FDAapproved for the treatment 
of AIDSrelated Kaposi’s sarcoma and ovarian cancer. Although 
Doxil strongly reduced the cardiotoxicity of DOX in clinical trials, 
other side effects occurred. Several patients suffered from mucosi
tis and the hand and foot syndrome due to the localization of the 
liposomes in skin capillaries.1 Therefore, many research groups 
try to enhance the targeting of DOX to the tumors by attaching 
ligands or antibodies to DOXloaded vehicles or by incorporat
ing DOX in stimuliresponsive carriers like pH and temperature
responsive nanocarriers.1,3

In the past, ultrasound has been used as an external trig
ger to induce drug release from drugloaded carriers. In these 
experiments, low frequency (<1 MHz) ultrasound was used. More 
recently, it has been demonstrated that highfrequency ultrasound 
(1–10 MHz), when combined with diagnostic microbubbles, can 
enhance the intracellular delivery and extravasation of drugs.4–9 
These effects have been attributed to inertial cavitation of the 
microbubbles. Cavitation is the alternate growing and shrinking 
of microbubbles under the influence of an ultrasonic field.10 When 
the ultrasound intensity is high enough, microbubbles can implode 
due to the inertia of the inrushing fluid (inertial cavitation). As a 
result, several groups have shown that fluid streams and microjets 
develop that can transiently perforate the membranes of nearby 
cells and hence enhance the intracellular uptake of drugs.9,11–14 
This phenomenon is called sonoporation. Additionally, it has been 
shown that such microjets can also transiently perforate blood 
vessels and thus induce extravasation of large molecules.15,16
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Several papers report on the synergistic effect of DOX and 
ultrasound.17 However, these papers mainly focused on ultrasound
assisted intracellular delivery of free DOX18,19 or DOX encapsulated 
in micelles or liposomes.20–23 The forces associated with the inertial 
cavitation of the microbubbles may (i) massively release the encap
sulated drug from the nanocarriers and (ii) improve the intracel
lular uptake of DOX due to sonoporation of the cell membranes. 
However, a major drawback of coinjecting DOXliposomes and 
microbubbles is the fact that DOXliposomes can still extravasate 
and accumulate in undesired tissues (not exposed to ultrasound), 
like the skin capillaries.1 This can still result in unwanted side effects. 
Coupling of the liposomes to the microbubbles could prevent this, 
as microbubbles attached to the microbubble wall will no longer be 
able to extravasate. This study aimed to further improve ultrasound
mediated delivery of DOXliposomes. Therefore, we designed 
“DOXloaded microbubbles” through avidin–biotin  binding of 
DOXcontaining liposomes to the lipid shell of microbubbles 
(DOXliposomeloaded microbubbles) (Figure 1). DOX delivery 
by such constructs could be attractive, as it would take profit of 
both the sonoporation effect and targeting potential of ultrasound. 
Indeed, microbubbles carrying DOXliposomes at their surface are 
expected to be too large to extravasate in undesired tissue (i.e., not 
treated by ultrasound). Only after ultrasoundmediated release of 
DOXliposome, extravasation can occur at especially these regions 
that are treated with ultrasound. This paper shows the killing of 
tumor cells by DOXliposomeloaded microbubbles and explains 
the underlying mechanisms.

results
design and characterization of doX-liposome-loaded 
microbubbles
As schematically presented in Figure 1, we aimed to construct 
lipid microbubbles loaded with DOXliposomes. Therefore, 

we first prepared DOXcontaining liposomes composed of 
55 mol% dipalmitoylphosphatidylcholine, 40 mol% cholesterol, 
and 5 mol% DSPEPEGbiotin ((1,2distearoylsnglycero3
phosphoethanolamineN(biotinyl(polyethyleneglycol)2000)). 
After loading the liposomes with DOX and gel permeation 
chromatography purification, DOXliposomes with an aver
age diameter of 147 nm were obtained. We also prepared 
lipidshelled microbubbles that contained 15 mol% DSPE
PEGbiotin in their shell. The biotinylated microbubbles were 
subsequently incubated with an excess of avidin to saturate the 
biotin mole cules at their surface. After removal of the excess 
of avidin, the microbubbles were incubated with the biotiny
lated DOXliposomes to couple the DOXliposomes on the 
microbubbles via an avidin–biotin bridge (Figure 1). The 
binding of the DOXliposomes, which are fluorescent due to 
the presence of DOX, on the microbubbles was confirmed via 
confocal laser scanning microscopy: Figure 2 clearly shows 
that the surface of the microbubbles becomes surrounded by 
DOXcontaining liposomes. The amount of DOXliposomes 
that was bound to the microbubbles was estimated by removing 
the unbound DOXliposomes from the microbubbles via cen
trifugation. We measured that 65% of the DOXliposomes was 
attached to the microbubbles. Knowing that we mixed about 1 × 
109 microbubbles with 50 µg of DOX encapsulated in liposomes, 
each microbubble contains about 3.25 × 10−8 µg DOX.

efficacy of doX-liposome-loaded microbubbles  
after ultrasound treatment
In Figure 3, the killing of cancer cells by DOXliposomeloaded 
microbubbles, in the presence of ultrasound, and DOXliposomes 
is compared. The cell killing by DOXliposomes (light gray bars) 
was rather limited; the highest concentrations (50 and 100 µg/ml) 
killed about 50% of the cells. In contrast, DOXliposomes attached 
onto the microbubbles (white bars) were by far more toxic to the 
cells after ultrasound application. We also observed a nice correla
tion between the liposome concentration present on the DOX
liposomeloaded microbubbles and the cell viability, which was 
less clear in case DOXliposomes were used.

Some groups described a synergistic effect of ultrasound on 
the killing of cells by DOXliposomes24 and DOXmicelles,22,25,26 
though we did not observe an outspoken improvement of the cell 

Figure 1 schematic presentation of a doX-liposome-loaded micro-
bubble (not in scale). Biotinylated DOXcontaining liposomes were 
attached to the surface of a biotinylated lipid microbubble with the aid 
of an avidin molecule. The mean sizes of liposomes and microbubbles are 
indicated on the picture. C4F10, perfluorobutane; DOX, doxorubicin; DPPC, 
dipalmitoylphosphatidylcholine; DSPEPEG2000biotin, ((1,2distearoylsn
glycero3phosphoethanolamineN(biotinyl(polyethyleneglycol)2000)).
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Figure 2 confocal laser scanning microscopy image (left) and cor-
responding transmission image (right) of doX-liposome-loaded 
microbubbles. The DOXliposomes were visualized using the fluores
cence of the bound doxorubicin. DOX, doxorubicin.
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killing by DOXliposomes when ultrasound was applied (Figure 3: 
dark gray bars). Most authors use lowfrequency ultrasound 
(20–100 kHz), which is known to favor cavitation at relatively low 
intensities, even in the absence of microbubbles. In our experi
ment, we exposed the DOXliposomes to 1 MHz frequency ultra
sound in the absence of microbubbles. Under these ultrasound 
conditions, it is well known that cavitation is limited and probably 
too low to release the DOX from the liposomes or to perforate cell 
membranes. In contrast, DOXliposomeloaded microbubbles in 
the presence of ultrasound significantly lowered the overall viabil
ity of the melanoma cells. We observed previously that the ultra
sound conditions used in this study may detach a (small) part of 
the cells from the OptiCell membrane. Therefore, we also studied 
the effect of microbubbles (not loaded with DOXliposomes) and 
ultrasound on the viability of the melanoma cells. As Figure 3 
shows, this reduced the cell viability to about 10%. Even though 
if we take this into account, DOXliposomeloaded microbubbles 
and ultrasound seemed much more efficient in killing cancer cells 
than free DOXliposomes.

Intracellular localization of doX
We tried to gain more insight into the intracellular DOX concen
trations in the melanoma cells (Figure 4). Different concentrations 
of DOXliposomes and DOXliposomeloaded microbubbles were 
added to the cells. After 4 hours, the cells were washed and DOX 
uptake was visualized by confocal laser scanning microscopy. At 
the lowest DOX concentration (30 µg/ml), we could detect more 
DOX in cells exposed to DOXliposomeloaded microbubbles 
and ultrasound than in cells exposed to DOXliposomes. This 
was less obvious at higher DOX concentrations used. The intra
cellular distribution of DOX seemed to strongly depend on the 

way the DOX was delivered to the cells. It was almost exclusively 
localized in the nuclei when the cells were treated with the DOX
liposomeloaded microbubbles and ultrasound, whereas DOX 
was found in both the cytoplasm and the nucleus of cells treated 
with DOXliposomes. Sometimes a punctuated pattern could be 
seen in the cytoplasm of these cells (indicated by white arrows 
in Figure 4), which suggests that the DOX locates in endosomes. 
Two simultaneously occurring phenomena may explain the dif
ferent intracellular distribution of DOX. First, after exposure of 
cells to DOXliposomeloaded microbubbles and ultrasound, free 
DOX (released from the liposomes destroyed by the ultrasound) 
probably enters the cells and accumulates in the nucleus because 
of its high affinity for DNA,27 which is abundantly present in the 
nucleus. Second, Schlicher et al.28 recently described the existence 
of exocytosis after exposure of cells to ultrasound and microbub
bles to reseal the pores in the cell membranes. The transport of 
vesicles from the inside to the outside of the cell may limit endocy
tosis and thus reduce the amount of free DOX or DOXliposomes 
that is taken up by endocytosis.

The higher amount of DOX in the nuclei after exposure 
of the cells to DOXliposomeloaded microbubbles and ultra
sound suggests the following delivery mechanism. Applying 
ultrasound destroys the liposomes on the microbubbles releas
ing free DOX near the cell membranes, which can enter cells 
more easily than DOXliposomes. Second, ultrasound may also 
increase the amount of free DOX and DOXliposomes that 
enter the cells via perforations in the membranes. In the follow
ing paragraphs, we further investigate the mechanisms that may 
explain the stronger cell killing by DOXloaded microbubbles 
and ultrasound.

Is the stronger cell killing by doX-liposome-loaded 
microbubbles due to an ultrasound-mediated release 
of free doX from the liposomes?
Several hypotheses have been proposed to explain the synergis
tic effect of ultrasound on the biological activity of anticancer 
drugs. The first mechanism postulates that ultrasound treatment 
of DOXliposomes results in the release of DOX from the lipo
somes that subsequently enters the cells via passive diffusion and 
pinocytosis.29 To verify this hypothesis, a direct effect of the cavi
tating microbubbles on the cell membrane should be avoided so 
that only the cytotoxic effect coming from DOX can be taken 
into account. Therefore, we performed an experiment in which 
the DOXliposomeloaded microbubbles were first exposed 
to ultrasound (using the same settings as in Figure 3) in an 
“empty” OptiCell (i.e., without melanoma cells). Subsequently, 
this “medium” (i.e., the debris of radiated DOXliposome
loaded microbubbles) was transferred to an OptiCell in which 
melanoma cells were growing. In this experiment, sonoporation 
of the melanoma cells (by cavitating and imploding microbub
bles cavitating) was thus avoided. After 4 hours of incubation, 
the “medium” was removed and the cell viability was measured 
48 hours later. Figure 5 shows that the debris of radiated DOX
liposomeloaded microbubbles (white bars) showed a stron
ger tumor cell killing than DOXliposomes (light gray bars). 
These data indicate that exposure of DOXliposomeloaded 
microbubbles to ultrasound most likely results in the release of 

Figure 3 cell viability of the melanoma cells after treatment with 
doX-liposomes without (light gray bars) and with ultrasound expo-
sure (use) (dark gray bars) and doX-liposome-loaded microbubbles 
after ultrasound exposure (white bars) as a function of the doX 
concentration in the opticell. For higher doxorubicin concentrations, 
more doxorubicin liposomes were used, whereas the microbubble con
centration was always 109 microbubbles per OptiCell unit. *P < 0.05. 
DOX, doxorubicin.
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free DOX, which is known to cause a stronger cell killing than 
DOXliposomes. Figure 5 reveals that the killing of melanoma 
cells by the debris of radiated DOXliposomeloaded microbub
bles was significantly lower than that of DOXliposomeloaded 
microbubbles and ultrasound (especially at higher DOX con
centrations). It suggests that the cell killing by DOXliposome
loaded microbubbles and ultrasound is explained by both the 
release of free DOX and the cavitation of the microbubbles that 
perforates the cell membranes.

We recently loaded PEGylated plasmid DNA– or small inter
fering RNA–containing liposomes (lipoplexes) onto the same 
type of microbubbles as reported in this study.6,7 We could show 
by dynamic light scattering that exposure of the lipoplexloaded 
microbubbles resulted in the release of intact lipoplexes. However, 
after exposure of the DOXliposomeloaded microbubbles to 
ultrasound, we were no longer able to detect DOXliposomes. 
This further suggests that indeed a substantial part of the DOX
liposomes becomes destroyed upon applying ultrasound to the 
DOXliposomeloaded microbubbles. Probably, this results in 
the release of free DOX that can enter the cells either via passive 
diffusion or through the perforations in the cell membranes, as 
 discussed in the next paragraph.

Is the stronger cell killing by doX-liposome-loaded 
microbubbles due to an improved cellular  
uptake of doX?
Several groups have studied the perforation of cell membranes 
by ultrasound.9,28,30,31 Scanning electron microscopy images and 
uptake of fluorescent molecules after sonoporation have proven 
that cavitating microbubbles can indeed transiently disrupt cell 
membranes that allow compounds to enter cells. In our study, 
pore formation might enhance the intracellular uptake of both free 
DOX and DOXliposomes. To further evaluate this hypothesis, we 
studied the cellular uptake of DOX shortly (i.e., 15–30 minutes) 
after exposure of melanoma cells to (i) DOXliposomeloaded 
microbubbles and ultrasound (Figure 6a–d), (ii) DOXliposomes 
(Figure 6e–h), and (iii) free DOX (Figure 6i–l). Almost imme
diately after exposure of the melanoma cells to DOXliposome
loaded microbubbles and ultrasound, a substantial part of the cells 
contained very high levels of DOX in their nuclei (Figure 6a,c). In 
sharp contrast, melanoma cells exposed to DOXliposomes hardly 
contained DOX after 15 minutes (Figure 6e,g). Free DOX is known 
to be easily taken up by cells through a combined process of passive 
diffusion and active transport mechanisms.29 Therefore, we also 
studied the uptake of free DOX (Figure 6i–l). After 15 minutes, 

Figure 4 confocal laser scanning microscopy images and corresponding transmission images of the uptake of doX in melanoma cells 
treated with doX-liposomes and doX-liposome-loaded microbubbles after ultrasound exposure. Cells were treated and incubated for 4 hours. 
Subsequently, the cells were washed and immediately visualized with the confocal microscope. At a given concentration of doxorubicin, the same 
laser intensities were used to visualize the uptake of DOX delivered by the two approaches. In case of 100 µg/ml DOX, a lower laser intensity was 
used than in the case of 50 µg/ml and 30 µg/ml. This explains why the 100 µg/ml images are less fluorescent. DOX, doxorubicin; USE, ultrasound 
exposure.
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cells treated with free DOX contained clearly visible amounts of 
DOX (Figure 6i,k) in the cytoplasm with only very little fluores
cence in the nucleus of the cells. However, the amount of DOX 
internalized by the cells was still much lower than the DOX con
tent in the cells exposed to DOXliposomeloaded microbubbles 

and ultrasound. Note that in the case of DOXliposomeloaded 
microbubbles, a part of the cells had taken up extreme amounts of 
DOX 15 minutes after exposure to ultrasound (these were prob
ably the cells that were in contact with cavitating and imploding 
microbubbles), whereas the others were only weakly fluorescent 
(Figure 6a). In the case of free DOX, the fluorescence was rather 
equal in all the cells that suggests that DOX uptake occurred to the 
same extent in all the cells.

Several papers have reported the instant uptake of larger 
molecules after sonoporation.32–34 It has been shown that the 
microstreams developing around a cavitating microbubble, 
and especially the shock waves and microjets associated with 
microbubble cavitation, can result in the formation of transient 
pores in the cell membrane.35,36 Pore sizes between 100 nm and a 
few micrometers in size have been reported,28,31 implying that a 
rather small molecule like DOX should be able to enter the cell 
through such cell membrane pores.

To further evaluate the hypothesis that microbubbles in the 
presence of ultrasound enhance the cellular uptake of DOX, we 
compared the killing of cells that had been exposed to free DOX 
and a mixture of free DOX, microbubbles, and ultrasound. As 
presented in Figure 7, microbubbles in combination with ultra
sound significantly enhanced the cytotoxicity of free DOX (dark 
gray bars). This supports the hypothesis that sonoporation indeed 
improves the cellular uptake of free DOX. We also performed a 
second experiment in which we first exposed the melanoma cells 
to free DOX; after the 4hour incubation time, the cells were 
carefully washed and treated with microbubbles and ultrasound. 
As can be seen in Figure 7 (white bars), this even resulted in a 
stronger killing that may be due to the fact that a certain time 
after internalization of free DOX, melanoma cells become more 
sensitive to sonoporation. Cells treated with microbubbles and 

Figure 5 cell viability of melanoma cells after treatment with doX-
liposomes (light gray bars), doX-liposome-loaded microbubbles 
(dark gray bars), and doX-liposome-loaded microbubbles that 
were first radiated with ultrasound. The debris of the radiated DOX
liposomeloaded microbubbles was applied to the cells (white bars). For 
higher doxorubicin concentrations, more doxorubicin liposomes were 
used, whereas the microbubble concentration was always 109 microbub
bles per OptiCell unit. *P < 0.05. DOX, doxorubicin; USE, ultrasound 
exposure.
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Figure 6 confocal laser scanning microscopy images of the cellular uptake of doX in melanoma cells after 15–30 minutes of incubation time 
with different doX formulations. (a,c,e,g,i,k) Confocal laser scanning microscopy images and (b,d,f,h,j,l) corresponding transmission images. 
a–d show the uptake of DOX after incubation with DOXliposomeloaded microbubbles. e–h show the uptake of DOXliposomes and i–l the uptake 
of free DOX. c,d,g,h,k,i present a closeup of a single cell. DOX, doxorubicin.
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ultrasound are often irregularly shaped.30 This was also observed 
in our experiments (Figure 6d). Despite their clearly damaged cell 
membrane, most cells are capable of resealing their membrane 
wounds,30,37 which was confirmed in our (3[4,5dimethylthiazol
2yl]2,5diphenyltetrazolium bromide) experiment: only 10% of 
the BLM cells was metabolically inactive after exposure of the cells 
to microbubbles and ultrasound (Figure 3). It might be possible 
that due to the DOXinduced cytotoxicity, the cells are less able to 
generate cell repair mechanisms necessary to repair the cell mem
brane after sonoporation.

dIscussIon
We succeeded in coupling DOXcontaining liposomes onto the 
lipid shell of gasfilled microbubbles. DOXliposomeloaded 
microbubbles exposed to ultrasound killed much more tumor 
cells than DOXliposomes. We showed that this is due to (i) an 
ultrasoundtriggered release of DOX from the DOXliposomes 
present on the microbubbles and (ii) an enhanced uptake of the 
released DOX by the cells. Based on the results in this article, we 
hypothesize that DOXliposomeloaded microbubbles in com
bination with ultrasound may significantly improve the in vivo 
efficacy of Doxil, being the liposomal DOX formulation that is 
nowadays used in the clinic. Indeed, a local ultrasoundtriggered 
release of free DOX in the tumor may enhance the cell killing by 
Doxil, as free DOX is expected to be more efficient than DOX
liposomes. Also, DOXliposomeloaded microbubbles may show 
less side effects than Doxil, as in tissues not exposed to ultra
sound, the micronsized DOXliposomeloaded bubbles (i) will 
stay intact and thus will not release DOXliposomes and (ii) will 
not extravasate into these tissues. Moreover, the cavitation and 
implosion of the microbubbles in the tumor microvasculature 
may perforate endothelial cells and enhance the extravasation 

of the released DOX.15,16 Although a direct contact between the 
tumor cells and the imploding microbubbles might be restricted 
by the tumor endothelium, exposure of these endothelial cells to 
imploding DOXcarrying microbubbles might selectively stimu
late the uptake of DOX in these cells and in this way potentiate the 
destruction of the tumor vasculature.

As schematically shown in Figure 8, we hypothesize that the 
enhanced cellular uptake of DOX in endothelial cells may improve 
DOX to slow down angiogenesis and to break down the nutrient 
supply of the tumor cells.38 The in vivo biological response of the 
DOXliposomeloaded microbubbles may be further enhanced by 
attaching ligands to the microbubbles that specifically bind to the 
tumor endothelium.39,40

Although several papers describe the use of ultrasound to 
improve drug release from nanoparticles and to enhance cel
lular uptake,25,26,41–43 only few have been published on the com
bined use of ultrasound and drugloaded microbubbles to 
improve antitumor treatment.44,45 Tartis et al. already developed 

Figure 7 cell viability of melanoma cells after treatment with free doX 
(light gray bars) and free doX with microbubbles and ultrasound 
(dark gray bars and white bars). Cells were simultaneously treated with 
free DOX, microbubbles, and ultrasound (dark gray bars) or incubated 
for 4 hours with free DOX, washed and then treated with microbubbles 
and ultrasound (white bars). For higher DOX concentrations, more DOX
liposomes were used, whereas the microbubble concentration was always 
109 microbubbles per OptiCell unit. *P < 0.05. DOX, doxorubicin.
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Figure 8 schematic representation of the proposed working mech-
anism of doX-liposome-loaded microbubbles compared to free 
doX-liposomes in the tumor vasculature. When the microbubbles are 
exposed to ultrasound, the liposomes locally release the encapsulated 
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a paclitaxel containing ultrasound contrast agent.45 In this 
study, the paclitaxel was dissolved in triacetin oil, which makes 
this type of micro bubbles unsuited for hydrophilic drugs like 
DOX. Gao and colleagues were the first to report the design of 
a DOXloaded microbubble that was able to release the DOX 
upon ultrasound treatment.44 The DOX was present in the shell of 
perfluoro carbon nanoparticles that vaporized and formed DOX
carrying microbubbles upon warming till 37 °C. Although they 
obtained good results both in vitro and in vivo, we believe that 
clinical application of the DOXliposomecarrying microbubbles 
described in our study may be more straightforward as both 
DOXliposomes (Doxil) and lipid microbubbles (e.g., the con
trast agent Definity) are already used in clinical settings. Another 
advantage of the DOXliposomeloaded microbubbles is their 
high DOX loading efficiency. We estimated the amount of encap
sulated DOX attached to one microbubble to be 3.25 × 10−8 µg. 
Doxil is given as a single dose of 20 mg/m2. This corresponds to 
a dose of 40 mg for an adult of about 80 kg. To reach this dose, 
we should administer about 1.23 × 1012 DOXliposomeloaded 
microbubbles. The recommended dose of Definity, which con
tains 1.2 × 1010  microbubbles/ml, is 10 µl/kg body weight that 
makes 1010 microbubbles for a person of 80 kg. This is about 100 
times lower than the number of DOXloaded microbubbles we 
must inject to administer 40 mg of DOX. However, it has been 
demonstrated that Definity doses that are 1,000 times higher than 
the recommended dose are well tolerated in primates.46,47 Also, 
the local release of the DOX in the tumor after exposure of the 
DOXliposomeloaded microbubbles to ultrasound will most 
likely allow us to reduce the dose below 40 mg. The calculations 
above demonstrate that we may expect clinical effects in humans 
at a typically used microbubble doses.

MaterIals and Methods
Preparation and characterization of lipid microbubbles containing 
DSPE-PEG-biotin. Liposomes containing dipalmitoylphosphatidyl
choline and DSPEPEGbiotin in a 85:15 molar ratio were prepared as 
previously described.6 Briefly, the chloroformdissolved lipids were put 
in a roundbottomed flask and the solvent was removed via evaporation 
followed by flushing with nitrogen. The obtained lipid film was subse
quently hydrated in 4(2hydroxyethyl)1piperazineethanesulfonic acid 
(HEPES)  buffer (20 mmol/l HEPES, pH 7.4) at a final lipid concentration 
of 5 mg/ml and incubated overnight at 4 °C to allow the formation of 
liposomes. The resulting liposomes were first extruded through a poly
carbonate membrane (pore size of 0.2 µm) using a miniextruder (Avanti 
Polar Lipids, Alabaster, AL). Subsequently, the extruded liposomes 
were sonicated with a 20 kHz probe (Branson 250 Sonifier; Branson 
Ultrasonics, Danbury, CT) in the presence of perfluorobutane gas (MW 
238 g/mol; F2 Chemicals, Preston, UK). After sonication, the microbub
bles were washed (to remove the excess of lipids) with 3 ml fresh HEPES 
buffer and finally resuspended in 5 ml fresh HEPES buffer. To allow the 
attachment of biotinylated DOXliposomes, the biotinylated microbub
bles were incubated with 500 µl avidin (10 mg/ ml) and incubated for 
10 minutes at room temperature. Subsequently, the microbubbles were 
centrifuged and washed again with 3 ml fresh HEPES buffer. Finally, the 
microbubbles were resuspended in 5 ml HEPES buffer. The mean size of 
these microbubbles was around 2 µm and their size distribution ranged 
between 0.5 and 10 µm.

Preparation and characterization of biotinylated DOX liposomes. 
Liposomes containing dipalmitoylphosphatidylcholine, cholesterol, and 

DSPEPEGbiotin in a 60:40:5 molar ratio were prepared as described 
above. Liposomes were loaded with DOX following the method  previously 
established by Bolotin et al.48 After removal of the chloroform, the lipid film 
was hydrated with ammonium sulfate buffer (250 mmol/l). The resulting 
liposomes were extruded through a polycarbonate membrane (pore size 
of 0.1 µm) as described above. Subsequently, the liposomes were dialyzed 
against pure distilled water overnight in a dialysis bag (MWCO 10,000, 
Spectra/Por Biotech; Spectrum Laboratories, Compton, CA) to remove the 
ammonium sulfate between the liposomes. Liposomes were loaded with 
DOX by mixing 1 ml of liposomes with 1 mg of DOX. This mixture was 
incubated for 4 hours at 65 °C. Afterward, the free DOX was removed by 
passing the DOXloaded liposomes over a Sephadex column (Sephadex 
G75; SigmaAldrich, Bornem, Belgium). Loading efficiency was deter
mined by measuring the absorbance of DOX in the DOXliposome fraction 
and the free DOX at 450 nm and was around 90%. The average hydrody
namic diameter of the PEGylated DOXliposomes was determined by 
dynamic light scattering (Autosizer 4700; Malvern, Worcestershire, UK).

Attachment of biotinylated DOX-liposomes to avidinylated  microbubbles. 
50 µl of biotinylated DOXliposomes was mixed with 1 ml avidinylated 
microbubbles and incubated at room temperature for 5 minutes. The 
attachment of DOXliposomes to the microbubbles was visualized using 
a Nikon EZC1si confocal laser scanning microscope (Nikon, Brussels, 
Belgium) equipped with a ×40 objective. The 491 nm line of this micro
scope was used to excite the DOX, and the DOX was detected with the 
580 nm detector.

Cell culture. BLM cells (melanoma cells)49 were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) with the growth factor F12 and  phenol 
red containing 2 mmol/l glutamine, 10% heat deactivated fetal bovine 
serum (FBS), 1% penicillin–streptomycin (Gibco, Merelbeke, Belgium), 
and HEPES buffer (100 mmol/l, pH 7.4).

Cytotoxicity measurements. Cells were grown to 90% confluency in 
OptiCell units (Biocrystal, Westerville, OH) in a humidified incuba
tor at 37 °C and 5% CO2. Subsequently, cells were washed with 10 ml 
of phosphatebuffered saline (Gibco) and DOXliposomeloaded 
microbubbles, DOXliposomes or free DOX (all in OptiMEM; Gibco) 
were added to the cells. Therefore, we first mixed an appropriate amount 
of biotinylated DOXliposomes (containing 10, 30, 50, or 100 µg of 
DOX) with 1 ml of the avidinylated microbubbles. After 5 minutes 
of incubation at room temperature, OptiMEM was added to a final 
volume of 10 ml. The medium was prepared in a similar way for the 
experiments without microbubbles except that the microbubbles were 
substituted by an equal amount of OptiMEM. The 10 ml medium was 
completely added to the OptiCell units (surface 50 cm2). Subsequently, 
the cells were placed in a water bath at 37 °C with an absorbing rubber 
at the bottom and immediately subjected to ultrasound radiation. The 
ultrasound radiation was performed by moving in 15 seconds a 22 mm 
ultrasound probe (Sonitron 2000; RichMar, Inola, OK) over the whole 
surface of the OptiCell. In all the experiments with ultrasound, we used 
the following settings: 1 MHz, 50% duty cycle, and an ultrasound inten
sity of 2 W/cm2. These settings correspond to a total energy delivery of 
15 J/cm2 for the whole OptiCell plate, with an ultrasound peak intensity 
of 0.17 MPa ( mechanical index 0.17). Unless otherwise stated, cells were 
immediately treated with ultrasound after addition of DOXliposomes, 
DOXliposomeloaded microbubbles, or free DOX. Four hours after the 
addition of the DOXliposomes, the DOXliposomeloaded microbub
bles, and free DOX, we removed the medium and washed the cells 
two times with phosphatebuffered saline before adding fresh culture 
medium. After 48 hours, the cells were incubated with 0.5 mg/ml MTT 
labeling reagent (Cell Proliferation Kit I; Roche Diagnostics, Vilvoorde, 
Belgium) for 4 hours. Afterward, the solubilization solution was added 
and cells were incubated overnight at 37 °C. The next day, the absorbance 
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of each plate was measured at 590 nm (OD590) to determine the amount 
of formed formazan and at 690 nm as a reference. The cell viability was 
calculated as follows:

Experiments were performed at least three times, and the results 
shown here are representative of the results obtained in the different 
cytotoxicity measurements. The error bars in the graphs are originated 
from different samples that were taken from one OptiCell plate and 
separately measured at 590 nm and 690 nm.

Cellular uptake of DOX in the BLM cells. Cells were incubated with DOX
liposomes, DOXliposomeloaded microbubbles, and free DOX according 
to the protocols described above. The DOX in cells was visualized with a 
Nikon EZC1si confocal microscope equipped with a ×60 objective. The 
491 nm line of this microscope was used to excite the DOX, and the DOX 
was detected with the 580 nm detector.

Statistical analysis. All the data in this report are expressed as mean ± 
SD. For the transfection results, the Student’s ttest was used to determine 
whether data groups differed significantly from each other. A P value lower 
than 0.05 was considered statistically significant.
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