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Abstract

Here we report the efficacy of a nanoparticle-assisted high intensity focused ultrasound (HIFU)
treatment that selectively destroys blood clots while minimizing generation of microparticles, or
microemboli, that can cause further complications post-surgery. Treatment of malignant blood
clots (thrombi) and the resulting emboli are critical problems for numerous patients, and
treatments addressing these conditions would benefit from advancements in noninvasive
procedures such as HIFU. While recanalization of occlusive blood clots is currently addressed
with surgical intervention that seeks to minimize formation of large emboli, there is a danger of
microemboli (micron-size particles) that have been theorized to be responsible for the poor
correlation between apparent surgical success and patient outcome. Here, the addition of
phospholipid-coated hydrophobically modified silica nanoparticles (P@hMSNSs) improved the
efficacy of HIFU treatment by serving as cavitation nuclei for mechanical disruption of thrombi.
This treatment was evaluated for the ability to clear the HIFU focal area of a thick and dense
thrombus within 10 min. Moreover, it was found that the use of P@hMSN+HIFU treatment
generated a significantly smaller microembolic load as compared to comparison techniques,
including HIFU + microbubble contrast agent, HIFU alone, and direct mechanical disruption. This
reduction in the microembolic load can occur either with primary removal of the clot by P@hMSN
+HIFU or by insonation of the clot fragments after mechanical thrombectomy. Lastly, this method
was evaluated in a flow model, where non-occlusive model thrombi and model emboli were
mechanically ablated within the focal area within 15 s. Together, these results represent a
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combination therapy capable of resolving thrombi and microembolisms resulting from
thrombectomy through localized destruction of clotted material.

Graphical Abstract
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Introduction

Cardiovascular disease is responsible for nearly half of non-communicable disease mortality
around the world.> A major contributor to this mortality is the prevalence of thrombosis,
which has increased with the increased incidence of chronic vascular disease, particularly in
developed countries.? Thrombosis in its most common form occurs when patients suffering
from atherosclerosis, an underlying chronic inflammatory condition, have sufficient plaque
build-up in their arteries. If the plaques rupture, clots can form on the ruptured plaque within
the artery, rapidly occluding the vessel.3# Thus, a chronic cardiovascular condition can
rapidly progress into an acute coronary infarction or stroke if the clot occludes an artery
feeding the heart or brain, respectively. Similarly, venous thrombosis can lead to acute
thromboembolism, and when this results in a pulmonary embolism the prognosis is poor.>~/
Tools and procedures for treating a thrombotic lesion should also reduce the risk of
embolization for improving recurrence, hospitalization, and patient survival outcomes.8-13
The main preventative techniques for reducing risk of embolization during clot thrombolysis
are concurrent aspiration, aortic filtration, and thrombectomy with stent,24-17 followed by
infusion of heparin.

Even with these treatments and precautions, however, only small correlations have been
observed between apparent surgical success and patient outcome.10 Shortfalls in patient
outcome may be explained by the generation of microemboli, or micron-size particles that
may occlude or damage smaller vessels but escape detection in patients.18-22 There is
compelling evidence that large amounts of microembolic particles, defined here as a
macroparticle with diameter >3 pm but much smaller than the diameter of a typical embolus,
23,24 have significant negative effects on post-operative cognition in both animals and
humans, potentially due to occlusion of blood vessels in the brain.25-27 The impact of a high
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microembolic load can be patient-specific,24 there is still debate as to whether or not
microembolic load is critical for long-term patient survival, and the mechanism by which
microemboli generate adverse effects is unknown. However, there is consensus in the
medical community that treatment techniques should be evaluated for their ability to
minimize microembolic load.28.29

In this work, we utilize high intensity focused ultrasound (HIFU) to reduce both embolic and
microembolic load. HIFU has been shown by several groups to be an effective tool for
selectively destroying both thrombi and emboli in animal models.3%-36 Treatments with
HIFU are both non-invasive and associated with high recanalization rates,31-33 and
microemboli may be reduced by using pulsed, cavitation-inducing waveforms.37:38 Adding
ultrasound contrast agents to circulation can improve the efficacy of HIFU, especially with
repeated HIFU exposures,39-43 which is important given the long exposure times typically
associated with HIFU standalone treatments, particularly when treating large volumes.*4
Microbubbles have been the primary choice for enhancing HIFU thrombolysis, and several
formulations are FDA-approved contrast agents. However, microbubbles come with
significant disadvantages, including their short half-life in vivo, high primary acoustic
scattering that defocuses the HIFU beam, and an inability to perfuse through dense
environments such as a blood clot.#3:45:46

In order to address several of these limitations, our group has created phospholipid-capped,
hydrophaobically modified silica nanoparticles (P@hMSNS) that are capable of generating
mechanical cavitation events without significant temperature rise.”-*8 We have shown in
previous work that the P@hMSNSs nucleate air pockets stabilized by defects on the lipid
surface. These air pockets are stabilized by a combination of the hydrophobic silica
modification, the surface roughness caused by the mesoporous structure, and an amphiphilic
coating that decreases the interfacial tension at the bubble-water interface (Figure 1A).4°
Here, in order to stabilize the hydrophobic MSN surfaces in biological media, phospholipids
were chosen because they are generally recognized as safe, their properties have been
extensively characterized, and their packing is favorable for the assembly of monolayers and
bilayers, particularly those that are supported by silica.>4-52 Following nucleation, the
bubble nuclei are converted to large, transient microbubbles by HIFU pulses (Figure 1A).
These produced microbubbles scatter ultrasound waves and then collapse, generating
shockwaves and additional collapsing bubbles that cause mechanical damage to their
surroundings.49:53:54

Here, we show that P@hMSNSs sensitize the application of HIFU for thrombolysis and
outperform microbubbles in terms of enhancement of the therapeutic effect. The proposed
mechanism by which the combination therapy of P@hMSNs and HIFU can assist in the
breakdown of a thrombus /n vitro are shown in Figure 1 for both the static and flow models.
Briefly, without P@hMSNs, HIFU waves pass through the clot without causing damage, as
the intensities and duty cycle are insufficient to cause significant temperature rise (see
below). However, the P@hMSNSs are able to capture the HIFU energy to promote cavitation
events on the nanoparticle surface, resulting in focused mechanical damage to the clot in the
focal region. In this work, we show that this method can clear channels through occlusive
clots in both static and flow models. Beyond showing complete destruction of a thrombus in
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the HIFU focal zone in as little as 15 s in a flow model, destruction of clots using
P@hMSNs produced far fewer microemboli than both direct mechanical thrombectomy and
other HIFU treatments. We also show that this microembolic matter was converted to “nano-
embolic” matter, which should be harmless as it shares many compositional similarities as
nanoscale drug delivery vehicles and naturally forming fibrin protofibrils.>>=57 Thus,
P@hMSNs represent a type of contrast agent that can destroy occlusive blood clots safely
and completely with minimal risk of post-procedure side effects.

Materials and Methods

Materials:

Calf whole blood in sodium citrate was purchased from Lampire Biological Laboratories.
Deionized (DI) water was obtained by filtering distilled water through a Milli-Q Advantage
A10 system (MilliporeSigma, Inc.) and was used without degassing. Phosphate buffer saline
(PBS, 1X), cetyltrimethylammonium chloride (CTAC, 25 wt.% in water), Triton-X100,
concentrated HCI, ethanol, hexanes, dicholoromethane (DCM), and chloroform were
purchased from Sigma. Tetraethylorthosilicate (TEOS) was purchased from Acros Organics.
Triethylamine (TEA), calcium chloride, and perfluorobutane (PFB) were purchased from
Alfa Aesar. Dodecyltrichlorosilane (DDTS) was purchased from Gelest Inc. 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2k), and 1,2-distearoyl-sn-glycero-3-
phospho-ethanolamine-N-[methoxy(polyethylene glycol)-5000] (DSPE-PEG5kK) were
purchased from Avanti Polar Lipids Inc.

Synthesis of Mesoporous Silica Nanoparticles (MSNs):

This procedure was adapted from previous publications.#9:53:54 In a 50 mL round bottomed
flask, 15 mL of DI water and 5 mL of CTAC were added. The mixture was stirred in a water
bath for 30 min at ~600 rpm and 75 °C with a condenser attached to the flask. Then, 0.8 mL
of an aqueous TEA solution (10 v/v% in DI water) was added and the reaction vessel was
stirred at 80 °C for 45 min. Afterwards, 1.5 mL TEOS was added dropwise and the mixture
stirred at 80 °C for another 90 min. The resulting milky white suspension was centrifuged at
7100 rcf for 30 min and washed once with ethanol. The supernatant was decanted off, and
the particles were resuspended in acidic ethanol (12.5 mL conc. HCI in 1 L ethanol), then
stirred in a bath at 65 °C with condenser for 2 h. This was repeated once before washing
with ethanol three times and placing back in a bath at 65 °C to allow the nanoparticles to dry
overnight before storing in a plastic centrifuge tube at RT.

Synthesis of Hydrophobically Modified MSNs (hMSNSs):

This procedure was adapted from previous publications with some modifications.49:53:54 25
mg of MSNs were crushed into a fine powder with a mortar and pestle and placed in an oven
at 120°C for 20 min. The particles were allowed to cool to RT, then dispersed in 25 mL of
anhydrous DCM and placed in a bath to stir at 600 rpm at RT under argon. 600 uL of DDTS
was added and allowed to react for 24 h in a round bottomed flask covered with a glass
stopper. The suspension was then washed two times with hexanes and once with ethanol,
centrifuged at 7100 rcf for 30 min, then dried overnight in a 65 °C bath. The resulting
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contact angle of the particles when spread evenly on a glass slide was approximately 140°,
indicating that the hydrophobic modification had been successful (Figure S1).

Phospholipid Coating and Aqueous Suspension of hMSNs (P@hMSNSs):

This procedure was adapted from previous publications.#9:53:54 4.4 mg of hMSNs were
baked in an oven at 120°C for 90 min and then allowed to cool to RT. The dried hMSNs
were then suspended in 1 mL of chloroform and bath sonicated for 4 min. 500 uL of 4 mg
mL~1 DPPC in chloroform and 300 pL of 2 mg mL~1 DSPE-PEG2k in chloroform were
added, and the solution was bath sonicated for 3 min. The mixture was dried, uncapped, on a
water bath at 75 °C. After 90 min, 2 mL of DI water was added along with a stir bar, capped,
placed back in the bath at 75 °C and stirred for 45 min at ~600 rpm. The solution was then
centrifuged at 10,000 rcf for 5 min. The nanoparticles were washed twice and split into 4 2-
mL centrifuge tubes, where they were stored as a pellet with the supernatant removed at RT.

Transmission Electron Microscopy (TEM):

TEM images of the nanoparticles were taken using a T12 Spirit (FEI Tecnai) microscope.
TEM samples were prepped by dispersing the lipid-coated hydrophobically modified
particles in 1% uranyl acetate aqueous solution and then drying them onto a carbon TEM
grid.

Contact Angle Measurements:

5 mg of an aqueous slurry of hMSNs were placed onto a glass slide and kept in an oven at
85°C for 30 min. The particles were pushed into one location on the slide with a spatula,
another glass slide was placed on top, and the two slides were squeezed together by hand to
form a flat surface. The top slide was removed, and a spatula was used to brush off any loose
particles. Finally, the static contact angle of a sessile water droplet on the film was measured
on a ramé-hart Model 210 Goniometer/Tensiometer.

Synthesis and Size Fractionation of Microbubbles:

2 mL chloroform was added to 8 mg of DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) and bath sonicated until dispersed. The solution was dried on a rotary
evaporator at RT for 40 min. 2 mL PBS was added and the mixture was rotated, without
vacuum, at 55 °C for 7 min. Then the bath temperature was increased to 75 °C and the flask
was rotated for 20 min. After this process, 250 uL of the lipid suspension was combined
with 720 uL of PBS and 74 pL of a 4.2 mg mL~1 DSPE-PEG5k solution in water and
transferred into a 2 mL centrifuge tube. PFB gas was then bubbled through the lipids/PBS
solution until the solution and headspace were saturated. To make microbubbles, the tip of a
probe sonicator (Branson SLPe 1/4” diameter tip) was placed at the liquid-gas interface, and
the suspension sonicated for 10 s at 70% amplitude. During sonication, the probe tip was
moved slowly to align with the liquid-gas interface as bubbles formed.

To fractionate the microbubbles, the sample was centrifuged for 3 min at 300 rcf. The
subnatant was removed and replaced with 1 mL PBS. This wash step was repeated once
more. Then, the solution was taken up in a 1 mL syringe and allowed to rest inverted (tip
upwards) in the syringe for 10 min to allow the larger bubbles to float to the top. The top 0.4
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mL of the solution was discarded, and the rest was stored in a glass vial with PFB re-filled
into the headspace.

Blood Clot Formation:

The tip of a 3 mL plastic transfer pipette (Fisherbrand) was cut off and the bulb section kept.
0.1 mL of calf whole blood was mixed with 3 uL of a 1 M aqueous calcium chloride
solution and placed in the bulb of the pipette. The blood was allowed to clot overnight at the
bottom of the bulb (opening upwards) in a humidity chamber held at 95% relative humidity
at RT.

Mechanical Thrombectomy:

In order to simulate a mechanical thrombectomy, a metal spatula was scraped through the
clot repeatedly for 1 min with the intent to disrupt and break down the thrombus as much as
possible.

HIFU Setup and Conditions:

HIFU was generated using a single element HIFU transducer (Sonic Concepts H101, 64.0
mm Active Diameter x 63.2 mm Radius of Curvature) with a coupling cone (Sonic Concepts
C101). The transducer cone was filled with degassed and deionized water and then
submerged in a water tank. The HIFU transducer was connected to a Waveform Generator
(Agilent Technologies) using an AG Series Amplifier (T\&C Power Conversion, Inc.)
operating at 100% output. The following Waveform Generator settings were used: 800
mVpp, 1 MHz frequency, 10 ms burst period, and 12 cycles. These settings correspond to a
peak negative pressure of about 10 MPa and a duty cycle of about 0.11%.54

Clot Treatment with High Intensity Focused Ultrasound:

In a typical experiment, to the blood clot in the transfer pipette was added either 200 g of
P@hMSNs in 1 mL PBS, 4 uL of the microbubble suspension diluted into 1 mL PBS, or 1
mL PBS. The bulb of the inverted pipette was placed on top of the coupling cone. HIFU was
then applied for 5 min.

Determination of Mass Loss from Disrupted Blood Clot:

In order to measure the amount of disrupted mass in the supernatant of the blood clot, the
supernatant was collected and then lysed with the addition of a 10% Triton X-100 solution
to a final Triton concentration of 0.1%. The clot/Triton mixture was mixed for 1 h on a
shaker plate at 37°C and 600 rpm. The resulting solution was transferred to a 96-well plate
and the hemoglobin absorbance was measured at 540 nm, which was then converted to a
mass via a calibration curve (Figure S2).

Size Characterization of Particles in Supernatant Post-Treatment:

For size detection of blood clot remnants after thrombi destruction, the supernatant was
removed after the blood clots were exposed to each treatment (P@hMSNs+HIFU, HIFU
only, mechanical thrombectomy, and microbubbles + HIFU) using a glass pipette. A
ProteinSimple MFI 5000 Bot 1 was used for size characterization of the microemboli
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generated from the clot disruption. The MFI Bot is a form of flow imaging microscopy in
which the sample flows via a Fluid Imaging Technologies FlowCAM VS instrument in front
of a 10x brightfield objective within a 100 pL flow cell. Bright field images are then
captured and analyzed for particulate matter within a range of 2-100 um size equivalent
circular diameter.

Measurement of Temperature Rise during HIFU Insonation:

A PBS sample with or without P@hMSN was subjected to the HIFU conditions described
above. During the measurement, the temperature was recorded by a thermocouple placed
inside the sample but outside the HIFU focus. Temperature was recorded every 30 s for a
total of 15 min for each sample, done in triplicate.

Flow Model Setup:

The flow model was created by using a Fisherbrand Variable-Flow Peristaltic pump
connected via Tygon tubing to the cylindrical portion of a 3 mL Falcon disposable pipette
that had the bulb and tapered dispenser cut off. The clot was pre-formed in the disposable
pipette stem in the same manner and conditions as the inverted pipette experiments. The
flow was ~5-10 mL min~1, and 1 mg mL™1 particles were added via injection into the Tygon
tubing during HIFU insonation.

Statistical Tests:

The Mann-Whitney U Test was conducted for statistical significance between conditions.
The Mann-Whitney U Test determines whether it is reasonable that the two results come
from the same distribution and does not require an assumption of normality. Thus, the null
hypothesis is that the two results or conditions come from the same distribution and the
alternative is that they come from different distributions. It is specified in the text whether
the test was one-sided or two-sided, and the alpha value for significance was 0.05.

Results & Discussion

P@hMSNSs were synthesized as described in previous publications,49-53:54 and both the
porosity and hydrophobicity were confirmed by TEM (Figure 1) and static contact angle
measurements (140°, Figure S1), respectively. Next, we tested the effect of P@hMSN-
sensitized HIFU on a 100 pL simulated thrombus. After forming the clot, a 1 mL suspension
of the contrast agent (P@hMSN, microbubble, or none) in PBS was placed above the
thrombus (Figure 2A), followed by application of HIFU for 10 min. To simulate
thrombectomy, 1 mL PBS was placed on top of the thrombus, followed by 1 min of
mechanical disruption with a metal spatula with the intent to break up the clot as much as
possible. When HIFU (10.8 MPa peak negative pressure, 10 ms pulse repetition frequency,
12 waveforms per pulse) was applied without contrast agent, little damage was observed
(Figure 2B). The addition of a 10 L bolus of concentrated microbubble suspension (~10°
mL~1) enhanced observable damage as compared to the HIFU-only treatment, with some
visible lightening in the clot. In comparison, addition of 100 ug mL~1 P@hMSNSs
significantly increased the effectiveness of HIFU in breakdown of the thrombus, with a hole
formed in the center of the thrombus. The ~3 mm diameter hole is similar to the estimated
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HIFU focal diameter of 2.5 mm. As expected, mechanical disruption (thrombectomy
control) led to significant clot breakage, but the damage was highly non-uniform. It is also
important to note that the clot pieces post-thrombectomy were loose and only remained
stuck to the container surface by adsorption; such large, loose clot pieces would be
especially dangerous for a patient. In comparison, the clots treated with P@hMSN-enhanced
HIFU remained fixed in position, as there was little change to areas outside the HIFU focus.
It should also be noted that this procedure resulted in a small temperature rise, < 3 °C, over
the course of insonation, whether P@hMSNs had been added or not (Figure S3). It should
also be noted that this measurement was conducted inside a static water bath; in circulation
the body would be expected to dissipate heat more rapidly due to blood circulation and
interstitial fluid convection. Thus, the destruction of the clot can be concluded to arise from
mechanical rather than thermal effects.

The amount of blood removed from the clot was quantified by analyzing the hemoglobin
content of the supernatant by its UV-Vis absorbance. The post-treatment supernatant was
removed from the samples and Triton X-100 was added to a final concentration of 1 mg mL
~1, which was necessary to reduce variations in absorbance values due to light scattering by
particulates in the supernatant.>8 After shaking the suspension for 1 h at 37°C, the
absorbance was measured on a plate reader at 540 nm, which corresponds to oxygenated
hemoglobin absorbance.>® The hemoglobin absorbance values were then correlated to the
mass of blood through a constructed calibration curve (Figure S2). By applying this
calibration to the absorbance values for the lysed supernatants of the clots, the mass of blood
removed from a clot can be accurately estimated (Figure 2C). A small amount of blood,
about 4 mg of a ~100 mg clot, was removed from the thrombus during simple pipetting,
incubation, and agitation from moving the phantom from preparation area to treatment setup
and then back again. In comparison, application of 10 min HIFU insonation without contrast
agent led to the release of an insignificant amount of additional blood (~5 mg total). With
the addition of 10 pL of a concentrated microbubble solution giving a final concentration of
approximately 2 x 107 microbubbles per mL, the amount of mass removed was marginally
greater, increasing to ~8 mg, but such levels of removal are likely to be clinically
insignificant. However, when a thrombus was treated with HIFU plus P@hMSNSs, the
amount of mass removed was significantly greater, approximately ~26 mg, not significantly
different than the values obtained for a mechanical thrombectomy model (~27 mg, two-sided
p-value=0.885). This value is consistent with a HIFU focal region of 2.5 mm diameter with
5 mm clot depth. The presence of nanoparticles or microbubble debris scattering contributed
negligible amounts of apparent absorbance (Figure S4). Thus, it is clear that P@hMSN-
enhanced HIFU is able to lyse significant amounts of material from a thrombus and all of the
material within the focal volume of the transducer. The P@hMSNSs, when exposed to HIFU,
generate large transient bubbles which collapse in inertial cavitation, creating shockwaves
and high shear forces capable of breaking down the blood clot. Without nanoparticles, the
HIFU pulses used in this study are not powerful enough to generate inertial cavitation
events, so they are unable to provide any physical force with which to generate a therapeutic
effect.

Having shown that P@hMSNSs could improve HIFU-mediated thrombolysis while reducing
large, free-floating debris, their effect on clot removal was then studied in more detail. First,
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the time of HIFU insonation was varied (Figure 3A), and the amount of material released
from the clot was measured as described in the previous experiment. For the first 10 min of
HIFU insonation, there was a monotonically increasing trend in the amount of blood
released from the clot into the supernatant, followed by a leveling with no significant
changes in blood removal from the thrombus. However, after 10 min, cavitation was still
occurring, as shown by ultrasound imaging of bubbles formed from HIFU interaction with
the P@hMSNs (Figure S5). The lack of addition blood release with continued cavitation is
likely because at this time point the clot has been removed completely from the focal zone of
the HIFU, which in turn is consistent with the expected clot removal calculation as described
above. This trend was observed again when determining the effect of P@hMSN
concentration on thrombolysis. As mass of particles added to the 1 mL supernatant increased
for a constant 10 min HIFU exposure, mass was removed from the blood clot with an
apparent monotonic trend until 100 pg mL=2, at which point no more mass could be
removed from the clot (Figure 3B). While the removed mass appears to decrease slightly as
particle concentration is increased to 200 ug mL=1, the difference in clot removal between
the results at 100 pg mL=1 and 200 pg mL~1 was not statistically significant (one-sided p-
value=0.188) and may be attributed to the overall heterogeneity of clot structure. Thus,
while clot removal increases with P@hMSN loading, ultimately only clot mass in the focal
zone is affected.

As discussed in the Introduction, one of the goals of this work was to evaluate the
P@hMSNSs’ potential for minimizing microembolic material released from the clot. To
measure microparticle count, the amounts of microemboli released into the supernatant from
each treatment condition were evaluated by FLOWCAM analysis post-treatment, which
works by identifying 2-100 um sized particles via brightfield imaging of a small-volume
flow cell. Since larger microemboli than smaller microparticles, the counts were separated
into two bins (>3 and >20 pm) to represent the approximate diameters of red blood cells and
capillaries, respectively. Interestingly, the number of >3 pm microemboli generated from
P@hMSN+HIFU thrombolysis is similar to those generated from HIFU alone, at just ~2000
microemboli per mL, even though a far greater clot mass was removed by exposure
P@hMSNs (one-sided p-value=0.015). Clots treated with microbubbles and HIFU also
exhibited low numbers of microemboli as compared to the thrombectomy model (100,000s
of microemboli per mL), but still generate >3x more microemboli (~7000 per mL) than from
P@hMSN-sensitized treatment (Figure 4). The contribution from the buffer itself was
minimal (Figure S6). This reduction in particle count for P@hMSNs was seen across all size
bins in this region, so the effect appears to be universal across all microparticle sizes rather
than a conversion of larger particles to smaller particles.

We theorized that nanoparticle-assisted HIFU destruction of a thrombus simultaneously
breaks down parts of the clot as it is removed from the thrombus. This effect is similar to
those observed in our previous work that showed lysis of cancer cell spheroids.4” If so, there
should be more nanoparticulate matter to account for the increased clot mass removal
(Figure 2). This supposition was supported by Nanoparticle Tracking Analysis
measurements of the submicron particle concentration (Figure 4B). The control treatment
(no HIFU) and HIFU only generated a minimal number of sub-micron particulates, and MB
+HIFU and thrombectomy possessed a greater amount. However, the submicron particle

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blum et al.

Page 10

count generated from clots treated with P@hMSN + HIFU produced almost an order of
magnitude more nanoparticles than any other treatment. Because these lipid particulates can
be safely removed from the blood by the liver and/or spleen, it appears that P@hMSNs can
greatly reduce the number of particles capable of producing dangerous microembolic matter.

Similarly, these nanoparticles could be utilized after thrombectomy treatment as a method to
reduce the microembolic load and reduce patient stress. The samples first were subjected to
mechanical thrombectomy as described before, then either HIFU alone, HIFU + 10 pL
suspension of microbubbles, or HIFU + 100 pg of P@hMSNSs (Figure 4C). The results show
that HIFU alone scarcely reduces the amount of microembolic matter as compared to
measurement post-thrombectomy alone (Figure S7). The microembolic load for all sizes was
effectively reduced post-treatment with the addition of the microbubble solution by about
50% of HIFU alone. However, with the application of HIFU + nanoparticles, the
microembolic load is reduced to less than 5% for all size bins. This result shows that HIFU
+ nanoparticle assisted therapy can be utilized effectively as a post-thrombectomy treatment
to reduce microembolic load after more conventional clot-destroying therapies.

Finally, we validated the capabilities of P@hMSN-assisted HIFU thrombolysis in a flow
model. First, a thrombus was formed in a plastic tube connected to a peristaltic pump. The
thrombus was then placed over the HIFU focus during flow and was exposed to HIFU waves
for a minimum of 15 s. If no P@hMSN was added, no change was observed in the thrombus
(Figure 5A). After injection of 1 mg P@hMSNs and 15 s HIFU, clot dissolution was
observed in the HIFU focal zone. An additional section of the clot could be easily removed
by simply shifting the clot position relative to the HIFU transducer and applying another 15
s of HIFU (Figure 5B). In another example, a more globular and occlusive clot was formed,
and ~60 s HIFU without P@hMSNSs produced no change in clot position or structure (Figure
5C). After administration of P@hMSN and 15 s HIFU insonation, the clot was destroyed
almost completely. It should be noted that the reduced time relative to the pipette bulb
experiments (Figures 1 and 2) was caused by the smaller clot diameter in the flow model;
the model pipette tube has an internal diameter of 5 mm, which is fairly representative of
major arteries in the human body.50 This effectively demonstrates that HIFU and P@hMSNs
can be effectively used in combination for rapid, effective thrombolysis with a reduction in
the likelihood of adverse outcomes by reducing the generation of micron-sized embolic
matter.

Conclusion

In this work, we have demonstrated the utility of using phospholipid-coated
hydrophobically-modified mesoporous silica nanoparticles (P@hMSNS) to enhance high
intensity focused ultrasound (HIFU) for reliable and repeated lysis of thrombus models in
vitro. In terms of clot mass removal, this method matches or exceeds competing therapies
such as mechanical thrombectomy or HIFU with microbubble contrast agent. Moreover,
effective therapy can be achieved within minutes for large and dense thrombi and seconds in
a smaller flow model. Perhaps most importantly, the micro-embolic load generated by the
HIFU + P@hMSN therapy is much lower than those of competing therapies, with micron
particle counts similar to those found without any clot treatment. Through both microparticle
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and nanoparticle characterization, it appears that the cavitation events from the nanoparticles
aid in breaking the dangerous microscale embolic particles down to nanoscale sizes that
should not have significant adverse clinical effects. It was also demonstrated that the HIFU +
hMSN therapy can be used in a post-mechanical thrombectomy setting with high embolic
matter to reduce the microembolic load and with it the risk of a major embolism. Finally, the
efficacy of P@hMSNSs for enhancing HIFU treatment was verified in an /n vitro flow model,
which showed the recanalization of blood clots in seconds, thereby showcasing the rapid
therapeutic potential of these nanoparticles.
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Refer to Web version on PubMed Central for supplementary material.
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HIFU
MB
NP

DI
PBS
CTAC
DCM
TEOS
TEA
DDTS
DPPC

DSPE-PEG2k

Mesoporous silica nanoparticles
hydrophobically-modified mesoporous silica nanoparticles

phospholipid-coated hydrophobic mesoporous silica
nanoparticles

high intensity focused ultrasound
microbubble

nanoparticle

deionized

phosphate buffer saline
cetyltrimethylammonium chloride
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tetraethylorthosilicate
triethylamine
dodecyltrichlorosilane
1,2-dipalmitoyl-sn-glycero-3-phosphocholine

1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-
[methoxy(polyethylene glycol)-2000]
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Figure 1.
A) Left: TEM images of the hMSNSs; the scale bar is 100 nm. Right: Schematic showing

mechanism by which P@hMSNSs interact with HIFU waves to create transient cavitation
events for the mechanical breakdown of the thrombus. B) Proposed mechanism by which
HIFU can selectively interact with P@hMSNSs in a static /n vitro model. The HIFU waves
interact with the P@hMSNSs to generate transient cavitation events that break the clot down
selectively in the area of HIFU focus. C) Proposed mechanism by which HIFU is assisted by
P@hMSN infusion. HIFU alone does not damage the clot at baseline HIFU intensities, but
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after the infusion of P@hMSNSs, the sensitized cavitation events disrupt the clot
mechanically in the area of HIFU focus.
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Figure2.
A) Schematic of the experimental setup of simulated thrombus exposed to high intensity

focused ultrasound (HIFU). B) Photographs of clots treated by (top to bottom): HIFU only,
P@hMSNs+HIFU, Microbubbles+HIFU, and mechanical thrombectomy model. Scale bar =
12 mm. C) Mass of blood removed from a 100 uL thrombus as determined by hemoglobin
absorbance at 540 nm for four independent samples at each condition. Error bars denote one
standard deviation. Inset: photograph showing (left) a HIFU+NP treated blood clot with the
supernatant reddened by the disrupted thrombus, and (right) a HIFU-only control with
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minimal ejection of clot matter into the buffer solution. *Indicates significant difference at
a=0.05, one-sided; n.s. denotes non-significance.
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A) Mass of blood released from clot vs. HIFU exposure time for clots treated with HIFU and
100 pug mL~1 P@hMSNSs, as determined by hemoglobin absorbance at 540 nm. B) Mass of
blood released from clot vs. P@hMSN mass added to the 1 mL supernatant with a constant

10 min HIFU insonation time.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Blum et al.

1000000
100000
10000

1000

Particle count [#/mL]

100

10

1

Particle concentration [#/mL]O

1000000

600000 |

400000

200000 |

Page 21
n.s. =>3 pm B 1.60E+11
X m>20 pim 5 1.40E+11
5]
2 1.20E+11
]
e
] . 1.00E+11
© I
S E 8.00E+10
T E
S 6.00E+10
e
E 4.00E+10
8
& 2.00E+10
0.00E+00
Nanoparticle Microbubble HIFU only Thrombectomy Nanoparticles Microbubbles Thrombectomy HIFU only Control

[ mHIFU

800000 | +MB

= +NP

(]
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25+
Equivalent spherical diameter [um]

Figure 4.

A)gCounts for >3 and >20 pm equivalent spherical diameter particles from FLOWCAM
imaging for each treatment. *Indicates significant difference at a=0.05, one-sided; n.s.
denotes non-significance. B) Submicron (<1 um) particle counts as estimated from
Nanoparticle Tracking Analysis, with background subtracted. The error bars correspond to
one standard deviation. C) FLOWCAM particle histograms for various treatments applied to
the supernatant of a thrombus after mechanical thrombectomy condition was applied. The
histograms have a 0.5 um bin size and are an amalgamation of four independently treated
samples.
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Figureb.
Still images from videos of the /n vitro thrombolysis flow model. (A) Image of partially

occlusive thrombus before and after HIFU insonation without injection of particles. (B)
Images of the same blood clot at administration of P@hMSNSs, then after 11 s of HIFU
insonation, and once more after a position change and an additional 15 s of HIFU. (C)
Another example of blood clot after 15 s of HIFU prior to P@hMSN injection, then again
post injection with 15 s HIFU.
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