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Accelerating thrombolysis using a precision
and clot-penetrating drug delivery strategy
by nanoparticle-shelled microbubbles
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Conventional thrombolytic drugs for vascular blockage such as tissue plasminogen activator (tPA) are challenged
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by the low bioavailability, off-target side effects and limited penetration in thrombi, leading to delayed recanalization.
We hypothesize that these challenges can be addressed with the targeted and controlled delivery of thrombolytic
drugs or precision drug delivery. A porous and magnetic microbubble platform is developed to formulate tPA. This
system can maintain the tPA activity during circulation, be magnetically guided to the thrombi, and then remotely
activated for drug release. The ultrasound stimulation also improves the drug penetration into thrombi. In a
mouse model of venous thrombosis, the residual thrombus decreased by 67.5% when compared to conventional
injection of tPA. The penetration of tPA by ultrasound was up to several hundred micrometers in thrombi. This
strategy not only improves the therapeutic efficacy but also accelerates the lytic rate, enabling it to be promising

in time-critical thrombolytic therapy.

INTRODUCTION

Blood vessel occlusion partly or completely blocks the flow of blood
in a blood vessel, often resulting in life-threatening diseases such as
coronary infarction, ischemic stroke, and pulmonary embolism (1-3).
While infusion of thrombolytic drugs such as tissue plasminogen
activator (tPA) through either systematic administration or catheter
placement has greatly improved the survival rates and the life quality
of the patients, challenges emerge such as the low bioavailability of
tPA, poor delivery efficiency, and the resistance of fibrin and platelet-
rich thrombi to thrombolytic drugs, resulting in stepwise or slow
recanalization (4-7).

The targeted and controlled delivery of thrombolytic drugs has
been proposed to address the challenges, aiming at improving the
bioavailability of tPA, targeted delivery, and clot lysis acceleration
(8-11). For example, shear-stress responsive carriers targeting the
narrowed or obstructed blood vessels could lower the required doses
of tPA and minimize the side effects (12). Rotating magnetic nano-
motors elevate tPA transport at the interface of blood and clot, re-
sulting in accelerated lytic rate and improved thrombolytic efficacy
(13). Acoustically trigged release of tPA from tPA-loaded echogenic
liposomes enhance the thrombolytic activity due to cavitation or
acoustically driven diffusion effects (14, 15). While these advancements
are encouraging, they only partially address the above challenges and
have not been translated into clinical practice.

There are three keys in this process, i.e., maintenance of drug
activity, selected accumulation in the clots, and diffusion/penetration
throughout the clot tissue (16-18). Although shear-activated
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nanotherapeutics is promising to improve the delivery efficiency
specifically to clots, the loaded tPA by surface conjugation tend to
be deactivated by the inhibitors in the blood (12). Ultrasound can
trigger the tPA release from tPA-loaded echogenic liposomes directly
to the site of a clot visualized by ultrasound imaging; however, it has
been limited because of the lack of targeted strategy (14, 15). The
thrombolysis efficacy of these methods was also challenged by the limited
clot penetration of released tPA. Magnetically targeted delivery
of tPA and rotating enhanced mass transfer (diffusion) of tPA have
been achieved by magnetic porous micromotors (19). This method
addressed the challenges mentioned above and improved the thera-
peutic efficacy of blood clot in the mice middle cerebral, thereby
representing a potential solution for accelerating thrombolysis. Despite
promising, a trigger of the release of tPA from carriers will reduce the
unwanted leakage during circulation. Meanwhile, facilitating the pene-
tration of tPA rapidly during the treatment will initiate the enlarged
interaction area between tPA and clots, probably further improving
the thrombolysis efficacy.

To address this unmet need, we propose a precision delivery
strategy using the magnetic targeting and ultrasound-triggered release.
Specifically, this strategy uses a multifunctional nanosystem with
responsiveness to the magnetic field and ultrasound by synergizing
different functions of its components (Fig. 1A). This system stably
maintains the tPA activity during circulation. When guided by a
magnet, it directly targets to the thrombi and then is remotely activated
for drug release using low-intensity ultrasound. The ultrasound stimu-
lation also rapidly improves drug penetration into thrombi tissue within
several minutes.

As a proof of concept, we have developed a nanoparticle-shelled
microbubble (MMB-SiO,-tPA) for the targeted delivery of tPA to clots.
The microbubbles were made through nanoparticle self-assembly at
the liquid-air interface (Fig. 1B). The prepared microbubbles have a
layer of nanoparticles that are densely packed around the air core,
sealing the air and preventing the release of loaded tPA in circula-
tion. The magnetic component of the shell facilitates the targeting
of the microbubbles to clots under a magnetic field. Upon ultrasound
stimulation, microbubbles oscillate, and shelled nanoparticles are
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Fig. 1. Precision delivery strategy using the magnetic targeting and ultrasound-triggered release. (A) lllustration of targeted delivery and controlled release for
thrombolysis. (B) lllustration of the synthesis of nanomedicine-shelled microbubble (i.e., MMB-SiO,-tPA).

released from the bubbles following the microstreaming. The
momentum received from the oscillation allows the nanoparticles
to penetrate into the agarose-fibrin gel and femoral vein clots up to
1 cm and hundred micrometers, respectively. The penetrated tPA
accelerates the mass transfer into the interior of the clots, thereby
improving the lytic rate and thrombolysis efficacy.

RESULTS
Preparation and characterization of
nanoparticle-shelled microbubbles
Nanoparticle-shelled microbubbles (MMB-SiO,-tPA) are composed
of a gas core and a shell of nanoparticles. The core is air, while the nano-
particles are a mixture of magnetic iron oxide nanoparticles (50 nm; MMB)
and tPA-containing mesoporous silica nanoparticles (50 nm; SiO,-tPA).
Under the presence of anionic surfactant (e.g., SDS) and agitation, gas
is encapsulated within the surfactant, and nanoparticles assemble
at the air-liquid interface. Their size can be precisely controlled by adjust-
ing the agitation speed and the concentration of nanoparticles (20).
The structure and morphology of prepared MMB-SiO,-tPA
were shown in Fig. 2A. The mean thickness of the nanoparticle shells
was around 1.5 pm, accounting for approximately 20 to 30 layers of
assembled nanoparticles (fig. S1). Elemental mapping confirmed the
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presence of Fe, Si, and O on the shell of the MMB-SiO,-tPA with
homogeneous distribution (Fig. 2B). The microbubbles were com-
pacted with spherical shape and had a mean diameter of 5.36 + 1.44 um
(Fig. 2C), similar to the microbubbles used in clinics (2 to 8 um usually)
(21). To identify whether the mesoporous silica nanoparticles were
loaded in the microbubble shell, SiO,-tPA nanoparticles were replaced
with SiO,-Cy5.5 nanoparticles. In a confocal image, red fluorescence
surrounded the shell of most microbubbles, while no fluorescence
was found in the air core, suggesting the structure of nanoparticle-
shelled microbubble and the efficient assembly of silica nanoparticles
(fig. S2). Being out of the focal plane resulted in centered fluores-
cence and smaller sizes of the microbubbles in the same confocal
image. Quantitative element analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES) revealed the contents of
Fe and Si in MMB-SiO,-tPA samples (Fig. 2D), and the content of
tPA was quantified by bicinchoninic acid (BCA) assay (Fig. 2E). After
the number of MMB-SiO,-tPA in different volume of solutions was
counted (Fig. 2F), the amounts of Fe, Si, and tPA were determined
as 1.25 x 10°%,2.99 x 107", and 6.63 x 107'* g per MMB-SiO,-tPA,
respectively. The encapsulation efficiency of tPA was 47.9%.

tPA has a relatively short half-life (about 2 to 6 min) in circulation
as there are inhibitors such as plasminogen activator inhibitor-1
(PAI-1; the major inhibitor of tPA) (22). When it was loaded in the
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Fig. 2. Preparation, characterization, tPA activity maintenance of MMB-SiO,-tPA, and controlled tPA release. (A) Environmental scanning electron microscope
image of MMB-SiO,-tPA in bright field mode. Scale bar, 10 um. (B) Scanning electron microscopy and elemental mapping of a single MMB-SiO,-tPA. Scale bar, 5 um.
(C) The diameter distribution of the MMB-SiO,-tPA; n =200. (D) Contents of iron and silicon in different volumes of MMB-SiO,-tPA quantified by ICP-OES. (E) Content of
thrombolytic drug (tPA) in different volumes of MMB-SiO,-tPA by BCA assay. (F) Counting MMB-SiO,-tPA in different volumes of solutions. (G) In vitro enzymatic activity
of native tPA, SiO,-tPA, and MMB-SiO,-tPA versus time in the presence of plasminogen activator inhibitor-1 (PAI-1). (H) The retained activity of tPA after 3 and 12 hours in
the presence of PAI-1. (I) Cumulative release profiles of thrombolytic drug tPA from MMB-SiO,-tPA at different acoustic pressure of ultrasound. Error bars in all figures

indicated the standard divisions by at least triplicate experiments.

mesoporous silica nanoparticles, its stability can be substantially
improved. For example, we compared the availability of tPA under
the presence of the PAI-1 for three formulations (i.e., native tPA,
SiO;,-tPA, and MMB-SiO,-tPA). The activity of tPA in all groups
decreased with time when exposed to PAI-1 (Fig. 2G). The retained
activity of native tPA decreased to 25% when exposed to PAI-1 for
60 min, while more than 50% of tPA in both SiO,-tPA and MMB-
SiO,-tPA maintained their activity at the same time. After 12 hours
of incubation with PAI-1, MMB-SiO,-tPA still maintained 36% of
the tPA activity, which was higher than 16 and 8% obtained by
SiO,-tPA and native tPA, respectively (Fig. 2H). It is worth noting
that the close packing of shelled nanoparticles on the microbubble
surface prevented the release of tPA from silica nanocarriers with-
out an ultrasound trigger, resulting in the higher retained activity of
MMB-SiO,-tPA than that of SiO,-tPA.

Controlled release of tPA from MMB-SiO,-tPA

under stable oscillations

This microbubble-based drug delivery system is expected to release
the drug upon the ultrasound stimulation. Traditionally, most micro-
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bubbles are stabilized by a “rigid” shell formed by polymer, silica, or
protein (21, 23). The release of cargos depends on the bubble inertial
expansion and explosion, a phenomenon called “cavitation” that
usually requires high acoustic-driven force (i.e., high-intensity ultra-
sound) (24). To reduce the risk of tissue injury in cavitation, drug
release by stable microbubble oscillations (fig. $3) that activated by
low-intensity ultrasound is an alternative (20, 25, 26).

We compared tPA release under both microbubble stable oscilla-
tions and cavitation. Stable oscillation was achieved when the ultra-
sound intensity was set below the threshold of activating microbubble
cavitation (0.4 bar or 0.04 MPa in our experiment) (20). Shelled
nanoparticles are then released by these microbubble oscillations
accompanied by the microstreaming. For example, approximately
5% of tPA were released when ultrasound was applied for five cycles
with the acoustic pressure of 0.05 bar (i.e., 0.005 MPa; Fig. 2I). If the
ultrasound was kept on applying for another 60 cycles, then the
amount of released tPA reached a plateau to around 90%. Owing to
the stable oscillations of MMB-SiO,-tPA that without microbubble
collapse, a stepwise release of tPA was achieved with increasing the
number of cycles of applied ultrasound. When most nanoparticles
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were released, MMB-SiO,-tPA gradually dissolved in solution. By
increasing the acoustic pressure to 0.1 and 0.15 bar, more rapid release
kinetics were observed compared to that by 0.05 bar, suggesting that
more intense oscillations happened. If the acoustic pressure (i.e., 0.5
bar or 0.05 MPa) was higher than the cavitation threshold, then al-
most 90% of tPA were released at the first five cycles of ultrasound
due to the bubble collapse by the cavitation effect. On the basis of
these findings, on-demand release of tPA can only be achieved by
stable microbubble oscillations under low-intensity ultrasound.

Magnetically guided targeting of MMB-SiO,-tPA on the clots

We first validated the response of MMB-SiO,-tPA toward the mag-
netic guidance in an in vitro vessel system. The MMB-SiO,-tPA
were dissolved in cell culture medium and pumped by a syringe into
a polyethylene vessel (diameter of 3 mm) with a speed (1.2 cm sh
that mimics the blood flow. When a magnet was placed adjacent to
the vessel, MMB-SiO,-tPA accumulated to the magnet in approxi-
mately 2 s (fig. S4). Once the magnet was removed, the accumulated
MMB-SiO,-tPA swiftly dispersed and circulated with the liquid
flow without noticeable attachment to the vessel wall.

Next was to confirm this magnetically guided targeting in vivo.
Ultrasound imaging was used to track this process, as the micro-
bubbles can enhance the contrast in ultrasound imaging. As shown in
Fig. 3B, the B mode acoustic intensity of a phantom was enhanced
by three times after injection of MMB-SiO,-tPA into the phantom.
The enhancement of contrast mode was much more significant,
which is increased by 17 times after injection (Fig. 3D).

The animal model was built on mice through ferric chloride in-
filtration of the femoral vein. We imaged the mice before and after
the intravenous injection with MMB-SiO,-tPA. A magnet was placed
adjacent to the thrombi for magnetic targeting (Fig. 3A). The acoustic
intensities of both B mode and contrast mode of the thrombi in the
femoral vein were slightly increased after intravenous injection of
MMB-SiO,-tPA for 5 min, which might be attributed to the presence
of small amounts of MMB-SiO,-tPA at the thrombi lesion through
blood circulation (Fig. 3C). Once a magnet was applied, significant
enhancement of the acoustic intensities of both B mode and contrast
mode was observed (increased by 1.4 and 2.6 times, respectively),
suggesting the accumulation of MMB-SiO,-tPA at the thrombi site
by magnetic targeting (Fig. 3E). Therefore, MMB-SiO,-tPA can be
magnetically guided to the thrombi and used as ultrasound contrast
agents for thrombi diagnosis, simultaneously monitoring the delivery
efficiency of therapeutic agents noninvasively.

Low-intensity ultrasound enhances tPA penetration

and accelerates thrombolysis in a gel assay

In the fibrinolysis process, tPA activates plasminogen and converts
it into plasmin, which is able to cleave fibrin into a soluble product
(27). To validate the effectiveness of fibrin lysis and the penetration
of tPA in three dimensions, a vertical-channel gel system composed
of fibrinogen, thrombin, plasminogen, and agarose was developed.
Fibrin formed by the reaction of fibrinogen and thrombin were dispersed
within the agarose gel with good homogeneity and appeared pale
white throughout the gel (Fig. 4A, top left). Once fibrin interacted
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Fig. 3. Ultrasound imaging of thrombi after intravenous injection of MMB-SiO,-tPA in a femoral vein thrombi-bearing mouse model. (A) Schematic illustration of the ultrasound
imaging and magnetic targeting process in a femoral vein thrombosis model. (B) In vitro ultrasound phantom images of MMB-SiO,-tPA in B mode and contrast mode. (C) In vivo
ultrasound images of femoral vein thrombi before and after MMB-SiO,-tPA injection in B mode and contrast mode. A magnet was placed adjacent to the femoral vein after 5 min after
MMB-SiO,-tPA injection. (D) The acoustic intensities of the interested area (red frame) quantified in ultrasound phantom images. a.u., arbitrary units. (E) The acoustic intensities
of the interested area (red frame) quantified in ultrasound images of the mouse model. Error bars in all figures indicated the standard divisions by at least triplicate experiments.
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Fig. 4. In vitro fibrin-lysis assay by a vertical-channel gel system composed of
agarose-fibrin. (A) Schematic diagrams and representative photographs of the
fibrinolytic process of the agarose-fibrin gel incubated with saline, native tPA, SiO,-tPA,
and MMB-SiO,-tPA at different thrombolysis times, respectively. (B) Quantification
of fibrinolytic area of fibrin over time incubated with saline, native tPA, SiO»-tPA,
and MMB-SiO,-tPA (n=5; ***P < 0.001). (C) The mean fibrinolytic rate of fibrin at
different time intervals incubated with native tPA, SiO,-tPA, and MMB-SiO,-tPA
(n=5).

with tPA, degraded products will make the gel transparent (dark area),
indicating the lysis area by tPA. As shown in Fig. 4, following the
addition of tPA from the top of the vertical channel, a stepwise
enlargement of the lysis area with time is presented from the top of
the gel (Fig. 4A, bottom left). The stepwise lysis by tPA, the standard
thrombolysis process in clinics, was attributed to the mass transfer
dynamics of tPA at the liquid-gel (or liquid-thrombi) interface, sug-
gesting limited penetration of tPA in the gel. A similar finding was
also found in the group treated by SiO,-tPA (Fig. 4A, top right),
where retarded lysis compared to native tPA was observed because
of the delayed release of tPA from SiO, nanocarriers (fig. S5). To
facilitate the penetration of SiO,-tPA into the gel, MMB-SiO,-tPA
(equivalent amount of tPA with the groups of native tPA or SiO,-
tPA) were concentrated at the liquid-gel interface by a magnet and
then irrigated by low-intensity ultrasound (0.2 bar, i.e., 0.02 MPa)
for stable oscillations. The penetration of both iron oxide and silica
nanoparticles throughout the gel was observed immediately once
the stable oscillations happened, where black dots appeared deep
inside the gel along the vertical channel (Fig. 4A, bottom right). The
enlargements of dark areas at multiple locations indicated that the
lysis happened not only at the liquid-gel interface but also around
the nanocarriers that penetrating into the gel. Consequently, the
fibrinolytic efficacy (quantified by fibrinolytic areas; Fig. 4B) of
MMB-SiO,-tPA was higher than native tPA after 6-hour treatment.
The mean fibrinolytic rate obtained by MMB-SiO,-tPA markedly
increased during the period from 6 to 12 hours after treatment
(Fig. 4C). However, the fibrinolytic rate obtained by native tPA
decreased with time because of the consumption or degradation of
tPA. It is worth noting that these improvements of both fibrinolytic
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efficacy and fibrinolytic rate by MMB-SiO,-tPA compared to native
tPA were achieved in a confinement space without blood flow. Con-
sidering the blood flow in vivo that resulted in fast clearance of tPA,
the improvement of tPA penetration will retain the delivered tPA
within the clots and, lastly, accelerate thrombolysis and improve the
efficacy of tPA treatment.

Low-intensity ultrasound improves thrombolysis efficacy

in ex vivo blood clots

The thrombolysis efficacy was further evaluated in the ex vivo blood
clots, which were prepared by fresh mice blood and thrombin
(Fig. 5A). With dissolution, the clots in tubes shrank, and the super-
natants became red. As expected, clots treated by saline barely lysed
in a period of 12 hours, suggesting the stability of prepared clots.
When clots were treated with native tPA, SiO,-tPA, or MMB-SiO,-
tPA, all clots lysed stepwise into smaller sizes, while the supernatants
gradually changed from colorless into blood red (Fig. 5B). The black
color presented in MMB-SiO,-tPA-treated group was generated by
the released iron oxide nanoparticles. The dissolution efficiencies
were quantified by measuring the mass loss of the clots at 3 and
12 hours after treatments. During the first 3 hours (Fig. 5C), clots
treated by MMB-SiO,-tPA exhibited similar dissolution efficiency
(approximately 32%) to those by native tPA (approximately 27%),
which was higher than those obtained by SiO,-tPA or saline treat-
ments (17 and 7%, respectively). After 12 hours (Fig. 5D), MMB-
SiO,-tPA treatment achieved the highest dissolution efficiency, which
was approximately 93%, compared to those obtained by native tPA,
SiO,-tPA, or saline treatments (68, 51, and 16%, respectively). The
amounts of hemoglobin (released during clot lysis) in the super-
natants at 12 hours after treatments exhibited similar trends to the
dissolution efficiencies, confirming the results obtained in the
ex vivo experiments. As this experiment was performed in a static
situation without blood flow, the improvement of dissolution effi-
ciency in the MMB-SiO,-tPA-treated group might be attributed to
the enhanced penetration and retained activity of tPA.

Low-intensity ultrasound improves the efficacy of femoral
vein thrombolysis in a mouse model

To investigate whether the clot-penetrating strategy was applicable
to in vivo animal models, we performed different treatments to the
femoral vein thrombi of a mouse model. Male C57/BL6] mice were
pretreated with FeCl; for infiltration to form the clots, then were
injected with MMB-SiO,-tPA through the tail vein, and were treat-
ed with magnetic targeting and the low-intensity ultrasound in
sequence (Fig. 6A). Control groups included mice injected with
saline, native tPA, and SiO,-tPA, respectively. The images of the
thrombi were recorded every 3 hours before the mice were sacrificed
at 12 hours after treatments. As shown in Fig. 6B, the femoral vein
exhibited dark areas where FeCl; filter paper was placed, indicating
the successful formation of the blood clots. The dark areas of the
femoral vein treated by saline became longer with time, suggesting
the progression of venous thrombosis. When native tPA were intra-
venously injected, the dark areas shrank in size and became shallow,
indicating that clot lysis happened gradually with time. By this dosage
of native tPA (100 ul, 10 ug ml™"), the blocked veins were not
thoroughly recanalized, as shallow shadows still presented at 3 and
12 hours after treatment. Although SiO,-tPA holds the ability to
protect native tPA against its inhibitors in blood, SiO,-tPA treatment
only achieved similar thrombolysis efficacy to that of native tPA
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Fig. 5. Assessment of dissolution efficiency in ex vivo blood clots. (A) Schematic illustration of the blood clot dissolution treatment process under the magnetic field
combined with low-intensity ultrasound. (B) Representative images of the thrombolysis processes at 0, 3, 6, 9, and 12 hours after being treated by saline, native tPA, SiO,-
tPA, and MMB-SiO,-tPA, respectively. (C) Quantification of the dissolution efficiency by measuring the mass loss of the blood clot at 3 hours after treatments. (D) Quanti-
fication of the dissolution efficiency by measuring the mass loss of the blood clot at 12 hours after treatments. (E) Absorbance values (A = 540 nm) of the supernatants at

12 hours after treatments; n=5; ¥*P < 0.05, **P < 0.01, and ***P < 0.001.

treatment, suggesting the low delivery efficiency of SiO,-tPA to
clots. With the equivalent amount of tPA, the dark areas of MMB-
SiO,-tPA-treated veins faded completely even at 3 hours after treat-
ment. The histological results (Fig. 6C) of the femoral veins were in
good agreement with the results in Fig. 6B. Ideally, the thrombus is
considered to be a cylinder, and the quantification of the volume of
the clots reveals the thrombolysis efficacy. Alternatively, quantification
of the thrombus area (% vein lumen) by measuring the cross-sectional
areas of the clots and the veins in the histological images provides a
rough estimate of the thrombosis area (28). Still, MMB-SiO,-tPA
treatment achieved the optimal thrombolysis efficacy, resulting in
the least thrombus area (approximately 13%), whereas the percentages
were 66, 40, and 50% for treatments with saline, native tPA, or SiO,-
tPA, respectively (Fig. 6D). It is worth noting that, according to the
histological analysis (Fig. 6C and fig. S7), two of four femoral veins
treated by MMB-SiO,-tPA achieved complete recanalization. Fur-
thermore, the improved penetration of released nanoparticles was
evidenced by the histological images of the clots (Fig. 6E). The
shelled nanoparticles (black dots) mainly attached to the periphery
of the clots without an ultrasound trigger. When triggered by
low-intensity ultrasound, shelled nanoparticles were released and
penetrated into the interior of the clots, resulting in a relatively
homogenous distribution of nanoparticles within the clots.

Safety assessment of the precision delivery strategy

To evaluate the safety of the precision delivery strategy in vivo,
MMB-Si0,-tPA were intravenously administrated to the mice, and
the major organs were collected. As shown in the histological images
(fig. S8A), no obvious organ damage or inflammatory lesion appeared
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in both short-term (i.e., 1 day) and long-term (i.e., 7 days) periods.
Meanwhile, serum biochemistry assay and complete blood panel
tests were studied by comparison between healthy mice and MMB-
SiO,-tPA-injected mice (after 7 days) (fig. S9). The results showed
no significant differences in all measurement indicators between
the two groups, suggesting the good biocompatibility of MMB-
SiO,-tPA. The SiO; nanoparticles were mainly accumulated in the
liver and kidney after 24 hours after injection, while the distribution
mainly in the spleen was observed for iron oxide nanoparticles
(fig. S10). The biodistribution of MMB-SiO,-tPA in mice suggested
their clearance by the reticuloendothelial system.

In addition, the thrombolytic drug always results in bleeding
complications because of the off-target action. For example, the
circulating tPA breaks down the fibrinogen in the blood, leading to
abnormal hemostatic and hemorrhagic side effects (29). To evaluate
the influence on hemostasis of the MMB-SiO,-tPA, tail bleeding
time was tested on a mouse model. Mice were first intravenously
injected with saline, native tPA, or MMB-SiO,-tPA (with the equivalent
amount of tPA), respectively, and then their tails were cut by a scalpel
(fig. S8B). The tail bleeding time of mice treated with native tPA
(approximately 7.6 min) was almost fourfold as much as that of
saline-treated group (approximately 1.8 min), indicating the signifi-
cant abnormal hemostatic side effect. In contrast, the administration
of MMB-SiO,-tPA without an ultrasound trigger presented a similar
bleeding time (approximately 2.2 min) to the saline group, suggest-
ing the limited off-target action and bleeding complication.

Last, but not the least, the safety assessment of ultrasound intensity
on mice vascular injury was performed. The applied high-intensity
ultrasound (above 0.04 MPa, i.e., 0.4 bar) used to activate cavitation
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Fig. 6. Low-intensity ultrasound improves the efficacy of femoral vein thrombolysis in a mouse model. (A) Schematic illustration of the treatment procedures of a
femoral vein thrombosis mouse model. (B) Representative images of thrombolysis evaluation after treatment with saline, native tPA, SiO,-tPA, and MMB-SiO,-tPA, respectively.
The white arrows indicate the inducted thrombi (n = 4). (C) Representative histological analysis of the femoral vein after treatment with saline, native tPA, SiO,-tPA, and
MMB-SiO,-tPA for 12 hours, respectively (n=4). Scale bar, 50 um. (D) Quantification of the thrombus area (% vein lumen) in femoral vein in different treatment groups
(n=4). (E) Representative histological analysis of the femoral vein after administration and magnetic targeting of MMB-SiO,-tPA with or without low-intensity ultrasound.
The red arrow indicates the enrichment of MMB-SiO,-tPA, and the red circles indicate the MMB-SiO,-tPA with an intact structure. Scale bars, 50 um.

might cause endothelial injury and intracerebral hemorrhage
(in treatment of stroke), which raised safety issues (30-32). MMB-
SiO,-tPA were intravenously injected into the mice and targeted to
the tail vein, followed by ultrasound treatment with the intensity to
trigger bubble cavitation (0.5 bar) and stable oscillations (0.2 bar),
respectively. As shown in fig. S8C, deformation of the vascular wall

Wang et al., Sci. Adv. 2020; 6 : eaaz8204 29 July 2020

treated by high-intensity ultrasound was observed because of the
bubble cavitation effect. The vascular wall became wrinkled and
thinner or even ruptured at the thinnest locations (the black arrow
in fig. S8C). In contrast, as the ultrasound intensity decreased by
more than a half, the vascular wall remained intact with no defor-
mation of the structure. Thus, the precision delivery strategy by
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low-intensity ultrasound exhibited satisfactory safety with limited
bleeding complication and vascular injury.

DISCUSSION

This work proposed a precision delivery strategy to achieve the
targeted and controlled delivery of thrombolytic drugs for thrombo-
lysis. There are three criteria that must be met in this process, i.e.,
activity maintenance in circulation, targeting to clots, and penetra-
tion into clots.

To keep the activity of drugs in circulation, we first loaded tPA
into mesoporous silica nanoparticles, which protect the activity of
tPA against its inhibitors in the blood. Besides, the stability of nano-
medicine in circulation is also important for the activity maintenance
and the bioavailability of tPA. In our design, nanoparticles with dif-
ferent functions were integrated into an ultrasound-responsive
microbubble through self-assembly and stabilized by the “buckling
effect.” Specifically, when a strong shear flow is created during agi-
tation of the mixture solution, microbubbles first form because of
air entrainment and fragmentation. Because of the hydrophobic
surface property, the nanoparticles self-assemble on the microbubble
interfaces. When the resultant solution was stored in the ambient,
the microbubbles shrink because of gas diffusion, while the nano-
particles remain attached to the interfaces. Until the bubble size
reduces to sufficiently small for close packing, the nanoparticles
buckle (Fig. 1B). On one hand, this buckling resists the bubble surface
area reduction; on the other hand, the multilayered packing also
shields the gas diffusion from the gas core. Eventually, these micro-
bubbles reach an equilibrium size with a multilayered nanoparticle
shell resulting in superior stability. The close packing of nanoparti-
cles also prevents the release of loaded tPA to the blood, decreasing
the contact possibility between tPA and its inhibitors. Comparing
to the delivery strategy using surface conjugation of tPA or non-
controlled release of tPA, this strategy can improve the delivery
efficiency of active tPA to the clots (12, 19). The activity of tPA is
maintained with a half-life of 1 hour in the presence of its inhibitors
in vitro (Fig. 2H), which is much longer than that of native tPA
(approximately 5 min). The stability of MMB-SiO,-tPA in circulation
was evidenced by the US imaging in a mouse model, where enhanced
contrast was observed in the blood vessel even after 30 min after
injection. Thereby, the precision delivery strategy meets the first
criteria in the thrombolysis process of a nanomedicine, i.e., main-
tained the activity of tPA in blood circulation.

Targeted delivery improves delivery efficiency and specificity,
thus reduces the required dose and side effects. Targeting strategies
using RGD (Arg-Gly-Asp) motif (binding to active platelet integrin
GPIIb/IIa) or anti-fibrin antibody are still challenged by the relatively
low targeting efficiency due to the protein corona of the nanomedicine
formed in the blood and the heterogeneity of different clots from
individuals (33-35). For example, there was no significant difference
in the recanalization rate of the rabbit aorta thrombus model by
injection of tPA-loaded echogenic liposomes with or without ultra-
sound treatment (15). The ultrasound was speculated to potentiate
the catalytic activity of exposed liposome-associated tPA, rather than
cause the release of the enzyme into the clots. The improvement of
the thrombolysis efficacy might be compromised by the poor delivery
efficiency without targeting strategy and the limited penetration of
tPA within the clots. Magnetically targeted delivery of tPA to the
blood clot in mouse middle cerebral artery has been achieved in the
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reported work by porous magnetic microrods as carriers (19). In our
strategy, magnetic targeting can be simply applied to the adjacent tissue
of the thrombi diagnosed by ultrasound imaging (Fig. 3E), enabling it
to meet the second criteria and to be promising and clinically feasible.

There is limited clot-penetrating strategy that have been reported
because of the structure of thrombi, consisting of abundant platelet
and well-organized fibrin. Rotating magnetic microrods might
generate mechanical force to the cross-linked fibrin, disrupting the
structure of the clots and facilitating the penetration of released tPA
(19). Blood flow of a cerebral artery occlusion mouse model was
restored in 25 min by tPA-loaded microrods [tPA (0.13 mg kgfl)],
which is faster than 85 min required by tPA only with high concen-
tration [tPA (10 mg kg’l)]. The significant improvement of the lytic
rate and the much less required dosage of tPA were attributed par-
tially to the increased release rate and improved mass transport of
tPA and partially to the disruption of the fibrin network by mechanical
rotation force leading to the improved penentration of tPA (19). In
the present work, we aim to show the direct evidence of enhanced
penetration of tPA nanocarrier within the clot tissue by low-intensity
ultrasound. Previously, we have demonstrated improved tissue
penetration of nanoparticles by stable microbubble oscillations (20).
Briefly, self-assembled nanoparticles form an “elastic shell” due to
the weak hydrophobic interaction between nanoparticles. When
activated by their resonance frequency with the ultrasound intensity
below the threshold of cavitation, microbubbles undergo stable
oscillations. As illustrated in fig. S3, under high acoustic pressure, a
microbubble shrinks in size, while its shelled nanoparticles are densely
packed. Whereas under low acoustic pressure, the microbubble swells,
and its shelled nanoparticles are loosely packed, accompanying by
the nanoparticles shedding at the outermost layer. Subsequently,
the loosely packed nanoparticles reassembled to form the buckled
shell when the acoustic pressure increases again. This reassembling
of shelled nanoparticles was recorded by a charge-coupled device
camera in supplementary movie. The movements of fluorescent silica
nanoparticles in the shell revealed the nanoparticle reassembling
process during stable microbubble oscillations. It is worth noting that
silica nanoparticles were released and moved along with the micro-
streaming induced by the stable oscillations, suggesting the pos-
sibility of penetration improvement in tissues. The penetration of
released nanoparticles can be up to 1 cm in the agarose-fibrin gel
(Fig. 4A). According to literature (13), the lysis process can be described
as follows

s+ 7KL s1(sp) K2y 4 p

where S, T, ST, SP, and P is the exposed lysine site, the tPA molecule,
tPA-lysine complex, tPA-product complex, and the product, re-
spectively, Ky and Kp are the tPA absorption rate and product
desorption rate, respectively. Assuming that the transport-facilitated
tPA binding is the rate-limiting step at Cips = 10 pg ml™! (Kr < < Kp),
then the thrombolysis rate v = Kr[S][T]. In all the experiment
groups, Kt can be assumed to be a constant. For tPA group, the v
decreased with time, which was the result of the decrease of [T] due
to the consumption of tPA molecules. According to the release pro-
file of SiO,-tPA, the initial [T] of SiO,-tPA group is smaller than
that of tPA group, which results in slower thrombolysis rates of
SiO,-tPA (0 to 6 hours) than those of tPA. As SiO,-tPA continuously
replenish the tPA to the surrounding medium, the [T] of SiO,-tPA
(depends on the release and consumption kinetics) might be not
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change as significant as that of tPA. Thus, the values of v in SiO,-tPA
group were observed at similar level after 3 hours. For MMB-SiO-
tPA group, the magnet concentrated the microbubbles (together with
the Si0,-tPA) at the interface of the gel, and then stable microbubble
oscillation (by ultrasound for 3 min) released the nanoparticles and
facilitated the penetration of SiO,-tPA into the gel, resulting in
increased number of exposed lysine site (i.e., [S]) from the interior
of the gel. Considering the smaller [T] of MMB-SiO,-tPA (the same
with SiO,-tPA) than that of tPA, the observed v of both MMB-SiO,-
tPA and tPA are similar in 0 to 3 hours. The penetration effect on
the thrombolysis rate is more prominent for MMB-SiO,-tPA after
6 hours due to the different changes of [T] for MMB-SiO,-tPA and
tPA groups. Notably, the improved penetration can only be achieved
by MMB-SiO,-tPA under ultrasound. Free tPA and MMB-SiO, under
ultrasound did not change the lysis speed and manner (from top to
the bottom), which are the same with those of tPA group (fig. S6).

In the mouse model, the released nanoparticles can easily reach
the center of a venous thrombus with the diameter of 300 um (Fig. 6E).
Thereby, the lysis happened not only at the interface of a clot but
also at many interior locations, resulting in accelerated thrombolysis.
In a mouse model of venous thrombosis, the residual thrombus de-
creased by 67.5% when treated with MMB-SiO,-tPA [tPA (0.03 mgkg™ H
compared to conventional injection of tPA [tPA (0.03 mg kgfl)].
Note that such a low tPA dosage of MMB-SiO,-tPA can achieve
complete recanalization (two of four femoral veins). The therapeu-
tic efficacy and lytic rate can be further improved by increasing
the dosage of loaded tPA for time-critical thrombolytic therapy. The
improved penetration of tPA lastly meets the third criteria of the
thrombolysis process.

The delivery of the thrombolytic drugs to complex locations such
as cerebral embolism, pulmonary embolism, and myocardial
infarction is more challenged in comparison to femoral vein thrombus.
Although promising results have been shown in both in vitro and
in vivo, the present delivery strategy can be further improved for
application in embolism at complex locations. First, the size of
MMB-SiO,-tPA can be reduced to avoid fast clearance by the reticulo-
endothelial system. Last, the circulation time of MMB-SiO,-tPA is
challenged due to its hydrophobic surface property. Cell membrane
(e.g., red blood cells and platelets)—coating technology can be applied
to prolong the circulation of MMB-SiO,-tPA, thereby improving the
delivery efficiency and therapeutic efficacy (36-39).

In summary, we conclude that our precision delivery strategy
can complete three important steps of nanomedicine for thrombolysis,
i.e., activity maintenance in circulation, targeting to clots, and penetra-
tion into clots. The accelerated lytic rate and the improved therapeutic
efficacy are attributed to the increased effective concentration of tPA
at the site of clots, a result by tPA activity maintenance, magnetic
targeting, and improved penetration of tPA within the clots. Thus,
this strategy holds great promise in thrombi diagnosis and accelerating
thrombolysis while reducing the complication risk of tPA and the
vascular injury by high-intensity ultrasound.

MATERIALS AND METHODS

Materials

tPA was purchased from Merck (USA). SDS, thrombin from human
plasma, plasminogen from human plasma, and the protease substrate
H-p-isoleucyl-1-prolyl-1-arginine-p-nitroaniline (S-2288) were purchased
from Sigma-Aldrich (USA). Mesoporous silica nanoparticles (SiO>)
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were purchased from Shanghai So-Fe Biomedical (China). Fe;04
nanoparticles were purchased from Alfa Aesar (USA). Fibrinogen from
human plasma was purchased from Shanghai Yuan Yu Bio-Tech
Co. Ltd. (China). Agarose was purchased from BD (USA). All the
other chemicals and solvents were purchased from Sigma-Aldrich.

Preparation and characterization of

nanomedicine-shelled microbubbles

The nanoparticle-shelled microbubbles were prepared by the previous
method (20). Briefly, magnetic nanoparticles (Fe;0,4) were dispersed
in deionized water to form a stock solution (10 mg ml™}) and treated
with ultrasound for 20 min before use. Next, a mixture solution
including 150 pl of SiO,-tPA nanoparticles (0.2 mg ml™), 150 ul of
SDS (10 mM ™), and 400 ul of Fe;04 nanoparticle (10 mg ml™!) was
homogenized at 20,000 rpm for 3 min. After stirring, the nanoparticle-
shelled microbubbles were stabilized overnight for close packing of
nanoparticles and then purified with deionized water by magnetic
separation for three times.

The morphology and the size were observed by a microscope
(Olympus IX71, Japan) and an environmental scanning electron
microscope (Philips XL30, The Netherlands). The diameters were
manually measured from the photos and counted at least for 200
microbubbles. The fluorescent nanoparticle-shelled microbubbles
were imaged by the laser scanning confocal microscope (Olympus
FV1000MPE, Japan). The content of iron and silicon in different
volumes of MMB-SiO,-tPA was measured by ICP-OES (PerkinElmer,
USA). The content of the tPA loaded in MMB-SiO,-tPA was tested
by the BCA protein assay kit.

MMB-SiO,-tPA maintain tPA activity and release

tPA by stable oscillations

The fibrinolytic activity of the tPA was tested using a chromogenic
substrate, S-2288, as previously reported (40). The native tPA was
added to the microtiter plate containing assay buffer [0.1 M~* of
tris-HCI (pH 7.4)] and S-2288 (1.0 mM ™) at 37°C. The fibrinolytic
activity was calculated by AAbs per min at 405 nm for 30 min of
reaction. The inhibition efficiencies of tPA were determined by
incubation of the same amount of tPA (10 pg ml™!) and active PAI-1
(0.5 nM ™) in 200 ul of assay buffer in a microplate at 37°C for pre-
determined periods. Then, the residual activities of tPA were then
measured by the method described above.

The release of tPA from MMB-SiO,-tPA by ultrasound with dif-
ferent intensities was tested in vitro. Briefly, the ultrasound frequen-
cies from 10 to 900 kHz with amplitudes starting from 2 to 20 Vpp
(peak-to-peak voltage) were adjusted by a function generator
(Keysight, USA), while the powers of ultrasound were adjusted
from 0.1 to 10% by an amplifier (T&C, USA). The ultrasound was
applied through a homemade focused transducer, and each cycle
contained 5 s of duration time with a time interval of 1 s. The output
ultrasound intensities at the focus of the transducer were monitored
by an oscilloscope (Keysight, USA). After different cycles of ultra-
sound, the supernatants were collected, and the amounts of released
tPA were quantified by the BCA protein assay kit.

Magnetic targeting and ultrasound imaging of MMB-SiO,-tPA

A gel mold with a hole was used as the ultrasound phantom, and
1 ml of MMB-SiO,-tPA solution was added. The phantom was imaged
by a high-resolution microimaging system (VisualSonics Vevo 2100,
Canada) using the transducer at 18 MHz with a static state using
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both B mode and contrast mode. The center frequency, intensity power,
and contrast gain were set as 18 MHz, 10%, and 35 dB, respectively.
The mean video intensity in the regions of interest (ROIs) was analyzed
by a ultrasound image software.

For in vivo ultrasound imaging, the femoral veins of male C57/BL6]
mice were treated with 20% ferric chloride solution. Then, the mice
were anesthetized by 10% chloral hydrate solution and imaged by a
ultrasound imaging system. After intravenously injected with 100 pl
of MMB-SiO,-tPA for 5 min, the femoral veins were imaged again,
followed by magnet placement. The accumulations of MMB-SiO,-tPA
by magnet were monitored by ultrasound imaging with time. The mean
video intensity in ROI was analyzed by a ultrasound image software.

Assessment of tPA penetration and

fibrinolytic efficacy in gel

Ten milliliters of agarose solution (0.5%) containing 20 ul of thrombin
solution (250 U ml™") was thoroughly mixed with 1 ml of fibrinogen
solution (10 mg ml™) and 10 pl of plasminogen solution (1 mg ml™).
Subsequently, the mixed solution was uniformly added to a vertical
channel and incubated at 37°C for 2 hours to form the fibrin gel.
The concentrations of native tPA, SiO,-tPA, and MMB-SiO,-tPA
used in the in vitro, ex vivo, and in vivo experiments were fixed with
the equivalent amount (1 pg) of tPA (native tPA, 100 pl of 10 pg ml™}
SiO,-tPA, 100 pl of 50 pg ml ™} MMB-SiO,-tPA, 100 ul of concen-
trated MMB-SiO,-tPA with the number of 1.5 x 10° ml™). Afterward,
100 pl of saline, native tPA, SiO,-tPA, or MMB-SiO,-tPA with the
equivalent concentration of tPA (10 ug ml™!) was added to the channel
at the top of the gel and incubated at 37°C for 3, 6, 9, and 12 hours,
respectively. For the MMB-SiO,-tPA-treated group, a magnet was
placed at the bottom of the channel, and ultrasound was applied for
3 min with the intensity of 0.2 bar. Last, the fibrinolytic activity of
each sample was evaluated by comparing the dark areas of the gel.
Briefly, images were first processed to eliminate background and
converted into binary (black and white) images. The area of “black”
pixels represents the lysis area, while the area of “white” pixels rep-
resents the agarose-fibrin gel. To identify the boundary, a threshold
was determined by processing the images of tPA group. Threshold
value was adjusted to include all of the black area within the thresh-
old of the selected area. Then, the same threshold value was applied
to the processing for all the other images.

Assessment of thrombolysis efficacy in ex vivo blood clots
The blood clots were prepared via the previous protocol (41). Male
mice of C57/BL6J (8 to 10 weeks old) were anesthetized via isofluoride
gas. One hundred microliters of fresh blood was obtained from the
orbital vein and distributed in several centrifuge tubes containing
50 U of thrombin solution. The tubes were placed at 37°C for 3 hours
and then were moved to 4°C for 3 days.

The prepared blood clots were placed into centrifuge tubes con-
taining 1 ml of saline. Then, saline (100 pl), native tPA, SiO,-tPA,
and MMB-SiO,-tPA with the equivalent concentration of tPA
(10 pg ml™}) were added into the solution and incubated at 37°C,
respectively. During the incubation, the lysis process was monitored at
predetermined time points. For the MMB-SiO,-tPA-treated group,
a magnet was placed beneath the clots, and ultrasound was applied for
5 min with the intensity of 0.2 bar. The weight of blood clots during
the lysis was recorded, and the clot lysis efficiencies were calculated.
Besides, the supernatants of all samples after 12 hours were collected
and measured at ODs4 (optical density at 540) (optical absorbance).
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Assessment of thrombolysis efficacy in a mouse model

All procedures involving animals were approved by the Institutional
Animal Care and Utilization Committee at Nanyang Technological
University. Male C57/BL6] mice (6 to 8 weeks old) were obtained
from Nanjing Qinglongshan Animal Breeding Field. The femoral
vein thrombosis was induced according to the previous protocol.
Briefly, mice were anesthetized with 10% chloral hydrate (100 pl) by
intraperitoneal injection. The left femoral veins of the mice were
exposed with a scalpel and forceps. After exposure, a filter paper
infiltrated with 20% ferric chloride solution was placed on the surface
of the femoral vein vessel for 1 to 2 min. Then, the filter paper was
removed, and the vessel was washed with sterilized phosphate-buffered
saline. In the end, the visible femoral vein thrombi were formed.

To study the thrombolysis efficacy in vivo, 100 pl of saline,
native tPA, SiO,-tPA, and MMB-SiO,-tPA with the equivalent
amount of tPA (10 ug ml™") was intravenously injected (n = 4 for
each group). For the MMB-SiO,-tPA-treated group, a magnet was
placed adjacent to the clots for 25 min, and then ultrasound was
applied for 5 min with the intensity of 0.2 bar. The thrombolysis
processes were monitored by taking photos in the next 12 hours.
After being euthanized, the vessel tissues were excised from the mice
and collected for histological analysis (n = 4 for each group). Sections
were processed and analyzed using the Image J software by an
investigator blinded to the treatment. The areas of clots were mea-
sured, and thrombolytic efficiency was determined by the area ratio
of vascular occlusion to total vasculature.

To evaluate the improvement of nanoparticle penetration in clots
in vivo, the femoral vein thrombi-bearing mice were divided into
two groups (n = 3 for each group). One hundred microliters of
MMB-SiO,-tPA was administrated by intravenous injection, and a
magnet was placed adjacent to the thrombi for 25 min. Subsequently,
the two groups were treated with or without low-intensity ultrasound
(0.2 bar), respectively. After being sacrificed, the vessel tissues were
excised from the mice and collected for histological analysis.

Safety assessment of the clot-penetrating strategy

Male C57/BL6] mice (6 to 8 weeks old) were intravenously injected
with 100 pl of MMB-SiO,-tPA. Then, the mice were euthanatized
after 1 or 7 days, and the main organs were collected for histological
analysis. Healthy mice intravenously injected with saline were
selected as control group (n = 3 for each group).

Tail bleeding assay was performed via previous methods (29).
Male C57/BL6] mice were anesthetized with 10% chloral hydrate by
intraperitoneal injection. Subsequently, 100 ul of saline, native tPA,
and MMB-SiO,-tPA at the equivalent concentration of tPA (10 pug
ml™!) was administered (1 = 3 for each group). After 5 min, 1 cm of
the distal tail was removed from the mice using a scalpel. The time
for hemostasis (bleeding fully stopped for at least 1 min) was recorded.

To investigate the vascular injury by ultrasound, male C57/BL6]
mice were anesthetized with 10% chloral hydrate by intraperitoneal
injection. Hereafter, 100 pl of MMB-SiO,-tPA at the equivalent con-
centration of tPA (10 ug ml™") was administered. Then, a magnet
was placed in the middle of the mice tail. Ultrasound with different
intensities (0.2 and 0.5 bar) was applied, respectively. Last, 5 cm of
the distal tail was removed from the mice for histological analysis.

Statistical analysis
All data were expressed as means * SD. Inter- and intragroup
comparisons and analysis in each experiment were performed by
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unpaired Student’s ¢ test and one-way analysis of variance (ANOVA)
using the SPSS software. Probability (P) values of <0.05 were con-
sidered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/31/eaaz8204/DC1

View/request a protocol for this paper from Bio-protocol.
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