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Encapsulated gas microbubbles are well known as ultrasound contrast agents (UCAs) for medical ul-
trasound (US) imaging. With the development of shell materials and preparation technologies, the ap-
plication of microbubbles has been enormously popular in molecular imaging, drug delivery and tar-
geted therapy, etc. The objective of this study is to develop Fe;O0, nanoparticle-inclusion microbubble
construct. The in vitro US imaging experiment indicates that the Fe;O, nanoparticle-inclusion micro-
bubbles have higher US enhancement than those without Fe;O0, nanoparticle-inclusion. According to
the microbubble dynamic theory, the acoustic scattering properties can be quantified by scattering
cross-section of the shell. The scattering study on Fe;0, nanoparticle-inclusion microbubbles of dif-
ferent concentration shows that within a certain range of concentration, the scattering cross-section of
microbubble increases with the addition of Fe;O, nanoparticles. When exceeding the concentration
range, the ultrasonic characteristic of microbubbles is damped. On the other hand, since Fe;O,
nanoparticles can also serve as the Magnetic Resonance Imaging (MRI) contrast agent, they can be
potentially used as contrast agents for the double-modality (MRI and US) clinical studies. However, it is
important to control the concentration of Fe;0, nanoparticles in the shell in order to realize the com-
bined functions of US and MRI.
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Medical ultrasound is now a well-established technique
for clinical diagnostics and will continue to play an im-
portant role in the foreseeable future. It is a noninvasive,
real-time, portable, extremely safe method compared
with X-ray and inexpensive relative to MRI!M. However,
ultrasound images do not have very sharp contrast and
sometimes the area being imaged is buried and shad-
owed by tissues. This problem can be resolved in part by
using ultrasound contrast agents (UCAs). UCAs are
used to enhance the backscattered signal, and to improve
resolution'”’. Microbubbles, commonly used as UCAs
with the diameter of 1—10 pum, are prepared by several
techniques, such as sonication, freeze drying, coaxial
electrohydrodynamic atomization, high shear emulsifi-
cation, and ink jet printing, etc.’). Under acoustic radia-

tion, the scattered signal from the microbubble UCAs is
much larger than that from the tissue!*. The potential
applications of microbubbles for imaging include tissue
perfusion, inflammation, tumors, and in any tissue ac-
cessible to ultrasound interrogation, including liver,
kidney, breast, spleen, and others” ). New objectives
include agents that target specific cells for molecular
imaging™® "%, and drug and gene delivery!"' .

In general, a shell encapsulating the gas bubble is es-
sential for the longevity of the microbubble. The shell
may be composed of surfactant!*!, protein''®’, lipid!'®!”
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or polymer materials!"™'”. The novel UCAs is also
emerging, such as micro- or nano-emulsion, silicon ox-
ide nanoparticles™, gold nanoparticles®!), and other
nanoparticles™*!. Nowadays, the wide variety of both
synthetic and natural polymers-based products has en-
couraged their use with biotechnological applications to
drug delivery systems, tissue engineering, regeneration
medicine, and more recently, to imaging. Polymer shell-
based microbubbles have many advantages. They are
more stable under ultrasonic waves than monomolecular
layers of proteins, lipids, or surfactants because they
have better mechanical strength. The elasticity of the
shells can be controlled by adjusting the chemical com-
position and the molecular weight of the polymer**.
Also, the shell provides a good surface for conjugating
with target-specific ligands and for the drug loaded.
When combined with specific targeted imaging and drug
delivery, polymer shell-based agents can realize the
functions of diagnosis, therapy, etc®’\.

Among all medical imaging modalities, no single
modality is perfect and sufficient to obtain all the neces-
sary information. For example, MRI has high resolution
yet it suffers from low sensitivity. Radionuclide- based
imaging techniques have very high sensitivity but they
have relatively poor resolution. Although microbubbles
can improve the accuracy and confidence of disease di-
agnosis by providing higher quality images and can play
a decisive role in clinical decision making, ultrasound
has some disadvantages such as relatively limited sensi-
tivity. Therefore the combination of US and other imag-
ing modalities can offer synergistic advantages over any
modality alone!**?7.

In this study, the Fe;O4 nanoparticles were encapsu-
lated in the shell of microbubbles, which can be used as
potential US and MRI double imaging modality contrast
agents. By optimizing the concentration of Fe;04
nanoparticles in the shell, the multimodality contrast
agents combining the advantages of the US and MR
imaging can be applied clinically. Thus adequate and
comprehensive imaging information can be obtained by
using one multifunctional contrast agent.

1 Materials and methods
1.1 Preparation of microbubbles

Poly (D, L-lactide) (10000 W), PLA, was purchased
from Shandong Key Laboratory of Medical Polymer
Materials. Poly (vinyl alcohol) (PVA), 89mol% hydro-

lyzed with a MW of 25000 was from Alfa Aesar®.
Fe;04 nanoparticles with mean diameter of 12 nm were
prepared by Chen Zhongping etc™. Other agents were
of the analytical grade.

PLA (0.5 g) was dissolved in 10 mL of methylene
chloride. To generate the first W/O emulsion, 1.0 mL of
de-ionized water was added to the polymer solution and
probe sonicated at 200 W while constant purging using a
steady (4 mL/min) stream of N, gas for 2 min. The W/O
emulsion was then poured into a 5% PVA solution and
homogenized for 2 h at 3000 r-min~' by mechanical
stirring. The microbubbles were then collected by cen-
trifugation (at 15°C for 5 min at 1500 r-min™"), washed
three times with de-ionized water, and collected the
samples.

1.2 Characterization of microbubbles

The mean diameter size and size distribution of the mi-
crobubbles were analyzed using a Laser Diffraction Par-
ticle Size Analyzer (Mastersizer 2000, England). Milli-Q
pure water was used as the blank solution, and the sam-
ple was added until an appropriate concentration was
indicated. Each sample was tested in triplicate.

Samples in solution were placed between glass slides
and observed with an Axioskop 40 microscope equipped
with a Coolsnap MP3.3 camera (Carl Zeiss, Germany).

In order to verify whether or not the nanoparticles
were encapsulated into the shell, their morphology and
structure were determined by transmission electron mi-
croscopy (TEM). The concentration of Fe;O4 nanoparti-
cles embedded in the shell of microbubbles was deter-
mined by an AA240FS Atomic Absorption Spectrometer
(Hitachi, Japan).

1.3 In vitro US imaging of microbubbles

In vitro ultrasound imaging experiment was performed
by exposing a sample by the self-made acoustic setup.
An anechoic water tank, 12 cm long, 6 cm wide, 6.5 cm
deep, was used and 2 cm thick sponge layer was placed
to the bottom as the acoustic absorber. The solution was
contained in a silica gel tube (diameter ¢4x6 mm) and
then the tube was sealed and fixed in the water tank 4
cm from the bottom of the tank. Each tube was filled
with either de-ionized water, or Fe;O4-inclusion micro-
bubbles, or microbubbles without Fe;O4 nanoparticles.
There should be no air in the tube. The B-mode ultra-
sound image of the sample was acquired using a 3.5
MHz centre frequency transducer of the ultrasonic im-
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aging system provided by Belson Imaging Technology
Co., Ltd. (Wuxi, China), and stored on the internal hard
drive for off-line processing. All the samples were
scanned using the above method and the settings of sys-
tem were kept unchanged during the scan of all the sam-
ples (dynamic range 0—70 dB, edge enhancement 4 and
receiver gain 50 dB). To quantitatively measure image
brightness, a mean grey scale was calculated as the av-
erage of the grey scale levels of all pixels within a re-
gion of interest (ROI) by using a MatLab computer pro-
gram.

Computer
imaging
system

Sample

i Sponge

Figure 1 The schematic diagram of in vitro US imaging.

1.4 Microbubble dynamic experiment in the ultra-
sound field

The dynamics behavior of microbubble is the basis for
the explanation, understanding and prediction of the
contrast efficiency. According to the microbubble dy-
namic theory, the scattering can be quantified by scat-
tering cross-section, which is relative to the excitation
frequency, the size of the bubble and the viscoelastic
properties of the shell®”). The Fe;0, nanoparticle em-
bedded shell is a new structure which may bring the mi-
crobubble new scattering property. In order to study the
relationship between the concentration of the nanoparti-
cles and the scattering cross-section, the Hoff model™"
is used to calculate the scattering cross-sections of the
samples with different concentration of Fe;O4 nanopar-
ticle inclusion.

Based on the acoustic attenuation measurement, the
elasticity parameter G, and viscosity parameter i of the
shell were estimated by using an optimization method.
Then with the estimated parameter values, the scattering
cross-section of each sample was calculated given the
excitation frequency as 3.5 MHz and the microbubble

radius as 2 um.
1.5 In vitro MRI experiment

The de-ionized water and different Fe;04 nanoparticle-
inclusion microbubbles were put into the 1 mL Eppen-
dorf tubes. MRI of these tubes was performed with a
clinical 1.5T MR imager (Eclipse, Philips Medical Sys-
tems, the Netherlands) by using a 12.7 ¢cm long receive-
only surface coil. The MRI sequence was a T, (spin-spin
interaction time constant)-weighted fast spin-echo
(4000/108; echo train length, 16) sequence. Images were
obtained with a matrix size of 254x254, section thick-
ness of 2 mm and field of view of 12 cmx12 cm. Three
measurements were acquired for each sample separately.
The transverse relaxation rate (R,) as a function of the
Fe;O4 nanoparticle concentration was then calculated
based on the measured 7, data.

2 Results and discussion
2.1 Characterization of microbubbles

The average mean diameter size (each sample for tripli-
cate) was found to be about 3.98 um with polydispersity
index (PI) of 1.13 and the experimental microbubble
concentration was diluted at 5—6x10° microbubbles/mL.
The measured encapsulated Fe;O4 nanoparticle concen-
tration in the shell were 0, 47.80, 86.47, 124.99, 191.46
pg/mL respectively.

The morphology was observed under the light mi-
croscopy (Figure 2). The microbubbles are spherical.
There are no significant difference between Fe;0y4
nanoparticle-inclusion microbubbles and microbubbles
without Fe;O,4 nanoparticles.
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Figure 2 Microscopic images of microbubbles. (a) Microbubbles
without Fe;O4 nanoparticles; (b) Fe;O4 nanoparticle-inclusion (47.80
ug/mL) microbubbles.

The TEM morphology of microbubbles is shown in
Figure 3. The results show that the Fe;0,4 nanoparticles
are dispersed uniformly in the polymer layer. It is found
that the addition of nanoparticles in the shell do not sig-
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Figure 3 TEM images of microbubbles. (a) Microbubbles without
Fe;04 nanoparticles; (b) Fe;O4 nanoparticle-inclusion (47.80 pg/mL)
microbubbles; (c) the enlarged TEM view of the local shell layer
corresponding to image (b).

nificantly influence the thickness of shell.
There is also no obvious change observed in mor-
phology, size and size distribution after 2-week storage.

2.2 Invitro ultrasound imaging experiment

The ultrasound images of the de-gassed and de-ionized
water, the microbubbles without Fe;O4 nanoparticle-
inclusion and the Fe;O4 nanoparticle-inclusion micro-
bubbles (47.80 pg/mL) were captured. They are respec-
tively shown in Figure 4(a)—(c). Compared with the de-
gassed and de-ionized water, the brighter area can be
seen distinctly in the microbubbles without Fe;O4
nanoparticle-inclusion and the Fe;O, nanoparticle-in-
clusion microbubbles. The results also show that the
image of Fe;O, nanoparticle-inclusion microbubbles
(Figure 4(c)) is brighter than that of the microbubbles
without Fe;O4 nanoparticles (Figure 4(b)). It suggests
that the inclusion Fe;O,4 nanoparticles in the shell also
contribute to ultrasound back-scattering echo intensity.

Figure 4 The in vitro ultrasound imaging in the different samples.
(a) De-gassed and de-ionized water; (b) the microbubbles without
Fe;04 nanoparticles; (c) the Fe;O4 nanoparticle-inclusion microbub-
bles.

The mean grey scales within the ROIs of Figure
4(a)—(c) are shown in Table 1. It indicates that at the

Table 2 The viscoelastic parameter values of the studied samples

same microbubble concentration, Fe;O4-inclusion mi-
crobubbles have 12.3 greater mean grey scale enhance-
ment than microbubbles without Fe;O4. It can be in-
ferred that the Fe;04 nanoparticles in the shell also have
contributions to the ultrasound imaging enhancement.

Table 1 The mean grey scale within ROI corresponding to US
images

Type of microbubble Mean grey scale

De-gassed and de-ionized 15.8
Microbubbles without Fe;O4 nanoparticles 72
Fe3;0,4 nanoparticle-inclusion microbubbles 84.3

2.3 US enhancement mechanism of different Fe;O,
nanoparticle-inclusion concentration microbubbles

From Table 2, it is found that, with the increase of Fe;04
nanoparticle-inclusion concentration in the shell of mi-
crobubbles, the viscoelastic parameters of shells de-
crease at first and then increase. The corresponding
changes of scattering cross-section have the contrary
tendency when under 3.5 MHz excitation frequency and
with 2 pm radius. With the increasing concentration of
Fe;04 nanoparticles in the shell, the scattering cross-
sections increase at first and then decrease. It can be
inferred that the mechanism of the enhancement of the
contrast efficiency is that the nanoparticles inclusion can
change the viscoelastic properties of the shell. With the
increase of the inclusion concentration, the echogenic
enhancement is increased till the insertion concentration
reaches about 86.47 pg/mL. When the inclusion concen-
tration exceeds 86.47 pg/mL, the Fe;O4 nanoparticles
make the shell become stiffer and can damp the ultra-
sonic character of microbubbles. Therefore, by deposit-
ing appropriate solid nanoparticles on the surface of mi-
crobubbles, the echo character of the microbubble re-
sponse can be changed significantly.

2.4 Invitro MRI experiment

The MRI experiment in Figure 5 indicates that the more
Fe;04 nanoparticles were encapsulated in the shell, the
darker MR image in the Eppendorf tube can be observed.

Fe;04-inclusion concentration (ug/mL) Elasticity parameter G (MPa)

Viscosity parameter ps (Pa) Scattering cross-section (pmz)

0 1.70E+01
47.80 1.25E+01
86.47 1.34E+01
124.99 1.31E+01
191.46 1.85E+01

1.87E-01 265.5976
1.58E-01 594.8477
1.51E-01 608.8628
1.63E-01 557.2473
2.02E-01 189.5453
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Figure 5 The in vitro ultrasound imaging in the different samples.
(a) De-gassed and de-ionized water; (b) the microbubbles without
Fe;0, nanoparticles; (c) Fe;O4 nanoparticle-inclusion microbubbles
at differeat concentration: c-1, 47.80, c-2, 86.47, c-3, 124.99, c-4,
191.46 pg/mL.

That is to say, MRI is much better with the increase of
the Fe;04 nanoparticle-inclusion concentration.

Figure 6 shows the function relationship of R, and the
concentration of Fe;O,4 nanoparticles in the shell. The
data fitted to a linear function with the correlation coef-
ficient » = 0.9606. It seems to suggest that with the in-
crease of Fe;O4 nanoparticle in the shell, the transverse

relaxation rate R, of microbubbles is bound to increase.
60
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Figure 6 The linear fit was obtained between the Fe;O, nanopar-
ticle-inclusion concentration in the microbubbles and the transverse
relaxation rate (Ry).

2.5 Optimization of Fe;O4-inclusion concentration
in the shell of microbubbles

The Fe;Og4-inclusion concentration in the shell of mi-
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