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Objective: Ultrasound-mediated cavitation has been harnessed to improve the delivery of various therapeutics,
including the extravasation of small molecule drugs and nanoparticles (<1 µm) into soft tissue. This study investi-
gated whether cavitation could also enhance the extravasation of larger (>10 µm) therapeutic particles, represen-
tative of radio- or chemo-embolic particles, in a tissue-mimicking phantom.
Methods: High-speed (103−106 frames/s) optical imaging was used to observe the motion of glass microspheres
with diameters of 15−32 or 105−107 µm in an agar phantom under exposure to high-intensity focused ultra-
sound (0.5 MHz) at a range of peak negative pressures (1.9−2.8 MPa) in the presence of SonoVue microbubbles.
Results: In contrast to the microstreaming reported to be responsible for nanoparticle transport, the formation and
translation of bubble clouds were found to be primarily responsible for the motion of glass microspheres. The bub-
ble clouds were seen both to create channels in the phantom and to travel along them under the action of primary
acoustic radiation force, either propelling or entraining microspheres with them. Collisions between microspheres
were also seen to promote cloud formation and cavitation activity.
Conclusion: Ultrasound-mediated cavitation can promote the transport of solid microparticles in tissue-mimicking
material. Further work is needed to understand the influence of tissue mechanical properties and ultrasound expo-
sure parameters on the extent and uniformity of particle distribution that can be achieved.
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TaggedH1Introduction TaggedEnd

TaggedPUltrasound-mediated cavitation has been reported to enhance the
transport of various therapeutics [1]—small molecule drugs [2,3], pro-
teins [4,5], viruses [6] and nanoparticles [7−11]—both in vitro and in
small animal models [12−15]. It has also been used clinically to success-
fully enhance delivery of chemotherapy across the blood−brain barrier
[16−19] for the treatment of pancreatic cancer [20−22] and to augment
radiotherapy through tissue sensitisation [23]. To the best of the
authors’ knowledge, however, there has been no investigation of cavita-
tion facilitating transport of larger particles (0.01−1 mm), such as
embolic microspheres used in transarterial chemo-embolization or selec-
tive internal radiation therapy. TaggedEnd

TaggedPClinically, these microspheres are delivered to the tumour vascula-
ture via an intra-arterial catheter or could potentially be injected follow-
ing surgical removal of a tumour to deliver localised therapy. There are
no methods currently, however, that enable physicians to control the
spatial distribution of radioactive microspheres post-delivery or to
achieve microsphere extravasation. This limits treatment efficacy and
increases the risk of off-target delivery, as there is no way of ensuring
that a uniform dose of chemotherapy or radiation is delivered through-
out the tumour. The overall aim of this study was therefore to
TaggedEndTaggedPinvestigate whether ultrasound-mediated cavitation could be used to
promote the transport of microspheres and hence potentially address
this challenge. The secondary objective was to identify the mechanism
(s) responsible and compare these with the phenomena observed in cavi-
tation-mediated nanoparticle transport. Please note that these mecha-
nisms are reviewed in the Results and Discussion section together with
the relevant background literature. TaggedEnd
TaggedH1MethodsTaggedEnd

TaggedH2Tissue-mimicking phantom TaggedEnd

TaggedPAs the aim of this study was to explore the feasibility of microsphere
transport by cavitation, a very simple tissue-mimicking phantom was
used to ensure optical clarity and consistency of material properties
between experiments. The phantom consisted of a rectangular block of
agar cast in an acrylic mould (80 × 40 × 40 mm) with removable sides.
A stainless-steel rod (4 mm in diameter with a 10-mm section at one end
with a 1-mm diameter) was used to create a stepped cylindrical cavity to
provide a very basic representation of a section of blood vessel or a cav-
ity formed by surgical resection. TaggedEnd
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TaggedPAs one of the potential applications of interest is treatment of brain
tumours, an agar−agar hydrogel was selected as having physical proper-
ties similar to those of glioblastoma multiforme tumour masses [24]. A
suspension of agar (0.5% w/v, 500−1500 Da; No. w201201, Sigma
Aldrich, St. Louis, MO, USA) in de-ionised water (Millipore-Q Type 1)
was de-gassed under reduced pressure for 90 min. It was then micro-
wave irradiated for 390 s to dissolve the agar (>85°C), poured into the
mould and set at 4°C for a minimum of 12 h before use. Once set, the
front, rear and top faces of the acrylic mould were replaced with acousti-
cally transparent Mylar sheets to allow ultrasound propagation into the
phantom. TaggedEnd
Figure 1. Experimental setup for high-speed optical imaging of microsphere
transport in a tissue-mimicking phantom. RF, radiofrequency. TaggedEnd
TaggedH2Microspheres and microbubbles TaggedEnd

TaggedPGlass microspheres with diameters of either 15−32 or 105−107 µm
were provided by MoSci (Rolla, MO, USA). These were produced in that
the same way as the commercial radio-embolic agent TheraSphere, giv-
ing them identical surface properties and density, but they were not irra-
diated and were made with black glass to provided increased brightfield
contrast for the high-speed imaging experiments. Sonovue® (Bracco
Research, Zurich, Switzerland) microbubbles were used undiluted to
mimic injection into a post-resection cavity. TaggedEnd
TaggedH2Water tank and ultrasound exposure TaggedEnd

TaggedPThe phantom was immersed in a transparent acrylic water tank
(445 × 445 × 175 mm) filled with de-gassed, de-ionised water and con-
nected via an aluminium rod to a manual xyz movement stage (Newport,
TaggedEnd TaggedFigure

Figure 2. Series of frames (a−p) from high-speed video recordings (Video S1) of the e
4 × objective during ultrasound exposure (0.5 MHz pulse centre frequency, 1.9 MPa
Each image is the last frame of 256-frame video sequences taken at 2000 frames/s
injected into the phantom cavity with 310 µL of reconstituted SonoVue microbubbles
cavity closest to the transducer; that is, the direction of ultrasound propagation is from
microspheres from sinking into the channels. Please note that at 4 ×magnification, th
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TaggedEndTaggedPMKS Instruments, Andover, MS, USA) mounted above the tank, enabling
the phantom to be positioned as required. A high-intensity focused ultra-
sound (HIFU) transducer (H107, Sonic Concepts Bothell, WA, USA) was
also suspended in the tank on a fixed assembly. The HIFU transducer
had an outer diameter of 64 mm, a centre frequency of 0.5 MHz and a
central rectangular cut out measuring 48 × 17 mm. TaggedEnd

TaggedPThe stainless steel rod used to create the phantom cavity was initially
left in place to enable alignment of the transducer foci with the centre of
the cavity. A pulser−receiver (JSR Ultrasonics DPR300, Imaginant, Pitts-
ford, NY, USA) connected to the HIFU transducer and an oscilloscope (Le
Croy HDO4024, Teledyne, Thousand Oaks, CA, USA) were used to trans-
mit a short, low-amplitude pulse, and the transducer position was
adjusted in sub-millimetre increments until the amplitude of the
received signal was maximised. The phantom was then removed from
xtravasation of black glass microspheres (15−32 µm in diameter) captured with a
peak negative focal pressure, 5% duty cycle, 3.3 Hz pulse repetition frequency).
approximately 5 s apart over ∼80 s. Twenty micrograms of microspheres was
(∼3 × 108 bubbles). The upper edge of the image corresponds to the edge of the
top to bottom. Gravity acts perpendicular to the plane of the image, preventing

e SonoVue microbubbles are not visible. TaggedEnd
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TaggedEndTaggedPthe tank, the stainless steel rod was withdrawn and a mixed suspension
of microspheres (with diameter/ranges of 15−32 or 106−107 µm) with
or without 270 µL of SonoVue was injected into the phantom cavity.
The top of the cavity was sealed with a rubber bung, and the phantom
replaced in the water tank. TaggedEnd

TaggedPFor the microsphere transport experiments, the HIFU transducer was
driven at 0.5 MHz using a Verasonics Vantage 256 channel ultrasound
research system (Verasonics Inc., Redmond, WA, USA) as an arbitrary
waveform generator and a power amplifier (55 dB gain, 1140LA, E&I,
Rochester, NY, USA) . The phantom cavity was exposed to a peak nega-
tive pressure of either 1.9 or 2.8 MPa, with a 5% duty cycle (DC) and
3.3 Hz pulse repetition frequency (PRF). These exposure conditions
were based upon pilot experiments performed to identify the peak nega-
tive pressures (PNPs) required for microsphere transport. Transducer
calibrations were performed using either a needle or fibre-optic hydro-
phone (see Figure S1-S3 supplementary material, online only). All of the

TaggedEnd TaggedFigure

Figure 3. Higher magnification (10 ×) images of the rippling of the phantom cavity w
244, 248, 252 and 256 of a single video capture (Video S2). The time between frames
microspheres within the cavity prevented more detailed observation of bubble activit
tom of each image. TaggedEnd

1417
TaggedEndTaggedPexperiments were performed at a room temperature of ∼20°C. A sche-
matic of the experimental setup is provided in Figure 1. TaggedEnd

TaggedH2High-speed imaging TaggedEnd

TaggedPTo capture cavitation events at a sufficient rate, a Hypervision HPV-
X2 (Shimadzu, Tokyo, Japan) high-speed camera was used. The HPV-X2
is capable of recording from 60 to 10 million frames/s, with variable
exposure times, and can record a maximum of 256 frames within a sin-
gle capture. A Solis High-Power LED (445 nm Royal Blue, 48.3 mm clear
aperture, 5.4 W, Thor Labs, Cambridge, UK) with a Plug-and-Play Solis
LED driver was placed beneath the tank to provide the necessary illumi-
nation. A 25 mm ID lens tube (Thor Labs), with a 552 nm edge Laser-
MUX single-edge laser dichroic beam splitter lens (LM01-552-25,
Semrock, Rochester, NY, USA) was attached to the front of the camera
connected to a 30 mm Cage-Compatible, Kinematic Fluorescence Filter
all indicating the presence of a microbubble cloud. (a−g) Frames 132, 201, 240,
was 250 ns (total recording time: 2560 µs). The packing of the <15 µm diameter
y in this case. The direction of ultrasound propagation is from the top to the bot-
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TaggedEndTaggedPCube (DFM1T1, Thor Labs) allowing for a 90° reflection to be transmit-
ted to the camera. TaggedEnd

TaggedPAn adaptor ring was fitted to the base of the filter cube for attach-
ment of one of two NIKON (Tokyo, Japan) CFI Plan Fluor series air
objectives: a 4 × (0.13 NA, 17.2 mm WD) or a 10 × (0.30 NA, 16.00 mm
WD). Unfortunately, a water immersible objective of the correct magni-
fication and working distance could not be sourced. and the objectives
were therefore inserted into a 100 mL borosilicate glass beaker, which
was immersed in the tank to enable imaging without damage to the
objectives. TaggedEnd

TaggedPPilot experiments indicated that microsphere motion occurred after a
variable multi-second delay after the start of the ultrasound exposure.
This posed a challenge for triggering the high-speed camera. The size
and optical contrast of the microspheres enabled them to be observed by
the naked human eye, but manually triggering the high-speed camera
was not feasible for imaging frame rates above 10,000 fps. A light detec-
tor (PDA36A2 Si Switchable gain detector, 400−1000 nm, Thor Labs)
was therefore used to detect microsphere movement by monitoring
changes in light transmission through the phantom. The signal by the
detector was sent to two oscilloscopes (Le Croy HDO4024 and WaveSur-
fer 2014z, both supplied by Teledyne). The first oscilloscope enabled
monitoring of the signal amplitude and phase. The second was used to
trigger the recording on the high-speed camera when the signal dropped
below an empirically determined threshold. TaggedEnd

TaggedH1Results and discussion TaggedEnd

TaggedH2Observations of microsphere extravasation TaggedEnd

TaggedPMicrosphere extravasation was observed when the peak negative
pressure exceeded 1.9 MPa for the smaller microspheres (15−32 µm)
and 2.8 MPa for the larger microspheres (106−107 µm). Please note
that the term extravasation here is used to describe movement of the
microspheres out of the cavity into the surrounding phantom matrix. At
lower pressures and/or in the absence of SonoVue, there was negligible
microsphere transport outside the phantom cavity.TaggedEnd

TaggedPFigure 2 illustrates an example of microsphere (15−32 µm) transport
produced by ultrasound-induced cavitation observed under low

TaggedEnd TaggedFigure

Figure 4. (a−d) Formation and movement of a Sonovue microbubble cloud (Video S
3.3 Hz pulse repetition frequency. Microspheres (106 µm diameter) can be seen movin
off the cavity edge. Images were captured at 4 ×magnification, at 100,000 fps. The di
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TaggedEndTaggedPmagnification (4 ×). The series of images illustrates the evolution of the
channels in the phantom matrix. Figure 2b depicts an initial disruption
to the packing of the microspheres, presumably brought about by the
ultrasound-induced motion of a microbubble cloud, that is, a collection
of microbubbles forming a cluster that moves as a single entity despite
the microbubbles themselves remaining discrete. With each new pulse,
a group of microspheres were seen to collide with the cavity boundary
and initiate a channel (Fig. 2c; Video S1, online only). As the ultrasound
exposure continued and further microsphere collisions occurred, these
channels extended in the direction of the applied ultrasound field and
more channels formed (Fig. 2d−p). A single tightly packed bolus of
microspheres can be seen at the tip of each channel, with a varying num-
ber of microspheres distributed along the rest of its length. With
each successive pulse, the channels increasingly filled with further
microspheres. TaggedEnd

TaggedPThe majority of the channels were formed on the side of the cavity
opposite the transducer and aligned approximately directly with ultra-
sound propagation. In some cases, though, the phantom matrix was also
disrupted in the pre-focal region. Qualitatively similar results were
obtained with both sizes of microsphere. In the example in Figure 2,
microsphere transport continued beyond the edge of the image frame
(the height of the frame is 2.2 mm) in the direction of ultrasound propa-
gation for several millimeters. The longer the ultrasound was applied,
the greater was the length of the channels. As might be expected, those
channels most closely aligned with the central axis of ultrasound propa-
gation grew the fastest, regardless of the order in which the channels
were initially formed and became most densely packed with micro-
spheres. Interestingly, in channels with a lower density of microspheres,
a loose banding was observed. This is discussed further in the supple-
mentary material (online only). TaggedEnd

TaggedH2Mechanisms of microsphere extravasation TaggedEnd

TaggedPThe videos obtained in this study indicate that microsphere extrava-
sation occurred primarily as the result of microbubble cloud activity
rather than the action of individual microbubbles. This is in contrast to
the mechanisms reported to be responsible for transport of smaller ther-
apeutics [25,26] and to movement of particles induced by the formation
3), driven at 0.5 MHz, 2.8 MPa peak negative focal pressure, 5% duty cycle and
g towards the cloud (red outlined section) and travelling with it before rebounding
rection of ultrasound propagation is from the top to the bottom of each image. TaggedEnd
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TaggedEndTaggedPof cavitation structures in single fluids such as acoustic Lichtenburg fig-
ures [27]. TaggedEnd

TaggedPPrior to the extravasation of microspheres and the formation of chan-
nels, an oscillation or “rippling” of the agar:water interface was seen at
the edge of the well (Fig. 3). Increasing the magnification (10 ×) and
imaging frame rate (100,000 frames/s) indicated that this movement
was owing to the formation and motion of a microbubble cloud (Fig. 3;
Video S2, online only). In Figure 4 and the corresponding video (Video

TaggedEnd TaggedFigure

Figure 5. Graphical summary of mechanisms leading to microsphere extravasation in
oscillating SonoVue microbubbles lead to the formation of microbubble clouds (a).
microstreaming promote formation of additional bubble clouds (c), which then disso
under the primary ARF. Individual microbubble oscillations within the microbubble
additional collisions (d). Microbubble clouds are propelled towards the agar bound
mechanical erosion of the agar (f), producing channels within it that are filled with
sphere collisions occur, producing additional bubble clouds and extending the channe
tiple microbubble clouds and corresponding channels (h). Ultrasound propagation
approximate magnification corresponding to the high-speed videos is indicated in th
microsphere and/or microbubble movement. Dotted lines indicate microstreaming. TaggedEnd
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TaggedEndTaggedPS3, online only), the microbubble cloud can be seen travelling and to
consist of a combination of microbubbles and associated microspheres
(indicated by the red rectangle). Microspheres can be seen being drawn
towards the cloud and rebounding off its surface. TaggedEnd

TaggedPIn each experiment, multiple clouds were observed travelling to the
front of the cavity over the course of ultrasound exposure (Video S4,
online only). This resulted in the formation of a large broad singular
channel, approximately equal in width to that of the transducer focal
a hydrogel tissue phantom. Secondary acoustic radiation forces (ARFs) between
Microsphere collisions (b) brought about by the action of primary ARF and/or
ciate from the microspheres and move towards the hydrogel boundary interface
cloud produce secondary ARFs, which draw in nearby microspheres, promoting
ary surface by the primary ARF (e). The oscillating microbubble clouds cause
microspheres via a combination of microstreaming and ARF (g). Further micro-
ls. These events occur at multiple locations throughout the cavity, producing mul-
is from top to bottom in all image panels. Objects are not to scale but the
e lower left-hand corner of all image panes. Red arrows denote the direction of
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TaggedEndTaggedPregion (1 mm for 0.5 MHz). It is difficult to ascertain with absolute cer-
tainty how many clouds are formed, expire, coalesce or are sustained
throughout the time captured, as at these frame rates (100,000
−200,000 fps) and magnification, it is not possible to temporally or spa-
tially resolve oscillations of individual microbubbles within the cloud;
nor is it possible to record the activity of the microbubble cloud over the
entire pulse length at this capture rate because of the maximum number
of frames allowed using the HPV-X2 (256 frames). TaggedEnd

TaggedPFigure 5 summarises the observed phenomena and hypothesised
mechanisms underpinning microsphere extravasation. Multiple phe-
nomena appear to be involved: Cloud formation seemingly occurred
either as the result of secondary radiation forces causing attraction of
pre-existing SonoVue microbubbles and/or collision of microspheres
promoting nucleation of multiple bubbles (potentially from sub-micro-
metre bubbles present in the SonoVue suspension). Secondary radiation
forces are also likely to have been responsible for the movement of the
microspheres towards the microbubble clouds. Erosion of the agar may
have been the result of direct impingement of the microbubble clouds
moving under the action of the primary radiation force [28,29]. In the
experiments performed with smaller microspheres at the lower peak
negative pressure (1.9 MPa), the channels produced were similar to the
“tunnels” reported in previous microbubble studies [30] and attributed
to primary radiation force. TaggedEnd

TaggedPSome of the observed microsphere movement also indicated that
microstreaming was occurring (Video S5, online only), which could
have imposed shear stresses upon the nearby surface and facilitated the
removal of material from it [31]. Microjetting, which has been widely
associated with erosion of surfaces in cavitation studies [32−34], may
also have played a role although this was not directly observed. Gerold
et al. [35] have reported extensive jetting from microbubble clouds; and
whilst microjets are expected to travel towards the most rigid adjacent
surface (which in this case would be the glass microspheres rather than
the agar), the convex surface of the microspheres may have promoted
counterjet formation [36]. TaggedEnd

TaggedPInterestingly formation of microbubble clouds was generated in some
cases apparently as the result of collision of the glass microspheres
(Video S5). This is potentially because contact between the two curved
surfaces creates a nucleation site between the two microspheres
[11,37]. Once formed, the new clouds appear to grow and drive the
microspheres apart, enabling the cloud to travel in the direction of ultra-
sound propagation and further promoting the movement of the micro-
spheres. TaggedEnd
TaggedH2Limitations TaggedEnd

TaggedPThis was a preliminary study to establish the feasibility of using cavi-
tation to promote microsphere transport. The agar−agar phantom was
designed to mimic a relatively soft malignant tissue and does not accu-
rately represent the wide range of tissue properties that exist in vivo. Fur-
ther work is required to confirm that equivalent microsphere transport
could be achieved in real tissue and the degree to which tissue inhomo-
geneity would influence the distribution of microspheres that could be
achieved. TaggedEnd

TaggedPThe correlation between channel length and ultrasound exposure
duration and the alignment of the majority of the channels with the
direction of ultrasound propagation indicates that spatial control of
microsphere distribution would be feasible. Achieving a uniform distri-
bution in three dimensions around a post-resection cavity or blood ves-
sel would require significant manipulation of the beam, which could be
challenging for some applications, and again would be affected by tissue
homogeneity. TaggedEnd

TaggedPThe SonoVue concentration used was much higher than could be
achieved in the circulation (although it would be feasible in a post-resec-
tion cavity), and further work would be needed to determine the effect
of microbubble concentration on microsphere transport.TaggedEnd
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TaggedH1Conclusions TaggedEnd

TaggedPThe results of this study illustrate that ultrasound-induced cavitation
can promote the transport of microspheres in the range 15−107 µm in a
tissue-mimicking phantom. High-speed optical imaging indicated that
the formation of channels in the phantom was the result of erosion pro-
duced by clouds of oscillating microbubbles propelled by the primary
acoustic radiation force. Microsphere transport was promoted by a com-
bination of primary and secondary acoustic radiation forces and micro-
streaming, enabling the microspheres to travel into the channels with
the bubble clouds. This is in contrast to the mechanisms proposed to
explain the transport of small molecule drugs and nanoparticles, which
are thought to relate primarily to the action of single microbubbles cre-
ating pores in biological membranes and enhancing convection. It was
also observed that collisions of microspheres appeared to promote bub-
ble nucleation, increasing the number of microbubble clouds produced.
The total length of the channels was found to be influenced primarily by
the total ultrasound exposure time. Further work is needed to determine
whether comparable transport can be achieved in biological tissue and
the effect of changing other experimental parameters. TaggedEnd
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