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A B S T R A C T

Thrombosis is an extremely critical clinical condition where a clot forms inside a blood vessel which blocks the
blood flow through the cardiovascular system. Previous sonothrombolysis methods using ultrasound and mi-
crobubbles (MBs) often have a relatively low lysis rate due to the low microbubbles concentration at clot region
caused by blood flow in the vessel. To solve this problem, the magnetic microbubbles (MMBs) that can be
retained by an outer magnetic field against blood flow are used in this study. Here we report the development of
a new method using the rotational magnetic field to trap and vibrate magnetic microbubbles at target clot region
and then using an intravascular forward-looking ultrasound transducer to activate them acoustically. In this
study, we investigated the influence of different blood flow conditions, vessel occlusion conditions (partial and
fully occluded), clot ages (fresh, retracted), ultrasound parameters (input voltage, duty cycle) and rotational
magnetic field parameters (amplitude, frequency) on the thrombolysis rate. The results showed that the addi-
tional use of magnetic microbubbles significantly enhances in vitro lysis of blood clot.

1. Introduction

Stroke is a significant cause of mortality, accounting for 11.8% of
total deaths worldwide [1]. Most of the strokes are caused by an oc-
clusion to a blood vessel in the brain which can damage surrounding
tissue [2]. Thrombolysis is a process of breaking up and dissolving
blood clots which can help salvage affected tissue and improves the
clinical outcome [3]. At present, the FDA approved thrombolytic agent
is recombinant tissue-type plasminogen (rt-PA) [4]. However, rt-PA
based treatment may trigger fatal side effects such as the increased risk
of intracranial hemorrhage (ICH) [5]. As a result, intravenous rt-PA
administration is subject to rigid criteria, and the rt-PA drug is only
suggested within the first 3 h following onset of stroke, which is a very
limited therapeutic time frame for patients [6]. Patients who are in-
eligible for rt-PA are usually treated with thrombectomy, which is
currently only used at comprehensive stroke centers and limited to a
large diameter artery [7].

Recently, sonothrombolysis (STL), a technique involving the use of
microbubbles (MBs) combined with ultrasound (US) to enhance clot
dissolution, is under therapeutic assessment as a method for re-
canalization of occluded blood vessels. Over the past twenty years,
many case-control studies and clinical trials have demonstrated that
sonothrombolysis with microbubbles is a relatively safe and effective

thrombolytic treatment in ischemic stroke compared to rt-PA only
based therapy [8,9]. Ultrasound thrombolysis with injected micro-
bubble agents may allow a reduced administered rt-PA dose and
minimize the side-effects on tissue and blood vessels, enabling the
thrombolysis treatment to become more efficient and safer. The current
study showed that acoustic waves with frequencies range from sub-
MHz to 1MHz and intensities below the threshold of inertial cavitation
are critical to stable cavitation of microbubbles [10]. Furthermore, the
previous study showed that a higher microbubble concentration would
lead to greater clot disruption because of the higher number of mi-
crobubbles cavitating in response to US pressure [11]. Besides, to
promote and sustain the nucleation of cavitation during US treatment
process, a higher dose (> 1.2× 1010 MBs/mL) of MBs are re-
commended for better thrombolytic treatment [12].

One of the significant challenges in the process of sonothrombolysis
treatment is to control the hydrodynamic conditions in occluded vessels
since they mostly limit the number of microbubbles that can be retained
and cavitated at the site of a blood clot during ultrasound exposure. The
low concentration of microbubbles due to the blood flow will poten-
tially decrease the thrombolysis rate. Therefore, there are emerging
studies focusing on the development of microbubble targeting tech-
nique which is a promising method that could increase the proximity
between microbubble agents and the blood clot surface, thus increasing
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the thrombolysis rate and reducing the required drug dose. There are
biological methods using microbubbles with antibody conjugation on
their surface for targeting thrombus treatment, but those methods still
rely on the passive blood flow to accumulate the microbubbles to the
thrombus surface [13–17]. The acoustic radiation force can also be used
to increase the accumulation efficacy of targeted microbubbles since
the microbubbles can travel in the direction of sound wave propagation
and aggregate at the thrombus surface [18–20]. However, the above
methods are mostly dependent on the blood flow conditions and precise
alignment of the beam with a target vessel, which may be challenging
with complex vessels in vivo treatment.

As an alternative, a significant amount of investigations in recent
years have focused on the development of magnetic microbubbles
(MMBs) [21–24]. Magnetic microbubbles are microbubbles coated with
superparamagnetic iron oxide nanoparticles that can maintain the
acoustic properties of MBs and possess the sensitivity to magnetic fields.
The dual-modality functionality makes MMBs useful for a broad range
of application such as targeted drug delivery [21,25] and thrombolysis
[26,27]. However, there are some challenging problems of using MMBs
for targeted thrombolysis such as how to build a controllable magnetic
system with enough strength of magnetic field and gradient to coun-
teract blood flow in a blood vessel. Although recent studies showed the
lipid-coated microbubbles with iron oxide nanoparticles can be retained
with a magnet against clinically relevant flow conditions [28], there is a
lack of systematic study of ultrasound thrombolysis using MMBs under
magnetic field.

The present study is the first to utilize magnetic microbubbles for
ultrasound thrombolysis under a rotational magnetic field (RMF). Our
approach investigates whether magnetic microbubbles can be a useful
adjuvant to the current microbubble-mediated sonothrombolysis
treatment. We hypothesize that by oscillating magnetic microbubbles in
the rotational magnetic field, a vortex-like microstreaming in clot re-
gion will enhance microbubble cavitation under sonication. In this
proof-of-concept study, we aim to demonstrate the feasibility of using
the rotational magnetic field to entrap and oscillate the MMBs with
intravascular forward-looking ultrasound transducers for sono-
thrombolysis in vitro. First, we compared the influence of blood flow
conditions on the different thrombolysis treatment methods (MB+US,
MMB+US, MMB+RMF, MMB+US+RMF). Second, we in-
vestigated the influence of different clot conditions (partial occlusion,
fully occluded) and different clot ages (fresh, retracted) on the throm-
bolysis efficiency. Finally, to better understand the mechanism of ro-
tational magnetic field assisted sonothrombolysis, we explored the in-
fluence of various ultrasound parameters (input voltage, duty cycle)
and magnetic field parameters (amplitude, frequency) on the throm-
bolysis rate.

2. Material and methods

2.1. Transducer development

In this study, we employ the previous forward-looking stacked ul-
trasound transducer design [29], and the ultrasound frequency was
chosen as 620 kHz. The details of the forward-looking transducer de-
velopment procedure can be found in our previous work [29]. Briefly, a
stacked piezoelectric transducer which has six layers was fabricated
using PZT-5A ceramic thin plates with alternating poling directions.
Each PZT-5A layer thickness was 250 µm, and the total thickness of the
stacked transducer was 1.6 mm without a matching layer. To bond the
layer, a conductive bond (E-solder 302) was used, and the bonding
layer thickness was 30 µm. The transducer has a lateral dimension of
1.2 mm and can be mounted on an 8F catheter for the intravascular test.

2.2. Blood clot preparation

The blood clots were prepared following a similar procedure used in

our previous work [29]. First, the fresh bovine blood obtained from
Densco Marketing, Inc. (Wood- stock, IL, USA) was mixed with 2.75%
W/V CaCl2 solution (Fisher Scientific, Fair Lawn, NJ) in a volume ratio
of 10:1 (50mL blood /5 mL CaCl2 solution). Second, the mixed blood
solution was drained to Tygon tubes (6.35 mm ID, 7.94mm OD). Then
the Tygon tubes were immersed in a 37 °C water bath for 3 h. Finally,
the tubes with coagulated blood were stored at low temperature (4 °C)
for 1 to 7 days to generate clots with different ages. Clot samples for
thrombolysis tests were cut into a cylindrical shape (length:
12 ± 2mm, diameter 3 ± 0.5mm) and weighted as 130mg ± 10%
in mass and then positioned into a customized polydimethylsiloxane
(PDMS) blood vessel mimicking phantom (microchannel, ID: 2–3mm
with 33.3% stenosis) as shown in Fig. 2.

2.3. Magnetic microbubble preparation

The magnetic microbubbles were prepared by a similar procedure as
described in reference [24]. First, Magnetic nanoparticles (Fe3O4, with
diameter around 50 nm, Sigma- Aldrich, St Louis, MO, USA) were
mixed with deionized water to form a 2mg/mL stock solution and then
treated with ultrasound for 20min. Second, a solution containing 400 µl
of a stock solution of Fe3O4 nanoparticles, 150 µl of 10mM sodium
dodecyl sulfate (SDS) and 150 µl of deionized water was mixed by
shaking for 1min [24]. Finally, MMBs were left 24 h before being
washed with phosphate-buffered saline (PBS) three times before use.
The MMBs had an average diameter of ∼6 µm.

2.4. The rotational magnetic field generation

The rotational magnetic field was generated by rotating a NdFeB
N50 permanent magnet bar (Size: 12mm * 6mm * 3mm) which was
mounted on a 3D printed fixture with a 12 V DC motor (Fig. 2). By
changing the rotational speed of the magnet bar, the various fre-
quencies (0–25 Hz) alternating magnetic fields were generated. Com-
pared with electromagnet made of coils, the permanent magnet has
many advantages such as high magnetic flux density, no need for large
power supply and coils cooling. As shown in Fig. 2, the DC motor was
positioned below the PDMS phantom, and the magnetic field was
aligned along the vertical direction. The magnetic field was measured
by a gaussmeter (Model GM2, AlphaLab, Inc.) and the position of the
DC motor was controlled by a 3-axis motion stage so that the amplitude
of magnetic field applied to the clot can be adjusted by changing the
distance between magnet bar and clot area.

To better understand the physics of the rotational magnet field, the
magnetic field generated by the permanent magnet was simulated in
the COMSOL® Multiphysics software. The simulated magnetic flux
density of the magnet in the YZ plane is shown in Fig. 1 (A). The white
arrow direction represents the direction of the magnetic flux density
norm. Fig. 1 (B) showed the relationship between rotational magnetic
flux density (B) and the distance (d) from the rotating magnet. The
measured results agree well with the simulation ones. Fig. 1 (C) showed
the magnetic flux density change when the magnet rotated from 0 de-
grees to 180 degrees. When the magnet was rotated by a DC motor, the
rotational magnetic field could be generated in a pattern as shown in
Fig. 1 (C). The magnetic field generated a torque →

=
→

×
→

τ μ B . This
induced the rotation of the magnetic microbubbles around their own
axis and the rotation speed can be controlled by changing the rotational
magnetic field frequency.

2.5. In vitro tests procedure

As shown in Fig. 2, for every treatment test, a 130mg ± 10% clot
sample was positioned into a 3mm diameter PDMS microchannel. The
PDMS microchannel was filled with saline at a temperature of
37.3 ± 0.3 degreesC. The saline was pumped by a peristaltic liquid
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pump (INTL-LAB, China) from a saline reservoir into the flow inlet of
the PDMS microchannel. The liquid pressure inside the microchannel
tube was measured by a low-pressure gauge (200 series, Noshok, Inc)
and kept at 3.7mmHg pressure level by controlling the speed of the
pump. The flow outlet of the microchannel tube was connected to a
reservoir to collect the liquid and debris after the thrombolysis treat-
ment. A thermocouple probe (OMEGA Engineering, Norwalk, CT) was
placed on the PDMS microchannel and the probe tip was positioned at
the clot region to measure the temperature change during the treat-
ment. The ultrasound transducer was inserted through the right side of
the PDMS microchannel tube, and the transducer position was con-
trolled by a 3-axis motion stage to control the distance between the
transducer and the clot (∼0.5mm). The NdFeB magnet mounted on a
DC motor was controlled by a motor speed controller and was

positioned under the PDMS microchannel to apply the alternating
magnetic field to the magnetic microbubbles. The US transducer was
driven by a 53 dB RF power amplifier (75A250A, AR, Inc. Souderton,
PA) and the input signal was generated by a function generator
(33250A, Agilent Technologies, Inc., Loveland, CO). To pump the
magnetic microbubbles into the tube, a micropump (DUAL-NE-1010-
US, New Era Pump Systems Inc., Farmingdale, NY) was used, and the
flow rate was maintained at 100 µl/min. Diluted magnetic micro-
bubbles (109/mL) with average diameters of ∼6 µm were used as the
therapeutic agents with the treatment time of 30min for each test.

To investigate the influence of flow pressure conditions on different
thrombolysis treatment, the fully occluded blood clot flow model was
used in this test. First, the blood clot was cut into the small size cy-
lindrical shape (length: 12 ± 2mm, diameter 3 ± 0.5mm) and

Fig. 1. Simulation of the magnetic field created by permanent magnet bar in the YZ plane. (A) The magnetic flux density of the permanent magnet (white arrow
represents the direction of the magnetic flux), (B) The rotational magnetic flux density of the magnet used for generating a rotational magnetic field at different
distances, (C) The magnetic flux density changes when the magnet rotates 180 degrees.

Fig. 2. In vitro ultrasound thrombolysis with magnetic microbubble under a rotational magnetic field experiment setup.
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weighted as 130mg ± 10% in mass and then positioned into a PDMS
microchannel as shown in Fig. 2. Then the saline flow was pumped into
the microchannel tube. Since the microchannel was fully occluded by
the blood clot before the treatment, there will be no flow out from the
outlet of the microchannel. The liquid pressure in the fully occluded
microchannel was measured and maintained at 3.7 mmHg. Second, the
magnetic microbubbles (concentration: 109/mL, average diameter
∼6 µm) were injected through a 1mm PDMS microchannel tube by a
micropump. Then the rotational magnetic field (RMF) with magnetic
flux density B= 50 mT and frequency f= 20 Hz generated by rotating
a NdFeB magnet was applied to the clot area to activate the magnetic
microbubble. Third, the US transducer with input signal as 120 Vpp

input voltage and 10% duty cycle was position near the clot surface
(∼0.5mm) to cavitate the magnetic microbubble for the thrombolysis
treatment. To compare the influence of ultrasound and rotational
magnetic field on the thrombolysis treatment process, different groups
of treatment methods were conducted under the same procedure de-
scribed above. To be specific, the control group was only injected with
magnetic microbubble with-out any ultrasound and magnetic field ex-
posure. The MB+US group was treated with microbubble (MB con-
centration: 109/mL, average diameter ∼6 µm) and ultrasound. The MB
was prepared by a similar process in our previous work [29]. The
MMB+US group was treated with magnetic microbubble and ultra-
sound only. The MMB+RMF group was treated with magnetic mi-
crobubble (MMB) and rotational magnetic field (RMF) only. The
MMB+US+RMF was treated with magnetic microbubble and both
ultrasound and rotational magnetic field. The similar treatments were
also repeated without the flow pressure in fully occluded microchannel
to compare the results with the presence of flow pressure.

Moreover, to clarify the influence of flow model on the thrombolysis
treatment, different clot occlusion conditions were investigated. As
shown in Fig. 3, the clot was cut into different size to meet the re-
quirement for different occlusion case (40% partial occlusion, 70%
partial occlusion, 100% fully occluded). The similar flow pressure
conditions and treatment methods as described above were used in this
experiment. To investigate the influence of clot ages on the thrombo-
lysis treatment, different clots with ages from 1 day to 7 days were used
in the experiment with similar flow pressure conditions and treatment
methods.

Finally, to clarify the thrombolysis effect of ultrasound, rotational
magnetic field and magnetic microbubble combined treatment, various
treatment cases were considered. The blood clots were exposed to ul-
trasound with different duty cycle (1.6%, 3.2%, 6.4%, 10%), input
voltage (26 Vpp, 39 Vpp, 45 Vpp, 62 Vpp, 68 Vpp, 80 Vpp, 93 Vpp, 120 Vpp)
and rotational magnetic fields with various magnetic flux density
(4 mT, 10mT, 30mT, 50mT, 65mT, 80mT), and frequency (static,
1 Hz, 5 Hz, 10 Hz, 15 Hz, 20 Hz, 25 Hz). The results presented in this
study were expressed as the mean ± SD (n= 3). Statistical analysis
was conducted using the MATLAB Statistical Toolbox (Mathworks,
Natick, MA, USA). The student’s t-test was used to estimate the statis-
tical significance of tests with various treatment conditions.

3. Results and discussion

3.1. Thrombolysis with different treatment methods under flow pressure

Previously, researchers have shown that the microbubble-mediated
ultrasound thrombolysis rate is also affected by blood flow pressure
[29]. The flow pressure (3.7 mmHg) in this study is in the range of
physiologic flow pressure in the human vein. To investigate the influ-
ence of flow pressure conditions on different thrombolysis treatment,
the fully occluded blood clot flow model was used in this test. Different
groups of methods (MB+US, MMB+US, MMB+RMF,
MMB+US+RMF) were used for the thrombolysis treatment with the
flow pressure and without the flow pressure. For each treatment, we use
the same treatment parameters as 30min treatment time, ultrasound
input parameters (120 Vpp input voltage, 10% duty cycle, f=620 kHz)
and magnetic field parameters (magnetic field flux density B=50 mT,
magnetic field frequency f=20Hz). As shown in Fig. 4, among all the
treatment groups, the clot mass reduction rate is slightly higher with
the flow pressure than without flow pressure. This is likely because in
the fully occluded flow model, the flow pressure will help the MB/MMB
better penetration the clot fibrin network and achieve higher lysis rate.

Moreover, the clot mass reduction rate using magnetic micro-
bubbles treated by the combined method of ultrasound and the rota-
tional magnetic field is much higher than the group that treated with
ultrasound only or rotational magnetic field only. The statistics result
also shows there is a significant difference (p < 0.01) between

Fig. 3. Schematic of different clot occlusion (40% partial occlusion, 70% partial occlusion, 100% fully occluded).
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MMB+US group and MMB+US+RMF group. This indicates that the
rotational magnetic fields applied on the magnetic microbubble could
enhance the ultrasound thrombolysis treatment.

The in vitro clot lysis results using MMB+US+RMF treatment
method in a fully occluded blood clot flow model with flow pressure
were shown in Fig. 5. The captured images with 10min-interval show
gradual volume reduction of the blood clot. After 40min treatment
time, the target clot size reduced to about 22.2% of its original size
(mass reduction from 130mg to 30mg) which shows that the
MMB+US+RMF combined method can improve the clot lysis rate
significantly.

3.2. Thrombolysis treatment with different clot occlusion case

To clarify the influence of flow model on the thrombolysis treat-
ment, different vessel occlusion conditions were investigated. For each
treatment, we use the same treatment parameters as 30min treatment
time, ultrasound input parameters (120 Vpp input voltage, 10% duty
cycle, f=620 kHz) and magnetic field parameters (magnetic field flux
density B=50 mT, magnetic field frequency f=20Hz). The control
group was only injected with magnetic microbubble without any ul-
trasound and magnetic field exposure. As shown in Fig. 6, among all the
treatment groups, the partial occlusion 40% case has the lowest clot
mass reduction compared to the partial occlusion 70% case and fully
occluded case. This is likely because the MMBs concentration in the

partial occlusion flow model will drop due to the presence of flow.
Therefore, the available magnetic microbubbles that retained in the clot
surface area for the ultrasound treatment were limited to a low con-
centration due to the flow which resulted in a low thrombolysis rate.
However, the group with combined treatment (MMB+US+RMF) still
shows a higher mass reduction rate than the ultrasound only
(MMB+US) group. Besides, the statistics result also shows that even in
partial occlusion 40% case, there is still a significant difference
(p < 0.01) in mass reduction rate when using combined treatment
(MMB+US+RMF) (39%), compared to ultrasound only (MMB+US)
(17.8%).

3.3. Thrombolysis treatment with different clot ages

According to our previous study [29], the fresh clot is considered as
clot formed within 1 day and the retracted clot is considered as clot
formed more than 3 days. Therefore, clot with ages from 1 day to 7 days
was selected in this study to better understand the clot aging effect on
the thrombolysis rate influence. To investigate the influence of clot ages
on the thrombolysis treatment, the fully occluded blood clot flow model
with flow pressure and the clot with different ages from 1 day to 7 days
were used in this test. For each treatment, we use the same treatment
parameters as 30min treatment time, ultrasound input parameters (120
Vpp input voltage, 10% duty cycle, f= 620 kHz) and magnetic field
parameters (magnetic field flux density B=50 mT, magnetic field

Fig. 4. In vitro test results using different treatment methods with or without
flow pressure. (Treatment time: 30min, ultrasound parameters: 120 Vpp input
voltage, 10% duty cycle, f= 620 kHz, magnetic field: B=50 mT, f= 20 Hz)
(*P < 0.05, **P < 0.01).

Fig. 5. In vitro clot lysis results. Captured images under microscope during 40min treatment by using MMB+US+RMF treatment methods (ultrasound parameters:
120 Vpp input voltage, 10%duty cycle, f= 620 kHz, magnetic field: B= 50 mT, f= 20 Hz) (scale bar= 3mm).

Fig. 6. In vitro test results using different treatment methods with different
vessel occlusion case. (Treatment time: 30min, ultrasound parameters: 120 Vpp

input voltage, 10% duty cycle, f = 620 kHz, magnetic field: B=50 mT,
f= 20Hz) (*P < 0.05, **P < 0.01).
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frequency f= 20Hz). The control group was only injected with mag-
netic microbubble without any ultrasound and magnetic field exposure.
As shown in Fig. 7, the clot mass reduction rate slightly drops when clot
ages increase. This is likely because as the clot ages increase, the clot
condition changes from fresh to retracted. In the retracted clot, there
will be more fibrin networks that prevent clot lysis. The fresh clots are
much more easily to be dissolved during the treatment. However, the
combined method (MMB+US+RMF) still shows a higher mass re-
duction rate than the ultrasound only (MMB+US) method sig-
nificantly (p < 0.05).

3.4. Thrombolysis treatment with different input parameters

To clarify the thrombolysis effect of ultrasound, the rotational
magnetic field, and magnetic microbubble combined treatment, various
treatment cases were considered. As shown in Fig. 8 (A), different duty
cycles were used as the ultrasound input parameter. The result shows
that the clot mass reduction will increase when the duty cycle increase.
As shown in Fig. 8 (B), when the input voltage increases from 0 to 120
Vpp, the clot mass reduction will increase. The in vitro test results using
MMBs with various ultrasound input parameters had a similar tendency
with the previously reported sonothrombolysis results obtained by

using microbubbles [29]. The input voltages range from 26 Vpp to 120
Vpp were selected according to our previous study [29]: the higher
input voltages, the higher peak negative pressure (PNP) and mechanical
index (MI) can be achieved. However, due to the ultrasound transducer
material limitation (45% of the AC depoling voltage for PZT-5A cera-
mics), 120 Vpp was applied as an input voltage upper limit to keep the
transducer working in a safe voltage range. The duty cycle ranges from
1.6% to 10% were used in this study according to our previous study
[29]. The 10% (5ms burst duration and 305 cycle-burst) was applied as
a duty cycle upper limit to keep the transducer working in a safe range.

Next, we investigated the influence of magnetic field on the MMBs
thrombolysis using the same ultrasound input parameter (120 Vpp input
voltage, 6.4% duty cycle, 620 kHz). As shown in Fig. 9 (A), the higher
magnetic field flux density, the higher clot mass reduction can be
achieved. The possible reason can be explained as higher magnetic field
flux density will induce the higher magnetic force applied on the
magnetic microbubble, which will increase the vortex like micro-
streaming generated by the oscillating magnetic nanoparticles. To fur-
ther investigate the influence of rotational magnetic field frequency on
the lytic rate, we perform the in vitro test with different magnetic fre-
quency from static, 1 Hz to 25 Hz. As shown in Fig. 9 (B), the lytic rate
was increased when higher frequency rotational magnetic field applied
to the magnetic microbubble. Which can be explained as higher fre-
quency will increase the oscillation magnitude of magnetic micro-
bubbles, and as a result, the magnetic microbubbles were more likely to
be activated by the ultrasound and therefore induce more cavitation
effect and microstreaming at the clot region.

3.5. Temperature changes and effects

To better understand the temperature changes and effects during
the thrombolysis treatment, we measured the temperature changes of
the clot region using a thermocouple probe. As shown in Fig. 10, the
control group was only injected with saline without any ultrasound and
magnetic field exposure. The MMB+RMF group is treated with mag-
netic microbubbles in a rotational magnetic field (B=50 mT,
f= 20Hz). The temperature changes in MMB+RMF treatment group
is not significant compared to the control group. This indicates that the
rotational magnetic field in the low frequency range (f < 25Hz) does
not induce heating above the physiological temperature range. The
MMB+US group and MMB+US+RMF group both have a slight
temperature increase during the 30min treatment. This is likely due to
ultrasound exposure and the associated cavitation effects during the
treatment. However, no significant change in temperature was ob-
served in either MMB+US group or MMB+US+RMF group. This
further indicates that the thrombolysis rate increase in the

Fig. 7. In vitro test results using different treatment methods with different clot
ages. (Treatment time: 30min, ultrasound parameters: 120 Vpp input voltage,
10% duty cycle, f= 620 kHz, magnetic field: B=50 mT, f= 20 Hz), *: statis-
tically different between group MMB+US and group MMB+US+RMF
(P < 0.05).

Fig. 8. In vitro test results using MMB+US+RMF treatment method with different ultrasound input (A) duty cycle, (B) input voltage (Treatment time:30min,
ultrasound parameters: f= 620 kHz, magnetic field: B=50 mT, f= 20Hz) (*P < 0.05, **P < 0.01).
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MMB+US+RMF group is not mainly attributed by the temperature
changes and effects.

3.6. The hypothesis of sonothrombolysis with MMBs under RMF

The hypothesis of magnetic microbubbles (MMBs) mediated in-
travascular sonothrombolysis by using a catheter-tipped forward-
looking ultrasound transducer under a rotational magnetic field (RMF)
is shown schematically in Fig. 11(A) and (B). First, the magnetic field
can confine and trap the magnetic microbubbles around the clot region
against blood flow and therefore increase the total concentration of
magnetic microbubbles that retained at the clot surface for further ul-
trasound excitation. Second, when applied with the external rotational
magnetic field, the magnetic microbubble will vibrate and oscillate at
certain amplitude on the surface of the clot, resulting in a pair of
counter-rotating vortices around the magnetic microbubbles, gen-
erating high shear flows, microjets, and microstreaming. Third, the fi-
brin network in the clot can be disrupted by the mechanical force
generated from magnetic microbubble vibration and microstreaming
under rotational magnetic field. Finally, the clot with disrupted fibrin
network structure allows more magnetic microbubbles to diffuse

beneath the clot surface and then magnetic microbubbles can be excited
by ultrasound for cavitation to increase the clot lysis rate.

We hypothesize that sonothrombolysis with magnetic microbubbles
using a catheter-tipped forward-looking ultrasound transducer under a
rotational magnetic field is more advantageous for effective thrombo-
lysis by enhancing the disruption of fibrin network of the clot and ca-
vitation-induced microstreaming than the conventional high frequency,
catheter-based thrombolysis techniques. The current techniques for
treating thrombosis disease have many disadvantages such as low
thrombolytic efficiency, hemorrhage, high failure rate, vein injury and
the risk of distal embolism due to the large size of clot debris. Recently,
the catheter-based side-looking intravascular ultrasound thrombolysis
has demonstrated the improved lytic rate using high-frequency, low-
power ultrasound waves that enhance the drug diffusion [43,44].
However, this method cannot be effective for thrombolysis without a
thrombolytic agent. Moreover, the side looking method still needs a
relatively long treatment time (> 10 h on average) with the use of high
dose of the thrombolytic agent. In our approach, we initially realized a
high thrombolysis rate (> 60%mass reduction) in a short time (30min)
in-vitro treatment without using any thrombolytic agent such as rt-PA.
We anticipated that this approach could be a useful indicator of ultra-
sound-enhanced fibrinolysis by using rotational magnetic field in
combination with magnetic microbubbles in a lower dose of rt-PA
thrombolytic agent to achieve rapid thrombolysis treatment in the
clinical application.

However, in the development of this sonothrombolysis technique,
an advanced magnetic field generating system will be developed with
higher magnetic flux density and frequency; the evaluation of the safety
of the blood vessel wall and its surrounding tissue, clot debris size, and
testing with rt-PA, etc. should also be carefully studied. Besides, dif-
ferent concentrations and size of MMBs need to be considered in future
work.

3.7. The safety concerns of magnetic microbubbles

Regarding safety, the magnetic microbubbles (MMBs) are similar to
those microbubbles (MBs) contrast agents that were used in the clinical
applications and whose toxicity profile are well understood. However,
the possible adverse effects of the presence of inorganic particles that
were embedded in the MMBs as iron oxide magnetic nanoparticles must
also be taken into consideration. Therefore, the potential risk of iron
oxide nanoparticles in the human body is the most critical issue for
investigation. From the toxicological point of view, the toxicity of
magnetic nanoparticles may depend on many factors such as the dose,
size, structure, chemical composition, surface and biodegradability
[30].

Fig. 9. In vitro test results using MMB+US+RMF treatment method with different magnetic field (A) flux density, (B) frequency (Treatment time: 30min,
ultrasound parameters: 120 Vpp input voltage, 10% duty cycle, f= 620 kHz) (*P < 0.05, **P < 0.01).

Fig. 10. Measured temperature changes of the clot region with different
treatment methods. (Treatment time: 30min, ultrasound parameters: 120 Vpp

input voltage, 10% duty cycle, f= 620 kHz, magnetic field: B=50 mT,
f= 20 Hz).
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First, as we know, size is the most crucial factor in the toxicity as-
sessments of nanoparticles, and mostly the toxicity and size of nano-
particles are inversely related [31]; that is, the smaller the size of na-
noparticles, the higher the toxicity. For example, iron oxide particles
are well known to be non-toxic and are finally broken down to form
blood hemoglobin inside the body. However, when it comes to the
nanoscale size, the previous study demonstrated that the 30 nm sized
iron oxide nanoparticles showed relatively higher toxicity compared to
that of 500 nm sized particles [31].

Second, the influence of the surface coating is critical to the toxicity
of nanoparticles. For example, the previous study showed that the un-
coated iron oxide nanoparticles caused a significant decrease (by
∼64%) in the human fibroblasts cell adhesion compared to that of
control cells, but the PEG-coated nanoparticles did not cause much
change [32]. Studies performed on the toxicity of magnetite-loaded
polymeric particles have demonstrated that polymer coated nano-
particles had lower cytotoxicity than the uncoated magnetite nano-
particles. Moreover, many works have demonstrated that the biode-
gradable polymers were ideal nanoparticle surface coating materials
since their minimum toxicity and the immunological response had been
achieved [33,34]. Currently, in order to obtain microbubbles with high
magnetic and acoustic sensitivities, iron oxide nanoparticles have been
embedded into the shell of polymer and lipid-shelled microbubbles,
encapsulated in the acoustically active lipospheres or the surface of the
shell structures [35]. However, the embedded rigid nanoparticles will
increase the stiffness of the microbubble’s shell and reduce their sen-
sitivity to ultrasound [36], while a surface coating of the microbubbles
with some immunogenic material may lead to the shell destabilization
[37]. As a result, the stiffening effects and surface destabilization of the
magnetic microbubbles will increase the risks of pulmonary entrap-
ment, which may cause further vascular occlusion and thromboembo-
lism [38]. Recently, researchers have found that by attaching heparin-
functionalized iron oxide nanoparticles to the surface of lipid-shelled
microbubbles, both the compressibility and surface stealth of micro-
bubbles could be preserved [21].

Third, the dose of the magnetic microbubble also plays a vital role in

the safety of clinical application. A recent study has demonstrated that
iron oxide nanoparticles with a concentration below 100 µg/ml could
be safe and non-cytotoxic [39]. Another in vitro cytotoxicity study
showed that the iron oxide nanoparticles are nontoxic at lower con-
centrations from 0.1 to 10 µg/ml while cytotoxicity could be found at
100 µg/ml [40]. The number of in vivo studies in the human body is
very limited. However, the previous study found that a dextran-coated
iron oxide nanoparticle only induced some mild side effects like urti-
caria and could be degraded and cleared from systemic circulation by
the iron metabolic pathways [41,42].

In summary, the magnetic microbubbles may be considered as
biocompatible. Nevertheless, their safety may vary with particle size,
physicochemical composition, surface coating, dose range. To evaluate
the safety of magnetic microbubbles, further optimization of the mag-
netic microbubble formulations and thrombolysis experimental condi-
tions are necessary for the future.

4. Conclusions

In this study, we demonstrated that the additional use of magnetic
microbubbles significantly enhances in vitro lysis of blood clot. First, we
compared the influence of blood flow conditions on the different
thrombolysis treatment methods (MB+US, MMB+US, MMB+RMF,
MMB+US+RMF). Second, we investigated the influence of different
vessel occlusion conditions (partial occlusion, fully occluded) and dif-
ferent clot ages (fresh, retracted) on the thrombolysis efficiency.
Finally, to better understand the mechanism of rotational magnetic
field assisted sonothrombolysis, we explored the influence of various
ultrasound parameters (input voltage, duty cycle) and magnetic field
parameters (amplitude, frequency) on the thrombolysis rate. This
finding is especially attractive concerning future novel technology
which may utilize the magnetic microbubbles to treat and optimize the
thrombolysis of in vivo intravascular occlusions.

Fig. 11. Schematic view of sonothrombolysis with magnetic microbubbles under a rotational magnetic field. (A) MMBs are injected through the catheter and trapped
near the clot region under the rotational magnetic field. (B) The hypothesis of sonothrombolysis with magnetic microbubbles under a rotational magnetic field. The
MMBs can penetrate the clot surface and bind to the fibrin network of the clot under ultrasound exposure. When the rotational magnetic field is activated at this
point, the MMBs start to rotate and vibrate, and the resulting shear force will cause the mechanical injury to the fibrin network. Then the MMBs can be activated by
the ultrasound exposure and induce the cavitation effects, leading to the disruption of the clot.
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