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Abstract—Ultrasound and microbubbles have been found to improve the delivery of drugs and nanoparticles to
tumor tissue. To obtain new knowledge on the influence of vascular parameters on extravasation and to elucidate
the effect of acoustic pressure on extravasation and penetration of nanoscale particles into the extracellular
matrix, real-time intravital multiphoton microscopy was performed during sonication of tumors growing in dor-
sal window chambers. The impact of vessel diameter, vessel structure and blood flow was characterized. Fluores-
cein isothiocyanate�dextran (2 MDa) was injected to visualize blood vessels. Mechanical indexes (MI) of 0.2�0.8
and in-house-made, nanoparticle-stabilized microbubbles or Sonovue were applied. The rate and extent of pene-
tration into the extracellular matrix increased with increasing MI. However, to achieve extravasation, smaller
vessels required MIs (0.8) higher than those of blood vessels with larger diameters. Ultrasound changed the blood
flow rate and direction. Interestingly, the majority of extravasations occurred at vessel branching points. (E-mail:
Catharina.davies@ntnu.no) © 2019 The Author(s). Published by Elsevier Inc. on behalf of World Federation
for Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Intravenous delivery of therapeutic agents to tumors in

patients in optimal quantities with limited exposure to

normal tissue is challenging (Tannock et al. 2002). The

administered drugs cause severe side effects because of

their accumulation in healthy tissue (Coates et al. 1983).

Encapsulating therapeutic drugs into nanoparticles (NPs)

might enhance the tumor uptake of drugs and reduce the

toxic effects on healthy tissue through the enhanced per-

meability and retention effect (Maeda et al. 2000). How-

ever, an improved therapeutic response has not been
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reported in the clinic (Lammers et al. 2012). A recent

meta-analysis of pre-clinical studies in the last 10 y

found that only 0.7% of the injected NPs accumulated in

tumors (Wilhelm et al. 2016). The primary reason for

this finding is that the NPs must pass several physiologic

barriers before reaching the diseased cells (Anchordoquy

et al. 2017; Mullick Chowdhury et al. 2017; Wang et al.

2014a).

The distribution of NPs in tumors is notably hetero-

geneous, and NPs are mainly located close to the capil-

lary wall (Boissenot et al. 2016; Eggen et al. 2014;

Lammers et al. 2012). Thus, a more efficient method for

delivering therapeutic agents is needed.

Focused ultrasound (FUS) and systemic administra-

tion of microbubbles (MBs) have been reported to

improve the delivery and therapeutic response of drugs
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and NPs in pre-clinical studies (Kotopoulis et al. 2014;

Lammertink et al. 2015; Snipstad et al. 2017; Treat et al.

2012; van Wamel et al. 2016). A clinical study in which

patients with non-resectable pancreatic tumors were

treated with gemcitabine combined with FUS and MBs

reported improved therapeutic response in a subgroup of

patients (Dimcevski et al. 2016). FUS and MBs have also

been found to open the blood�brain barrier, both in pre-

clinical studies (A
�
slund et al. 2015; Hynynen et al. 2001;

Liu et al. 2010; Nhan et al. 2013; Wei et al. 2013) and in

humans (Carpentier et al. 2016; Mainprize et al. 2019).

The exact mechanisms underlying FUS- and MB-

mediated drug delivery have not been thoroughly eluci-

dated to date. Ultrasound (US)-induced bio-effects can be

divided into thermal and non-thermal effects. The thermal

effect is generally not considered to play a major role in

microbubble-assisted treatments at relatively low mechan-

ical indexes (MIs). The non-thermal effects are due to

mechanical effects through acoustic radiation force and

cavitation which is considered to be the most important

mechanism for therapeutic applications when US is used

in combination with MBs (Hernot and Klibanov 2008).

The acoustic radiation force is the transfer of momentum

from the US wave, which causes the translation of par-

ticles (Antonios and James 2016) and MBs (Dayton et al.

1999) in the direction of US wave propagation. Cavitation

is the formation and volumetric oscillation of MBs in

response to the pressure amplitude of the US wave. A sta-

ble volumetric oscillation of MBs at equilibrium radius

for many acoustic cycles is called stable cavitation,

whereas a large and unstable expansion of the bubble dur-

ing the acoustic wave at higher pressures, which results in

violent collapse, is known as inertial cavitation.

Cavitation in a medium depends strongly on the

acoustic parameters and the presence and size of MBs.

Acoustic parameters such as pressure and frequency can

alter the MB response from stable cavitation to inertial

cavitation. It has been reported that pulse duration is also

highly important for the onset of the stable and inertial

cavitation of MBs (Wang et al. 2015). In addition, MB

concentration and size will significantly affect cavitation

activity (McMahon and Hynynen 2017; Wang et al.

2014b). In addition, the space available for the MBs to

oscillate and the proximity to the vessel wall are of great

importance for the effect of cavitation on the vessel wall

and, thus, the outcome of US-mediated drug delivery

(Garbin et al. 2007; Helfield et al. 2014).

Cavitation-induced bio-effects caused by MBs

oscillating close to the vessel wall include acoustic

microstreaming, shock waves and microjetting, the latter

caused by the violent collapse of bubbles; all create tem-

porary and/or permanent gaps in the blood vessel walls

(Chen et al. 2010, 2011). Cavitation-induced mechanical

force that can distend and invaginate the vessel wall
could also enhance vascular permeability (Caskey et al.

2007; Chen et al. 2011). These cavitation-induced bio-

effects can also create unwanted and unintended perma-

nent damage to the blood vessel. However, cavitation

can be exploited for drug delivery if the US parameters

are well optimized.

To understand in more detail how US and MBs

enhance the permeability of biological barriers, direct

observation of the behavior of the bubbles in real time is

necessary (Caskey et al. 2007; Chen et al. 2011; Helfield

et al. 2016; Raymond et al. 2007). Thus, tumors were

grown in dorsal window chambers, which enabled us to

simultaneously apply US and image the vasculature by

intravital multiphoton microscopy. We compared two dif-

ferent MBs: in-house-made MBs stabilized by polymeric

NPs (NPMBs) (Mørch et al. 2015) and Sonovue co-

administered with the same polymeric NPs during FUS.

NPs were administered with Sonovue to compare the effi-

cacy of the two MBs on the extravasation of the NPs.

Because the fluorescence from the NPs is not homogenous

enough to delineate the blood vessels, dextran (2 MDa)

was injected to visualize the blood vessel and to study the

extravasation of the dextran. The aim was to reveal vascu-

lar parameters as well as NP and MB behavior influencing

extravasation and the effect of different MIs on extravasa-

tion and penetration of NPs into the extracellular matrix.

In particular, we imaged whether the blood flow, the vas-

cular structure and the size of the vessel influenced where

extravasations could be detected. Moreover, histologic

examination of paraffin sections of the tissue was per-

formed to evaluate tissue damage.
METHODS

Cell culture

A human osteosarcoma cell line (OHS) was used

(Fodstad et al. 1986). Cells were grown in Roswell Park

Memorial Institute-1640 medium (Gibco Thermo-Fisher,

21875-034, Oslo, Norway) supplemented with 10% fetal

bovine serum (Sigma-Aldrich, Oslo, Norway), 100 U/mL

penicillin and 100 mg/mL streptomycin (Sigma-Aldrich)

at 37˚C and 5% CO2.
Animal model and dorsal window chamber implantation

A previous study had found that OHS tumors are

well vascularized throughout the tumor and have no

necrotic core (Sulheim et al. 2018). The OHS tumors

were grown as xenografts in male BALB/c nude mice

(weight: 23�30 g, Janvier, Le Genest-Saint-Isle, France)

in dorsal skinfold window chambers (Fig. 1a).

Dorsal skinfold window chamber surgery was car-

ried out as previously described by Hak et al. (2010).

Briefly, the double layer of the skin was sandwiched

between two symmetric frames, and a circular area



Fig. 1. Schematic of the US and multiphoton microscope setup
for US�microbubble-mediated drug delivery in a skin flap dor-
sal window chamber. (a) Dorsal window chamber. (b) Experi-
mental setup. (c) US and objective/light beam alignment (not

drawn to scale). US = ultrasound.
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15 mm in diameter was removed from the skin on one

side of the fold. The remaining layers of the other skin-

fold (thin striated skin muscle, subcutaneous tissue, der-

mis and epidermis) were covered with a glass coverslip,

which was incorporated into one of the chamber frames

and formed a window to the tissue. The next day, 30 mL

containing 5£ 106 OHS cells were implanted in the win-

dow chamber. Tumors were grown for 2 wk before treat-

ment. The tumor thickness was limited by the window

chamber, while the diameter in the longest direction was

typically 5�10 mm. The animals tolerated the chambers

well and exhibited no signs of discomfort. The water for

the animals was supplemented with 25 mg/mL Baytril

(Bayer, Oslo, Norway), and they were kept in separate

cages after the window chamber was implanted. All sur-

gical and imaging procedures were performed with the

animal anesthetized by a subcutaneous injection of fenta-

nyl (0.05 mg/kg, Actavis Group HF)/medetomidine

(0.5 mg/kg, Orion Pharma)/midazolam (5 mg/kg Accord

Healthcare Limited)/water (2:1:2:5) at a dose of 0.1 mL

per 10 g weight. All animal experiments were approved

by the Norwegian Animal Research Authorities, that is,

the Norwegian Food Safety Authority.
Nanoparticles and microbubbles

In-house self-assembled NP-stabilized MBs (mean

diameter of 2.4 §0.2 mm, SINTEF, Trondheim, Norway)

and the commercial phospholipid-shelled Sonovue (mean

diameter = 2.5 mm, Bracco, Milan, Italy) were used. The

size distribution of the two MB types is illustrated in Sup-

plementary Figure S1 (online only). Briefly, poly(2-ethyl-

butyl cyanoacrylate) [PEBCA] NPs were synthesized by

mini-emulsion polymerization and contained the dye

NR668 (2%, modified Nile Red, custom synthesis)

(Klymchenko et al. 2012; Mørch et al. 2015), which pos-

sess excitation and emission maxima of 548 and 621 nm,

respectively. The PEBCA NPs were used to make

NPMBs by mixing casein and perfluoropropane gas using

an Ultra-Turrax at 24,000 rpm for 4 min. The resulting

NPMB solution contained an excess of free NPs.

Before each sonication, 30 mL (4 mg/mL, diluted in

saline) of 2 MDa fluorescein isothiocyanate (FITC)�
dextran (Sigma-Aldrich) was injected through the tail

vein to visualize the blood vessels. Mice in the NPMB

groups were given a bolus injection of 50 mL of NPMBs

(2�5£ 108 MBs/mL, 10 mg/mL NPs), whereas mice in

the Sonovue groups received 25 mL (20 mg/mL, diluted

in 0.01 M phosphate buffer) of free PEBCA NPs before

injection of 50 mL of Sonovue (2�5£ 108 MBs/mL).

Ultrasound exposure setup

An experimental setup that enabled the application

of US while imaging the dorsal window chamber with

multiphoton microscopy was established. Figure 1 (b, c)

is a schematic of the experimental setup. The US beam

(at the region of interest [ROI]) was aligned with the

focus of the objective using a custom-built 3D printed

cone and calibrated fiberoptic hydrophone system (Preci-

sion Acoustics Ltd, Dorchester, UK) by monitoring the

output pressure on an oscilloscope (TDS 210, Tektronix,

Bracknell, UK). The cone was manufactured with inner

diameters at top and bottom of 15 and 68 mm, respec-

tively, and a cone length of 74 mm. The transducer was

mounted on the bottom of the cone, and the cone was

filled with distilled and degassed water. The axis of the

US beam was 45˚ with respect to the imaging plane to

minimize reflections from the glass of the window cham-

ber and reduce standing wave formation. An ultrasonic

coupling gel filled the gap between the tip of the cone

and the skin of the mice.

Ultrasound parameters

A single-element focused transducer (Precision

Acoustics Ltd,) with a 1-MHz center frequency, 60-mm

diameter and 75-mm curvature was used. US pulses

were generated by an arbitrary waveform generator

(AWFG, 33522 A, Agilent Technologies, Santa Clara,

CA, USA) and amplified by a 50-dB power amplifier



Table 1. Overview of the treated groups and number of observed extravasations

Group NPMBs Sonovue

MI 0.2 0.4 0.6* 0.8 0.2y 0.4 0.8
Number of animals with PRF = 0.5 Hz (0.1 Hz) 5 (1) 5 (4) 3 (0) 9 (1) 4 (0) 6 (2) 5 (4)
Total number of treatments with PRF = 0.5 Hz (0.1 Hz) 7 (2) 9 (8) 6 (0) 15 (1) 4 (0) 9 (4) 9 (8)
Percentage of treatments in which extravasation occurred
within the five regions imaged per total number of
treatments with PRF = 0.5 Hz (0.1 Hz)

14%
(100%)

56%
(38%)

33% (0%) 73%
(100%)

0% 22%
(100%)

44%
(88%)

Percentage of treatments in which extravasations were
observed live during treatment per total number of
treatments with PRF = 0.5 Hz (0.1 Hz)

14%
(100%)

11%
(38%)

17%
(0%)

40%
(100%)

0% 11%
(50%)

0%
(63%)

Total number of extravasations within the five regions
imaged with PRF = 0.5 Hz (0.1 Hz)z

2 (10) 5 (17) 5 (0) 45 (2) 0 10 (6) 9 (20)

Total number of extravasations observed during live
imaging with PRF = 0.5 Hz (0.1 Hz)z

2 (3) 1 (7) 3 (0) 15 (2) 0 2 (3) 0 (10)

MI = mechanical index; NPMBs = in-house-made MBs stabilized by polymeric nanoparticles; PRF = pulse repetition frequency.
Note: Some animals were treated at two MIs (low and high) at one position if no extravasation was observed at the lower MI.
* Few animals were treated and exhibited only three extravasations during live imaging at an MI of 0.6 combined with NPMBs (data are used only

for analysis of vessel diameter and time of extravasation).
y Few animals were treated at a MI of 0.2, and no extravasation was observed during live imaging.
z In one treatment, multiple extravasations occurred.

Effect of Ultrasound on the Vasculature and Extravasation of Nanoscale Particles � P. T. YEMANE et al. 3031
(2100 L amplifier, ENI, USA). The transducer was char-

acterized in a water tank measurement system (AIMS-

III, Onda Corp.), and the pressure and �3-dB beam

width at the ROI were measured with a calibrated HGL-

0200 hydrophone (Onda Corp.) using an AH-2010 pre-

amplifier (Onda Corp.). The �3-dB beam width at the

target was 2.4 mm. The transducer was characterized

both with and without the cone, and no differences in

beam profile or pressure were found.

The tumor was sonicated with US pulses with a cen-

ter frequency of 1 MHz, pulse length of 10 ms and pulse

repetition frequency (PRF) of 0.5 or 0.1 Hz to allow

MBs to reperfuse into the treatment area in the time

between transmit pulses. The total duration of sonication

was 5 min and was chosen based on the circulation half-

life of the MBs. The circulation half-time of NPMBs is

approximately 1.5�2 times longer than for Sonovue,

which is 1 min (Schneider 1999; Wu et al. 2017). Peak

negative pressure amplitudes of 0.2, 0.4, 0.6 and 0.8

MPa, which were measured in water, were applied.
Fig. 2. (a) Treatment and imaging schedule. (b) Two treatment
areas and imaging areas where images were acquired before,
during and after US. After 2-MDa fluorescein isothiocyana-
te�dextran was injected, multiphoton pre-images were
acquired (yellow), video recording started (red) and NPMBs or
Sonovue MB and NPs were injected before sonication started
(blue). After US, post-images were acquired. MB =microbub-
bles; NP = nanoparticles; NPMB = nanoparticle-stabilized

microbubbles; US = ultrasound.
Treatment groups and controls

An overview of the different treatment groups and

the number of mice treated is provided in Table 1. In total,

36 mice (18 mice each for the NPMB and Sonovue

groups) were used. Eight mice (5 for the NPMB group

and 3 for the Sonovue group) received two different MIs

(low MI [0.2 and 0.4] and high MI [0.6 and 0.8]) at the

same position, and each mouse was treated in two differ-

ent positions (Fig. 2b). Thus, in Table 1, a single mouse is

counted in multiple different MI groups in some cases.

Every mouse received US, and pre-images were recorded

as control before US was applied for every treatment

(Fig. 2a). To study blood flow and possible extravasation
before US and MB injection, mice (n = 16) received an

intravenous injection of FITC�dextran and were imaged

for 3�5 min. Subsequently, NPMBs (n = 4) or NPs and

Sonovue (n = 3) were injected, and the tumor was imaged

at the same field of view (FOV) for an additional 5 min

before sonication. The remaining mice (n = 9) received

US immediately after NPs and MBs were injected; that is,
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the effects of NPs and MBs on blood flow and extravasa-

tion were not imaged before US exposure.

Real-time multiphoton microscope imaging during

ultrasound exposure

Mice with dorsal window chambers were anesthe-

tized and positioned on a custom-designed microscope

stage with a heating device maintaining the body temper-

ature at 37˚C, as illustrated in Figure 1. The tail vein was

cannulated for intravenous administration. The treatment

and imaging schedule are illustrated in Figure 2a.

The multiphoton microscope (in vivo SliceScope,

Scientifica, Uckfield, UK) was equipped with a

20£water dipping objective (XLUMPLFLN20 XW

from Olympus, numerical aperture (NA) = 1.0 working

distance 2 mm) and a pulsed MaiTai DeepSee (Spectra-

Physics, Mountain View CA, USA) laser. The excitation

wavelength was 790 nm. Images were acquired in reso-

nant scanning mode at 31 frames per second (fps;

512£ 512 pixels) with a FOV of 400£ 400 mm. The fil-

ters in front of the two GaAsp detectors were long pass

590 nm and bandpass 525/50 nm for the detection of

NPs with NR668 and FITC�dextran, respectively.

After pre-images of the vessels were acquired at the

five neighboring positions (one red and four yellow)

illustrated in Figure 2b, video-rate imaging started at the

red area immediately before NPMBs or Sonovue and

NPs were injected. US exposure started immediately

after injection of the MBs. The video was recorded dur-

ing the 5-min sonication.

After sonication, images were immediately recorded

in the four yellow areas to observe any change during US

exposure. Because the diameter of the tumor and the �3-

dB US beam width are 5�10 and 2.4 mm, respectively,

US exposure was performed in two different areas in each

window chamber (Fig. 2b).

Histologic evaluation

All mice were euthanized by cervical dislocation.

The tumor tissue was harvested and fixed in 4% buffered

formaldehyde and embedded in paraffin. Finally, 5-mm-

thick sections of the tissues from three different depths

separated by 100 mm were prepared. The tissue was

stained with hematoxylin, erythrosine and saffron (HES)

to evaluate tissue damage after US treatment. A patholo-

gist blinded to the study evaluated the tissue sections.

Image analysis

Images were analyzed using ImageJ (National Insti-

tutes of Health, Bethesda, MD, USA) and MATLAB

(The MathWorks, Natick, MA, USA). To enhance the

quality of the images, video frame averaging of several

consecutive images was performed in ImageJ, as

explained below. Then, the images were loaded into
MATLAB. First, the images were median filtered (3£ 3

neighborhood) and segmented automatically.

Vascular masks (Supplementary Fig. S2, online

only) were created using the first frame of the video of the

FITC�dextran signal. In videos where extensive extrava-

sation of NPs and dextran was observed, three consecutive

images were averaged (compromise between the quality

of the image and the time resolution). Then, a circle with

the radius of the blood vessel and concentric circles

spaced by 3 pixels (2.23 mm) starting from the center of

the blood vessel were drawn. The normalized signal inten-

sity (with respect to the maximum intensity in the whole

image) of NPs and dextran within the blood vessel and in

the different annuli over both time and distance were com-

puted with the background subtracted. Then, the penetra-

tion of the NPs and dextran was estimated. Moreover,

intravascular and extravascular accumulation (from the

blood vessel wall until 50 mm into the extracellular

matrix) of average fluorescence intensities of NPs and

dextran were determined with the background subtracted.

During extravascular analysis, video frame averaging of

15 consecutive images was performed. Some vessels

were excluded from analysis of extravasation and penetra-

tion of the dextran and NPs if the source of the extravasa-

tion was uncertain. In addition, the average diameter of

the blood vessel where extravasation was observed was

computed from the pre-images (from both the red and yel-

low regions in Fig. 2b). The speed of NPs was estimated

by tracking the distance NPs moved inside the vessels

between subsequent frames. From 60 to 80 NPs were ana-

lyzed for each group. The occurrence of change in blood

flow direction was determined by visual observations

both before and during US. Any change in flow direction

observed during the live imaging was counted as one

occurrence; in other words, the total number of changes in

blood flow direction is not given. The change in the flux

of dextran in the blood vessels before and during US was

estimated by measuring the intensity of FITC�dextran in

a circular ROI drawn in blood vessels. A supplement is

provided for detailed description of the method and some

supplementary results (online only).
Statistical analysis

Data are presented as the mean value§ standard devi-

ation. Analysis of variance was used for comparisons of

differences between treatment groups in a confirmatory

test. The Tukey�Kramer test (p value � 0.05) was used to

determine which pairwise comparisons were significant.
RESULTS

The effect of US combined with MBs on the extrava-

sation of 2-MDa dextran and NPs was imaged in real time

by intravital multiphoton microscopy during US sonication.



Fig. 3. Examples of extravasation and distribution of nanoparticles (red) and dextran (green) as a function of time after
opening of the blood vessel wall by ultrasound and microbubbles with (a) nanoparticle-stabilized microbubbles at MIs
of 0.8, 0.4 and 0.2 and (b) Sonovue at MIs of 0.8 and 0.4. Zero time corresponds to the time immediately before the

extravasation event occurred. Bar = 50 mm. MI =mechanical index.
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We observed extravasation and penetration of dextran and

NPs into the extracellular matrix at all MIs tested and found

a correlation between blood vessel diameter at which

extravasation of NPs and dextran occurred and MI.

Changes in flow rate and flow direction were observed, and

occasionally, the blood flow stopped for short periods.

US-Induced extravasation of 2-MDa dextran and NPs

Representative images of extravasation of NPs (red)

and dextran (green) from the blood vessel into the extra-

cellular matrix as a function of time are shown in

Figure 3, Supplementary Figure S3 (online only) and

Supplementary Videos S1�S5 (online only). Extravasa-

tion of NPs and dextran was observed after sonication at

MIs of 0.8, 0.4 and 0.2 when injecting NPMBs (Fig. 3a)

and at MIs of 0.8 and 0.4 when injecting Sonovue

(Fig. 3b). No extravasation of NPs and dextran was

observed using an MI of 0.2 after administration of

Sonovue. Because the NPMB solution also contains free

NPs, the red signal observed in the videos could be

NPMBs, free NPs or aggregated NPs.
The number and percentage of extravasation events

(both NPs and dextran) per total number of treatments are

given in Table 1. Both the number of extravasations in the

FOV during US imaging and the number of extravasations

counted in the five areas imaged after treatment are pre-

sented. Comparison of the two MBs reveals that the per-

centage of extravasation occurrence per total number of

treatments at a PRF of 0.5 is higher for NPMBs than

Sonovue at MIs of 0.8 (73% vs. 44%) and 0.4 (56% vs.

22%). After use of a lower PRF at 0.1 Hz, the total num-

ber of treatments in which extravasation occurred in the

FOV (during live imaging) and in the five areas imaged

after US exposure increased substantially.

The observed extravasation of NPs and dextran

occurred at different time points and locations and

occurred within milliseconds to minutes after the onset of

US exposure (Fig. 4). The number of extravasation events

was not particularly high immediately after administration

of MBs when the concentration of MBs was highest.

However, most of the extravasations occurred within the

circulation half-life of the two MBs at higher MIs (3/3



Fig. 4. Time point at which extravasation occurred after onset
of US exposure. Both the data points and box-and-whisker
plots are shown. Each point represents one blood vessel where
extravasation was observed, and the red line in box-and-whis-
ker plots represents the median. For NPMBs at MI = 0.2
(n = 5), MI = 0.4 (n = 8), MI = 0.6 (n=3) and MI = 0.8 (n = 17),
and for Sonovue at MI = 0.4 (n=5) and MI = 0.8 (n=10) where
n = number of blood vessels. Note: Because more than one
extravasation could occur at the same time point in different
vessels, two or more circles could be merged together.
MI = mechanical index; NPMB = nanoparticle-stabilized

microbubbles.

Fig. 5. Penetration of dextran and NPs for NPMBs at various
MIs. MI = 0.8 for dextran (a) and NPs (b) (n = 12). MI = 0.4 for
dextran (c) and NPs (d) (n = 7). MI = 0.2 for dextran (e) and
NPs (f) (n = 4). Zero time corresponds to the time immediately
before opening of the blood vessel by the ultrasound/MBs, and
zero distance is inside the blood vessel where extravasation
occurred. Each color represents one blood vessel in which
extravasation occurred. MI = mechanical index; NPs = nano-

particles; NPMB = nanoparticle-stabilized microbubbles.

Fig. 6. Penetration of dextran and NPs for Sonovue at vari-
ous MIs. MI = 0.8 for dextran (a) and NPs (b) (n = 6).
MI = 0.4 for dextran (c) and NPs (d) (n = 5). Zero time corre-
sponds to the time immediately before opening of the blood
vessel by the ultrasound/MBs, and zero distance is inside
the blood vessel where extravasation of agents occurred.
Each color represents one blood vessel where extravasation
occurred. MI = mechanical index; NPs = nanoparticles;

NPMB = nanoparticle-stabilized microbubbles.
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and 16/17 at MIs of 0.6 and 0.8, respectively, for NPMBs

and 6/10 for Sonovue at an MI of 0.8).

A representative color map plot of mean fluores-

cence intensity as a function of both time after extravasa-

tion and distance from the blood vessel is provided

in Supplementary Figure S4 (online only) for dextran

(Supplementary Fig. S4a) and NPs (Supplementary

Fig. S4b). Based on such color map plots, the intravascu-

lar intensity (Supplementary Figs. S5�S6) (online only),

as well as the penetration and accumulation of NPs

and dextran into the extravascular matrix (ROI in Sup-

plementary Fig. S7) (online only), were determined

(Figs. 5�8).

Interestingly, after extravasation, inside the blood

vessels at the origin of extravasation, an immediate accu-

mulation of dextran and NPs was observed followed by a

slow decrease in dextran and NP fluorescence intensity.

This effect occurred mainly at the higher MIs (0.8 and

0.4), whereas in some cases, for an MI of 0.2, dextran

and NP fluorescence intensities inside blood vessels

increased until the end of the treatment (Supplementary

Figs. S5 and S6).

For both NPs and dextrans, there was a large varia-

tion in the extent of extravasation and subsequent pene-

tration into the extracellular matrix between the

individual extravasations, as illustrated in Figure 5 for

NPMBs and in Figure 6 for Sonovue. The variation was

more pronounced at MI = 0.8 for both MBs. Sonication

at an MI of 0.8 induced more pronounced extravasation
than sonication at the lower MIs, and in a few cases, it

appeared immediately after a reduction or even full stop

in blood flow, and change in blood flow direction

occurred. The rate of penetration of both dextran and

NPs into the extracellular matrix increased with increas-

ing MI, as illustrated in Figures 5 and 6 for NPMBs and

Sonovue, respectively. At an MI of 0.8 (for most cases),

the penetration distance of the agents increased rapidly,

as indicated by the steep initial slope (Figs. 5a, 5b and



Fig. 7. Extravascular accumulation within 50 mm from the
blood vessel of dextran and NPs as a function of time for
NPMBs. MI = 0.8 for dextran (a) and NPs (b) (n = 12).
MI = 0.4 for dextran (c) and NPs (d) (n = 7). MI = 0.2 for dex-
tran (e) and NPs (f) (n = 4). Zero time corresponds to the time
immediately before the extravasation. These curves are ratios
to their respective maximum (whole image). Each color repre-
sents one blood vessel in which extravasation occurred.
MI = mechanical index; NPs = nanoparticles; NPMB = nano-

particle-stabilized microbubbles.
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6a, 6b). At the lower MIs (0.4 and 0.2) and at an MI of

0.4 using Sonovue, the rates of penetration of dextran

and NPs were slower in most cases (Fig. 5c�f and 6c,
Fig. 8. Extravascular accumulation within 50 mm from the
blood vessel of dextran and NPs as a function of time for Sono-
vue. MI = 0.8 for dextran (a) and NPs (b) (n = 6). MI = 0.4 for
dextran (c) and NPs (d) (n = 5). Zero time corresponds to the
time immediately before extravasation. These curves are ratios
to their respective maximum (whole image). Each color repre-
sents one blood vessel where extravasation occurred.
MI = mechanical index; NPs = nanoparticles; NPMB = nano-

particle-stabilized microbubbles.
6d). When rapid and deep penetration into the extracellu-

lar matrix occurred (as illustrated by the purple curve in

Figure 5c (MI = 0.4) and the blue curve in Figure 5e

(MI = 0.2), a large aggregate of NPs or NPMBs was pres-

ent intravascularly immediately before the onset of

extravasation. Representative images for such large

aggregates are provided in Supplementary Figure S8

(online only, for MI = 0.4) and Figure 3a (for MI = 0.2).

The maximum penetration distances of the two

agents within 40 s after the extravasation event varied

considerably (Fig. 5 for NPMBs, Fig. 6 for Sonovue). At

an MI of 0.8, the maximum penetration of dextran and

NPs (in most of the extravasations) was in the ranges

38�70 and 23�70 mm, respectively, when NPMBs or

Sonovue was injected (Figs. 5a, 5b and 6a, 6b).

At the lower MIs, when NPMBs were injected, the

maximum penetration of dextran was in the ranges

34�77 and 38�46 mm at MIs of 0.4 and 0.2, respec-

tively (Fig. 5c, 5e), while NPs penetrated in the ranges

16�77 mm at MI = 0.4 and 10�17 mm at MI = 0.2

(Fig. 5d, 5f). With Sonovue at MI = 0.4, the maximum

penetration of dextran was in the range 31�46 mm, and

for the NPs, it was in the range 17�30 mm (Fig. 6c, d).

Next, the accumulation of dextran and NPs within

50 mm of the blood vessel wall as a function of time was

determined (Figs. 7 and 8) and exhibited a large varia-

tion between the individual extravasations. The extravas-

cular mean fluorescence intensity increased with MI. For

NPMBs at MIs of 0.8 and 0.4, the mean fluorescence

intensity for dextran (for most extravasations) increased

immediately after the onset of the extravasation and

reached a peak before a gradual decrease in intensity

was observed, whereas the NP fluorescence intensity

increased more slowly in the beginning and leveled out

thereafter (Fig. 7a, 7b). At an MI of 0.2, the increase in

the mean intensity of both dextran and NPs was low

(Fig. 7e, 7f). For Sonovue at MI = 0.8, both dextran and

NPs exhibited a gradual increase in fluorescence inten-

sity (in most cases) followed by a slow increase (Fig. 8a,

8b), whereas the increase was much less at MI = 0.4

(Fig. 8a, 8b and 7c, 7d).

Blood vessel diameter, branching point and

extravasation

The vessel diameter was important for extravasa-

tion. At lower MIs (0.2�0.4), extravasation of NPs and

dextran occurred in vessels with larger diameters as

compared with that at MIs of 0.8 and 0.6 (Fig. 9a). Sta-

tistical analysis revealed significant differences between

MIs of 0.8 and 0.2 and between MIs of 0.8 and 0.4

(Fig. 9a). Furthermore, for all MIs tested, 80% of the

extravasation of NPs and dextran occurred at the vessel

branching points, as outlined in Table 2, Figure 9b and

Supplementary Videos S1 and S3 (online only). “At



Fig. 9. (a) Blood vessel diameter versus MI. Both the data
points and box-and-whisker plot are shown. Each circle repre-
sents one blood vessel in which extravasation was observed, and
the red line in the box-and-whisker plot represents the median.
For NPMBs at MI = 0.2 (n = 15), MI = 0.4 (n = 16), MI = 0.6
(n = 5) and MI = 0.8 (n = 17) and for Sonovue at MI = 0.4
(n = 15) and MI = 0.8 (n = 11). n is number of blood vessels.
*Statistically significant difference between the groups. B)
Examples of positions where extravasation occurred. Arrows
indicate the flow direction,£ indicates the position where
extravasation occurred for MI = 0.2 (NPMBs) and MI = 0.8
(NPMBs). Bar = 50 mm. MI =mechanical index; NPs = nanopar-

ticles; NPMB= nanoparticle-stabilized microbubbles.
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vessel branching points” means a maximum of 9 mm
from the vessel wall plus the radius of the vessel.

Change in blood flow caused by US and MBs

Before injection of MBs and application of US, a

homogeneous FITC�dextran fluorescence signal was
Table 2. Numbers of extravasations that occu

NPMBs

MI = 0.2 MI = 0.4 MI =

At branching point 3 7 2
Not close to branching point 2 1 1

MI = mechanical index; NPMB = in-house-made microbubbles stabilized by
observed (Fig. 10a). During US exposure, many vessels

exhibited heterogeneous and more granular FITC�dextran

fluorescence signals (Fig. 10b). This appearance was more

pronounced when the blood flow stopped and/or changed

direction (Supplementary Video S3). We did not observe

such effects in the control groups (without US) (Supple-

mentary Videos S6 and S7). A reduction in mean fluores-

cence intensity inside the blood vessel was observed

immediately when US was applied. This reduction

increased with increasing MI and might be due to a slight

change of focus of imaging caused by displacement of the

tissue by acoustic radiation force.

The speed of NPs in untreated and US-treated

tumors is illustrated in Figure 10c. Before application of

US (controls), after injection of NPMBs, the speed was

117 § 40 mm/s. When free NPs and Sonovue were

injected, the speed was significantly lower, that is, 91 §
30 mm/s. After US, the speed of NPs decreased by

approximately 41%, 63% and 89% at MIs of 0.2, 0.4 and

0.8, respectively, for the NPMB groups, and by approxi-

mately 70% for both Sonovue groups. The difference

between NP speed before US and that during US was sta-

tistically significant at all MIs and for both MBs. More-

over, statistical analysis revealed significant differences

between all NPMB groups, but no significant difference

between MIs of 0.4 and 0.8 for Sonovue groups.

Moreover, US combined with MBs altered the

blood flow direction, as illustrated in Figure 10d and

Supplementary Video S3. The percentage of occurrence

of changes in blood flow direction for each group

increased with MI (Fig. 10d). At the highest MI, approxi-

mately 50% of the recordings revealed a change in the

flow direction. We did not observe any change in flow

direction for the groups injected with Sonovue only and

Sonovue plus free NPs without US.
Blood vessel damage caused by US and MBs

Histologic HES-stained sections were imaged and

evaluated for US-induced damage by an experienced

pathologist. In Figure 11 are representative images of

tumors treated with Sonovue at an MI of 0.4 (Fig. 11a)

and NPMBs at an MI of 0.8 (Fig. 11b). Microhemorrhages

(extravasation of red blood cells out of the blood vessel)

were observed at MI = 0.8 (Fig. 11c) in 2 of 5 mice in the

NPMB group and 1 of 4 mice in the Sonovue group. No
rred at branching point of a blood vessel

Sonovue Total

0.6 MI = 0.8 MI = 0.4 MI = 0.8

13 4 9 38
4 1 1 10

polymeric nanoparticles.



Fig. 10. Change in blood flow and speed of NPs. Representa-
tive image of homogenous fluorescein isothiocyanate�dextran
signal intensity before (a) and after (b) US exposure. Change in
blood flow rate and direction during US exposure (17.4 s after
NPMB injection and US exposure). (c) Speed of the NPs as
function of MI for control (no US) and during US for both
NPMBs and Sonovue. (d) Percentage occurrence of change in
blood flow direction observed per total recordings versus MI
for both MBs. Results (c) are from four mice for NPMB control
and three mice each for the other groups; error bars are for total
number of particles analyzed. Results (d) are for n = 16 for dex-
tran (no US), n = 4 for dextran + NPMB-US, n = 3 each for
Sonovue (no US) and Sonovue + NPs, where n is number of
animals. See Table 1 for NPMB + US and Sonovue + US
groups for number of treatments in each group. *Statistically
significant difference between the groups. Bar = 50 mm.
MI =mechanical index; NPs = nanoparticles; NPMB = nano-

particle-stabilized microbubbles; US = ultrasound.

Fig. 11. Representative histologic sections from the OHS
tumors grown in dorsal window chambers treated with MB and
US stained with hematoxylin, erythrosine and saffron. (a)
Treated at MI = 0.4. (b) Treated at MI = 0.8. (c) Higher-magni-
fication image from the white box in (b). Images were taken at
10£ (a, b) and 40£ (c) magnification. Bar = 1 mm (a, b) and

50 mm (c).
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severe vascular damage was observed per se. No hemor-

rhages were observed at the lower MIs (0 of 4 mice each

at MI = 0.4 for NPMB and Sonovue groups, and 0 of 2

mice each at MI = 0.2 for NPMB and Sonovue groups).
DISCUSSION

Real-time imaging of US-induced effects on the

vasculature and behavior of various molecules and nano-

scale particles is a powerful method. Multiphoton imag-

ing of the opening of the blood�brain barrier has

previously been performed (Burgess et al. 2014; Cho

et al. 2011; Raymond et al. 2007). However, to our

knowledge, real-time imaging of US-induced extravasa-

tion of nanoscale agents in solid tumors in vivo has not

been reported before. In our study, imaging the vascula-

ture by intravital multiphoton microscopy during US

sonication revealed extravasation of NPs and dextran,

which indicates opening of the blood vessel. There was a

correlation between blood vessel size where extravasa-

tion occurred and MI. Furthermore, the majority of the

extravasations occurred at vessel branching points.

Moreover, US-induced changes in flow rate and flow

direction were observed, and occasionally, the blood

flow stopped for short periods.

One interesting observation is that in most cases

where extravasation occurred, it occurred close to vessel

branching points. This could partly be due to the chaotic

and disorganized tumor vessels, which had trifurcations

and branches with uneven diameters (Fukumura and Jain

2007), and the fragility of the branching points. It has

been reported that the organization of the vessels can

create differences in sensitivity to sonication (Hu et al.

2012) and that branching points of the tumor vessels

could be more susceptible to sonication. It was also

reported that microdisruption occurred more often at

branching points, which could be due to MBs being

more easily trapped at such locations (Raymond et al.

2007). Moreover, the blood flow pattern is different at
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the branching point (Malek et al. 1999). The flow might

influence the number of bubbles in contact with endothe-

lial cells and the average bubble�cell distance, which

can enhance the interaction between the bubbles and

endothelial cells.

The diameter of the blood vessel was also found to

affect US-induced extravasation. After sonication at

higher MIs (0.8 and 0.6), extravasation was typically

observed in vessels with diameters of approximately

10�20 mm, whereas at lower MIs (0.2 and 0.4), the

diameter ranged from 20�40 mm. Such a correlation

between MI and vessel diameter has been reported in

other studies (Nhan et al. 2013; Raymond et al. 2007).

The boundary conditions imposed by the vessel wall

influence the resonance frequency and the oscillation of

a MB (Goertz 2015; Qin and Ferrara 2007; Sassaroli and

Hynynen 2005). If the effect is a reduction in bubble res-

onance frequency compared with a free space situation

and the bubble resonance frequency falls below the soni-

cation frequency in the smallest vessels (diameter

10�20 mm), a higher MI will typically be required to

obtain the same effect from cavitation. This requirement

might explain why we did not observe extravasation in

the smallest vessels, except at the highest MI.

Another interesting observation is that the extrava-

sations appeared within milliseconds to minutes after the

onset of US exposure, which indicates that the MBs

could be present in the circulation for 5 min. However,

we did not observe a higher number of extravasations

immediately after the bolus injection when the MB con-

centration was highest. The differences in tumor charac-

teristics, such as blood vessel density, branching, vessel

organization and blood flow velocity (Wilhelm et al.

2016), can cause fluctuations in the amount of MBs in

the target region, thereby affecting the onset time of the

extravasation (Choi et al. 2014). Furthermore, there may

not be adequate time for reperfusion between US pulses

after the US destruction of the MBs, which occurs in a

considerably larger region than the FOV.

Sonication at MI = 0.8 induced more violent extrav-

asation and a higher number of extravasation events than

that at lower MI. The main mechanism for this violent

extravasation could be inertial cavitation, which occurs

at higher peak negative pressures, as bubbles respond

with a large and unstable expansion and, finally, a vio-

lent collapse (Kooiman et al. 2014). The opening of the

blood vessel wall is most likely due to mechanical forces

induced on the vessel wall during the oscillation of the

MBs and subsequent collapse, causing shear forces and

secondary effects, such as microstreaming, shock waves

and jetting. At the lower MIs (0.4 and 0.2), in most cases,

slower extravasation was observed. At lower MIs, stable

volumetric oscillation of MBs might induce mechanical

forces and acoustic streaming, resulting in shear stress
on the vessel wall that can be sustained during the entire

pulse duration (Kooiman et al. 2014). These mechanisms

can create pores in the vessel wall, causing material to

extravasate from the vessel. Larger shear stresses are

reported to create larger pore sizes or more prolonged

pore openings (Helfield et al. 2016). For monodisperse

MBs, in the healthy vasculature of the brain, the opening

volume is proportional to the acoustic pressure (Vlachos

et al. 2011). This finding indicates that the shear stress

may be larger at higher MIs than at lower MIs, and larger

openings are probably created.

A large variation in penetration and accumulation

into the extracellular matrix between individual extrava-

sations was observed for both MBs and at all MIs

applied. The reason might be owing mainly to the fol-

lowing factors: 1) The size differences in the pores cre-

ated on the blood vessel wall caused by polydisperse

MBs exerting different shear stresses on the blood vessel

wall: The diameter of monodisperse MBs has been

reported to correlate with the volume of blood�brain

barrier opening in the healthy vasculature of the brain

(Vlachos et al. 2011). In our study, both MBs are poly-

disperse populations, and for the NPMB, the excess of

free NPs or the NPMBs can aggregate, increasing the

polydispersity. 2) Blood flow velocity variability within

and between tumors: This variation will not only affect

the amount of MBs within the target region but also the

amount of NPs (and, to a lesser extent, dextran) within

the target region. In some cases, arrival of few NPs was

observed in the region in which extravasation was

observed. 3) Properties of the extracellular matrix, such

as the heterogeneity in tumor cell density, interstitial

fluid pressure and stromal content, might also influence

the penetration of the agents.

A PRF of 0.5 Hz was initially chosen based on the

velocity of blood in capillaries of mice, which is 2.03

§1.42 mm/s (Unekawa et al. 2010), and our previous

in vivo study (Snipstad et al. 2017). However, reducing

the PRF from 0.5 to 0.1 Hz caused an increase in the

number of extravasations at an MI of 0.8 when Sonovue

was used and an MI of 0.4 when NPMBs were injected.

With the higher PRF, MBs could possibly be destroyed

before they reach the FOV, as the size of the �3-dB US

beam is considerably larger than the FOV. Hence, new

MBs would not replace the destroyed MBs, and subse-

quent US pulses would be ineffective. With a PRF of

0.1 Hz, the MBs get more time to replace the destroyed

MBs before the next US pulse arrives, hence improving

the interaction between US and MBs in the FOV.

The total numbers of extravasation events induced

by the two MBs differed. It has been reported that the

type of MB has a significant effect on cavitation activity

(McMahon and Hynynen 2017; Wang et al. 2014a).

When US and Sonovue are combined, considerably
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fewer extravasations and numbers of blood vessels

affected were observed in the FOV (during live imaging)

compared with what was observed when US and NPMBs

were combined. The difference in inducing extravasation

is probably due to differences in the properties and

behavior of the two MBs. The average diameter and con-

centration injected are quite similar for the two MBs.

The size distributions of the two MBs are rather similar;

however, the NPMBs are a small population with a

diameter larger than 10 mm. In addition, the circulation

half-time of the NPMBs is 1.5�2 times longer than that

of Sonovue; hence, the amount of MBs reaching the

tumor tissue could be different. The shell and gas core of

the two MBs differ. NPMBs have an NP/protein shell

and perfluoropropane core, whereas Sonovue has a lipid

shell and sulfur hexafluoride (SF6) core. The NP/protein

shell is thicker and stiffer compared with the lipid shell,

which is soft and elastic. The shell composition is impor-

tant to the behavior of the MBs, and its importance was

described in a study comparing Optison with a shell of

denatured albumin and lipid-shelled Definity, where

Optison induced greater destruction of the blood�brain

barrier than Definity (McDannold et al. 2007). These

researchers also suggest that the lipid-shelled Definity

may be more difficult to break than Optison. However,

our findings suggest that NPs/protein-shelled NPMBs

may be more difficult to break than the lipid-shelled

Sonovue and thus resilient at higher MIs. Therefore, the

cavitation activity can persist longer for NPMBs than for

Sonovue, causing more microstreaming and microjets

affecting the capillary walls.

At an MI of 0.8, penetration of NPs into the extra-

cellular matrix was faster for NPMBs than for Sonovue.

This could be due to the presence of NPs on the bubble

shell for the NPMBs which, upon violent destruction of

MBs, are spread more efficiently than circulating par-

ticles (Burke et al. 2011a, 2014). Dextran penetrated

faster than NPs for both MBs and at all MIs applied. The

difference in the rate of penetration between NPs and

dextran could be due to their sizes. The diameter of the

NPs is approximately 160 nm, whereas the diameter of

2-MDa dextran is reported to be approximately 60 nm

(Lammers et al. 2015). Moreover, the extravascular

mean fluorescence intensity of dextran and NPs

increases with MI, reflecting the correlation between MI

and amount of NPs and dextrans extravasating.

Changes in blood flow rate and direction were also

assessed from real-time imaging. Interestingly, changes

in flow rate and direction were observed at all MIs

applied, but the changes in both flow rate and direction

were more pronounced at higher MI (0.8). As previously

reported (Raymond et al. 2007), we observed heteroge-

neous and a granulation or streak of the FITC�dextran
fluorescence in many vessels when the blood flow

stopped and/or changed flow direction during US expo-

sure. The black structures within the vessels in the het-

erogeneous FITC�dextran fluorescence could be red

blood cells and became more apparent when the flow

rate decreased. No changes in blood flow direction were

observed during the 5 min of imaging after injection of

Sonovue or Sonovue plus NPs before exposure to US.

However, without US, the NP flow speed was signifi-

cantly lower when injecting Sonovue plus free NPs than

NPMBs (91 § 30 mm/s vs. 117 § 40 mm/s). However,

the mechanisms responsible for change of flow during

US are not fully understood. A reduction of blood veloc-

ity and perfusion caused by US combined with MBs (at

1-MHz peak negative pressure in the range 0.74�1.6

MPa) was also reported in previous studies (Burke et al.

2011b; Goertz et al. 2008, 2012). In these studies, the

effects are associated with inertial cavitation (Goertz

2015). In our study, the change in blood flow was also

found at an MI of 0.2, where inertial cavitation can be

ruled out. This indicates that other mechanisms are

involved. For example, (i) aggregation and activation of

platelets can apparently occur very rapidly after an injury

to the endothelial cells because of rapid destruction of

MBs at the surface of tumor vasculature, which reduces

the blood flow (Hu et al. 2012); and (ii) there might be

significant cavitation activity going on in nearby arterio-

les outside the FOV that potentially can induce vasocon-

striction and affect the flow within the FOV. The

occurrence of vasoconstriction has been reported to

induce a reduction and transiently stop blood flow

(Raymond et al. 2007).

From histologic evaluation, the tissue was not dam-

aged at MIs of 0.4 and 0.2, as also reported in our previ-

ous study (Snipstad et al. 2017). At an MI of 0.8,

microhemorrhage was observed in the tumor tissue and

was considered to be minimal. Similar effects have been

reported previously for Sonovue at an MI of 0.8 (Wu

et al. 2017). The microhemorrhages could be caused by

the fragile neoangiogenic vessels of the tumors.
CONCLUSIONS

Multiphoton microscopy was used for real-time

intravital imaging during US to investigate the effects of

US and MBs in enhancing the permeability of tumor

blood vessels and improving the delivery of NPs. Large

variations in the rate and extent of penetration into the

extracellular matrix were observed. Interestingly, at the

higher MI, the extravasation occurred in smaller vessels

and extravasation generally occurred close to vessel

branching points. US also altered NP flow velocity and

blood flow direction in an MI-dependent manner.
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Results gained from intravital multiphoton micros-

copy help to elucidate the temporal and spatial extrava-

sation of nanoscale particles during US exposure,

which is highly useful in understanding the mechanisms

underlying US-mediated delivery of NPs and optimiz-

ing them.
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