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Abstract

One major challenge in current microbubble (MB) and tissue plasminogen activator (tPA)-mediated sonothrombolysis
techniques is effectively treating retracted blood clots, owing to the high density and low porosity of retracted clots.
Nanodroplets (NDs) have the potential to enhance retracted clot lysis owing to their small size and ability to penetrate

treating retracted clots.

into retracted clots to enhance drug delivery. For the first time, we demonstrate that a sub-megahertz, forward-
viewing intravascular (FVI) transducer can be used for ND-mediated sonothrombolysis, in vitro. In this study, we
determined the minimum peak negative pressure to induce cavitation with low-boiling point phase change
nanodroplets and clot lysis. We then compared nanodroplet mediated sonothrombolysis to MB and tPA mediate
techniques. The clot lysis as a percent mass decrease in retracted clots was 9 + 8%, 9 + 5%, 16 + 5%, 14 + 9%, 17 + 9%,
30 + 8%, and 40 + 9% for the control group, tPA alone, tPA + US, MB 4 US, MB + tPA 4 US, ND + US, and ND + tPA +
US groups, respectively. In retracted blood clots, combined ND- and tPA-mediated sonothrombolysis was able to
significantly enhance retracted clot lysis compared with traditional MB and tPA-mediated sonothrombolysis
techniques. Combined nanodroplet with tPA-mediated sonothrombolysis may provide a feasible strategy for safely

Introduction

Deep vein thromboses (DVT) affect 300,000—600,000
patients in the United States every year'?. Despite the
common occurrence, DVT are difficult to treat with
conventional methods used for other blood clot types
such as middle cerebral artery (MCA) occlusions. DVT
blood clots tend to be older, denser, stiffer, and retracted
as compared with unretracted clots typically encountered
in MCA occlusions. Thrombolytic agent treatment such
as systemic tissue plasminogen activator (tPA) adminis-
tration for DVT can take over 24 hours to be effective®”.
However, such long treatment durations and high doses
of tPA (1000 pg/ml) can greatly increase the risk of
internal hemorrhage owing to off-target effects, most
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notably intracranial hemorrhage can lead to stroke or
death®, Other more-targeted treatments include
mechanical removal via mechanical thrombectomy. While
effective at removing the clot, this technique has a risk for
causing endothelial damage or producing large clot debris
that lead to a pulmonary embolism®~®. As such, there is a
need to develop site-specific DVT treatments, which
minimize the tPA dose and treatment time necessary for
effective clot treatment.

Sonothrombolysis

Sonothrombolysis is a method that uses ultrasound to
facilitate the removal of blood clots. Sonothrombolysis
has been particularly effective at treating unretracted
blood clots and improving tPA treatment by incorporat-
ing ultrasound contrast agents such as microbubbles
(MBs)>'°. Cavitation is one of the primary mechanisms of
contrast agent-mediated sonothrombolysis’. Stable cavi-
tation occurs when MBs oscillate and induce localized
microstreaming and acoustic  streaming. Inertial
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cavitation occurs when the bubbles expand and rapidly
collapse, inducing both micostreaming and microjets.
Although stable and inertial cavitation can occur con-
currently, each is active in different acoustic regimes. In
addition to mechanical erosion of the clots due to cavi-
tation, the localized streaming effects improve diffusion of
thrombolytic drugs into the clot, thus improving clot
lysis'"*2,

MBs act as cavitation nuclei, which can result in stable
cavitation and inertial cavitation, which are the primary
mechanisms for MB-mediated sonothrombolysis. How-
ever, when it comes to applications of treating retracted
clots, even MB-mediated sonothrombolysis is challenged
to disrupt clots efficiently'®. Histotripsy and high-
intensity focused ultrasound (HIFU) have also been used
in pre-clinical studies to treat retracted clots, however,
these methods use high peak negative pressures (PNPs) of
up to 15 MPa, which requires a large external ultrasound
transducer, thus these techniques cannot be used to treat
vessel locations with ultrasound blockage, e.g., pulmonary
embolism with vessels blocked by the lung or ribs'*~*

Nanodroplet-mediated sonothrombolysis

Nanodroplets (NDs) are an ultrasound contrast agent,
which has recently been applied not only for enhanced
ultrasound imaging, but for enhanced drug delivery and
more recently, sonothrombolysis of retracted clots®>*,
Upon insonation with sufficient PNPs, nanodroplets are
able to transition from liquid droplets to gas-filled bub-
bles, which then have similar acoustic properties and
behaviors as MBs. Given the small size of NDs
(100-300 nm) compared with MBs (1-10 um), NDs have
the potential to penetrate into retracted clots with low
porosity. Upon insonation, these droplets can then form
microchannels within the clot and act to both mechani-
cally break down the clot via cavitation effects and allow
for greater diffusion of tPA and cavitation effects inside
the clots®>*®,
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For ND-mediated sonothrombolysis, typical studies use
an external HIFU device for these excitations in order to
activate the droplets®*>* Although initial studies are
promising, it requires the PNPs of 3—5 MPa to activate the
ND, which exceeds the safety limit for ultrasound imaging
and causes concerns for clinical translation. Low-boiling
point phase change NDs may overcome the limitations of
current ND techniques by reducing the pressure neces-
sary for ND activation and by extension clot lysis, thus
allowing a lower PNP output necessary to treat retracted
clots®**>%°, These low-boiling point phase change nano-
droplets are designed to be stable at up to 37° C and have
a vaporization threshold at ~1 MPa®.

FVI transducer for sonothrombolysis

Our group has developed a forward-viewing intravascular
(FVI) sub-megahertz transducer for sonothrombolysis,
which is effective for tPA and MB-mediated sono-
thrombolysis in unretracted clot models (Fig. 1a)*’~>°. An
intravascular system does not have the treatment location
limitation of using an external transducer. In addition, this
transducer allows for site-specific insonation and treat-
ments of clots, and may limit unintended off target effects
given that ultrasound contrast agents, thrombolytic drugs,
or potentially magnetic MBs are directly injected onto the
clot surface. Compared with a clinical standard side viewing
intravascular transducer that can only treat partially blocked
vessels, this FVI system enables treatment of both partially
and completely blocked vessels>’. Previous studies from our
group have determined optimal transducer excitation
parameters for MB-mediated sonothrombolysis for unre-
tracted clots”. We then were able to combine MBs with
low dose of tPA to further enhance clot lysis outcomes in
unretracted clots, and further understand the synergistic
effects of combining tPA with MBs when using our FVI
sonothrombolysis transducer®.

In this paper, we present the first application of our FVI
transducer to treat retracted clots. Moreover, this is the
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first demonstration of the use of nanodroplets with
intravascular ultrasound for sonothrombolysis treatments.

Purpose

Given the potential for ND-mediated sonothrombolysis for
site-specific treatment of retracted clots via targeted injection
from our FVI transducer system, in this study, we investi-
gated the feasibility of using our FVI transducer combined
with ND and tPA for sonothrombolysis in retracted clots.
First, we evaluated the ability of the FVI transducer to acti-
vate low-boiling point phase change nanodroplets and gen-
erate cavitation via passive cavitation detection (PCD). We
then demonstrated that ND-mediated sonothrombolysis, in
combination with tPA can treat retracted clots.

Results
Nanodroplet activation

The stable cavitation dose increased with increasing PNP
output and were 0.52+0.02V- Hz, 046 +0.03V- Hz, 0.76 +
0.02V- Hz, 097 £ 0.03V - Hz for 0.3 MPa, 0.6 MPa, 0.9 MPa,
and 1.2 MPa, respectively (Fig. 2b). There was a statistically
significantly increased stable cavitation dose at 0.9 MPa and
1.2 MPa compared with untreated controls (p <0.05) and
approached significance at 0.6 MPa (p = 0.057). 0.3 MPa did
not generate increased stable cavitation compared with the
control group. The inertial cavitation dose increased with
increasing PNP output and were 11.33 + 1.07V- Hz, 11.38 £
144V - Hz, 10.77 £ 0.67V - Hz, 13.22 £ 0.35V - Hz for 0.3 MPa,
0.6 MPa, 0.9 MPa, and 1.2 MPa, respectively (Fig. 2a). For the
inertial cavitation doses with there was a statistically sig-
nificantly increased dose at 0.6 MPa and 0.9 MPa compared
with untreated controls (p < 0.05). These results indicate that
the primary mechanism is in the stable cavitation regime.

Retracted clot lysis
The percent mass decrease in retracted clots was 9 + 8%,
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control group, tPA alone, tPA + US, MB + US, MB +
tPA + US, ND + US, and ND + tPA + US groups,
respectively. ND + tPA-mediated sonothrombolysis out-
performed the tPA alone, tPA + US, MB-mediated
sonothrombolysis, and MB + tPA-mediated sono-
thrombolysis (Fig. 3). The ND + US group statistically
outperformed the control, tPA only, and MB + US groups
and approached significance for the tPA + US (p =0.07)
and MB + tPA + US (p=0.09) groups. In addition,
ND and ND + tPA-mediated sonothrombolysis were the
only conditions, which statistically improved retracted
clot lysis compared with the control group. A similar
comparison study was conducted in unretracted clots,
where it was shown that ND-mediated sonothrombolysis
performs as well as tPA mediated thrombolysis and MB-
mediated sonothrombolysis, and agrees well with our
previous study on microbubble and tPA-mediated clot
lysis in unretracted clots (S2). One-way analysis of var-
iance and Tukey’s honest squared difference was used to
assess significance between treatment groups for the
thrombolysis experiments. The significance level was set
to p <0.05.

Discussion

We demonstrated the first use of ND + tPA-mediated
sonothrombolysis with a FVI transducer for effective lysis
of retracted clots. This technique achieved -effective
treatment of retracted clots without the need for high
amplitude ultrasound treatment such as with high-
intensity focused ultrasound or histotripsy. In unre-
tracted clots, this technique is as effective as tPA-mediated
sonothrombolysis and MB-mediated sonothrombolysis.
Our results indicate that these low-boiling point NDs may
be an alternative to traditional thrombolytic approaches to
improve the treatment of retracted clots while decreasing
the potential negative side-effects of thrombolytic

9+ 5%, 16 + 5%, 14 +9%, 17 + 9%, 30 + 8%, 40 + 9% for the  treatments.
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Fig. 2 Nanodroplet activation. a Inertial and b stable cavitation doses for nanodroplet mediated (ND) sonothrombolysis with different peak
negative pressures compared with a control group of phosphate buffered saline (PBS) with ultrasound. The ultrasound excitation parameters were
700kHz, 10ms pulse length, and 20 cycles. * indicates p < 0.05 compared with the control group (N = 3)
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Retracted clot lysis
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Fig. 3 Retracted clot lysis results for different treatment conditions with a peak negative pressure of 0.9 MPa. * indicates p < 0.05 compared
with ND+US and T indicates p < 0.05 compared with ND+tPA+US. (N =16)

We also demonstrated that these NDs, when combined
with tPA, can significantly enhance retracted clot lysis
compared with MB and MB + tPA mediated approaches.
Our results correspond well with a study by Sutton et al.?
comparing MB and tPA-mediated sonothrombolysis in
unretracted and retracted clots, wherein MB-mediated
sonothrombolysis did not improve retracted clot lysis.
Here, we demonstrate that NDs can be used to enhance
tPA-mediated sonothrombolysis in retracted clots. In
addition, this was achieved using a relatively low PNP of
0.9 MPa (within the FDA safety limit mechanical index =
1.9) compared with higher PNP’s of up to 15 MPa as used in
other external sonothrombolysis techniques for retracted
clots'®. Previous studies utilizing nanodroplets using high
intensity focused ultrasound with PNPs ranging from 2 to
8 MPa were conducted using fresh, unretracted clots, and
resulted in percent mass decreases of 25-80% after
30 minutes of treatment?>?*%, In this study, we were able
to achieve a percent mass decrease of 40% using only
0.9 MPa under similar conditions in retracted clots. This
demonstrates that low-boiling point, phase change nano-
droplets may be a useful technique in overcoming the
limitations of retracted clot treatment, whereas minimizing
the acoustic energy needed for sonothrombolysis. In addi-
tion, current HIFU sonothrombolysis techniques are sub-
cutaneous, and the insonation has to travel through
different tissue layers before reaching the clot of interest. In
our intravascular technique, we are able to directly insonate
the clot of interest, thus allowing all of the acoustic energy
to be directed to the clot.

Although exciting, future work should involve assessing
the safety of ND-mediated sonothrombolysis. Metrics such
as clot debris size and vessel damage should be assessed in
order to understand the safety of ND-mediated sono-
thrombolysis with the FVI transducer compared with HIFU
techniques for retracted clots. The parameters used in this

study were based on our previous MB-mediated results.
One limitation of our study is the use of an in vitro venous
flow model, which may not fully replicate in vivo human
conditions. Further study may be done to improve the
in vitro flow model and optimize the internal flow condi-
tions to understand its influence on thrombolytic outcomes
and more accurately model venous flow. Future parameter
optimization, such as duty cycle, treatment duration, and
pulse width, is also warranted to increase the treatment
efficacy for nanodroplet-mediated sonothrombolysis. Cavi-
tation was detected and assumed to be the mechanism of
ND-mediated sonothrombolysis. In addition to cavitation,
we hypothesize that the small size of the nanodroplets
allows them to penetrate into the dense fibrin clot before
activation, thus forming larger channels for the tPA to
diffuse into the clot and improve efficacy. Further
mechanistic studies are warranted for improvement of ND-
mediated sonothrombolysis.

We demonstrated the use of low-boiling point phase
change nanodroplets for intravascular sonothrombolysis.
In addition, we showed that combining ND + tPA + US
can significantly improve retracted clot lysis, which may
improve current approaches for treating retracted clots.
Our FVI transducer can be used for nanodroplet-
mediated sonothrombolysis to treat both retracted and
unretracted clots using a low PNP compared with other
high-intensity sonothrombolysis techniques.

Materials and methods
FVI transducer

The FVI transducer was fabricated similarly to previous
studies®”*’. The transducer was composed of seven
stacked layers of PZT-5A, E-solder 3022 bonding layers,
and an alumina epoxy matching layer. The final aperture
size was 1.5 mm. The center frequency of the transducer
was 700 kHz with a bandwidth of 445 kHz-1.05 MHz,
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the impedance of 225 (), and capacitance of 1.43 nF. The
peak to peak driving voltages of the transducer were 15V,
35V, 50V, and 70 V to achieve PNP outputs of 0.3 MPa,
0.6 MPa, 0.9MPa, and 1.2MPa, respectively, corre-
sponding to a sensitivity of 0.02 MPa/V and driving power
of 11'W.

PCD for nanodroplet activation

The minimum PNP necessary for ND activation was
determined using PCD, performed similarly to our previous
study”. The PNP of the FVI transducer was varied from
0.3MPa to 1.2MPa. Nanodroplets (10° ND/ml) or
phosphate-buffered saline (PBS) were injected via the
integrated catheter of the transducer at a rate 0.1 ml/min via
a syringe pump. The transducer excitation parameters were
a center frequency of 700 kHz, 10 ms pulse length, and 20
cycles. Cavitation signals were detected using a hydrophone
(HGL-0085, ONDA Corp., Sunnyvale, CA, USA). Three
radio frequency (RF) signals were collected for each con-
dition. Inertial and stable cavitation doses were calculated
using MATLAB (MATLAB R2018b, Mathworks, Natick,
MA, USA). The stable cavitation dose was calculated based
on the area under the curve of the second harmonic (2/0 +
0.5/0) of the frequency spectrum of the RF data. The inertial
cavitation dose was calculated based on the area under the
curve of the broadband noise of the 3rd—6th harmonics,
wherein the fundamental harmonics (30 + 0.2/0, 4/0 + 0.2/0,
50 £ 0.2/0, 6/0+0.2f0) were subtracted from the whole
AUC in this range. From here, it was determined that a PNP
of 0.9 MPa was sufficient for ND activation, which matches
well with previous studies on the vaporization pressure
necessary for these droplets®.

Clot lysis

Upon demonstrating the feasibility of ND-mediated
sonothrombolysis in retracted and unretracted clots (S1),
we sought to further enhance retracted clot lysis with NDs
and to compare ND-mediated sonothrombolysis to existing
sonothrombolysis techniques. In order to enhance retracted
clot lysis, we combined NDs with a low dose of tPA. Given
the success of MB mediated sonothrombolysis with a low-
dose tPA in unretracted clots, we chose to combine ND-
mediated sonothrombolysis with a low dose tPA*. We
compared ND + tPA-mediated sonothrombolysis to a
control of PBS alone without ultrasound, tPA treatment
alone without ultrasound, tPA with ultrasound, ND-
mediated thrombolysis, MB mediated sonothrombolysis,
and MB + tPA-mediated sonothrombolysis.

Clot preparation

Bovine whole blood was used to prepare clots as done
previously'®* 7231735 Acid citrate dextrose anticoagulated
blood was mixed with 2.75% Calcium Chloride in a 10:1
ratio (50 mL blood/5 mL CaCl,). Unretracted clots were
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prepared by adding the blood mixture to plastic centrifuge
tubes. Retracted clots were prepared by adding the blood
mixture to borosilicate glass pipettes as described by Sutton
et al.">'®, Clots were then incubated in a 37 °C water bath for
3 hours. The clots were then stored in a refrigerator at 4 °C
for 2-16 days. For experiments, the retracted and unre-
tracted clots were prepared to a final length of 10 mm,
diameter of 5mm, final mass of 150 + 20 mg. Clot char-
acterization results can be found in the supplementary
results (S3). A total of 54 retracted clots and 33 unretracted
clots were tested in this study.

Treatment condition preparation

Lipid-shelled, decafluorobutane (DFB) gas core nano-
droplets were prepared as previously described®>*°. In
brief, lipid-shelled DFB MB were synthesized and con-
densed into liquid-core nanodroplets with an average size
of 100-200nm and concentration of 10" ND/ml.
Nanodroplets were then diluted with PBS to a final con-
centration of 10® ND/ml for all treatment conditions. The
microbubbles themselves have a mean microbubble
diameter of 1.1 um, with an initial concentration of
10'® MB/ml. In the MB treatment conditions, the final
concentration was 10° MB/ml.

TPA (Cathflo Activase, Genentech USA, Inc) was pre-
pared via the manufacturer’s instructions to a con-
centration of 1000 pug/ml, aliquoted, and stored at —20°C
until use. For experiments, tPA was then diluted to the
working concentration of 1.0 ug/ml using PBS. In the
combined ND + tPA and MB + tPA conditions, tPA was
added to the diluted ND and MB solutions to a final
concentration of 1.0 pg/ml.

Experimental setup

Experiments were performed in an in vitro DVT venous
flow model, similar to the apparatus used by Zhang
et al.>*. The flow model consisted of a custom acrylic
reservoir of degassed water, 37 °C water bath (Poly Pro-
Bath, Revolutionary Science, Shafer, MN, USA), and waste
container (Fig. 1b). The pressure was maintained at 3.5 +
0.5 mmHg and monitored with a digital pressure gauge
(DPGA-04, Dwyer Instruments, Inc., Michigan City, IN,
USA). The height of the reservoir and one-way valves
were used to control the one-way flow and pressure of the
water through the system. The flow rate was 50 mL/min.
An inlet channel with a mesh netting was used to place
the clot sample. The mesh netting prevented the clot from
flowing through the system and maintain a partial
occlusion in the tubing. Once the clot was placed, the FVI
transducer with integrated treatment catheter was placed
through the same inlet in order to treat the clot.

The FVI transducer was installed into an integrated
catheter system (Sonovascular, Inc.) with a lumen for the
treatment injection. The total catheter diameter is 3 mm.
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The transducer face was maintained to be <1 mm away
from the clot surface throughout the treatment. The
center frequency of the transducer was 700 kHz with a
duty cycle of 5.7% (200 cycles, 5ms pulse length). As
implemented in our previous studies, in order to ensure
penetration of ultrasound contrast agents into the clot,
the ultrasound output was manually switched “on” for
2 minutes (5.7% duty cycle) and “off” for 30seconds
throughout the 30-minute treatment period to allow for
penetration of the treatment solutions into the clot*”°.

The thrombolysis experiments compared various
sonothrombolysis techniques to nanodroplet-mediated
sonothrombolysis techniques. tPA was prepared as
described previously”’. The treatment conditions were
PBS alone with no ultrasound (control), tPA alone with no
ultrasound (1.0 pg/ml), tPA + US, MB + US (10° MB/ml),
MB + tPA + US (10° MB/ml, 1.0 ug/ml), ND + US (10°
ND/ml, 1.0 pg/ml), and ND + tPA + US. The PNP used
for these experiments was 0.9 MPa. Similar to the feasi-
bility experiment, each treatment was injected via the
integrated catheter directly onto the clot surface at a rate
0.1 ml/min for 30 minutes via a syringe pump. Each
condition was tested six times. The metric for clot lysis
was the percent mass decrease of the clot before and after
each treatment.

Acknowledgements

This work was supported by National Institutes of Health grant ROTHL141967.
The authors acknowledge Sonovascular, Inc. for the fabrication of the
integrated catheter system. We also thank Brian Velasco for preparation of the
ultrasound contrast agents; Zahid Rabbani for training on the EVOS imaging
system; and Austin McCandless, Tyler Ash, and Dr. Shadow Huang for their
help in the clot elasticity testing.

Author details

'Department of Mechanical & Aerospace Engineering, North Carolina State
University, Raleigh, NC 27695, USA. *The Joint Department of Biomedical
Engineering, The University of North Carolina at Chapel Hill and North Carolina
State University, Chapel Hill, NC 27599, USA. 3Department of Biomedical
Engineering, University of Michigan, Ann Arbor, MI 48109, USA

Author contributions

L.G. designed and conducted the study and wrote the manuscript. HW., BZ,
and JK. contributed to experimental design and setup. P.D. and Z.X. supervised
research. X.J. supervised research and provided resources and funding. All
authors reviewed the manuscript.

Competing interests

Xiaoning Jiang has financial interest in Sonovascular, Inc. who licensed an
intravascular sonothrombolysis technology from NC State. Paul Dayton is an
inventor on several patents, describing the low-boiling point phase change
nanodroplets described here, and is a co-founder of Triangle Biotechnology,
Inc., which has licensed these patents. Zhen Xu has financial interest in
HistoSonics.

Supplementary information accompanies this paper at https.//doi.org/
10.1038/541378-020-00228-9.

Received: 21 October 2020 Revised: 13 November 2020 Accepted: 27
November 2020
Published online: 06 January 2021

Page 6 of 7

References

1.

2.

20.

21.

22.

23.

24,

25.

26.

27.

Beckman, M. G, Hooper, W. C, Critchley, S. E. & Ortel, T. L. Venous throm-
boembolism A public health concern. Am. J. Prev. Med. 38, S495—S501 (2010).
Heit, J. Epidemiology of venous thromboembolism. Nat. Rev. Cardiol. 12,
464-474 (2015).

DiNisio, M, Es, N. & Buller, H. Deep vein thrombosis and pulmonary embolism.
Lancet 388, 3060-3073 (2016).

Watson, L, Broderick, C. & A. M. P. Thrombolysis for acute deep vein throm-
bosis. Cochrane Database Syst. Rev. CD002783 (2016).

Streiff, M. B. et al. Guidance for the treatment of deep vein thrombosis and
pulmonary embolism. J. Thromb. Thrombolysis 41, 32-67 (2016).
Karthikesalingam, A. et al. A systematic review of percutaneous mechanical
thrombectomy in the treatment of deep venous thrombosis. Eur. J. Vasc.
Endovasc. Surg. 41, 554-565 (2011).

Kuo, W. T. et al. Catheter-directed therapy for the treatment of massive pul-
monary embolism: systematic review and meta-analysis of modern techni-
ques. J. Vasc. Interv. Radiol. 20, 1431-1440 (2009).

Investigators, T. P. P. S. T. Safety and effectiveness of a new generation of
mechanical devices for clot removal in intracranial large vessel occlusive
disease. Stroke 40, 2761-2768 (2009).

Goel, L. & Jiang, X. Advances in sonothrombolysis techniques using piezo-
electric transducers. Sensors 20, 1288 (2020).

Acconcia, C, Leung, B, Hynynen, K & Goertz, D. Interactions between ultra-
sound stimulated microbubbles and fibrin clots. Appl. Phys. Lett. 103, 053701
(2013).

Garg, N. et al. Whole-blood sorting, enrichment and in situ immunolabeling of
cellular subsets using acoustic microstreaming. Microsyst. Nanoeng. 4, 17085
(2018).

Hayakawa, T., Sakuma, S. & Arai, F. On-chip 3D rotation of oocyte based
on a vibration-induced local whirling flow. Microsyst. Nanoeng. 1,
15001 (2015).

Sutton, J. T, lvancevich, N. M., Perrin, S. R, Vela, D. C. & Holland, C. K.
Clot retraction affects the extent of ultrasound-enhanced thrombolysis
in an ex vivo porcine thrombosis model. Ultrasound Med. Biol. 39,
813-824 (2013).

Holscher, T, Fisher, D. & Raman, R. Noninvasivrasound. J. Neurol. Neurophysiol.
01 https//doiorg/104172/2155-9562.51-002 (2011).

Holscher, T. et al. Effects of varying duty cycle and pulse width on high-
intensity focused ultrasound (HIFU) -induced transcranial thrombolysis. J.
Therapeutic Ultrasound 1-18, https.//doi.org/10.1186/2050-5736-1-18 (2013).
Burgess, A. et al. High-intensity focused ultrasound (HIFU) for dissolution of
clots in a rabbit model of embolic stroke. PLoS ONE 7, 1-7 (2012).

Xu, S. et al. Dependence of pulsed focused ultrasound induced thrombolysis
on duty cycle and cavitation bubble size distribution. Ultrasonics Sonochem.
22, 160-166 (2015).

Zhang, X. et al. Histotripsy thrombolysis on retracted clots. Ultrasound Med.
Biol. 42, 1903-1918 (2016).

Zhang, X. et al. Non-invasive thrombolysis using microtripsy in a porcine deep
vein thrombosis model. Ultrasound Med. Biol. 43, 1378-1390 (2017).

Ma, L. et al. Deep penetration of targeted nanobubbles enhanced cavitation
effect on thrombolytic capacity. Bioconjugate Chem. 31, 369-374 (2020).
Zhong, Y. et al. Low-intensity focused ultrasound-responsive phase-transitional
nanoparticles for thrombolysis without vascular damage: a synergistic non-
pharmaceutical strategy. ACS Nano 13, 3387-3403 (2019).

Pajek, D., Burgess, A, Huang, Y. & Hynynen, K. High-intensity focused
ultrasound sonothrombolysis: the use of perfluorocarbon droplets to
achieve clot lysis at reduced acoustic power. Ultrasound Med. Biol. 40,
2151-2161 (2014).

BruBler, J. et al. Nanoscaled ultrasound contrast agents for enhanced sono-
thrombolysis. Colloids Surf. B. 172, 728-733 (2018).

Guo, S. et al. Reduced clot debris size in sonothrombolysis assisted with phase-
change nanodroplets. Ultrason. Sonochem. 54, 183-191 (2019).

Kim, J. et al. A comparison of sonothrombolysis in aged clots between low
boiling point phase change nanodroplets and microbubbles of the same
composition. Ultrasound Med. Biol. 46, 3059-3068 (2020).

Sheeran, P. S, Luois, S. H, Mullin, L. B, Matsunaga, T. O. & Dayton, P. A. Design
of ultrasonically-activatable nanoparticles using low boiling point per-
fluorocarbons. Biomaterials 33, 3236-3269 (2012).

Kim, J. et al. Intravascular forward-looking ultrasound transducers for
microbubble-mediated sonothrombolysis. Sci. Rep. 7, 1-10 (2017).


https://doi.org/10.1038/s41378-020-00228-9
https://doi.org/10.1038/s41378-020-00228-9
https://doi.org/10.4172/2155-9562.S1-002
https://doi.org/10.1186/2050-5736-1-18

Goel et al. Microsystems & Nanoengineering (2021)7:3

28.

29.

30.

Zhang, B, Kim, H, Wu, H, Gao, V. & Jiang, X. Sonothrombolysis with magnetic
microbubbles under a rotational magnetic field. Ultrasonics 98, 62-71 (2019).
Goel, L. et al. Examining the influence of low dose tissue plasminogen acti-
vator on microbubble mediated forward-viewing intravascular sono-
thrombolysis. Ultrasound Med. Biol. 46, 1698-1706 (2020).

Engelberger, R. P. et al. Enhanced thrombolysis by ultrasound-assisted
catheter-directed thrombolysis and microbubbles in an in vitro model of
iliofemoral deep vein thrombosis. Thromb. Haemost. 119, 1094-1101 (2019).
Suo, D, Guo, S, Lin, W, Jiang, X. & Jing, Y. Thrombolysis using multi-frequency
high intensity focused ultrasound at MHz range: an in vitro study. Phys. Med.
Biol. 60, 7403-7418 (2015).

32.

33.

35.

Page 7 of 7

Suo, D, Jin, Z, Jiang, X, Dayton, P. A. & Jing, Y. Microbubble mediated dual-
frequency high intensity focused ultrasound thrombolysis: an in vitro study.
Appl. Phys. Lett. 110, 1-5 (2017).

Suo, D, Govind, B, Gu, J, Dayton, P. A. & Jing, Y. Dynamic assessment of dual-
frequency microbubble-mediated sonothrombolysis in vitro. J. Appl. Phys. 125,
084702 (2019).

Zhang, X. et al Non-invasive thrombolysis using microtripsy: a
parameter study. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 62, 2092-2105
(2015).

Shi, A. et al. Integrated histotripsy and bubble coalescence transducer for
thrombolysis. Ultrasound Med. Biol. 44, 2697-2709 (2018).



	Nanodroplet-mediated catheter-directed sonothrombolysis of retracted blood clots
	Introduction
	Sonothrombolysis
	Nanodroplet-mediated sonothrombolysis
	FVI transducer for sonothrombolysis
	Purpose

	Results
	Nanodroplet activation
	Retracted clot lysis

	Discussion
	Materials and methods
	FVI transducer
	PCD for nanodroplet activation
	Clot lysis
	Clot preparation
	Treatment condition preparation
	Experimental setup


	Acknowledgements




