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Abstract Background Magnetic targeting may help microbubbles (MBs) reach obstructive
thrombi and improve the efficacy of MB-mediated sonothrombolysis, but the role of
magnetic targeting in MB-mediated sonothrombolysis remains elusive.
Objectives We investigate the feasibility and efficacy of magnetically targeted MB-
mediated sonothrombolysis for the treatment of obstructive thrombi.
Materials and Methods Red and white thromboembolic models were established in
vitro and in vivo. The models were randomly assigned to the control, ultrasound plus
control MB (USþ C-MB), ultrasound plus magnetic MB (USþM-MB), or USþM-MBþ
recombinant tissue-type plasminogen activator (r-tPA) groups and treated for 30
minutes. The recanalization rate, average blood flow velocity, hindlimb perfusion, and
skeletal muscle injury marker levels were recorded.
Results The recanalization rate, average blood flow velocity, and hindlimb perfusion
in the red and white thromboembolic models were all significantly higher in the USþ
M-MB and USþM-MBþ r-tPA groups than in the control and USþ C-MB groups both in
vitro and in vivo. Moreover, the levels of the skeletal muscle injury markers were all
significantly lower in the USþM-MB and USþM-MBþ r-tPA groups than in the other
two groups in vivo for both thromboembolic models. However, the thrombolytic
effects of red thrombi performed better than those of white thrombi in the USþM-
MBþ r-tPA group.
Conclusion M-MB-mediated sonothrombolysis improves the efficacy of thrombolysis
both in vitro and in vivo, and reduces tissue damage in clogging model; thus, this
method may serve as a promising approach for treating thrombus-occlusive diseases.
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Introduction

Thrombo-occlusive diseases are common and are associated
with high morbidity and mortality rates worldwide.1 Early
recanalization of the occluded blood vessel, which can save
ischemic tissueand improve theprognosis of patients, is thekey
to antithrombotic treatment.2,3 Currently, multiple antithrom-
botic therapies are available, including intravenous thrombo-
lytic therapies4,5 and catheter interventions.6,7However, these
methods have limitationswhen used in the clinic due to drastic
exclusion criteria,8,9 severe complications,10,11 invasiveness,
and the need for specific equipment and skilled operators.
Microbubbles (MBs) have been used as contrast agents for
ultrasound (US) diagnosis and were later modified for use in
specific molecular imaging of thrombus.12–15 Recently, greater
attention has been paid to the role of MBs in the field of
treatment, especially in sonothrombolysis, because MB-medi-
ated sonothrombolysis is not onlyeffective at dissolving throm-
bi via MB-induced acoustic cavitation but also noninvasive,
economical, andconvenient,withoutovert contraindications.16

Many studies have been focused on the tolerability and efficacy
ofMB-mediated sonothrombolysisprotocols.17,18However, the
hydrodynamic conditions in occluded vessels remain a major
challenge becauseMBs are difficultly delivered to and retained
at the site of thrombus by systemic injection,whichmayhinder
the application of MB-mediated sonothrombolysis in clinical
practice.19 It has been reported that directly injecting MBs into
the occlusion/clot could enhance the local MB concentration
and achieve complete recanalization.20,21 Nevertheless, this
approach is invasive and inconvenient when applied in the
clinic.

Magnetically targeted treatment involves an externally
applied magnetic field used to control the movement of
magnetically responsive agents and helps them reach a
desired location in the vasculature, even under the con-
dition of complete lumen occlusion.22 Thus, it has promise
as a convenient noninvasive antithrombotic therapy. Pre-
vious studies in our laboratory have identified the feasi-
bility of manipulating magnetic MBs (M-MBs), which can
be guided by a magnetic field in atherosclerotic aortas to
overcome high shear stress and flow away from the center
line.23 Moreover, another study has demonstrated the
feasibility of using a magnetic field to steer magnetic
carriers into a specific branch of a Y-shaped bifurcation
in an occluded vascular network.22 In addition, previous
studies have suggested that magnetic micro-/nanopar-
ticles combined with thrombolytic drugs (e.g., urokinase,
nattokinase, tissue-type plasminogen activator [r-tPA])
can be specifically directed to a desired site under a
magnetic field in vivo.24–27

Thus, in this study, we hypothesized that the delivery of
M-MBs to an occlusion could be enhanced using a magnetic
field and that M-MB-mediated sonothrombolysis could
efficiently dissolve a thrombus in a fully occluded artery.
To verify this hypothesis, we developed a kind of M-MB and
then evaluated the effect of sonothrombolysis with
magnetically responsive MBs using in vitro clot models.
Moreover, we investigated the therapeutic effect of this

magnetically targeted treatment in rat models of white
thrombus (also known as platelet-rich thrombus, PRT)
and red thrombus (also known as erythrocyte-rich throm-
bus, ERT) in the iliac artery.

Materials and Methods

The animal study protocols conformed to the Guide for the
Care and Use of Laboratory Animals (National Institutes of
Health, No. 85–23, revised version in 1996) and were
reviewed and approved by the Animal Research Committee
of Southern Medical University (Guangzhou, China).

Preparation of MBs
M-MBs were prepared as previously described with some
modifications.23 A detailed description is provided in the
►Supplementary Material (available in the online version).

To detect the payload of magnetic materials on MBs, the
M-MBs were disrupted by brief sonication, and the magnetic
material was quantified by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES; JY 2000, JobinYvon,
Longjumeau, France) as previously described.26 The test of
the responsiveness of MBs to a magnetic field is provided in
the ►Supplementary Material (available in the online ver-
sion). The size distribution and concentration of the MBs
were measured using a Beckman Coulter Multisizer III (Full-
erton, California, United States) before the in vitro and in vivo
experiments.

Acoustic Stability of MBs In Vitro
The experimental protocol was performed as previously
described.28 A detailed description is provided in the
►Supplementary Material (available in the online version).

Preparation and Characterization of Ex Vivo
Macrothrombi
White and red macrothrombi were prepared as previously
described.16 A detailed description is provided in the
►Supplementary Material (available in the online version).

For the histological examination, each thrombus was
subjected to hematoxylin and eosin (HE) staining and scan-
ning electron microscopy (SEM; S-3000N, Hitachi, Tokyo,
Japan) as previously described.16

In Vitro Experimental Setup
A description is provided in the Supplementary Material

(available in the online version).

Assessment of MB Responsiveness to a Magnetic Field
A description is provided in the ►Supplementary Material

(available in the online version).

In Vitro Thrombolysis ofWhite and RedMacrothrombi
The thrombus models were randomly assigned to 4 groups:
control, US combined with control MBs (USþ C-MB), US
combined with M-MBs (USþM-MB), and US combined
with M-MB and recombinant r-tPA (USþM-MBþ r-tPA)
(n¼ 20 per group). A detailed description is provided in
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the ►Supplementary Material (available in the online
version).

Regarding changes in the thrombus mass, the clot together
with the 120-degree-angle polyethylene tube was weighed
initially before treatment, and this valuewas denoted asMASS
1. After the treatment, the 120-degree-angle polyethylene
tube containing the thrombus was extracted, dried with filter
paper, and weighed to obtain MASS 2. The extent of throm-
bolysiswasdeterminedasapercentmass loss: (MASS1–MASS
2)/MASS 1�100%.

Establishment of Left Iliac Arterial Thrombosis Model
in Rats
The establishment of white and red thrombusmodels in vivo
is shown in the ►Supplementary Material (available in the
online version).

For the histological examination, in vivo macrothrombi
were subjected to HE staining and immunohistochemical
staining with anti-CD41 antibody (Abcam) to indicate the
presence of platelets.

Thrombolysis of Left Iliac Arterial Thrombi in Rat
Models
Theratmodelswererandomlyassignedto4groups: thecontrol,
USþ C-MB,USþM-MB, andUSþM-MBþ r-tPAgroups (n¼ 20
per group). A detailed description is provided in the
►Supplementary Material (available in the online version).

At 12 hours after treatment, the diseased left artery was
excised, and HE staining of the middle part of the thrombus
in the left iliac artery was performed to observe changes in
the cross-sectional area of the thrombus.

B-Mode and Doppler US Imaging
Ultrasonic evaluation of thrombolysis in vitro and in vivowas
performed using a Siemens US system (Acuson Sequoia 512)
with a 15L8-S probe (mechanical index [MI], 0.18; frequency,
14MHz). In the in vitro and in vivo experiments, the longi-
tudinal view of the thrombus and the flow velocity 1 cm
downstream from the thrombus were imaged using B-mode
and pulse-wave Doppler US, respectively. The total duration
of imaging in each experiment was less than 3minutes.

Contrast-Enhanced Ultrasound Imaging of the Left
Hindlimb
The hair of the left hindlimbwas shaved, followed by chemical
epilation (Veet, Reckitt Benckiser). Contrast-enhanced US
(CEUS) imaging was performed with US coupling gel at the
midpoint between the inguinal groove and knee joint in the
transaxial plane using a Siemens US imaging system (Acuson
Sequoia 512) equipped for contrast pulse sequencing with a
15L8-S probe (frequency: 7.0MHz, frame rates: 16Hz). The
dynamic range and gain settings were optimized and held
constant throughout the experiment. Thirty minutes after
treatment, C-MBs at a concentration of 2� 106 MBs/mL
were injected into the rats at 0.01mL/min to visualize the
blood perfusion in the hindlimb. When the contrast agent
reached a steady state, all contrast MBs within the imaged
region were destroyed using a high MI (MI, 1.9), followed by

continuous real-time perfusion imaging with a continuous
low MI of 0.18. CEUS images were recorded both before and
after treatment. MCE 2.7 image analysis software (University
of Virginia, Charlottesville, Virginia, United States)was used to
analyze the perfusion images and the video intensity (VI)
measured before and after treatment.

Positron Emission Tomography Imaging of the Left
Hindlimb
Positron emission tomography (PET)wasperformed using an
Inveon PET scanner (Siemens Preclinical Solutions) before
and 12 hours after treatment. The schematic diagram of rat
detection site is shown in►Fig. 5B. The rat was placed in the
supine position after being anesthetized with an intraperi-
toneal injection of 3% pentobarbital (50mg/kg). PET images
of the left hindlimb were acquired at 0.5 hour after the
injection of a tracer, [18F] fluorodeoxyglucose [FDG] (�800
μCi), followed by flushing with 1mL of 0.9% saline through
the tail vein. [18F] FDG can be used to estimate the glucose
metabolism and blood perfusion in the skeletal muscle.

Assessment of Skeletal Muscle Injury
Skeletalmuscle injurywasassessedbyterminaldeoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) staining,
transmission electron microscopy, and HE staining. The biceps
femoris muscle from the left hindlimb of each animal was
harvested 12hours after treatment and fixed in 4% paraformal-
dehyde for TUNEL andHE staining. Skeletalmuscle cell apoptosis
was assessed by TUNEL staining according to themanufacturer’s
protocols (Roche Diagnostics), and the samples were imaged by
confocal microscopy. Apoptotic muscle cells were stained red,
nuclei were stained blue (4′,6-diamidino-2-phenylindole), and
thecytoplasmofmusclecellswasstainedgreen(α-actin).TUNEL-
positive cells and muscle cell nuclei were counted using Image-
Pro Plus 6.0 (Media Cybernetics, Bethesda, Maryland, United
States). In addition, thebiceps femorismuscleof the lefthindlimb
was fixed with glutaraldehyde for observation by electron mi-
croscopy, and the number of lysosomes and the degree of
mitochondrial swelling in the muscle were estimated.

Skeletal Muscle Necrosis Marker Detection
Blood samples were collected 12hours after treatment for the
determinationofcreatinekinaseM(CK-M)andmyoglobin(MYO)
serum concentrations. After the blood sampleswere centrifuged
at 3,000 revolutions per minute for 10minutes, the supernatant
was collected and analyzed using enzyme-linked immunosor-
bent assay kits according to the manufacturer’s protocols
(BPE91010 and BPE91184, CUSABIO, Wuhan, Hubei, China).

In Vivo Safety of the Thrombolysis of Magnetic
Microbubbles
A description is provided in the ►Supplementary Material

(available in the online version).

Statistical Analysis
SPSS 19.0 software was used for the statistical analyses.
Numerical variables are expressed as mean� standard devi-
ation and were analyzed by one-way analysis of variance

Thrombosis and Haemostasis Vol. 119 No. 11/2019

Magnetic Microbubble-Mediated Sonothrombolysis Chen et al.1754

D
ow

nl
oa

de
d 

by
: K

ev
in

 C
ha

ng
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



followed byBonferroni’smultiple comparison test. Theblood
flow velocity (BFV) after treatment was compared using the
nonparametric Kruskal–Wallis H test, followed by Dunn’s
multiple comparison tests to determine differences among
groups because the BFV data were not normally distributed.
Internal group comparisons were performed using the inde-
pendent samples t-test for normally distributed data or the
Mann–Whitney U test for nonnormally distributed data. For
categorical variables, that is, the recanalization rate, Fisher’s
exact test was used to test for differences betweengroups. All
tests were two-sided, the statistical analyses in this study
compared all groups to each other for multiple comparisons,
and a p-value of< 0.05 was considered statistically
significant.

Results

Characterization of MBs
The concentration and size distribution of the C-MBs and
M-MBs were not significantly different (p< 0.05, n¼ 5 per
group; ►Supplementary Fig. S1A, S1B and ►Supplementary

Table S1, available in the online version), indicating that
adding magnetic streptavidin beads to the lipid shell of the
MBsdidnotcausethemtoaggregate.Themagnet loadingofM-
MB was 354.67� 11.72 fg Fe/MB, as determined by ICP-AES.

The in vitro acoustic stabilities of both MB types were
examined by time-lapse CEUS imaging with an agarose
phantom (►Supplementary Fig. S1C, S1D, available in the
online version). Both MB types showed good acoustic stabil-
ity at 37°C for 1 hour, suggesting that themagnetic beads had
no significant effect on the stability of the MBs.

Adding a lipophilic dye (Dil) to the lipid shell allowed
both the C-MBs and M-MBs to emit red fluorescence
(►Fig. 1A,B). The M-MBs in suspension in a centrifuge
tube were attracted to the magnet for 5minutes,
while the C-MBs were not, indicating the magnetic respon-
siveness of the M-MBs (►Supplementary Fig. S1E, available
in the online version). Meanwhile, with the application of a
magnetic field, the fluorescent imaging showed that the
M-MBs moved toward the magnet, while the C-MBs
remained stationary (►Fig. 1C, D).

When visualizing the movement of fluorescently
labeled MBs under magnetic guidance in the extracorpo-
real circulation system under the fluorescence microscopy,
the fluorescence intensity (FI) was used to reflect the
number of MBs that reached the proximal segment of
the thrombus which was also labeled with the fluores-
cence agent Dil for better visualization. Representative
screenshots, shown in ►Fig. 1E, were respectively taken
at different time points of time-lapse videos of the C-MB
and M-MB groups, with white-dashed boxes indicating
the targeted area for measuring the FI (the FI of represen-
tative images was measured by Image-Pro Plus 6.0 soft-
ware); the FI was defined as 0 at 0 second as a benchmark
and was then measured at other time points in each group.
The FI was significantly stronger at corresponding
time points in the M-MB group than in the C-MB group
(p< 0.05, respectively; n¼ 5 per group; ►Fig. 1F).

In Vitro Thrombolytic Effects on 3-Hour Thrombi
Before thrombolysis, the length and mass of the thrombus
were measured and were not significantly different among
the groups (p> 0.05, n¼ 20 per group; ►Supplementary

Fig. S4A, S4B [available in the online version] for white
thrombi and ►Supplementary Fig. S4C, S4D [available in
the online version] for red thrombi). Both HE staining and
SEMdemonstrated that thewhite thrombiwere composed of
a dense fibrin-platelet network with a few dispersed eryth-
rocytes, while the red thrombi were mainly composed of
erythrocytes (►Fig. 2A).

The US images showed the changes in the white and red
thrombi before and after treatment (►Fig. 2B). After treatment
of the white and red thrombi, the percent decrease in the
longitudinal areaof the thrombus (PDL), decrease inmass (DM),
and average BFVwere greater in the USþM-MB group than in
the USþ C-MB and control groups (p< 0.05, respectively;
►Fig. 2C–E). The above indicators were also greater in the
USþ C-MB group than in the control group (p< 0.05, respec-
tively) forboth thrombi. Regarding the recanalizationrate, if the
recovered blood flow after treatment was less than 20% of the
basal bloodflow(i.e., theBFVof the left iliacartery in ratsbefore
blockage), it was considered recanalization failure. The recana-
lization rate was defined as follows: recanalization rate¼
recanalized samples/total samples� 100%. The total number
of samples in each group was 20. The recanalization rate
was significantly higher in the USþM-MB group than in the
USþ C-MB and control groups for both thrombi (p< 0.05,
respectively; ►Fig. 2F). After treatment of the red thrombi,
the PDL and DM in the USþM-MBþ r-tPA groupwere signifi-
cantly greater than those in the USþM-MB group (p< 0.05,
respectively), while the PDL and DMwere similar between the
USþM-MBþ r-tPA and USþM-MB groups for the white
thrombi (p> 0.05, respectively). In addition, after treatment
of the white and red thrombi, the BFV and recanalization rate
werenotsignificantlydifferent in theUSþM-MBþ r-tPAgroup
from those in the USþM-MB group (p> 0.05, respectively).
The PDL, DM, and BFV of the red thrombi were significantly
greater than those of thewhite thrombi in the USþM-MBþ r-
tPA group (p< 0.05, respectively). Interestingly, we also found
that when the half-dose of M-MBs and the same amount of r-
tPA were used for sonothrombolysis, the thrombolytic effect
was comparable to that of the USþM-MB group for the red
thrombiwhilewasworse than that of theUSþM-MBgroup for
the white thrombi (data not shown).

In Vitro Thrombolytic Effects on 12-Hour Thrombi
Before thrombolysis, the length and mass of the thrombus
weremeasured andwerenot significantly different among the
groups (p> 0.05, n¼ 20 per group;►Supplementary Fig. S4E,
S4F [available in the online version] for white thrombi and
►Supplementary Fig. S4G, S4H for red thrombi [available in
the online version]). The representative HE staining and SEM
showedthemore compact structuresof the12-hourwhiteand
red thrombi than the 3-hour white and red thrombi
(►Supplementary Fig. S5A, available in the online version).

The US images showed the changes in the white and red
thrombibeforeandafter treatment (►Supplementary Fig. S5B,
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available in theonlineversion).After treatmentof thewhiteand
red thrombi, the PDL, DM, BFV, and recanalization rate were
significantlygreater in theUSþM-MBgroupthan in theUSþ C-
MB and control groups (p< 0.05, respectively;

►Supplementary Fig. S5C–S5F, available in theonlineversion).
The PDL, DM, and BFV were significantly greater in the USþ C-
MB group than in the control group (p< 0.05, respectively);
conversely, the recanalization rates were not significantly

Fig. 1 Characteristics andmagnetic responsiveness of microbubbles (MBs). (A, B) Schematic presentation of control microbubbles (C-MBs) andmagnetic
microbubbles (M-MBs) and bright-field and fluorescence microscopy images of both types of MBs. (C) Schematic diagram of themovement of MBs on the
slideunder fluorescencemicroscopy in amagneticfield. (D)MB responsiveness toamagneticfieldunder fluorescencemicroscopy. (E) Representative screen
shots of time-lapse fluorescence videos of the C-MB and M-MB groups (bar¼ 1mm). (F) Quantitative analysis of the fluorescence intensities of the screen
shots at different time points. �p< 0.05: comparison of corresponding time points between the C-MB and M-MB groups. n¼ 5 per group.
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different between the two groups (p> 0.05, respectively) for
both thrombi. After treatment of the red thrombi, the PDL and
DMwere significantly greater in the USþM-MBþ r-tPA group
than in theUSþM-MB group (p< 0.05, respectively), while the
two therapeutic indicators for the white thrombi were compa-
rable between the USþM-MBþ r-tPA and USþM-MB groups

(p> 0.05, respectively). In addition, the BFV and recanalization
rate in the USþM-MBþ r-tPA group were not significantly
different from those in the USþM-MB group for both thrombi
(p> 0.05, respectively). ThePDL,DM,andBFVof thered thrombi
weresignificantlygreater than thoseof thewhite thrombi in the
USþM-MBþ r-tPA group (p< 0.05, respectively). The PDL and

Fig. 2 Characteristics of 3-hour thrombi and thrombolytic effect of microbubbles in vitro. (A) Representative images of thrombi by hematoxylin
and eosin (HE) staining and scanning electron microscopy (SEM). (B) Representative ultrasound images of macrothrombi (white thrombi for the
upper two lines of images, red thrombi for the lower two lines of images) in the longitudinal view before and after treatment. The yellow
direction line roughly represents the direction of the magnetic field. (C–F) Statistical results of thrombolytic effects on the white and red thrombi
after treatment: longitudinal area of thrombus changes (C), clot mass losses (D), blood flow velocity (E), and recanalization rate (F). �p< 0.05 vs.
control group, #p< 0.05 US þM-MB vs. US þ C-MB group, $p< 0.05 USþM-MBþ r-tPA vs. US þ C-MB group, &p< 0.05 US þM-MBþ r-tPA vs.
USþM-MB group, Σp< 0.05 internal group, n¼ 20 per group. C-MB, control microbubble; M-MB, magnetic microbubble; Pre, pretreatment;
Post, posttreatment; r-tPA, recombinant tissue-type plasminogen activator; US, ultrasound.
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DM of the red thrombi, except for the BFV, were significantly
greater than those of the white thrombi in the USþM-MB
group (p< 0.05, respectively).

Moreover, we compared the thrombolytic effects of the 3-
and 12-hour thrombi after treatment in terms of thrombus
area and clot mass changes. As shown in ►Supplementary

Fig. S6A and S6B (available in the online version) for the
white thrombi and►Supplementary Fig. S6C and S6D (avail-
able in the online version) for the red thrombi, the changes in
thrombus area and blood mass were significantly greater in
the 3-hour thrombi than in the 12-hour thrombi (p< 0.05,
respectively) after treatment, except for the control group,
indicating that the earlier the thrombolytic therapy was, the
better the thrombolytic effect.

In Vivo Thrombolytic Effects on White Thrombi
HE staining demonstrated that the white thrombi were
mainly composed of a fibrin-platelet network, while immu-
nohistochemistry revealed strong CD41 expression in white
thrombi (►Fig. 3A). Before the treatment of thrombolysis,
CEUS images of the segment of the left iliac artery in front of
the thrombus were respectively captured 30 seconds after
injection of MBs in the USþ C-MB and USþM-MB groups,
the VI of CEUS was significantly higher in USþM-MB group
than in USþ C-MB group (p< 0.05; ►Supplementary Fig. S7,
available in the online version), indicating that more MBs
reached the occluded artery in USþM-MB group. US images
showed changes in thrombi and blood flow in the iliac artery
before and after treatment (►Fig. 3B). HE staining of the iliac
artery samples showed changes in the cross-sectional area of
the thrombus after different treatments (►Fig. 3C). The
percent decrease in the cross-sectional area (PDC), BFV,
and the recanalization rate were significantly higher in the
USþM-MB group than in the control and USþ C-MB groups
(p< 0.05, respectively; ►Fig. 3D–F), while the three indica-
tors were similar in the USþM-MB and USþM-MBþ r-tPA
groups (p> 0.05, respectively). The PDC, BFV, and the recan-
alization rate were also significantly higher in the USþ C-MB
group than in the control group (p< 0.05, respectively).

In Vivo Thrombolytic Effects on Red Thrombi
HE staining demonstrated that the red thrombi mostly con-
sisted of erythrocytes, and immunohistochemistry revealed
weak CD41 expression in red thrombi (►Fig. 4A). US images
showed changes in thrombi and blood flow in the iliac artery
before and after treatment (►Fig. 4B). HE staining of the iliac
artery samples showed changes in the cross-sectional area of
the thrombus after different treatments (►Fig. 4C). The PDC,
BFV, and the recanalization rateweresignificantlyhigher in the
USþM-MB group than in the control and USþ C-MB groups
(p< 0.05, respectively; ►Fig. 4D–F). These therapeutic indica-
tors were significantly greater in the USþ C-MB group than in
the control group (p< 0.05, respectively). The PDCwas signifi-
cantlygreater in theUSþM-MBþ r-tPAgroupthan intheUSþ
M-MB group (p< 0.05), while the BFV and the recanalization
ratewerenot significantlydifferentbetween theUSþM-MBþ
r-tPA and USþM-MB groups (p> 0.05, respectively).

Assessment of Injury after the Treatment of White
Thrombi In Vivo
The representative images of B-mode US, CEUS, and PET in the
left hindlimb of the rat models are shown in ►Fig. 5A, D. For
the VI of CEUS and bright values of PET imaging, therewere no
significant differences among groups before treatment (p>

0.05; data not shown). After treatment, the VI of CEUS and
bright values of PET imaging were significantly higher in the
USþM-MB group than in the control and USþ C-MB groups
(p< 0.05, respectively;►Fig. 5C, E), while theywere similar in
the USþM-MB and USþM-MBþ r-tPA groups (p> 0.05,
respectively). Additionally, the VI of CEUS and bright values
of PET imaging in the USþ C-MB group were significantly
higher than those in the control group (p< 0.05, respectively).

Representative sets of destruction-replenishment CEUS
data and images of hindlimbs in the four groups are shown
in ►Supplementary Fig. S8A and S8C (available in the online
version). The contrast US frames in►Supplementary Fig. S8C

(available in the online version) were obtained from corre-
sponding time points in ►Supplementary Fig. S8A (available
in the online version). Greater improvements inmicrovascular
blood flow were seen in the USþM-MB and USþM-MBþ r-
tPA groups than in the other two groups.

Regarding the quantification of skeletal muscle cell apopto-
sis, the rates of skeletalmuscle cell apoptosis were significantly
lower in the USþM-MBþ r-tPA (12.88� 4.12%) and USþM-
MB (14.3� 4.68%) groups than in the USþ C-MB (22.62� 6.5%)
and control (37.78� 7.27%) groups (p< 0.05, respectively;
►Fig. 5F, G), but they were similar in the USþM-MBþ r-tPA
and USþM-MB groups (p> 0.05). In the meantime, the num-
ber of lysosomes and the degree of mitochondrial swelling,
reflecting skeletal muscle injury, were reduced in the USþM-
MBþ r-tPA andUSþM-MBgroups comparedwith those in the
other twogroups (►Fig. 5H). Inaddition,westainedtheskeletal
muscle with HE to visualize the internal structure and mor-
phology of themuscle after the different treatments (►Fig. 5I).
Skeletalmuscle in the control group exhibited themost serious
damage, including disordered myofilament arrangement, ede-
ma, ragged cellular borders, inflammatory cell infiltration, and
inconsistent texture. The slightest muscle damage was seen in
the USþM-MB and USþM-MBþ r-tPA groups.

Regarding the quantification of skeletal muscle necrosis
markers after treatment, both CK-M and MYO, which reflect
the degree of skeletal muscle damage, were significantly
lower in the USþM-MB group than in the control and USþ
C-MB groups (p< 0.05, respectively; ►Fig. 5J, K), while they
were similar in the USþM-MB and USþM-MBþ r-tPA
groups (p> 0.05, respectively). In addition, CK-M and MYO
in the USþ C-MB group were significantly lower than in the
control group (p< 0.05, respectively).

Assessment of Injury after the Treatment of Red
Thrombi In Vivo
The representative images of B-mode US, CEUS, and PET in the
left hindlimbs of the rat models are shown in ►Fig. 6A, C. For
the VI of CEUS and bright values of PET imaging, there were
significant differences among groups before treatment (p>

0.05; data not shown). After treatment, the VI of CEUS and
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bright values of PET imaging were significantly higher in the
USþM-MB group than those in the control and USþ C-MB
groups (p< 0.05, respectively;►Fig. 6B,D), and the VI of CEUS
and bright values of PET imaging in the USþM-MBþ r-tPA
group were significantly higher than those in the USþM-MB
group (p< 0.05, respectively). Additionally, the VI of CEUS and
bright values of PET imaging in the USþ C-MB group were
significantly higher than those in the control group (p< 0.05,
respectively).

Representative sets of destruction-replenishment CEUS
data and images of hindlimbs in the four groups are shown
in ►Supplementary Fig. S8B and S8D (available in the online
version). The contrast US frames in►Supplementary Fig. S8D

(available in the online version) were obtained from corre-
sponding time points in ►Supplementary Fig. S8B (available
in the online version). Greater improvements inmicrovascular
blood flow were seen in the USþM-MB and USþM-MBþ r-
tPA groups than in the other two groups; at the same time, the

Fig. 3 Thrombolytic effect after treatment of white thrombi in vivo. (A) Representative images of thrombi in the left iliac artery by hematoxylin and eosin
(HE) and immunohistochemical (CD41) staining. The second and fourth pictures from the left are enlarged views in the yellow boxes of the first and third
pictures, respectively. Originalmagnification,�100. (B) Ultrasound images of thrombi in vivo in the longitudinal viewbefore andafter treatment. The lower
panels in pre- and posttreatment are correspondingDoppler blood flowvelocitymaps. (C) HE staining at the cross-section of themiddle of a thrombus after
treatment. (D–F)Quantitativeanalysisof thepercent reduction in the cross-sectional areaof thrombus (D), thebloodflowvelocity (E), and the recanalization
rate (F) after treatment. �p< 0.05 vs. control group, #p< 0.05 USþM-MB vs. USþ C-MB group, $p< 0.05 USþM-MBþ r-tPA vs. USþ C-MB group, n¼ 20
per group. C-MB, control microbubble; M-MB, magnetic microbubble; r-tPA, recombinant tissue-type plasminogen activator; US, ultrasound.
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best microvascular blood flow improvement could be seen in
the USþM-MBþ r-tPA group.

Regarding the quantification of skeletal muscle cell apo-
ptosis, the rates of skeletal muscle cell apoptosis were

significantly lower in the USþM-MBþ r-tPA (7.78� 4.24%)
and USþM-MB (11.29� 3.24%) groups than in the USþ C-
MB (19.29� 5.11%) and control (35.8� 7.37%) groups (p<

0.05, respectively; ►Fig. 6E, F). Meanwhile, the numbers of

Fig. 4 Thrombolytic effect after the treatment of red thrombi in vivo. (A) Representative images of thrombi in the left iliac artery by hematoxylin
and eosin (HE) and immunohistochemical (CD41) staining. The second and fourth pictures from the left are enlarged views in the yellow boxes of
the first and third pictures, respectively. Original magnification, �100. (B) Ultrasound images of thrombi in vivo in the longitudinal view before
and after treatment. The lower panels in pre- and posttreatment are corresponding Doppler blood flow velocity maps. (C) HE staining at the
cross-section of the middle of a thrombus after treatment. (D–F) Quantitative analysis of the percent reduction in the cross-sectional area of
thrombus (D), the blood flow velocity (E), and the recanalization rate (F) after treatment. �p< 0.05 vs. control group, #p< 0.05 US þM-MB vs.
USþ C-MB group, $p< 0.05 USþM-MBþ r-tPA vs. USþ C-MB group; &p< 0.05 US þM-MBþ r-tPA vs. US þM-MB group, n¼ 20 per group. C-MB,
control microbubble; M-MB, magnetic microbubble; r-tPA, recombinant tissue-type plasminogen activator; US, ultrasound.
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Fig. 5 Effects of different treatments on the left hindlimbs of rats with white thrombi. (A) Representative B-mode ultrasound (US) images and contrast-
enhanced ultrasound (CEUS) images of blood perfusion in the left hindlimb before and after treatment. (B) Illustration of the left hindlimbs of rats in the
supine position for positron emission tomography (PET). (C) Quantitative analysis of the video intensity on CEUS. (D) PET images before and after
treatment. (E) Quantitative analysis of the PET signal intensity. (F) Terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) staining of
skeletal muscle from the hindlimbs of rats after treatment. Red indicates TUNEL-positive cells, blue indicates skeletal muscle cell nuclei, and green
indicates skeletal muscle cell cytoplasm. (G) Quantification of TUNELþ cells. (H) Transmission electron microscopy images of skeletal muscle injury in rat
hindlimbs after treatment. The red arrow indicates lysosomes, the yellow arrow indicates swollen mitochondria, and the blue arrow indicates basically
normal mitochondria. (I) Hematoxylin and eosin staining of skeletal muscle after treatment. (J, K) Serum creatine kinase M (CK-M) and myoglobin (MYO)
levels in rats at 12 hours after treatment. �p< 0.05 vs. control group, #p< 0.05 USþM-MB vs. USþ C-MB group, $p< 0.05 USþM-MBþ r-tPA vs. USþ
C-MB group, n¼ 20 per group. C-MB, control microbubble; M-MB, magnetic microbubble; Pre, pretreatment; Post, posttreatment; r-tPA: recombinant
tissue-type plasminogen activator; UI, intensity of contrast-enhanced ultrasound.
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Fig. 6 Effects of different treatments on the left hindlimbs of rats with red thrombi. (A) Representative B-mode ultrasound (US) images and
contrast-enhanced ultrasound (CEUS) images of blood perfusion in the left hindlimb before and after treatment. (B) Quantitative analysis of the
video intensity on CEUS. (C) Positron emission tomography (PET) images before and after treatment. (D) Quantitative analysis of the PET signal
intensity. (E) Terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) staining of skeletal muscle from the hindlimbs of rats
after treatment. Red indicates TUNEL-positive cells, blue indicates skeletal muscle cell nuclei, and green indicates skeletal muscle cell cytoplasm.
(F) Quantification of TUNELþ cells. (G) Transmission electron microscopy images of skeletal muscle injury in the hindlimbs of rats. The red arrow
indicates lysosomes, the yellow arrow indicates swollen mitochondria, and the blue arrow indicates basically normal mitochondria. (H)
Hematoxylin and eosin staining of skeletal muscle after the various treatments. (I, J) Serum creatine kinase M (CK-M) and myoglobin (MYO) levels
in rats at 12 hours after treatment. �p< 0.05 vs. control group, #p< 0.05 USþM-MB vs. US þ C-MB group, $p< 0.05 USþM-MBþ r-tPA vs. US þ
C-MB group, &p< 0.05 USþM-MBþ r-tPA vs. USþM-MB group, n¼ 20 per group. C-MB, control microbubble; M-MB, magnetic microbubble; Pre,
pretreatment; Post, posttreatment; r-tPA: recombinant tissue-type plasminogen activator; UI, intensity of contrast-enhanced ultrasound.
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lysosomes and the degrees of mitochondrial swelling in the
USþM-MBþ r-tPA and USþM-MB groups were reduced
compared with those in the other two groups (►Fig. 6G).
In the control group, HE staining of the skeletal muscle
showed disordered myofilament arrangement, marked ede-
ma, rough cell boundaries, inflammatory cell infiltration, and
inconsistent texture. The slightest skeletal muscle injury was
observed in the USþM-MBþ r-tPA and USþM-MB groups
(►Fig. 6H).

Regarding the quantification of skeletal muscle necrosis
markers after treatment, both CK-M and MYO were signifi-
cantly lower in the USþM-MB group than in the control and
USþ C-MB groups (p< 0.05, respectively; ►Fig. 6I, J), while
they were not significantly different in the USþM-MB and
USþM-MBþ r-tPA groups (p> 0.05, respectively). Addition-
ally, CK-M and MYO in the USþ C-MB group were signifi-
cantly lower in the control group (p< 0.05, respectively).

In Vivo Safety of the Thrombolysis of Magnetic
Microbubbles
As shown in ►Supplementary Fig. S9A (available in the
online version), there was no exudation of red cells from
microvascular blood flow among groups, indicating that the
tissue microvasculature near the left iliac artery was not
obviously damaged after the explosion of MBs under the
magnetic field. Furthermore, following treatment, the endo-
thelial cells of the iliac arterywere intact, with no evidence of
injury (►Supplementary Fig. S9B, available in the online
version). In addition, we investigated whether the M-MBs
prepared by the biotin and avidin combination method were
safe for the body. HE staining showed no obvious cellular
necrosis, inflammatory cell infiltration, or deterioration in
different organs in the control and USþM-MB groups,
indicating that the M-MBs produced by this method did
not cause any serious damage to the body (►Supplementary

Fig. S10A, B, available in the online version).

Discussion

In this study, we demonstrated the feasibility of using a
magnetic field to direct M-MBs to an occluded artery both in
vitro and in vivo. Magnetically targeted treatment increased
the number of MBs around thrombi and improved the
efficiency of US in dissolving both PRT and ERT. Moreover,
the magnetically targeted treatment of iliac arterial throm-
bosis increased blood perfusion and reduced necrosis of
ischemic tissue in rats.

In fullyoccludedvessels, it is difficult forMBs to reach thesite
of thrombi, mainly due to the stagnation of blood flow and the
existence of vortices in the proximal region of the occluded
branch.On theonehand, dueto the lowbloodflow,MBs that are
used to reach target positions by blood flow now can only
be transported by free diffusion or inertial migration. Unfortu-
nately, passive transportationbysimple freediffusionor inertial
migration is slower than active transportation by blood flow,
especially under the pressure difference caused by blood flow
stagnation. As previous studies have reported, beyond the
opening region of a channel, agent transport is slow, and

diffusion dominates.29 On the other hand, with the exception
ofa fewMBs thatenter anoccludedchannel inaproximal region
where the drag force is low, most MBs that enter an occluded
channel by free diffusion or inertial migration become trapped
in a vortex, the existence of which has been demonstrated in a
previous study22 in fully occluded Y-shapedmicroarterial bifur-
cations. Commercial MBs or targeted MBs have been shown to
be effective at dissolving thrombus in both laboratory30,31 and
clinical settings32,33 however, it is unknown if they have the
capacity to overcome the high drag force and high MB velocity
within the vortex. Although the focal delivery with a flow-
focusing microfluidic device ensures that the majority of MBs
reach the target site,33 this approach is consistent with the
current invasive intravenous therapies, which have limitations
for clinical applications.

Theoretically, the force of an external magnetic field can
accelerate the convective movement of MBs and help them
overcome the drag force of vortices so that more MBs can
reach the thrombus. The use of a magnetic field for the
targeted delivery of drugs, stem cells, or genes to specific
regions in vivo for therapeutic purposes has been demon-
strated previously.34–37 We now report the utility of this
strategy to enhance the binding and retention of M-MBs in
obstructive thrombi. In the present study, we found that a
higher proportion of M-MBs were directed into the occluded
channel in the presence of an external magnetic force than in
the absence of an external magnetic force, indicating that
the concentration of magnetically responsive MBs around
the thrombi was enhanced significantly. Compared with the
USþM-MB group, a very small proportion of C-MBs could
reach the thrombi by virtue of diffusion when no external
force was applied to overcome fluid drag. Although several
studies19,22 have shown that magnetic bubbles, under the
guidance of a magnetic field, can overcome blood flow
stagnation and increase thrombolytic efficiency by aggregat-
ing into the thrombus, they have only validated this finding
in vitro. In the current study, we further investigated the use
of M-MBs for sonothrombolysis in an occluded vascular
network both in vitro and in vivo. Our results show that
the longitudinal or cross-sectional area of the thrombus, the
mass of the clot, and the recanalization rate were signifi-
cantly better in the USþM-MB group than in the USþ C-MB
group. Consistently, in the common iliac arterial thrombosis
model, the recanalization rate and BFV were also higher in
the USþM-MB group than in the USþ C-MB group. The role
of USþM-MBs in this improved thrombolytic efficiencymay
be related to the capacity of this treatment to increase the
number of M-MBs around thrombi, which in turn can better
dissolve thrombi mainly by increasing the number of cavita-
tion nuclei and improving the US cavitation effect.38 Thus,
the accumulation of more MBs near a thrombus allows a
greater cavitation effect to occur directly around the throm-
bus, thereby improving the thrombolytic effect. Interesting-
ly, the addition of r-tPA on USþM-MB therapy further
improved the outcomes of the recanalization rate, average
BFV, and hindlimb perfusion for the red thrombi, indicating
the same characteristic of M-MB as C-MB that can cooperate
with r-tPA in sonothrombolysis.17 However, these findings
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applied only to the red thrombi and not to thewhite thrombi,
likely because r-tPA was only effective at dissolving the red
thrombi.

Along with the high rate of recanalization, the VI in the
hindlimb observed in the USþM-MB group was higher than
that in the USþ C-MB group, indicating that the USþM-MB
treatment not only increases the rate of occluded vessel
recanalization but also improves the perfusion of distal
ischemic tissue. It has been well demonstrated that timely
reperfusion is an important treatment for saving ischemic
myocardium and brain tissue, along with other tissues.
Consistently, our study further demonstrates that the high
intensity of perfusion in the USþM-MB group was associat-
ed with a low rate of skeletal muscle cell apoptosis and low
necrosis marker levels. Collectively, these findings suggest
that the high recanalization rate after USþM-MB treatment
eventually leads to high tissue perfusion and low tissue
injury. In addition, the utilization of USþM-MB for sono-
thrombolysis did not cause more systemic side effects, for
example, effects on other organs, than the use of USþ C-MB,
as shown by the immunohistochemical staining results,
indicating that USþM-MB has an equally safe profile as
the control (0.9% saline). Therefore, our results demonstrate
that USþM-MB treatment is an effective and safe recanali-
zation therapy for thrombo-occlusive diseases.

We found that the higher thrombolytic efficacy of the
USþM-MB group than that of the USþ C-MB group was
consistent not only in the 3-hour thrombi group but also in
the 12-hour thrombi group, with the thrombolytic efficacies
of both MB groups decreasing with the increase in thrombus
age. The thrombolytic efficacy of MBs for the 12-hour
thrombi was lower than that of the 3-hour thrombi, possibly
due to the changes in thrombus structure over time. As
shown by our previous study,39 12-hour thrombi are denser
and have fewer microchannels than 3-hour thrombi, which
makes it harder for MBs to enter the thrombosis to produce a
more efficient thrombolytic effect. Therefore, these findings
indicate that USþM-MB is effective for both 3- and 12-hour
thrombi and is especially effective for 3-hour thrombi.
Additionally, based on the facts that the main causes of
embolism in the clinic are white thrombi and/or red thrombi
and that different types of thrombi react differently to
thrombolytic drugs, the current study designed white
thrombi and red thrombi to investigate whether USþM-
MBswere effective for different thrombi.We found that USþ
M-MBs were equally effective at dissolving the white throm-
bi and red thrombi,with no significant difference. The similar
efficacy of USþM-MBs in dissolving the white thrombi and
red thrombi may be attributed to the ultrastructure of the
thrombus and the mechanism of M-MB-mediated sono-
thrombolysis. Although the white thrombi demonstrated a
more complete cross-linking fibrin network than the red
thrombi, abundant pores in the fibrin network of the white
thrombi facilitate the penetration of MBs deep inside the
fibrin network, which ultimatelymakes thewhite thrombi as
easy to dissolve as the red thrombi.

There are several limitations to our study. First, since the
body depth, blood flow, and bends in blood vessel geometry

of humans are completely different from those of rats, the
current research was not able to infer the appropriate
magnetic field for human body translation, which will
require further investigations in the future. Second, the
depth of the thrombi in vivo and in vitro in this study
may be relatively superficial compared with that of thrombi
in patients, but the US treatment in the current study was
performed at a frequency of 2MHz, which has been dem-
onstrated to have good penetration in humans.40,41 Finally,
because the magnetic field applied in the current study
does not allow the simultaneous transmission of MBs with
and against the direction of blood flow, our results may not
be applicable to blood vessels with curves between the
proximal region and the thrombus site, which would re-
quire MBs to propagate simultaneously with and against the
blood flow. However, in clinical practice, it is relatively rare
to encounter a bend between the thrombus site and the
proximal region.

In conclusion, M-MB-mediated sonothrombolysis was
demonstrated to be capable of dissolving fully occlusive
thrombi in major vessels, resulting in a high rate of recanali-
zation and reduced skeletal muscle injury. Therefore, M-MB-
mediated sonothrombolysis is an attractive recanalization
therapy that may offer improved outcomes in the treatment
of thrombo-occlusive diseases.

What is known about this topic?

• Microbubbles are hard to reach obstructive thrombus
through the bloodstream, which leads to the low
efficacy of microbubble-mediated sonothrombolysis.

• Magnetic microbubbles can be directed to a targeted
position under a magnetic field.

What does this paper add?

• Magnets can mediate the accumulation of magnetic
microbubbles to obstructive thrombus.

• Magnetic microbubble-mediated sonothrombolysis
improves the efficacy of thrombolysis in obstructive
blood vessels and the outcomes of rats with occluded
iliac arteries.
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