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Microbubbles (MBs) are routinely used as contrast agents for ultrasound imaging. The use of ultrasound in combina-
tion with MBs has also attracted attention as a method to enhance drug delivery. We have developed a technology
platform incorporating multiple functionalities, including imaging and therapy in a single system consisting of MBs
stabilized by polyethylene glycol (PEG)-coated polymeric nanoparticles (NPs). The NPs, containing lipophilic drugs
and/or contrast agents, are composed of the widely used poly(butyl cyanoacrylate) (PBCA) polymer and prepared
in a single step. MBs stabilized by these NPs are subsequently prepared by self-assembly of NPs at the MB
air–liquid interface. Here we show that these MBs can act as contrast agents for conventional ultrasound imaging.
Successful encapsulation of iron oxide NPs inside the PBCA NPs is demonstrated, potentially enabling the NP–MBs
to be used as magnetic resonance imaging (MRI) and/or molecular ultrasound imaging contrast agents. By precise
tuning of the applied ultrasound pulse, the MBs burst and the NPs constituting the shell are released. This could
result in increased local deposit of NPs into target tissue, providing improved therapy and imaging contrast
compared with freely distributed NPs. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Nanoparticles (NPs) as carriers for cytotoxic drugs are of great
interest in cancer therapy due to the enhanced permeability
and retention effect (1). However, the uptake of NPs in tumors
is often low and the distribution heterogeneous (2). In recent
years, ultrasound has been shown to enhance the delivery of
various NPs to tumors in small animals (3–5). Thus,
ultrasound-mediated enhancement in delivery of NPs, which
might be further enhanced in the presence of microbubbles
(MBs), is clinically interesting. MBs might increase the heteroge-
neous vascular permeability by causing shear stress and jet
streams, and the jet streams might also improve the penetra-
tion through the extracellular matrix. Ultrasound and MBs
might also improve the delivery of non-encapsulated drugs,
as recently demonstrated in a clinical study combining ultra-
sound and co-injection of gemcitabine and commercially
available MBs to treat pancreatic cancer (6). In pre-clinical
studies, the combination of ultrasound and MBs also
facilitates a transient and local opening of the blood–brain
barrier (7), thereby permitting various drugs to enter the brain
and potentially treat central nervous system (CNS) disorders.
As for all tissues, the exact mechanism by which ultrasound
and MBs causes blood–brain barrier disruptions is not fully
understood, but cavitation, i.e. volume oscillations of MBs in
an ultrasound field, is obviously an important factor (8,9).

Poly(alkylcyanoacrylate) (PACA), first introduced to the medi-
cal field as surgical glue, has in recent years been extensively

studied as a material for drug delivery vehicles (10,11). PACA
NPs can easily be prepared by in situ polymerization of
alkylcyanoacrylate monomers encapsulating a wide range of
drugs with high loading capacity. As the monomers are hydro-
phobic, PACAs are especially suitable for encapsulating lipophilic
drugs, thereby improving the delivery of poorly blood-soluble
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drugs. The flexibility of the PACA nanoparticulate system allows
for good control and design of end-use properties. The size
and degradation rate can be regulated, and the surface function-
alized (12), allowing for long circulation times and targeted deliv-
ery. A common approach for avoiding clearance by the immune
system is coating the NPs with polyethylene glycol (PEG). An-
other important feature of the NPs is the possibility to incorpo-
rate imaging agents such as fluorescent dyes and magnetic
resonance imaging (MRI) or positron emission
tomography/single-photon emission computed tomography
(PET/SPECT) contrast agents, achieving a combination of thera-
peutics and diagnostics, so called ’theranostics’ (13,14).
In this paper, we present a novel multimodal, multifunctional

imaging and drug delivery platform composed of air MBs
stabilized by polymeric NPs of poly(butyl cyanoacrylate) (PBCA).
The main limitations of NPs with added functionalities have so far
been additional synthesis steps and high costs (15). In contrast to
other NP–MB systems previously described (16–18), our technology
platform is based on NPs developed and optimized using a one-step
synthesis, whereby all functionalities can be introduced in a con-
trolled and straightforward manner. This process includes customiz-
ing the NP surface by introducing PEG groups and incorporating
drugs and contrast agents for various imaging modalities. The
PEGylated NPs are subsequently used to stabilize MBs by self-
assembly of the NPs onto the MB surface. The method is simple,
cheap, requires no organic solvents and is feasible to scale up.
Clinically approved ultrasound contrast agents consist of a

suspension of gaseous MBs stabilized by a shell of lipids or
protein. Here we show that our MBs with shells made of PBCA
NPs can act as contrast agents for ultrasound imaging of the mi-
crocirculation. By precise tuning of the applied ultrasound pulse,
the MBs will burst and the NPs constituting the shell are re-
leased. We hypothesize that the particles, given momentum
from the burst of the bubble, can move towards targets outside
the blood circulation as illustrated in Fig. 1. Local deposit of
drugs or contrast agents into target tissue may provide the pos-
sibility to further visualize, quantify, treat and monitor disease at
different stages using multiple imaging modalities including MRI.
The aims of the present study are to (i) characterize NPs andMBs

with respect to size, size distribution, concentration, surface
functionalization and stability, (ii) demonstrate the ability to incor-
porate hydrophobic drugs and MRI contrast agents and (iii)
demonstrate the ultrasound imaging capabilities of the MBs.

2. MATERIALS AND METHODS

2.1. Synthesis of NPs and MBs

Miniemulsion polymerization was used to prepare PEGylated
NPs consisting of the polymer PBCA (19–21). Oil-in-water emul-
sions were prepared by emulsifying (Branson Digital Sonifier) a
monomer phase, consisting of butyl-2-cyanoacrylate (BCA, kind
gift from Henkel Loctite), co-stabilizer MIGLYOL®810N (2wt%,
kind gift from Cremer) and the fluorescent dye Nile red (0.4wt
%, Sigma) in an acidic aqueous medium (0.1M HCl) containing
sodium dodecyl sulfate (SDS; 0.4wt%, Merck) as surfactant. The
emulsification was carried out on ice using 60% amplitude of
the ultrasonic homogenizer (13mm diameter transducer,
Branson) for a total of 3min with 30 s intervals and 10 s pauses
between intervals. The initiation of the anionic polymerization
was carried out by adding a solution of polyetheramine
(JEFFAMINE® M-1000, 2wt% at pH 6, kind gift from Huntsman
Corporation) to the emulsion, resulting in PEGylated NPs. For
non-PEGylated particles NaOH was used as initiator. Excess PEG
and SDS were removed by dialysis against distilled water (six
dialysate changes) using dialysis membranes of regenerated
cellulose with molecular weight cut off at 12–14 000Da.

Air MBs were stabilized by self-assembly of the NPs at the
air–water interface. For this, bovine serum albumin (BSA, Sigma),
pH7.5, was added to a NP suspension to a final concentration of
1wt% of BSA and 1wt% of NPs. The solution was vigorously stirred
using an ULTRA-TURRAX® (IKA Werke) for 2min at 20 500 rpm,
resulting in stable MBs, as shown in Fig. 2. The averageMB diameter
could be controlled by varying the stirring speed (8000–24000 rpm).

2.2. Synthesis of Fe@Fe3O4 (core@shell) particles

Fe@Fe3O4 (core@shell) particles (5 or 12 nm) were incorporated
into the polymer matrix, allowing detection by MRI. A detailed
description of the magnetic nanoparticle synthesis has been
reported previously (22). In brief, a solution of octadecene
containing didodecyldimethylammonium bromide was heated
to 120 °C, and after degassing the temperature was raised to
180 °C, and iron pentacarbonyl (Fe(CO)5, Sigma Aldrich) was
injected. The color of the solution slowly turns black, indicating
the formation of nuclei. For encapsulation of magnetic nanopar-
ticles, dried magnetic particles were added to the monomer

Figure 1. Schematic presentation of ultrasound-mediated delivery of the novel multifunctional and multimodal NP–MB platform. The generic technology
platform opens up possibilities of incorporating ligands, drugs and imaging agents to meet the requirements of different applications.
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solution at a concentration of ~7mgmL�1 and dispersed in an
ultrasonic bath for 3 h prior to emulsification. Energy dispersive
X-ray spectroscopy (EDX) was performed to determine the
presence of iron nanoparticles inside polymeric nanoparticles
on a Hitachi S-5500 electron microscope operating at voltage
30 kV and current 20μA.

The iron content in the particles was measured by inductively
coupled plasma mass spectrometry (high-resolution ICP-MS,
Element 2, Thermo Scientific). Samples were diluted 500-fold
with deionized water and nitric acid added to 0.1M.

Relaxivities were measured at room temperature on a 7 T
Bruker scanner (BioSpec 70/20 AS, ParaVision 5.1, Bruker BioSpin
MRI). Five sample dilution series (Fe concentration range
0.23–0.014mM) were placed in a sample holder and T1 and T2
were measured with a so called rapid acquisition with relaxation
enhancement (RARE) sequence (T1 mapping, echo time (TE) of
10.7ms, repetition time (TR) of 30, 50, 100, 200, 400, 800, 1500,
3000, 6000, 10 000, 15 000ms, RARE factor of 2, FOV of 55 ×
38mm, matrix size (MTX) of 192 × 192, one slice of 2mm, one
average; T2 mapping, TE of either 10, 20, 30, 40, 50, 60, 70, 80,
or 20, 40, 60, 80, 100, 120, 140, 160ms, TR of 15 000ms, FOV of
55 × 38mm, MTX of 76 × 84, one slice of 2mm, one average).
The obtained maps were analyzed with in-house built software
in MATLAB. The relaxivity was obtained by plotting 1/T1 and
1/T2 as functions of Fe concentration. The slope of this plot
represents the relaxivity with unit mM�1 s�1.

2.3. Characterization of NPs and MBs

The hydrodynamic diameter of the NPs and their ζ -potential
were determined by dynamic light scattering and laser Doppler
velocimetry using a Zetasizer (Malvern, Nano ZS). The particle
size and concentration were also determined using nanoparticle
tracking analysis (NanoSight LM10-HS) and tunable resistive
pulse sensing (qNano, Izon). qNano is a relatively novel system
measuring the hydrodynamic size of each single particle passing
through a pore. As the particle passes the pore the resistance of
the electric circuit temporarily increases relative to the volume of
the particle. For the qNano measurements, Nanopore NP150 and
Nanopore NP1000 were used for detection of single NPs and NP
aggregates, respectively. Particle morphology was determined
by scanning transmission electron microscopy (STEM, Hitachi
S-5500) by drying a diluted NP solution directly on a STEM stub
followed by coating with 5 nm Au using a sputter coater. MBs
imaged by STEM were embedded in poly(hydroxyethyl methac-
rylate) and microtomed prior to imaging.

The size distribution and concentration of MBs were deter-
mined using both a Coulter counter (Beckman Multisizer 3) and
optical microscopy. The MBs were imaged using a bright field

microscope with a 20×/0.25 objective, and after background
subtraction the number of bubbles was counted and diameter
determined using ImageJ’s built-in Analyze Particles tool.
The fluorescently labeled NPs surrounding the MB were

imaged by confocal laser scanning microscopy (CLSM) (LSM510,
Zeiss), using a 40×/1.2 objective, and the incorporated dye Nile
red was excited by a 488 nm laser. To improve the resolution to
identify individual NPs, the particles were also imaged using a
structural illumination microscope (super-resolution microscopy,
SIM, Zeiss ELYRA PS) with a 63×/1.4 oil objective. The calibrated
system gave a lateral (xy) resolution of about 100 nm.

2.4. Confirmation of PEGylation

PEGylation of particles was confirmed by 1H-nuclear magnetic
resonance (NMR) using a Bruker Avance DPX 400MHz with
autosampler. Prior to NMR, the dialyzed NPs were washed with
distilled water and centrifuged three times before drying at
50 °C overnight. The samples were dissolved in acetone-D6 and
scanned for 32 scans. The spectra were processed in MestReNova
8.1 (Mestrelab Research) and the solvent residual peak at
2.05 ppmwas used as reference. PEGylation was verified by locat-
ing the characteristic protons from PEG at 3.6 ppm. In order to
calculate the concentration of PEG, the characteristic PEG peaks
at 3.6 ppm and methylene group peaks of PBCA at 1.75 ppm
and the peak of a triplet from MIGLYOL®810N at 2.33 ppm were
integrated. From the integrals, the number of protons corre-
sponding to each integral, the dry weight of the material and
the size and concentration of NPs, it was possible to calculate
PEG nm�2, assuming that all PEG molecules were situated at
the interface. The effect of dialysis on the removal of excess
PEG was also studied by measuring the total amount of PEG in
the particle suspension prior to each dialysis step.

2.5. PBCA–protein interactions

Interaction between NPs and protein at pH5.0 and pH7.5 (at room
temperature) was investigated using the Langmuir monolayer
technique (KSV Langmuir Minitrough from KSV Instruments). A
buffered NP solution was injected into a protein-containing
sub-phase using the same NP and protein concentrations as for
MB preparations, and the change in surface pressure was
monitored over two steps. In the first step, the barriers were kept
in constant position, and the change in surface pressure from
interaction between the protein film and the injected NPs was
measured over a period of 60min. In the second step, the protein
and protein–NP film were compressed at a constant rate of
5mmmin�1 in order to probe the film characteristics and strength
via the ’injected’ protocol (23,24).

Figure 2. The principle of interfacial assembly of PBCA NPs at the MB surface. The desired hydrophobicity–hydrophilicity balance is obtained by
mixing particles and proteins at pH 7.5.
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2.6. Ultrasound imaging

Experimental procedures with animals were conducted in
compliance with protocols approved by the Norwegian National
Animal Research Authorities. Four female New Zealand White
rabbits (Hsdlf:NZW, Harlan Laboratories, 10weeks of age) were
sedated with a solution of fentanyl 0.2mgml�1 and fluanisone
10mgml�1 (Hypnorm®, VetaPharma) at a dosage of 0.3ml kg�1.
A 25G Venflon was inserted into the lateral ear vein, and anes-
thesia was induced by intravenous administration of midazolam
5mgml�1 (Midazolam B. Braun) at a dosage of 2mg kg�1. The
hair on the ventral and lateral aspects of the rabbits’ abdomens
was removed using an electrical clipper. Bolus injections of
various MB batches made with different stirring speeds and
protein concentrations were given through the ear vein. Injec-
tion volumes varied from 0.05ml to 1ml, and number of bubbles
per injection varied from 5 × 106 MBs to 3.6 × 108 MBs. All MBs
were made at pH from 7.3 to 7.5, and with 1% (w/v) NPs. BSA con-
centration varied between 0.5 and 1% (w/v), and stirring speeds of
8000 rpm and 20 500 rpm were used. Ultrasound images were
recorded using a GE Vivid E9 ultrasound scanner and a 9 L linear
transducer (GE Vingmed Ultrasound). The images in contrast mode
were obtained using a standard pulse inversion technique, trans-
mitting at 3.6MHz and receiving at 7.2MHz using an mechanical
index (MI) of 0.1–0.15 in the focal zone. When the ultrasound imag-
ing was completed, the rabbits were euthanized by an intravenous
administration of 5ml of pentobarbital 100mgml�1.

3. RESULTS

3.1. PEGylated PBCA NPs

Stable (i.e. non-aggregating) PEGylated PBCA nanoparticles
(z-average 100–250 nm) were produced in one step using
miniemulsion polymerization (Fig. 3 and Table 1). The nucleo-
philic amino group of the polyetheramine acts as initiator of the
anionic polymerization of the BCAmonomers and simultaneously
grafts the PEG to the PBCA (25). The ingredients in the dispersed
phase were mixed before the emulsification, resulting in an emul-
sion with an identical composition of encapsulated compounds
and monomer in each droplet. The size distribution followed a
Gaussian distribution with a polydispersity index (PDI) less than
0.2. The hydrophobic dye Nile red and Fe@Fe3O4 NPs were
successfully encapsulated, allowing for optical and MR imaging

of the particles (Fig. 4; see also Fig. 6 later). No magnetic particles
were found outside PBCA NPs. Empty PBCA NPs could easily be
separated from Fe@Fe3O4-containing NPs by magnet.

The T2 relaxivity of the obtained Fe@Fe3O4-containing NPs
was 318mM�1 s�1 (Fig. 4(c)), which is high and comparable to
relaxivities reported in the literature for similar systems (26,27).
This makes the NPs potentially well suited for use in T2*-
weighted MRI applications. The T1 relaxivity was very low
(1.6mM�1 s�1), which is also in line with values reported in the
literature (26,28). Low T1 relaxivity can be explained by the fact
that bulk water has no access to the iron oxides residing in the
hydrophobic NP core.

The concentration of PBCA NPs, measured as the dry weight,
ranged between 3 and 14wt%, corresponding to approximately
1012–1014 NPs ml�1 in the final dialyzed particle suspension. The
particle concentration was also measured directly using
NanoSight and qNano, with the same results as above. The zeta
potential decreased from �35mV for non-PEGylated NPs to
�15mV for PEGylated NPs (Table 1).

PEGylation of the PBCA particles was confirmed by 1H-NMR
and the reduction in zeta potential (Fig. 5 and Table 1). The
1H-NMR spectra revealed a characteristic PEG peak at 3.6 ppm
for the PEGylated NPs. No such peak was seen in the spectrum
for non-PEGylated NPs.

Excess PEG was removed by dialysis, and the particles were
analyzed with 1H-NMR after each step. The analysis revealed that
most of the unbound PEG was removed during the first three
dialysate exchanges, and after six dialysate exchanges only very
low concentrations of free PEG were detected (data not shown).
The bound PEG density was calculated after six dialysate
exchanges and was found to be approximately 1 PEG per
11 nm2, or about 6500 PEG chains per particle.

Figure 3. (a) STEM image of PEGylated PBCA NPs prepared in one step using the miniemulsion polymerization method. (b) Hydrodynamic diameter
distribution of PEGylated PBCA particles measured by dynamic light scattering (Zetasizer).

Table 1. Examples of PBCA NPs prepared by miniemulsion
polymerization with and without PEG

NP diameter [nm] PDI ζ -potential
[mV]a

PEG chains/
[nm2] b

153 0.1 �15 0.088
190 0.1 �35 0
aMeasured in 10mM phosphate buffer, pH 7.
bMeasured by 1H-NMR on dialyzed and washed particles.
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3.2. NP-stabilized MBs

In the presence of BSA, PBCA NPs were able to stabilize gas-
filled MBs. The particles self-assembled at the MB surface under
vigorous mechanical stirring, producing NP-stabilized MBs.
Moreover, MBs were remarkably stable, as shown in the light
microscope images obtained immediately and 8months after for-
mation (Fig. 6(a), (b)). CLSM of the MBs (Fig. 6(c)) demonstrated
that the NPs formed a shell around the MBs. In order to see the in-
dividual NPs on the MB surface, the MBs were also imaged using
SIM, which provides a spatial resolution of 100nm (Fig. 6(d)). STEM
further revealed an outer layer of thickness corresponding to the
diameter of one NP (Fig. 6(e)). Individual NPs could not be seen
in this outer layer in the STEM images as they had melted into
the embedding material. Using a mean diameter of 150 nm and

3μm for NPs and MBs respectively, it was estimated that a single
MB was covered with 1300–1500 NPs.
To investigate whether the MBs were decomposing and

reforming over time, MBs were stabilized by non-fluorescent NPs
before fluorescent NPs were added to the solution. CLSM imaging
24h post-incubation with fluorescent NPs showed no fluorescence
on the MB surface, indicating that the initially formed MBs were
thermodynamically stable in solution (data not shown).
The shape of the MBs was rather heterogeneous (Figs 6 and 7).

The size distribution of the MBs determined by light microscopy
and image analysis showed that the diameter of MBs ranged from
1 to 6μm (Fig. 7), with an average diameter of approximately 3μm.
Loaded NP–MBs (with iron oxide NPs or hydrophobic dye) were
successfully produced within the same size and concentration
range as compared with empty NP–MBs (Fig. 7(b)). The buckled

Figure 4. (a), (b) Bright-field TEM (a) and EDX area mapping (b) of PBCA NPs showing encapsulated Fe@Fe3O4 NPs (black and red spots in (a) and (b),
respectively). (c) Relaxivity measurements of Fe@Fe3O4-containing PBCA NPs.

Figure 5. 1H-NMR spectra for PBCA NPs without and with PEG.
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and non-spherical shape indicated a solid-like behavior of the
MB shell.
For the MBs both the shell and size are critical factors for the

acoustic properties. Thus the influence of varying different
parameters during the production with respect to MB size and
number was investigated (Fig. 8(a)–(c)). MB formation was vastly
affected by the solution pH. Below pH6 MBs could not be
formed, whereas above pH 6 both MB size and number
increased with increasing pH (Fig. 8(a)). Stable MBs could not
be formed with either NPs or BSA alone; both components
needed to be present. The optimum BSA concentration was
found to be 1.0% (w/v); increasing the protein concentration
further did not change the number of MBs (Fig. 8(b)). Moreover,
the BSA concentration did not have any significant impact on
the MB size. The size of the MBs could be controlled by the
stirring speed of the ULTRA-TURRAX® (Fig. 8(c)). Increasing the
stirring speed resulted in smaller bubbles and a higher concen-
tration of MBs. Thus it is possible to tailor the size distribution
of the MBs to desirable acoustic properties.
In order to further investigate how the solution pH affects the

film-forming ability of protein and NPs and thus the ability to

form stable bubbles, the Langmuir monolayer technique was
used to study the film properties of BSA in the presence and
absence of PBCA NPs (Fig. 9). Injecting BSA with PBCA NPs at
pH 7.5 resulted in the strongest film-forming properties
compared with any other combination investigated here. This
means that stabilization of NPs with BSA is pH dependent, and
that the most stable suspension is at physiological pH.

3.3. Ultrasound imaging of MBs in rabbits

Bolus injections of MBs were administered intravenously in
rabbits, and images were recorded with the ultrasound
transducer in a fixed position. The MB batches tested resulted
in clear contrast enhancement in vessels and well-perfused or-
gans such as kidney and liver. Ultrasound images showing the
liver and gallbladder during an injection of 3.6 × 108 MBs are
given in Fig. 10. As the MBs entered the arterial phase of the
blood circulation the signal intensity in the ultrasound image in
contrast mode increased. After only a few seconds the main
arteries became bright due to backscattered signal from circulat-
ing bubbles (Fig. 10(c)) and after 17 s MBs contributed to high

Figure 6. (a), (b) NP-stabilized MBs (1–6 μm) immediately (a) and 8months (b) after preparation (stored in solution at 4 °C). (c) CLSM image of MBs
demonstrating that the fluorescently labeled NPs form a shell around the MBs. (a)–(c) are taken with the same magnification. (d) NP-stabilized MBs im-
aged by SIM (scale bar 1 μm) demonstrated that Nile red-labeled NPs formed a layer of NPs around the MBs. (e), (f) In STEM images of MBs (e) individual
NPs were not seen as they had melted into the embedding material, but were confirmed to be fluorescently labeled particles by CLSM imaging of the
microtomed samples (f). The MB size in (f) is approximately 3 μm.
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signals in both the arteries and the liver tissue (Fig. 10(d)). The
gallbladder is however not perfused, and appeared dark
throughout the imaging period.

Three regions of interest (ROIs) (diameter 1mm) were selected
in the image recorded during the administration of MBs (Fig. 10
(b)–(d)) and the signal intensity displayed as a function of time
(Fig. 10(e)). The MBs first entered the artery (red line). The signal
intensity increased by 20 dB between t = 4 s and t = 9 s, whereas
the signal from the liver tissue (green line) increased gradually by
7–8 dB. The gall bladder had very low signal intensity throughout
the scanning period (blue line). Breathing motion changed the
ROI position within the imaged organ and caused fluctuations
in the intensity curve presented in Fig. 10(e).

The animals were given several doses of MBs, and bubbles
were detected even when the number of MBs was 70 times
lower than in the given example. The intensity of the
backscattered signal was however lower. No apparent adverse
effects were observed in the animals. The ultrasound images in
Fig. 10(b)–(d) were recorded at low pressures using an MI of
0.1. When the transmit pressures were increased, resulting in
an MI of 0.25 or higher, the bubbles were destroyed and a strong
backscattered burst was recorded. Ultrasound imaging of NP–MBs
and the commercially available contrast agent SonoVue (Bracco
Imaging) in tissue mimicking flow phantoms have shown that the
pressure levels needed for bubble disruption are very similar. At a
transmit frequency of 3.6 MHz bubbles burst at an MI of 0.2–0.25.

To confirm that single NPs and not aggregates were released
as a result of bubble destruction, qNano was used to measure
the number of aggregates in the MB solution before and after
sonication at an MI high enough for bubble destruction. The

number of aggregates (size 600–1500μm) did not change
significantly, indicating that single NPs were released.
To see whether NPs could be destroyed by ultrasound, the

NPs were exposed to high ultrasound power (MI up to 2.8 at
300 kHz). As expected due to the rigid structure of the polymeric
particles, ultrasound did not affect the morphology of the NPs
(data not shown).

4. DISCUSSION

4.1. PBCA NPs

Miniemulsion polymerization is a process that allows preparation
of PEG-coated polymeric NPs by a one-step synthesis. Further,
using PEG molecules with nucleophilic groups as the initiator

Figure 7. Representative histograms showing MB mean size distribution
measured by light microscopy and image analysis of MBs stabilized by
empty (a) and Fe@Fe3O4-loaded (b) NPs.

Figure 8. MeanMB concentration andmeanMB diameter as a function of
(a) pH, (b) albumin concentration and (c) stirring speed during preparation.
Standard settings were NP concentration 1% (w/v), BSA concentration 1%
(w/v), stirring speed 20 500 rpm and pH 7.5. The error bars represent stan-
dard deviation of mean MB size and distribution from three MB batches.
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for the anionic polymerization of butyl cyanoacrylate monomers
results in chemical bonding of PEG to PBCA polymer chains,
which assures tightly bound PEG at the particle surface (25).
The negative surface charge on the PBCA particles likely ema-

nates from partial hydroxylation of the ester groups of the PBCA
chains, resulting in the formation of carboxylic acid groups. In addi-
tion, it cannot be ruled out that some negatively charged SDS is still
associated with the particle surface even after extensive dialysis.

1H-NMR showed that particles were PEGylated, but with a
quite low surface coverage. During particle synthesis (polymeri-
zation), the stabilizer (SDS) is probably closely associated with
the surface of the nanosized monomer emulsion droplets, lead-
ing to steric hindrance between the initiator (polyetheramine/
PEG) and the droplet surface, thus limiting the overall PEGylation
of the particles. Nevertheless, it was found that PEGylated
particles had lower charge density compared with non-PEGylated
NPs, indicating that PEG is shielding negative charges on the
particle surface.

4.2. NP-stabilized MBs

Solid particles with intermediate hydrophobicity can adsorb strongly
at the interface between immiscible fluids such as oil–water,
enabling the formation of so-called Pickering emulsions (29),

i.e. emulsions stabilized by solid particles of nano- or micrometer
size. In the same manner, solid particles can be used to stabilize
air–water interfaces. However, few materials inherently possess
the sufficient balance of hydrophobicity and hydrophilicity
essential for particle-stabilizing action. Only a scarce amount of
literature exists on the topic of combining NP-stabilized MBs
and drug delivery, likely due to the challenges associated with
finding the right hydrophobic–hydrophilic balance (30). We have
shown that PEGylated NPs of PBCA can be used to stabilize the
air–water interface by self-assembly at the MB surface, resulting
in very stable MBs.

The formation of NP-stabilized MBs in the present study
required the addition of surface-active molecules – the protein
BSA – and turbulent mixing. Particle adsorption alone is likely
inhibited by a pronounced energy barrier due to electrostatic
repulsion between particles, keeping them dispersed in the
water phase. Alternatively, the stabilized particles are too
hydrophilic, leading to preferential partitioning into the aqueous
phase. This energy barrier can be overcome by applying high
energy forces such as turbulent mixing and using a combination
of particles and proteins giving an appropriate contact angle at
the air–water surface (close to 90°) (31). Once particles are
adsorbed at the interface of an air bubble, it is almost impossible
to force them out of the interface, indicating a network forma-
tion at the interface. This was confirmed by adding fluorescent
particles to an MB solution made of non-fluorescent particles,
showing no exchange of NPs after bubble formation.

BSA is known to be a good surfactant, and the ability of
albumin to stabilize air bubbles has previously been attributed
to protein dimerization and hydrophobic interactions forming a
thin protein film at the air–liquid interface (32). However, these
bubbles have a very short lifetime and will dissolve spontane-
ously when infused intravenously. Here, we hypothesize that
the PBCA NPs act as a branching unit, forming a network of
higher-order protein multimers at the air–water interface. A shell
of solid NPs around the MBs will eliminate the air–liquid surface
tension and reduce the driving force of air out of the MBs.

The strong pH dependence on the formation of stable MBs is
supported by the protein–NP interactions as studied using the
Langmuir monolayer technique (Fig. 9). At pH 7.5, the interaction
between PBCA NPs and BSA was significantly stronger and
occurred much faster than at pH 5.0. Moreover, the BSA–PBCA
NP film formed at the air–water surface at pH 7.5 was much
stronger/more solid-like than found at pH 5, indicating that the
PBCA NPs contribute more to the film properties at neutral pH.
Considering that the pH conditions used here are approximately
at (pH 5.0) and above (pH 7.5) the isoelectric point of BSA (pI ~
4.8–5.0), with the interaction increasing with increasing protein
charge, it is reasonable to assume that the interaction between
BSA and PBCA NPs is largely electrostatic in nature. Adsorption
of proteins onto negatively charged NPs above the isoelectric
point of the protein has been well documented (33,34). Close
to the pI the electrostatic interaction is weak, and the protein will
likely be randomly oriented at the NP surface, whereas at pH 7.5
protein orientation is dictated by charge density matching
between oppositely charged domains. BSA does not undergo
any significant conformational changes in the pH range from
pH 4 to pH 8 (35), which reinforces the hypothesis of the initial
interaction between PBCA NPs and BSA being predominantly
electrostatic in nature (36).

By exchanging BSA with human serum albumin and other
proteins such as casein, stable NP–MBs could still be produced,
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Figure 9. (a) Surface pressure–trough area compression isotherms of
BSA and BSA + PBCA NPs at pH 5.0 and pH 7.5. (b) Change in surface
pressure as a function of time upon injecting PBCA NPs underneath a
BSA film at pH 5.0 and pH 7.5.
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although the concentration of protein had to be adjusted some-
what. NP–MBs stabilized by other proteins are currently being
studied more extensively by our group.

The somewhat buckled and non-spherical MB shape sug-
gests a solid-like shell behavior since equilibrium non-spherical
shapes of ordinary bubbles are prohibited (37). Such behavior
has recently been proposed to arise from the packing of
adsorbed particles on the bubble interface. As the bubble area
decreases (due to partly diffusion of air from the bubbles into
the surrounding solution), excess particles cannot be released
as they are irreversibly adsorbed, causing a wrinkled surface
(37–39).

4.3. Ultrasound imaging of NP-stabilized MBs

Contrast-enhanced ultrasound imaging of the novel MBs in
rabbits showed that they can be imaged by standard contrast
agent imaging techniques implemented on clinical scanners,
demonstrating that they are clinically interesting as ultrasound
contrast agents. The MBs were injected intravenously, passed
the lungs and entered the arterial side of the circulation system.
As they circulated in well-perfused organs such as liver and
kidney, the MBs provided a backscatter signal that was compara-
ble to commercially available MBs such as SonoVue, and the NP–
MBs could be destroyed with an MI in the range of 0.2–0.25 at

Figure 10. (a)–(d) Ultrasound images of a rabbit liver and gall bladder. (a) Ultrasound B-mode image showing the liver (grey area), the gall
bladder (dark area indicated with blue arrow), some major blood vessels (also dark, marked with red arrow) and the diaphragm (bright line
at the bottom of the image). (b)–(d) Images recorded in contrast mode during an injection of NP-stabilized MBs. Before the MBs entered
the arterial circulation, most of the liver was dark (b). After a few seconds the main arteries became bright (c) and after 17 s MBs were con-
tributing to high signal both in the arteries and the liver (d). (e) Signal intensity from circular regions of interest (ROIs) with diameter 1 mm
in the gallbladder (blue), liver tissue (green) and large artery (red). The ROIs are displayed in (b)–(d). The bolus injection of the example shown
was 3.6 × 108 MBs with a mean diameter of 3.1 μm.
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3.6MHz. In small vessels, even single bubbles were detected.
Multiple boluses of MBs could be injected without any acute
adverse effects. However, since the rabbits were euthanized a few
hours after injection of MBs, conclusions regarding long-term
effects and toxicity cannot be drawn.
In vivo, MB circulation time can vary considerably. Hence,

these MBs must be tested more thoroughly and systematically
with regard to circulation time, and compared with commercially
available MBs. This is being done in a follow-up study. MBs
containing more hydrophobic gases such as perfluorocarbons
are currently being explored in our laboratory in order to
increase circulation time.

4.4. Clinical application of the NP–MBs

PBCA NPs have previously been used to stabilize air MBs to be
used as an ultrasound contrast agent (40). However, to the best
of our knowledge, a single NP–MB formulation incorporating
multiple functionalities such as described here has not been
reported previously by other groups. The unique feature of this
NP–MB platform is the possibility for incorporating high pay-
loads of drugs or other therapeutic agents as well as contrast
agents for imaging. Using NPs to form the shell surrounding
the MB might allow a higher payload of drugs compared with
incorporating the drug into a solid polymeric shell layer as
reported by others (41). In addition, since a surplus of NPs is used
during MB production, free drug-loaded PEGylated NPs will be
injected together with the NP–MBs, thus allowing for a high
concentration of injected drug.
Integrating NPs and MBs into one single unit is found to be

much more efficient in ultrasound-enhanced tumor uptake as
compared with co-injection of NPs and MBs (17). This is probably
caused by a higher concentration of NPs locally in the region of
sonication where the MBs are destroyed. On the other hand,
when NPs and MBs are co-injected intravenously the NPs are
diluted in the bloodstream.
In accordance with this, we have recently demonstrated that

focused ultrasound improved the distribution of our NPs in
prostate xenografts growing in athymic mice (3), and the
improved distribution of NPs was due to both enhanced
extravasation across the capillary wall and improved penetration
through the extracellular matrix.
The novel NP–MBs also provide possibilities for image-guided

delivery of NPs using both contrast-enhanced ultrasound
imaging and MRI (13,42), and the use of MRI to trace the NPs
in various tissues. In addition, the NPs can be further targeted
to specific biomarkers, allowing for active targeting and hence
higher NP/drug accumulation at the disease site. Targeted MBs
are currently being studied in our laboratories.

5. CONCLUSIONS

A combined nano/micro-imaging and drug delivery system was
produced in a single formulation without the need of organic
solvents. The PEG covalently attached on the particle surface
allows for good colloidal stability and possibly increased blood
circulation time. We have shown that this novel technology
platform could potentially be used for simultaneous diagnostics
and enhanced therapeutic effect. The flexibility of the system
allows for tailoring to meet the requirements for imaging and
treatment of various diseases including cancer, inflammation,
CNS and cardiovascular diseases. The method is simple, cheap

and easily scaled up, and should hence have potential for future
theranostic applications.
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