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TOPICAL REVIEW — Magnetism, magnetic materials, and interdisciplinary research

Magnetic microbubble: A biomedical platform co-constructed
from magnetics and acoustics∗
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Generation of magnetic micrbubbles and their basic magnetic and acoustic mechanism are reviewed. The ultrasound
(US) and magnetic resonance (MR) dual imaging, the controlled therapeutic delivery, as well as theranostic multifunctions
are all introduced based on recent research results. Some on-going research is also discussed.

Keywords: magnetic nanoparticles, microbubbles, magnetic micobubbles, magnetics, acoustics, biomedical
application
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1. Introduction
Magnetic microbubbles exhibit many interesting acous-

tic and magnetic properties based on one microbubble con-
constructed platform. The excellent ultrasonic and magnetic
responses are beneficial for the biomedical applications. With
the development of micro- and nano-delivery carriers, much
research has demonstrated that both microbubbles (MBs)
and magnetic nanoparticles (MNPs) can individually be re-
garded as effective imaging contrast agents and drug delivery
carriers.[1–3] MBs are the gas-filled microspheres with diam-
eter of several micrometers due to the requirement of in vivo
application. When an ultrasonic energy field is applied, MBs
can oscillate and vibrate; thus may reflect ultrasound waves to
be distinguished from surrounding tissues. This strong ultra-
sonic scattering of MBs make them become as the most ef-
fective type of ultrasound imaging contrast agent to enhance
the ultrasound imaging.[4] Besides, with the modified shell,
the drugs, DNA or antibodies can be loaded into the MBs,
which opened up the possibility for molecular imaging, tar-
geted drug delivery, gene therapy, thrombolysis, and focused
ultrasound surgery.[5] Besides the excellent acoustic character-
istic, gas-filled MBs have also been demonstrated to be useful
in magnetic resonance (MR) imaging when the susceptibility
of the gas differs from that of the surrounding medium. The lo-
calized perturbations created by MBs can act as susceptibility
contrast agent to shorten T2 and T ∗

2 . Especially, some theo-
retical and experimental studies have shown that the magnetic
susceptibility sensitivity of MBs can be improved by embed-
ding magnetically active particles around the microbubbles’

shell.[6]

Magnetic particles of micro- or nano-scale have been
widely investigated for biomedical applications. When the
size of magnetic particles is below 100 nm, the magnetic or-
dering at the surface will be changed. For ferromagnetic nano-
particles, a surface spin glass-like state due to magnetic frus-
tration has been found. Among the ferromagnetic nanoparti-
cles, the superparamagnetic iron oxide (SPIO) magnetic parti-
cles exhibit no remanence or coercivity. Superparamagnetism
is necessary in drug delivery because once the external mag-
netic field is removed, magnetization disappears and thus ag-
glomeration is avoided.[7,8] Because of special superparamag-
netic features of MNPs, they can be used to function at the
cellular and molecular level of biological interactions. We
can call these MNPs as biomedical magnetic nanoparticles
(BMNPs). These BMNPs offer some attractive possibilities in
clinical MR imaging contrast agents enhancement, molecular
imaging, magnetically targeted release of therapeutic agents,
hyperthermia, as well as magnetic field assisted radionuclide
therapy, etc.[9]

Recent advances in biomedical applications have driven
the development of multifunctional nano-, or micro-multiscale
delivery carriers. The integration of nano- and micro-mul-
tiscale technology has resulted in new devices in biomedi-
cal applications.[10–12] Combination of dual-phase character
of MNPs and MBs, magnetic microbubble (MMBs) formula-
tions have been developed as novel approach for delivery sys-
tems, analytical biochemistry and in vitro/vivo theranostics. In
this review, we mainly discuss the fabrication and biomedi-
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cal applications of MMBs. First, we will give an overview of
the basic properties of MBs, MNPs, and MMBs individually,
which may be most critical to biomedical applications. Sec-
ond, we will explain the acoustic and magnetic interaction of
the combined agents resulting from magnetic microbubble co-
constructure. Finally, how these properties can be exploited
to create and improve biomedical diagnostic techniques and
treatments will be discussed.

2. Magnetic nanoparticles and magnetic charac-
teristics

2.1. Preparation, surface modification, assembly of mag-
netic nanoparticles

When the size of the MNPs is below a critical value (typ-
ically around 10 nm–20 nm), each MNP has a large constant
magnetic moment and behaves like a giant paramagnetic atom
with a fast response to applied magnetic fields with negligi-
ble residual magnetism and coercivity. These features make
superparamagnetic nanoparticles very attractive for a broad
range of biomedical applications because the risk of agglom-
eration is negligible at room temperature.[13] In order to ob-
tain reliable BMNPs, the enhanced magnetic moments and su-
perparamagnetism must be considered, which must have opti-
mum composition, appropriate surface charge, shape, size, and
colloidal stability in a biological environment, biocompatibil-
ity, and specific targeting capability.[14,15]

Recently, techniques and procedures for producing BM-
NPs including Fe3O4, γ-Fe2O3 have advanced consider-
ably. In order to obtain shape-controlled, highly stable, and
monodisperse BMNPs, there are many synthetic routes to be
developed. These synthetic methods can be classified into two
categories. One is the MNPs produced from solution or vapor
phases. The other is the MNPs produced by composites con-
sisting of MNPs dispersed in the nano- or micro-sized organic
or inorganic spherical matrixes.

Methods for MNPs produced from solution mainly in-
clude co-precipitation, thermal decomposition, microemul-
sion, hydrothermal synthesis techniques. Precipitation from
solution methods allow the preparation of MNPs with rigor-
ous control of size and shape in a simple way, and thus are very
appropriate for use in biomedical applications. Uniform parti-
cles are usually prepared via homogeneous precipitation reac-
tions, a process that involves the separation of the nucleation
and growth of the nuclei.[16] In a homogeneous precipitation, a
short single burst of nucleation occurs when the concentration
of constituent species reaches critical supersaturation. Then,
the nuclei obtained are allowed to grow uniformly by diffu-
sion of solutes from the solution to their surface until the final
size is attained. To achieve monodispersity, these two stages

must be separated and nucleation should be avoided during the
period of growth.[17]

Methods for MNPs produced from vapor mainly include
spray and laser pyrolysis. These two methods have been
shown to be excellent techniques for the direct and contin-
uous production of well-defined MNPs with high-production
rate. The ultrafine particles are usually aggregated into larger
particles by spray pyrolysis, while the ultrafine particles are
less aggregated due to the shorter reaction time using laser
pyrolysis.[18]

When the MNPs were prepared by the above-mentioned
methods, another important issue is to maintain the stabil-
ity of these particles without agglomeration or precipitation.
For some pure materials or smaller size particles, it would be
bound to instability towards oxidation in air. Therefore, it is
necessary to develop efficient strategies to improve the chemi-
cal stability of MNPs. The most straightforward method seems
to be protected by surface modification or assembly of MNPs.
All these protection methods make the naked MNPs as a core
and coated by a shell. The coating shell can roughly be divided
into two major types: coating with surfactant and polymers,
etc. organic shells or with silica, carbon, precious metals (such
as Ag, Au) or oxides, etc. inorganic shells. All these shell
materials can be modified on the surface of MNPs. Layer-by-
layer (LBL) self-assembly is one of the most promising tech-
niques to produce superparamagnetic composites. Using this
strategy, the surface of MNPs can be coated with alternating
layers of polyelectrolytes, nanoparticles, and proteins. Some
other polymer-coated magnetite nanoparticles can be synthe-
sized by microemulsion seed copolymerization in the pres-
ence of the magnetite nanoparticles. The particle size can be
controlled by changing the monomer concentration and wa-
ter/surfactant ratio.[19]

All in all, the small size and the modified agents render

MNPs a potential candidate for their use in in vivo applica-

tions. Their preparation mainly involves three steps. First, the

inorganic magnetic core is produced. Second, a stable bio-

compatible layer can be coated on the surface of the MNPs.

Finally, the anchoring of the targeting moiety or a drug is nec-

essary for molecular level applications.

2.2. Special features of magnetic nanoparticles

For ferromagnetic materials, the key parameters to deter-

mine magnetic properties such as coercivity (Hc) and suscep-

tibility (χ) are composition, crystallographic structure, mag-

netic anisotropic energy, and vacancies and defects. For

biomedical application, the important parameters may be

mainly involved in superparamagnetism and surface effect.
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2.2.1. Size and superparamagnetism

Biomedical applications like MR imaging, magnetic cell
separation or magnetorelaxometry utilize the magnetic prop-
erties of the nanoparticles in magnetic fluids. These applica-
tions mainly depend on the hydrodynamic size and magnetic
features of MNPs. When the MNPs are submicron moieties
(between 1 nm–100 nm), they are different from those of bulk
materials of the same composition. When the size is reduced
to nanoscale, the magnetic and electronic properties, the role
played by surface phenomena can make the NPs become ex-
cellent materials for biomedical applications (Fig. 1(a)).

It is well known that the large magnetic particles are mul-
tidomain structure. The domain wall, formed by the balance
between the magnetostatic energy and the domain-wall en-
ergy, can separate the uniform magnetization. The magnetic
anisotropic energy barrier from a spin-up state to spin-down
state of the magnet is proportional to the product of the mag-
netic anisotropic constant and the volume of the magnet.[20]

At tens of nanometers sizes, ferromagnetic MNPs become a
single magnetic domain and therefore maintain one large mag-
netic moment. While bulk materials have magnetic anisotropic
energies that are much larger than the thermal energy (kb), the
thermal energy of the nanoparticle is sufficient to readily invert
the magnetic spin direction. Such magnetic fluctuation leads

to a net magnetization of zero, and this behavior is called su-
perparamagnetism (Fig. 1(b)).[21] The transition temperature
from ferromagnetism to superparamagnetism is referred to as
the blocking temperature (Tb) and is defined by Eq. (1):[22]

Tb = KeffV/25kb, (1)

where Tb is the blocking temperature, Keff refers to magnetic
anisotropic constant and V is the volume of the magnet. The
blocking temperature depends on the effective anisotropy con-
stant, the size of the particles, the applied magnetic field, and
the experimental measuring time. In a paramagnetic material,
the thermal energy overcomes the coupling forces between
neighboring atoms to cause random fluctuations in the magne-
tization direction, which results in a null overall magnetic mo-
ment. However, in superparamagnetic materials, the fluctua-
tions affect the direction of magnetization of entire crystallites.
The magnetic moments of individual crystallites compensate
for each other and the overall magnetic moment becomes null.
When an external magnetic field is applied, the magnetic mo-
ment of entire crystallites spontaneously aligns in the direc-
tion of a magnetic field. Unlike ferromagnetic substances and
because of their size, superparamagnetic agents have no mag-
netic properties outside an external magnetic field.
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Fig. 1. Nanoscale transition of MNPs from ferromagnetism to superparamagnetism: (a) in nanometer scale, parameters such as
size, shape, composition, and magnetocrystalline anisotropy strongly affect the coercivity, mass magnetization, and remanence of
nanoparticles. (b) Energy diagram of MNPs with different magnetic spin alignments, showing ferromagnetism in a large particle
and superparamagnetism in a small nanoparticle. (c) and (d) Size-dependent transition of iron oxide nanoparticles from superparam-
agnetism to ferromagnetism showing TEM images and hysteresis loops of (b) 55-nm and (c) 12-nm sized iron oxide nanoparticles.
Panels (b), (c), and (d) reproduced with permission from Ref. [21]. The unit 1 Oe = 79.5775 A·m−1.
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The threshold diameter of SPIO MNPs typically lies in
the range of a few tens of nanometers and depends on the na-
ture of material. Fe-based NPs become superparamagnetic at
sizes < 25 nm.[23] γ-Fe2O3 nanoparticles of 55 nm exhibit
ferrimagnetic behavior with a coercivity of 52 Oe at 300 K,
but smaller, 12-nm sized γ-Fe2O3 nanoparticles show super-
paramagnetism with no hysteresis behavior (Figs. 1(c) and
1(d)).[24] The critical single-domain size of Co nanoparticles
is expected to be around 8 nm–10 nm. This superparamagnetic
property enables the particles to maintain their colloidal stabil-
ity and avoid aggregation when the external magnetic field is
removed. Furthermore, the coupling interactions within these
single magnetic domains result in much higher magnetic sus-
ceptibilities than paramagnetic materials. Such size-dependent
mass magnetization values directly affect their MR signal en-
hancement capabilities for molecular imaging of biological
targets.[25]

2.2.2. Surface effects

Surface coatings, assembly and the composites are an in-
tegral component of all MNP platforms for retaining the sta-
bility and biocompatibility. Normally, there are four aims to
the surface modification and assembly for biomedical appli-
cations. First, the biocompatibility and toxicity of MNPs are
criteria to take into account for their biomedical applications.
For instance, the use of gold or silica as a shell material allows
for potential application of toxic materials as nanoparticle
cores with strong magnetic properties.[26] Secondly, although
MNPs have superparamagnetic properties, surface charges on
the MNPs are not adequate to prevent aggregation as a result
of their high surface energy. Furthermore, upon intravenous
injection, the surfaces of MNPs are subjected to adsorption
of plasma protein, or opsonization. The conjugation of bio-
compatible polymers, such as dextran, PEG, or other protein
resistant polymers, as surface coating, can prevent MNPs from
aggregation and opsonization, thus can evade MNPs uptaken
by the reticulo–endothelial system (RES), which increases
plasma half-life in physiological solutions and blood circula-
tion time.[27] Finally, the surface chemistry allows for the in-
tegration of functional ligands on the surface of MNPs, which
enables MNPs to perform multiple functions simultaneously,
such as in multimodal imaging, drug delivery, and real-time
monitoring, as well as combined diagnostic and therapeutic
approaches.

However, when the surface was modified by some bio-
compatibility materials, the coating or surface modification
may negatively affect the magnetization due to quenching of
surface effect. This reduction has been associated with differ-
ent mechanisms, such as the existence of a magnetically dead

layer on the particle’s surface, the existence of canted spins,
or the existence of a spin-glass-like behavior of the surface
spins.[28] A clear correlation between the surface coating and
the magnetic properties is not completely established. Hormes
et al. discussed the influence of various coatings (e.g., Ag,
Au) on the magnetic properties of cobalt nanoparticles, and
came to the conclusion that a complex interplay between par-
ticle core and coating.[29] For example, a precious-metal layer
around the MNPs will have a lower magnetic anisotropy than
uncoated particles, whereas gold coating of iron particles en-
hances the anisotropy, an effect which has been attributed to
alloy formation with the gold. Organic ligands, used to stabi-
lize the MNPs, can also modify the anisotropy and magnetic
moment of the metal atoms located at the surface of the parti-
cles by reducing the magnetic moment and a large anisotropy
due to the quenching of the surface magnetic moments.[30]

2.3. Biomedical applications of magnetic nanoparticles
2.3.1. MRI contrast agents

The penetration of magnetic fields through human tissue
and the ability to externally control magnetic materials have
been investigated for use in medicine for centuries. One of the
significant applications of these phenomena is MR imaging.
As a non-invasive imaging modality, MR imaging can provide
high resolution anatomical images. In an external magnetic
field, the colloids of MNPs composed of crystals measuring
4 nm to 6 nm align and create very high local magnetic field
gradients to induce water proton spin dephasing and conse-
quently reducing the T1 and T2 relaxation times of the sur-
rounding water. MNPs can generate a magnetic field in their
vicinity. Such field inhomogeneity accelerates the phase de-
coherence of the spins. The efficiency by which a contrast
agent can accelerate the proton relaxation rate in a homoge-
neous medium is called relaxivity of the agent and is defined
by Eq. (2):[31]

R1,2 = R0
1,2 + r1,2C, (2)

where R1,2 (s−1) is the respective T1 or T2 proton relaxation
rate in the presence of the contrast agent, R0

1,2 are the relax-
ation rates in the absence of contrast agent and C is the contrast
agent concentration (mM). The constant of proportionality r1,2

(s−1·mM−1) is called relaxivity and is a measure of how much
the proton relaxation rate is increased per unit of concentration
of contrast medium. In a first approximation, relaxivity varies
as the square of the magnetic field induced in the vicinity of
the water proton. The dipolar interaction between surrounding
water protons and the high magnetic moment of superpara-
magnetic particles results in high longitudinal r1 and trans-
verse r2 relaxivity. The theory describing the magnetic interac-
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tion of superparamagnetic compounds with water protons has
been described by different theoretical models derived from
the classical outer sphere paramagnetic relaxation model.[32]

In most situations, it is the significant capacity of superpara-
magnetic nanoparticles to increase the so-called T ∗

2 effect that
is used in MR imaging. This T ∗

2 effect is called “suscepti-
bility effect” and describes an increase of T ∗

2 relaxation rates
due to a magnetization difference between different voxels in
the MR imaging. A large magnetization difference occurs as
a result of the non-homogeneous distribution of superparam-
agnetic particles, which gives rise to local field gradients that
accelerate the loss of phase coherence of the spins contribut-
ing to the MR signal. This process is much more important for
superparamagnetic particles than for paramagnetic species, as
the induced magnetization of a superparamagnetic particle is
high due to the high susceptibility of iron oxide. The magni-
tude of this susceptibility effect depends on many factors, such
as compartmentalization of the contrast agent, type of imaging
sequence, aggregation of the contrast agent. It should be noted
that any aggregation has an important impact on the T1, T2 or
T2* efficiency of a superparamagnetic particle. At the clinical
field used in MRI (1 T to 3 T), agglomeration tends to slightly
decrease r1 but markedly increases r2.[33]

2.3.2. Drug delivery and therapeutic functions

The regularly employed superparamagnetic nanoparticles
in drug delivery consist of NPs, nanospheres, liposomes, and
microspheres. In these systems, the drugs are bound to the
NPs’ surface or encapsulated in magnetic liposomes and mi-
crospheres. The physical principles underlying magnetic tar-
geting therapy are derived from the magnetic force exerted on
MNPs by a magnetic field gradient, as in Eq. (3):[34]

Fm =V m∆χ∇

(
1
2

B ·H
)
, (3)

in which the magnetic force is related to the differential of
the magnetostatic field energy density, (1/2)B ·H. Thus, if
∆χ > 0, the magnetic force acts in the direction of steepest
ascent of the energy density scalar field. According to the ba-
sis of MNPs’ properties, the biological effects can be divided
into thermal and non-thermal effects. Figure 2 is a schematic
illustration of MNPs and their composites to realize the drug
delivery and therapeutic functions. For drug delivery, the ef-
fectiveness of the therapy depends on several physical param-
eters, including the field strength, gradient and volumetric and
magnetic properties of the MNPs. As the delivery carriers are
normally administered intravenously, hydrodynamic parame-
ters such as blood flow rate, ferrofluid concentration, infusion
route, and circulation time also will play a major role.[35]

In terms of magnetization value, coercivity, and
anisotropy, the nanoparticle’s heat induction properties have
also attracted significant interest these days for magnetic hy-
perthermia therapy.[36] In this process, the internal magnetic
spins of nanoparticles relax in phase and continuously upon
application of an alternating magnetic field of 100 kHz–
1000 kHz as a consequence of a combination of Néel and
Brown processes. While the spins relax, energy associated
with transitions between the up and down spin states is emit-
ted as heat.[37] Because magnetic fields are not significantly
attenuated upon transmission through biological tissues, they
can be utilized for hyperthermia therapy of deeply buried tu-
mors. Moreover, cancer cells (temperature initiating apopto-
sis of cancer cells at 42 ◦C–45 ◦C) are usually more sensitive
to heat than benign cells, which is sufficient to provide the
temperature range for cancer cell apoptosis.[38] Heat induc-
tion from the MNPs is proportional to the size, magnetization
value, and magnetic anisotropy of nanoparticles, concentra-
tions in tissues, intensity, and frequency of alternating mag-
netic field.

Fig. 2. Schematic diagram of MNPs and their composites in hypothetical magnetic drug delivery system: the magnetic field gradient
can capture magnetic carriers flowing in the circulatory system. Then MNPs can release the loaded drugs into the specific tissue or
organ. The aggregation of MNPs can also produce thermal effect to treat disease.
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2.4. Ultrasonic characteristics of magnetic nanoparticles
liquid

When an external magnetic field is applied to magnetic
and MR fluids, some of the inner particles coagulate and form
a clustering structure. Several theoretical and experimental
studies have been conducted to investigate the influences of
the ultrasonic propagation during the formation of clustering
structures. The results show that the ultrasonic propagation
velocities in magnetic and MR fluids change according to the
magnetic field intensity, interval time, the temperature, and an-
gle of magnetic field. Ultrasonic propagation velocity changes
when the magnetic field is applied. The change in ultrasonic
propagation velocity is evaluated by Eq. (4):[39,40]

∆V/V0 =
V −V0

V0
, (4)

where V and V0 are ultrasonic propagation velocities with and
without an external magnetic field, respectively. Under a uni-
form external magnetic field, a remarkable level of anisotropy
is observed, generally proving that the clusters form along the
direction of the magnetic field. After removal of the magnetic
field, a few clusters still remain due to a residual magnetic field
effect proportional to the strength of the magnetic field. These
results seem to be related to Brownian motion, residual mag-
netic field, and clustering of the magnetic particles under an
external magnetic field.[41,42]

From the point of biomedical applications, acoustical
properties of MR fluid may be easily changed by applying

magnetic fields. An active matching layer could be an in-
teresting example or any coating whose attenuation might be
changed depending on the requirements. This study is also
beneficial for understanding physical properties of magnetic
MBs.

3. Microbubble formalism and acoustic charac-
teristics

3.1. Design and preparation of microbubbles

Initially, the MBs that formed during the injection of dye
or saline were clearly effective for ultrasound contrast en-
hancement. However, air bubbles dissolve very rapidly owing
to the high surface tension at the gas–air interface. They are
very short-lived and difficult to reproduce consistently. Some
reports demonstrated that a 10-µm unencapsulated air bub-
ble dissolves in 1.17 s and in 6.63 s in degassed and in air-
saturated water solutions respectively.[43] Therefore MBs en-
capsulated with a solid shell to stabilize the gas–liquid inter-
face were introduced. The shell is made from lipid, surfac-
tant, protein or biodegradable polymer. Simultaneously, low
diffusivity gases were introduced to further increase the mi-
crobubble circulation time. These encapsulated shell of MBs
can diminish surface tension and make MBs stable enough to
sustain the pressures exerted within the vasculature. The stabi-
lized MBs now are being employed for several biomedical ap-
plications, including contrast-enhanced ultrasound, drug, and
gene delivery and metabolic gas delivery.

air CO2+N2
perfluocarbon
some therapeutic gas

polymer

lipid

surfactant

liquid shell

gas

high

low

Fig. 3. The schematic diagram of MBs’ structure and loading strategies of drugs, genes, and targeting peptide. At low US intensity, the MBs
oscillate in a nonlinear fashion with minimal destruction, which can be used to enhance the US imaging. As the acoustic power increase, the
bubbles cannot compress and make the bubbles unstable until reaching a point of rupture, which can be viewed as the basis for therapeutic
ultrasound.

In order to control the size, composition, stability, and

uniformity of MBs and give MBs better diagnostic and ther-

apeutic properties, advanced preparation techniques are re-

quired. Nowadays, these methods are mainly divided into

four classes. One is that the flowing liquid is used to create

the MBs. The second type is to blow only gas to generate

MBs. The third type is used to prepare the polymer encap-

sulated MBs, which includes emulsion solvent vaporization,
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cross linking polymerization, etc. And the final type is to use
much less power to produce MBs including flow focusing, mi-
crochannel, etc. Conventional processing techniques such as
sonication and high shear emulsification offer high yield and
low cost production, but poor control over size and uniformity.
In light of the improvements in microbubble uniformity, more
processing methods such as ink jet printing, electrohydro-
dynamic atomisation, and microfluidic processing techniques
were developed. These novel processing techniques enable
gas-filled MBs to be prepared in a single step with a prede-
termined mean diameter and narrow size distribution. After
producing multi-layered coated bubbles, the nanoparticles or
specific protein ligands can also be attached on the surface
of MBs electrostatically or by chemical reaction.[44] The de-
tailed information about the MBs generation can be found in
Ref. [45]. Figure 3 is the simple explanation of the MBs’ struc-
ture and their biological effects.

3.2. Actions of MBs with ultrasound waves

MBs are more compressible than soft tissue. When MBs
are exposed to an oscillating acoustic signal, alternate expan-
sion and contraction occurs. However, because MBs do not
remain static in the presence of an ultrasound wave, the inter-
actions of MBs with an ultrasound beam are complex besides
the simple compressibility and the density.

3.2.1. Enhancement of ultrasound imaging by means
of MBs

Based on the principle of scattering and reflection ex-
ploited by ultrasound imaging, an ultrasound contrast agent
material has to possess a high scattering cross section in order
to provide a significant scatter enhancement compared to the
surrounding tissue. The scattering cross section σ for a lin-
ear scatterer that is much smaller than the incident ultrasound
pulse wavelength is given by Eq. (5):[46]

σ =

(
4
9

πR2(kR)4
)((

κs −κ

κ

)2

+
1
3

(
3(ρs −ρ)

2ρs −ρ

))2)
, (5)

where R is the radius of the scatterer (� λ ), λ is the wave-
length, k = 2π/λ is the wave number, κs is the compressibil-
ity of the scatterer, κ is the compressibility of the surrounding
medium, ρs is the density of the scatterer, and ρ is the density
of the surrounding medium. As ultrasound imaging exploits
changes in compressibility and density, it can be calculated
from Eq. (5) that the use of gas MBs ensures maximum cross
section.

At low acoustic power (< 50 kPa), the MBs oscillate lin-
early, and the echo is mainly fundamental; when the acoustic
pressure increases (50 kPa–200 kPa), nonlinear oscillations

occur, giving rise to harmonics and subharmonics shown in
Fig. 4.[47] Every echo component can be detected for con-
struction and imaging. According to the different components
detected by the detection procedure, the detection procedures
of MBs can be classified as fundamental imaging, harmonic
imaging, and subharmonic imaging. Recently, second har-
monic imaging is one of the most commonly used imaging
modality in clinic and most of the high-end B-mode ultra-
sound imaging systems have the function of second harmonic
imaging.[48,49] Destruction of MBs has been observed at much
higher powers during ultrasonic excitation. The mechanisms
of destruction include the outward diffusion of the gas during
the compression phase, diffusion from large shell defects, and
from complete fragmentation of MBs. Microbubble destruc-
tion during high-power ultrasound exposure is an important
feature for both perfusion imaging protocols and for therapeu-
tic applications for local delivery of drug or gene payload.[50]
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Fig. 4. Schematic plot of the acoustic properties of MBs. The mi-
croscopy images demonstrate volumetric oscillation of a microbubble
during exposure to ultrasound. Frequency versus amplitude data from
MBs demonstrating returning signal both at the fundamental ( f0) and
second harmonic (2 f0) frequencies.[46]

3.2.2. Ultrasound-assisted drug delivery of MBs

In recent years, therapeutic applications of ultrasound
have gained new interest as a result of their exploitation for
drug or gene delivery. Depending on the energy delivered
by ultrasound, either thermal or non-thermal effects can be
produced. Each has its own application. With each ultra-
sonic cycle under high ultrasound intensities, a fraction of the
energy in the propagating wave is absorbed by tissue to in-
duce local heating. The rate of absorption is tissue-dependent
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and increases with the increasing ultrasound frequency. These
thermal effects can locally ablate tissue. This property is em-
ployed in high-intensity focused ultrasound (HIFU) surgery or
ultrasound-based physiotherapy.[51] With low ultrasound in-
tensities, there is no significant biological effect due to tem-
perature increases less than or equal to 1 ◦C. The non-thermal
effect can happen at low ultrasound intensities. Cavitation,
mechanical streaming, and radiation forces are the main non-
thermal effects mechanism. Especially, the cavitation-related
mechanisms include radiation force, microstreaming, shock
waves, free radicals, microjets, and strain. These effects can
induce some benefits such as tissue healing or ultrasound-
mediated delivery. Because the MBs can reduce the threshold
of energy needed for cavitation, US can trigger the controlled
release of a drug, gene encapsulated in MBs or in their sur-
rounding in a non-invasive manner.[52]

4. Magnetic and acoustic character of magnetic
microbubbles (MMBs)

4.1. Fabrication of magnetic microbubbles

Recently, functionalized MBs embedding nanoparticles
or quantum dots in their shells have been developed for emerg-
ing applications in the biological, medical, and materials
sciences.[53] The encapsulation of paramagnetic MR imaging
nanoparticles into the shell structure could facilitate a poten-
tial application as bimodal contrast agents for echosonogra-
phy, MR imaging, and for targeted drug delivery. The MNPs
can be embedded in the solid polymers shells. Softer vehi-
cles, like lipid materials, have also been developed to con-
tain the nanoparticle cargo, which is enclosed within a self-
assembled phospholipid or polymer film for the nanoparticle
loading (Fig. 5(a)).[54] It is interesting to understand the inter-
action mechanism among magnetic MBs, the magnetic field,
and the ultrasonic field. It was important to investigate their
echogenicity and also their ability to be magnetically retained
under flow (Fig. 5(b)).

The MNPs can be loaded in the inner or outer side of
the shell MBs. There are mainly two methods to load the
MNPs in the shell of MBs. One is physical, another is chem-
ical reaction.[55] By electrostatical methods, Soetanto et al.

attached magnetic microparticles to the microbubble surface
coated with charged stearates.[56] Our group had also devel-
oped PLA–PVA double-layered polymeric MBs with the en-
capsulation of superparamagnetic iron-oxide (Fe3O4, SPIO)
nanoparticles in the bubble shell by the multiple emulsion
methods.[57,58] The SPIO γ-Fe2O3 nanoparticles also can be
coated on the surface of the EDC chemical reaction.[59]

(a)

(b)

magnet

tissue

magnetic MBs
blood flow

blood
vessel

nanoparticle
polymer or lipid layer

ultrasound transducer

Fig. 5. (a) Schematic diagram of the types of the MNPs embedded in the
shell of the MBs. (b) Schematic plot of the ultrasound flow: When mag-
netic MB suspension is injected into the blood vessel and dual modal
images obtained using an ultrasound and MR imaging probe. At the
same time, the magnetic MBs can be controlled by both ultrasonic and
magnetic field.

4.2. Acoustic response of magnetic microbubbles

In the absence of any particles on its surface, a bubble
would be expected to exhibit symmetrical radial oscillations
in response to a low-intensity ultrasound field. The presence
of particles on the shell of MBs, however, prevents the bub-
ble from expanding and contracting with equal amplitude, due
to the packing together of the particles during compression.
Therefore, it must be considered that the high echogenicity
characteristic of MBs can be reduced when MNPs decorated
on the surface of MBs. Stimulated by the challenging study,
our group aims to study the influence of the nanoparticle em-
bedded shell on the microbubble scattering property. Based on
the bubble dynamics theory,[60,61] the shell properties of the
samples (MBs with different amount of Fe3O4 nanoparticles
in the shells and 2 µm in average radius) are estimated using
an optimization method. Then, given the excitation frequency
of 3.5 MHz, the scattering cross sections of the samples are
calculated with the estimated shell viscoelastic parameters (χ
and κs). Acoustic scattering, defined as the acoustic power
scattered in all directions per unit incident intensity, is given
by scattering cross section σs(ω), which can be estimated as
Eq. (6):[62]

σs(ω) = 4πR2
0

Ω 4

(Ω 2 −1)2 +Ω 2δ 2 , Ω =
ω

ω0
. (6)

According to Eq. (6), when the bubble’s initial radius R0
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and the excitation frequency are set, the scattering cross sec-
tion σs(ω) is determined by the resonance frequency ω0 and
the damping coefficient. The resonance frequency ω0 is rela-
tive to the shell elasticity parameter, and the damping coeffi-
cient is relative to the shell viscosity parameter ωs. Thus, by
calculating the shell viscoelastic properties, we can obtain the
information about the influence on acoustic scattering. Sev-
eral parameters such as microbubble concentration, microbub-
ble size, excitation frequency, and shell viscoelastic properties
together determine the scattering response. Compared with
magnetic MBs and MBs without MNPs, the scattering prop-
erties are all the same except for the shell properties. It is
found that when the MNPs inclusion concentration increases,
the scattering cross section of MMBs increases at first and then
decreases (Fig. 6(a)). Therefore, controlling the appropriated
concentration of MNPs in the shell of microbubble is benefi-
cial for the MMBs in the biomedical imaging applications.
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Fig. 6. (a) The calculated scattering cross sections of the MMBs with
the different MNPs concentration. (b) The backscattered RF signals
from MBs and MBs-water-particle.

Result in Fig. 6(b) shows that amplitudes of second and
third harmonic for the MBs-water-MNPs (Fe2O3) are high-
est. The reason may be that the deposition of nanoparticles
on the surface of the microbubble alters the shell’s viscoelas-
tic property and affects the microbubble’s behavior. And the
uneven distributed nanoparticles result in asymmetrical oscil-

lation. All of them are responsible for the increase of the non-
linear behavior of MBs. Moreover, nanoparticle alters the vi-
bration property of the microbubble and enhances the nonlin-
ear properties of backscatter, which is potentially suitable for
the medical ultrasound contrast harmonic imaging. Thus the
magnetic MBs with the higher nonlinearity can be beneficial
for improving the contrast effect of ultrasound harmonic imag-
ing.

4.3. Magnetic response of magnetic microbubbles

When a microbubble is placed in a fluid with a magnetic
permeability in which an external uniform magnetic field H0

is present, the field around the microbubble is disturbed. One
of the ways to change the magnetic susceptibility of MBs in
the medium is to change the susceptibility of the encapsulated
gas. If the susceptibility of the gas filled in MBs differs from
that of the surrounding medium, MBs create localized pertur-
bations in the magnetic field, thereby acting as “susceptibility
contrast agents” and shortening T2 and T2*. The effects de-
pend on magnetic field strength and are much greater at higher
field strength.[63,64] Some experiments showed that the MBs
can be used as MR susceptibility contrast agents on a 2-T and
4.7-T MR scanner.[65,66]

On the other hand, based on the principle that the rate
constant for relaxation of the MR signal (R2) from a solution
containing spheres is related to the size of the sphere, when the
distensible MBs are present in a pressure-varying medium, the
changes in size due to changes in pressure (P) cause changes
in signal decay rate constants 1/T2 (or R2) and 1/T ∗

2 (or R∗
2).

The susceptibility of air MBs was measured by transverse re-
laxation increase (R∗

2). The time course of the transverse re-
laxation increase R∗

2(t) was estimated as Eq. (7):[67]

R∗
2(t) =− ln(S(t)/Sf)/T E, (7)

where Sf is the final signal intensity. The R∗
2 is to be propor-

tional to the MBs volume fraction. The volume change of the
MBs resulting from the oscillation can change the transverse
relaxation rate. From Fig. 7, it is clear that the increase of
MBs’ volume is equivalent to increasing the susceptibility dif-
ference between the bubble and its environment. Based on
this principle, some researches have reported that on a 4.7-T
and 7-T MR scanner, MBs coated with shells of liposomes
or human albumin have shown great potential application as
MR pressure sensors based on pressure-induced susceptibility
change in vitro and in vivo. The in vitro and in vivo MRI ex-
periments all show that the MBs can be fabricated to be the ef-
fective MR susceptibility contrast agents. However, although
the above-mentioned studies indicated the good magnetic re-
sponse about MBs, all studies were performed with high-field
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MR systems because MBs have a relatively weaker suscepti-
bility effect. In practice, one means of enhancing the suscep-
tibility is by coating or embedding magnetically active par-
ticles of high magnetic dipole moment on the lipid shells of
gas-containing microbubbles. In order to obtain a significant
increase in ∆χeff, thousands of magnetically active particles
need to be embedded on the microbubble shell.[68,69] At this
condition, large magnetic susceptibility comes from SPIO par-
ticles. For in vitro measurement, the measured transverse re-
laxation rate (R2) of the samples may be described by Eq. (8):

RTotal
2 = RMBs

2 +RMNPs
2 . (8)
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Fig. 7. Schematic plot of the size change according to the pressures
(a). (b) The in vitro MRI images using 7-T scanner. I: de-ionized water,
II: EMBs without SPIO inclusion, SPIO-inclusion EMBs with differ-
ent SPIO concentrations (III–X are 5.73, 12.06, 33.14, 54.23, 86.47,
105.69, 122.85, 145.24, 180.23 mg/ml respectively). After the corre-
sponding T2 computed from the T2-maps were obtained. The relation-
ship of R2 versus SPIO inclusion (mg/ml) is shown in panel (c). The
linear fit was obtained between the SPIO-inclusion concentration in the
MBs and the transverse relaxation rate (R2). From this curve, it is found
that the effect of increasing total magnetic nanoparticle density in the
shell is related to increasing the susceptibility effects of the MBs.

We examine the possibility of enhancing the effective
magnetic susceptibility difference by embedding the different
concentrations 12-nm Fe3O4 in the shell. The overall trans-
verse relaxation rate RTotal

2 is considered as the sum of that
contributed by MBs, R2 bubble, and that contributed by SPIO
particles, RSPIO

2 . Generally speaking, RSPIO
2 � Rbubble

2 , there-
fore RSPIO

2 contributed by SPIO Fe3O4 nanoparticles embed-
ded in MBs is greater than that contributed by the free SPIO
Fe3O4 nanoparticles in the solution of the same concentration
when volume fraction is greater than 60% (Fig. 7(c)). MBs
can hold the nanoparticles in the shells and make numbers of
MNPs localized and concentrated per volume inside the shell,
thus the number of MNPs per volume much higher than those
anywhere for the free MNPs case. Since in this case the effect
due to highly concentrated MNPs dominates, the linear rela-
tionship condition with respect to ∆χ based on the uniformly
distributed MBs’ susceptibility effect is no longer valid. In
fact, the effect of adding the number of SPIO per volume be-
comes quite nonlinear.[70] There is a strong dependence on the
type of magnetically active agents, the nanoparticle radius, the
magnetic saturation or total magnetic susceptibility, and the
distribution in the shell.

5. Applications of magnetic microbubbles in
biomedicine

5.1. Multimodal imaging of MMBs

Initially, the motivation and objectives of designing mag-
netic microbubbles are to combine MBs and MNPs. There-
fore, the introduction of nanoparticle onto the surface of mi-
crobubble produces a useful tool for multi-mode imaging and
multifunctional contrast agent. For example, our group engi-
neered double-layered SPIO-encapsulated MBs which showed
improved r2 relaxivity and better contrast enhancement than
SPIO free MBs or SPIO-included MBs on the surface. When
the MNPs embedded in the shell of MBs, the high echogenic-
ity, characteristic of MBs coated with a thin self-assembled
film of small molecules, is not reduced by the grafting of
MNPs. The in vitro MRI experiments revealed a gradient
decrease of gray scale associated with a corresponding in-
crease of the SPIO concentrations. And the transverse relax-
ation fitted well to a linear relationship with different SPIO-
inclusion amounts in the MBs. Then in vitro ultrasound imag-
ing was performed to observe a distinct “brightening” contrast
enhancement in the region of interest (ROI) with a certain
MMBs concentration. After the injection of MMBs into the
livers of living rats, real-time MRI anatomical images revealed
a clear negatively enhanced contrast. Later, Liu et al. also
reported that poly(butyl cyanoacrylate) (PBCA) polymer en-
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capsulated ultrasmall superparamagnetic iron-oxide (USPIO)
nanoparticles exhibited strong contrast in US and an increased
transversal relaxation rate in MR.[71,72] Although these exist-
ing findings reveal a promising ultrasound-MRI dual modal
imaging modality in medical applications, future efforts in this
regard will focus on the coupling of antibodies or peptides to
the microbubble surface, to make them useful for multi-modal
molecular imaging.

5.2. Ultrasound assisted drug delivery of MMBs

In addition to providing contrast enhancement in ultra-
sound imaging, to utilize microbubble-nanoparticle hybrid ve-
hicles for drug release and therapy is another promising strat-
egy for medical treatment applications. The basic mechanism
of MBs for delivery vesicle mainly based on enhanced mem-
brane transport, changes in tissue/vascular transport proper-
ties, and mechanical or thermal changes. Acoustic cavitation
induces high fluid velocities, shear forces, and local temper-
ature increases, thus producing biological effects and altered
transport kinetics near the site.[73,74] Combination of MBs
with nanoparticles into one single delivery system can also
facilitate the possibility of effective drug transport from ex-
tracellular microenvironment to cell membrane, and control-
lable release at the diseased sites.[75] In the study, we have
demonstrated that it is possible to control the release of Fe3O4

NPs from shells of embedded microbubbles into cells by ultra-
sonic excitation. Consequently, those Fe3O4-NP-labeled cells
can be noninvasively tracked by MRI. The appropriate bal-
ance between generation of suitable cell porosity for drug de-
livery and, simultaneously, maintenance of the integrity of the
plasma membrane could be achieved by adjusting the acoustic
intensity of the applied US, which would provide medical pro-
fessionals with an alternative way to deliver nanoparticles into
targeted cells noninvasively and effectively.[76] However, the
multiple-scale interactions of magnetic MBs are rather com-
plicated and warrant further research.

5.3. Magnetic field-controlled drug delivery and release of
MMBs

An alternative and potentially complementary strategy is
to use MBs loaded with MNPs whose location can be manip-
ulated using an externally applied magnetic field. Enhanced
transfection has been demonstrated in vitro and in vivo. As
mentioned above, it was hypothesized that the increased trans-
fection rates were due to the increase in both concentration
and proximity of the MBs to the target cells produced by the
magnetic field. Further investigation to fully understand the
mechanisms of enhancement and optimization of the delivery
protocols is required. One question which was not addressed

in the studies is whether the MNPs significantly affected the
behavior of the MBs in the presence external magnetic field.
In order to determine the influence of these factors on a range
of microbubble characteristics, their dynamics and magnetics
have been investigated in in vitro and in vivo studies.[77] A
recent paper reported that magnetic MBs were used for gene
delivery to Chinese hamster ovary cells. Different formula-
tions of magnetic MBs, non-magnetic MBs, and magnetic liq-
uid droplets were co-injected with naked plasmid DNA encod-
ing for luciferase and the cells exposed to a magnetic field, ul-
trasound or both. In addition, the experiments were performed
with the cells on either the upper or lower surface of the cul-
ture plate so that in the case of the former, buoyant bubbles
would be in contact with the cells. The results show that they
would be separated by a distance of 2 mm unless they were
magnetically-responsive in which case they would be trans-
lated downwards in the presence of a magnet. It was found
that the highest rates of transfection were achieved with si-
multaneous exposure to ultrasound and a magnetic field.[78]

6. Summary and perspectives

In the field of disease-specific imaging, MR and US imag-
ings are widely used modalities for various experimental and
clinical applications. It is essential to develop a multimodal
co-constructed platform for multi-functional biomedical ap-
plications. Magnetic MBs have been developed as a new
multifunctional delivery system. The magnetic shelled bub-
bles can possess sufficient magnetization such that they can
be controlled with conventional magnets, and their shell elas-
ticity still allows for volume oscillations in moderate acoustic
fields. Since maintaining the magnetic and acoustic character-
istics, the magnetic MBs can be visualized using ultrasound
imaging, magnetic resonance imaging, and can be localized
by using an externally applied magnetic and ultrasonic field.
Further, the MMBs exploit the combined effects of magneto-
fection and sonoporation for therapeutic delivery. However,
MMBs is the co-constructed multiscale platform from magnet-
ics and acoustics. The mechanism should be further studied.
And by coupling a targeting-ligand to surface of the MMB,
such as a monoclonal antibody, it will be possible to target
the MMB to specific tissues within a subject. To realize the
molecular imaging and accurate drug delivery will be the fu-
ture promising and interesting investigations.
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108502 Analyses of temperature-dependent interface states, series resistances, and AC electrical conductivities
of Al/p Si and Al/Bi4Ti3O12/p Si structures by using the admittance spectroscopy method

Mert Yıldırım, Perihan Durmuş, and Şemsettin Altındal
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