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Sonopermeation with Nanoparticle-Stabilized Microbubbles
Reduces Solid Stress and Improves Nanomedicine Delivery
to Tumors

Einar Sulheim,* Ingunn Hanson, Sofie Snipstad, Krister Vikedal, Yrr Mørch, Yves Boucher,
and Catharina de Lange Davies

Drug delivery to tumors is challenging due to biological barriers obstructing
effective delivery. Sonopermeation with ultrasound and microbubbles has
been shown to improve therapeutic effect of many classes of drugs, but the
underlying mechanism is not fully understood. In this study, two
subcutaneous xenograft tumor models, that differed substantially in blood
vessel density and stiffness, is treated with poly(alkyl cyanoacrylate)
nanoparticles and nanoparticle-stabilized microbubbles combined with
ultrasound. Improved nanoparticle accumulation and extracellular matrix
(ECM) penetration is found. The stiffness and solid stress in the tumors are
measured and it is discovered that sonopermeation can reduce the solid
stress in both models, with the highest effect in the stiffest tumor model. This
suggests that sonopermeation affects not only the blood vessel wall which
has been described previously, but also the ECM to reduce solid stress and
increase diffusion and transport of nanomedicines.
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1. Introduction

Multiple biological barriers restrict drug
delivery to solid tumors, particularly for
macromolecules and nanomedicines.[1–3]

In order for the drug to reach the cellular
compartment where most drugs find their
target, several transport criteriamust be ful-
filled: 1) The tissue must be perfused to al-
low access for the drugs, 2) the drug must
be able to cross the capillary wall, 3) the
drug must penetrate the extracellular ma-
trix (ECM), and 4) enter the cells. The use
of macromolecules and nanomedicines to
increase drug delivery selectively to tumors
was described by multiple groups in the
80’s[4,5] and explained by the enhanced per-
meability and retention (EPR-) effect.[6] As
substantial research has been done and var-
ious nanomedicines have been approved for
clinical use,[7] it is clear that the EPR-effect

is a highly varying phenomenon[8,9] and also the underlying
mechanisms is a disputed question.[10,11] Despite improving the
tolerance and reducing systemic toxicity of the encapsulated
pharmaceutical, several types of nanomedicines perform simi-
larly to their free counterparts in terms of efficacy,[12] indicating
that the lack of success is hampered by the (tumor) biology. One
of the least described, but important barrier is the stress that
builds up in growing tumors,[13] exerted by the cancer and stro-
mal cells as well as collagen and hyaluronan in the interstitial ma-
trix. This pressure can collapse blood vessels and restrict delivery
of drugs and nanomedicines.[14] Relieving this solid stress is thus
a promising method to improve drug delivery to tumors.[15]

Focused ultrasound (FUS) has in combination with ultra-
sound contrast agents (microbubbles, MBs) been used to achieve
sonopermeation of solid tumors and tumors and metastases in
the brain.[16,17] Sonopermeation is described to open tight junc-
tions and allow for penetration across the blood brain barrier[18]

and is used in multiple clinical trials[19–21](NCT03322813,
NCT04146441, NCT03458975, NCT03477019, NCT04021420,
NCT03385200, and NCT04021277). Furthermore, sonoperme-
ation has also successfully improved the effect of gemcitabine
in inoperable pancreatic patients.[22] Preclinically, sonoperme-
ation has been shown to have multiple interesting effects such
as intercellular[23] and intracellular[24] pore formation, increased
endocytosis[25,26] and transcytosis,[27] decreased P-glycoprotein
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Figure 1. A) Size distribution of NPs, and NPMBs. B) SEM image of NP-stabilized MBs, scalebar 3 μm.

expression,[28] decreased perfusion/vessel shutdown,[29] but in
other studies increased vascular perfusion.[30,31] In sonoperme-
ation, energy from the ultrasound wave is generally transferred
to tissue through volumetric oscillations of MBs. As these MBs
are confined to the vascular space, one could expect the biological
effects to be confined to the vasculature. However, sonoperme-
ation has also been reported to increase penetration of nanopar-
ticles (NPs) through ECM[32] and even improve delivery in the
brain after intranasal delivery,[33] neither of which can be ex-
plained easily by increased extravasation across the vessel wall.
The purpose of this study was to acquire fundamental knowl-

edge of how sonopermeation can overcome biological barriers
such as limited perfusion and dense ECM. These properties are
both closely related to solid stress and relieving solid stress could
likely improve both perfusion and ECM penetration.[34] We ap-
proached this by treating two different tumor models that we
characterized in detail in earlier work.[35] Two main differences
between the two tumor types are the extent of vascularization and
the stiffness of the tumors. The prostate adenocarcinoma (PC3)
xenograft is stiff and poorly vascularized especially in the central
part of the tumor, whereas the osteosarcoma (OHS) xenograft
is soft and well vascularized throughout the whole tumor. The
tumors were treated with our in-house poly (alkyl cyanoacry-
late) nanoparticle-stabilized microbubbles (NPMBs) and FUS.
We have previously shown that these NPMBs in combination
with FUS can improve the efficacy of cabazitaxel in a breast can-
cer model.[36]

2. Results

The NPs produced had a Z-average diameter of 165 nm, a num-
ber average of 58 nm, polydispersity index of 0.23 and zetapoten-
tial of −2.8 mV. The bubbles had an average diameter of 2.3 μm
and concentration of 6.4E8/mL (Figure 1).
The tumor accumulation of NPs was compared in the two tu-

mor types with and without ultrasound (Figure 2). The PC3 tu-
mors had a negligible EPR-effect with very low accumulation in
control tumors compared to the control leg, but a significant ef-
fect of sonopermeation with a 2.5x increase in the fluorescence
signal in sonopermeated tumors after 6 h. OHS tumors had a
significant EPR effect (approximately doubled fluorescence sig-
nal compared to the PC3 tumors after 6 h), with 2x more fluores-

cence in the tumor leg compared to the contralateral leg after 6 h.
The effect of sonopermeation was less pronounced than for PC3,
but still significant, with an average of 1.5x greater accumulation
of NPs in treated tumors compared to tumors that did not receive
ultrasound. Note that there were three responders (i.e., having in-
creased NP accumulation after sonopermeation) and three non-
responders to the ultrasound exposure (Figure 2B) in the OHS
group, whereas in the PC3 group all animals seemed to respond
to ultrasound treatment. Interestingly, the absolute fluorescence
in the two ultrasound-treated tumor groups was very similar, in-
dicating that the ultrasound treatment had no synergy with the
EPR-effect in OHS tumors.
To evaluate the intratumoral accumulation and penetration

of NPS at a microscopic scale, we used confocal microscopy to
assess the distribution of NPs in tumor sections (Figure 3A).
Areas with functional blood vessels in the sections were observed
in the FITC channel, and multichannel images showed also the
NPs in areas with perfused blood vessels. Eight images were
taken for each tumor section from three sections per tumor.
This means that the NP accumulation reported is not the overall
accumulation in the tumor, but rather the accumulation per
functional blood vessel. Still, the accumulation in the various
groups (Figure 3B) corresponded with the in vivo imaging results
(Figure 2), but only a very modest (and not significant) effect of
sonopermeation was observed in OHS tumors. In PC3 tumors
the accumulation of NPs was 2x higher in the sonopermeated
group. The functional blood vessels that were stained with FITC-
lectin were used to evaluate the degree of extravasation and ECM
penetration in the tumors. In compliance with the low EPR effect
in PC3 tumors, it was found that OHS had a far higher degree of
extravasation in untreated tumors with 80% of the NPs found in
the images extravasated as compared to 50% for PC3 tumors (Fig-
ure 3C). Sonopermeation was able to significantly increase the
extravasated fraction in PC3 tumors. Interestingly, in OHS the ef-
fect was opposite showing that sonopermeation is not necessarily
beneficial for all tumor types. It was also found that most of these
relatively large NPs accumulated close to blood vessels. Figure 3E
shows the number of fluorescent pixels observed as a function of
distance from the nearest blood vessel on a log10 scaled Y-axis.
While the slopes for both OHS groups and the FUS treated PC3
group were almost identical, a more negative slope was found
in the non-treated PC3 group indicating that sonopermeation in
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Figure 2. Effect of sonopermeation in PC3 and OHS tumors measured as the accumulation of IR780 loaded NPs. Controls are mice treated with the NP
and NPMBmix, but without the FUS. A) Representative images of mice in the different groups 6 h after NP injection, the tumor on the hind leg is circled
in yellow. The strong fluorescence is observed from the liver. B,C) The fluorescence signal from the tumor relative to an identical ROI on the right control
leg without tumor, at timepoints from immediately after sonopermeation to 6 h post ultrasound. Average absolute fluorescence signal at D) 5 min, E)
30 min, F) 3 h, and G) 6 h post ultrasound. Each point represents one animal (n = 4–7 per group), error bars show standard deviation around the mean
of each group and the groups were compared statistically with a two-tailed t-test.
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Figure 3. A) Microdistribution of NPs 6 h after injection in PC3 and OHS tumors with and without sonopermeation. B) Accumulation in the perfused
part of the tumor (ROI’s were selected based on the presence of functional blood vessels). C) Fraction of NPs outside blood vessels. D) Mean ECM
penetration of NPs in the different groups. Each data point represents one image, 24 images were taken from each tumor. E) Amount of NPs 0–100 μm
from the blood vessels. F) Fraction of the ROI’s with a NP content above 0.5%, 1%, 2%, and 4% of the area. G) Change in the fraction of ROI’s with a
NP content above 0.5%, 1%, 2%, and 4% of the area after sonopermeation. Bars show the ROI fraction in the sonopermeated group divided by the ROI
fraction in the control group. Violin plots show median (dashed line) and quartiles (colored lines). Groups (each with n = 4–7 animals) were compared
pairwise with two-tailed t-test.
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this group can bring the ECM penetration depth up to the same
level as for OHS tumors. This is also shown in Figure 3D giving
the mean displacement in every group. It was found that sonop-
ermeation could increase the mean penetration significantly,
from 9.7 to 12.8 μm in PC3 tumors. The mean ECM penetration
in OHS control and treated group were 13.0 and 12.9 μm, re-
spectively. For the non-treated groups, it was found that the ECM
penetration was significantly higher in OHS than PC3 tumors.
To assess whether sonopermeation caused a general increase in
the accumulation of NPs across the tumor or a large increase
only in restricted regions, we counted the fraction of the images
(regions of interest’s (ROI’s)) that had NP content above a certain
threshold (0.5, 1, 2, and 4%) with and without sonopermeation.
Figure 3F shows that for PC3 tumors, ≈50% of the images have
an NP fraction above 0.5% while in OHS more than 80% of the
ROIs are above this threshold. Also for the 1% threshold, OHS
shows a higher fraction of ROI’s than PC3. However, for the
higher thresholds (2% and 4%), PC3 have a higher fraction of the
ROIs. This indicates that OHS has amore homogenous accumu-
lation while the PC3 tumors have a subset of very leaky vessels.
To better visualize the effect of sonopermeation Figure 3G shows
the factor change from control to sonopermeation.We found that
the fraction of ROIs above 0.5% is unchanged in bothmodels, but
for the high thresholds there is a clear effect of sonopermeation
with a threefold change in PC3 and a twofold change in OHS.
To understandwhy the effect of sonopermeation differed in the

two tumormodels, wemeasured the stiffness of the tumor tissue
using the planar cut method (Figure 4A), the displacement based
on elevation of the tumor tissue and calculated the solid stress
in the two tumor models with and without sonopermeation. As
expected, PC3 were significantly stiffer than OHS tumors, but
sonopermeation did not modify the stiffness in either models
(Figure 4B). The groups (treated and untreated) were therefore
combined to a joint group to get a Young’s modulus to be used
in the calculation of solid stress. The displacement was signifi-
cantly higher in OHS than in PC3 tumors (Figure 4C), but the
PC3 tumors were also significantly stiffer resulting in a similar
solid stress in the twomodels (Figure 4D). We also found that the
solid stress could be significantly reduced by sonopermeation in
both models. The effect was strikingly similar in the two models
with a 13.6% reduction in PC3 and a 13.1% reduction in OHS.
Generally, higher solid stress was found toward the center of the
tumor, but this was not without exceptions. High solid stress in
the center was not because of necrotic regions as the both mod-
els exhibited very little necrosis. We compared NP delivery in
low and high solid stress regions (Figure 4E) and found rather
large variations and few significant differences, but the overall
trend suggested higher NP accumulation in the low solid stress
regions. For PC3 tumors the fraction of extravasatedNPswas also
slightly higher in the low solid stress region, while for OHS there
was no apparent difference (Figure 4F). For all four groups, NPs
penetrated further into the ECM in the low solid stress regions
than in high solid stress regions (Figure 4G). In these low solid
stress regions, there was a highly significant effect of sonoperme-
ation on the ECM penetration in OHS tumors, while this effect
was less pronounced in low solid stress regions in the PC3 tu-
mors.
Following the observation of altered solid stress in the tumors

after sonopermeation, we investigated the ECM in the two tumor

models and the state of the blood vessels. The distribution of col-
lagen and hyaluronan for PC3 and OHS tumors are shown in
Figure 5A,B, respectively. To evaluate the amount of functional
vasculature, we stained vascular endothelial cells with CD-31 an-
tibody and compared this staining to the vessels stained with
lectin from the intravenous injection (functional vessels) (Fig-
ure 5C).We found that fibrillar collagenwas present in bothmod-
els, but significantly higher signal was measured in images from
PC3 than OHS tumors (Figure 5D–F). Qualitatively, collagen was
more evenly distributed throughout the tumor in PC3 tumors,
while found less homogenously distributed in OHS and a signif-
icant negative correlation was found between collagen content
and number of functional vessels (Figure 5E). The amount of
hyaluronanwas similar in the twomodels (Figure 5G) and had no
obvious effect on the vascular perfusion (Figure 5H). We found
that OHS had the highest fraction of functional vessels (around
70% in both groups) while for PC3 the fraction was lower, and a
reduction from sonopermeation was suggested although the dif-
ference was not significant (p = 0.12, Figure 5I). Reduction in
the amount of functional vasculature has also been observed by
others.[37] There were no indications of altered amount of colla-
gen or hyaluronan after treatment (Figure 5D,G). We also looked
for lymphatic vessels by staining with LYVE-1, and such vessels
were only found in the PC3 model (Figure 5C). The differences
between the two tumor models are summarized in Table 1.

3. Discussion

The biological and biomechanical effects of sonopermeation are
not fully understood. Sonopermeation can increase the deliv-
ery of small drugs and nanomedicines in both brain and solid
tumors.[16,38,39] However, the biological barriers are very different
in these two scenarios[40] and the observation that sonoperme-
ation can be effective in both scenarios suggests that multiple ef-
fects can be obtained by ultrasound. In solid tumors which have
chaotic, poorly functioning and leaky blood vasculature,[41] blood
vessel opening might be less important. A more important con-
sequence of sonopermeation in solid tumors could be increased
penetration through the tumor ECM[42] that restricts the trans-
port of drugs and macromolecules and creates solid stress.
In this study, we used a polymeric NP-MB system[43] that has

been shown effective in the treatment of tumors both as NPs
only,[44] and as MBs combined with FUS in the treatment of
breast cancer[36] and delivery across the blood brain barrier.[45–47]

We used two tumor models originating from human prostate
(adenocarcinoma, PC3) and bone (OHS) that have in our pre-
vious studies been found to be very different in terms of vas-
culature and NP accumulation.[35] We found that sonoperme-
ation increased NP delivery in both PC3 and OHS tumors. PC3
showed the strongest benefit from sonopermeation with more
extravasation and deeper penetration of NPs into the ECM ob-
served in sonopermeated tumors. When the accumulation was
assessed not by the entire tumor, but by selecting ROI’s with per-
fused blood vessels, the effect of much higher vascular fraction
in OHS[35] is removed. In this situation the accumulation in the
sonopermeated PC3 tumors and both OHS groups are very sim-
ilar, while the untreated PC3 tumors have significantly lower ac-
cumulation. This shows that the apparently higher EPR effect in
the OHS tumors does not necessarily correspond to more leaky
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Figure 4. Measurement of solid stress and the effect of solid stress on NP distribution. A) Imagemaps showing themeasurement of solid stress induced
displacement and overlay with tile scans from microscopy. The upper left panel shows the ultrasound image of the tumor surface after relaxation and
elevation of tissue, right panel shows the surface plot of the height in the cutting plane and the corresponding tumor area as a tile scan. The lower left
panel shows the tile scan of the tumor section and the lower right panel shows an overlay of the surface map (yellow lines) with the tile scan. In the
height map, yellow areas show the regions with the highest displacement, whereas blue areas show the lowest elevation. In the microscope tile scan,
green shows NPs, blue shows cell nuclei and red shows blood vessels. B) The stiffness/Youngs modulus of the tumors measured with a macroindenter.
C) The mean displacement and D) Released solid stress (calculated as relative displacement multiplied by Youngs modulus) after cutting the tumor in
two. Each datapoint is the mean tissue elevation in the ultrasound images of the tumors (40–60 images/tumor,). E) Area fraction of NPs in low and
high solid stress regions. F) Extravasated fraction of NPs in low and high solid stress areas. G) ECM penetration of NPs in the low and high solid stress
regions. The bars in (E–G) show mean of 4–5 tumors per group and 24 images per tumor quantified as in Figure 3. The groups were compared pairwise
with a two-tailed Welch t-test.

blood vessels but is rather a cumulative effect from the higher
number of blood vessels, and that the sonopermeation of PC3
tumors was only able to increase the accumulation per blood ves-
sel up to the same level as in OHS tumors. These observations
indicate that the main effect sonopermeation has on delivery is
not by increasing the number of NP-delivering blood vessels, but
rather to improve the delivery in those that are already functional

and supports the idea that themicrobubbles can only have effects
in the relative proximity to where they are sonified, which is in a
functional blood vessel.
While accumulation per blood vessel is relatively similar in the

two sonopermeated tumor types, the effect on extravasation is di-
verging. In PC3 tumors sonopermeation significantly increases
the fraction of NP found outside blood vessels and increased the
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Figure 5. ECM components and blood vessels in the tumor models. Representative images show A) collagen, B) hyaluronan (heatmap), and C) blood
vessels and lymphatic veins in the two tumor models. D) Amount of collagen, 2 sections from each of 4 tumors were analyzed from each group.
E) Correlation between collagen content and perfused vascular fraction in the tumors. The line shows a linear fit with R2 = 0.44 and asterisks mark
significance level with Pearson correlation, 5 tumors of each type. F) Collagen content in regions with perfused and non-perfused blood vessels. G)
Amount of hyaluronan, 1 section from 5 tumors of each type was analyzed. H) Perfused fraction versus hyaluronan content in the tumors. I) Fraction of
perfused vessels in the treatment groups.

average penetration of NP into the extracellular compartment,
these changes were not observed in OHS tumors. Also, the ECM
penetration of NPs in PC3 was increased up to the level of OHS.
Together this shows that sonopermeation impacts both extravasa-
tion and penetration of NPs.[32] There are no indications that the

altered perfusion pattern is the main reason because most of the
observed increase can be explained by increase per blood vessel,
and the increased accumulation of NP is created by a large in-
crease in the accumulation around a subset of the blood vessels
in particular for PC3 tumors. This also shows that the effect of
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Table 1.Differences between the PC3 and OHS tumor models. “High” and
“low” describes a relative difference between the two models.

Tumor model PC3 OHS

EPR-effect Low High

Effect from sonopermeation High Low

Vessel density[35] Low High

Solid stress induced displacement Low High

Stiffness High Low

Solid stress High Low

Cell density[35] Low High

Collagen density High Low

Lymphatic density High Low

Perfused vascular fraction Low High

Hyaluronan density Medium Medium

sonopermeation depends heavily on properties of the tumor tis-
sue such as ECM constituents and the quality and functionality
of the blood vessels.
It has previously been shown that solid stress in tumors can

close lymphatic vessels as well as blood vessels and reduce the
overall perfusion,[14,48] and drugs that reduce solid stress have
been shown to increase both the delivery and penetration of
nanomedicines.[14,49] We measured the solid stress in both mod-
els and found surprisingly that sonopermeation could reduce
the solid stress by 13% in both tumor models, which is to our
knowledge never reported previously. Our results suggest that
the solid stress hinders transport of NPs through ECM and is a
barrier for extravasation in the stiffest model (PC3). This is in co-
herence with other studies using drugs such as losartan,[14] but
reduced solid stress and increased drug delivery by ultrasound
was not achieved by the same mechanism as for pharmacologi-
cal treatment. Decreased solid stress is in these cases observed by
a reduction in cancer-associated fibroblasts, an increase in per-
fused fraction of blood vessels[34] and often a reduction in col-
lagen and hyaluronan density.[14] We observed neither of those,
but hypothesize that the effect from sonopermeation must be re-
lated to the ECM as only the solid compartment of the tumors
can create the solid stress.[50] In our experiments, solid stress is
measured 1 h after ultrasound hence the change occurs during
or immediately after sonopermeation. It is therefore unlikely that
observation comes from a reduction in ECM components as this
would require more time. Consistent with this, we did not ob-
serve any change in the amount of either collagen or hyaluronan.
It has previously been shown that sonopermeation can have ex-
travascular effects by acting as a pump that transfers energy into
the ECM by “massaging” the blood vessels wall causing vibra-
tions in the perivascular space.[51,52] In these studies, the effect
of sonopermeation was seen to last beyond the treatment time
as increased delivery was seen also when the drug was given af-
ter the ultrasound treatment was finished. Our hypothesis is that
the vibration reorganizes ECM components such as collagen and
hyaluronan in the proximity of blood vessels causing improved
transport properties and reduced solid stress. However, such po-
tential reorganization could not be detected by the optical imag-
ing methods applied here. We consider the observation of better

effect of sonopermeation in the stiffer model to support or hy-
pothesis.
The two tumor models are different in multiple aspects (Ta-

ble 1) and the difference in effect from sonopermeation could
originate from multiple of these. In another comparable study,
Theek et al. measured the accumulation and penetration of lipo-
somes in two low-EPR tumor models after sonopermeation.[32]

The results in the two tumor models were relatively similar in
their case, even though the tumor models differed significantly
both in cell density and collagen content. Interestingly, and in
coherence with our study and the notion that sonopermeation
has extravascular effects, Theek et al. observed increased lipo-
some delivery in regions 30–50 μm away from blood vessels after
sonopermeation. Similarly, in a study using liposomes in the PC3
model, our group has previously observed increased penetration
in a distance up to 60 μm from blood vessels.[53] Similar pene-
tration distance was observed here and shows that the increased
penetration is not merely an effect of increased NP accumula-
tion, but rather that the NPs are pushed deeper into the tissue
showing that sonopermeation has consequences also at a dis-
tance from the blood vessel wall. In OHS tumors, increased ex-
travasation distance was not observed, both treated and untreated
tumors showed comparable NP extravasation as the PC3 group.
The OHS tumors have very low stiffness and are highly flexible
suggesting a less rigid ECM that might be a less important bar-
rier than in stiffermodels such as PC3. The higher Youngsmodu-
lus/stiffness found in PC3 tumors corresponds well to the higher
amount of collagen and the observed stiffness by manual palpa-
tion.
Our results point in the direction of (at least) two separate ef-

fects giving improved drug delivery by sonopermeation. The first
would be the most conventional, where MBs vibrate and collapse
in proximity to the blood vessel wall giving increased permeabil-
ity/extravasation in functional blood vessels, as seen especially
in blood brain barrier opening, but also in the PC3 tumor model.
The other effect would be ECM reorganization, increasing the
penetration through ECM,[54] which could possibly explain the
effect of sonopermeation after intranasal delivery[51] and reduced
solid stress. A secondary effect of reduced solid stress could be
vascular opening and increased perfusion which has been re-
ported in several preclinical studies[30,31] and could explain the
increased effect of gemcitabine in the clinical study of pancreatic
cancer.[22,30]

Our study shows that sonopermeation is a promising method
for drug delivery to tumors, but that patient stratification and un-
derstanding of the biological barriers in different cancer types is
crucial. We show that FUS in combination with MBs can help
overcome barriers of drug transport, not only the barrier of the
blood vessel wall, but also the ECM outside the blood vessels.
However, further studies are needed to fully understand the un-
derlying mechanisms. In our view sonopermeation is a promis-
ing strategy for cancer therapy that could potentially increase the
efficacy of many of the drugs in clinical practice today.

4. Experimental Section
Nanoparticles and Microbubbles Synthesis and Characterization: The

NPs andMBs consist of both free NPs and NP-stabilizedMBs in the same
mixture. The product ismade by first synthesizing poly(alkyl cyanoacrylate)
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NPs and in a second step mixing the NPs with hydrophobic gas and pro-
tein to formMBs where ≈1% of the NPs are found on the MB surface, the
remaining 99% free in solution.[43]

The NPs were made in a one-step miniemulsion synthesis as
described[43] and characterized for PEGylation and circulation time,[55]

payload stability,[56] degradation,[57] and toxicity[58] in previous work. In
this study the NPs were made of 2-ethyl-butyl cyanoacrylate (Cuantum)
loaded with both the visible dye NR668[59] (synthesized by SINTEF) and
the near infrared dye IR780-lipid[60] (synthesized by CEA Grenoble). The
oil phase in the miniemulsion consisted of 0.25wt% of the two dyes,
2.25 g 2-ethyl butyl cyanoacrylate and stabilizers (5wt% Miglyol 812,
Cremer and 5wt% vanillin, Sigma-Aldrich). The water phase consisted
of PEG-surfactants (6wt% Brij L23, 23 PEG units, MW 1225 and 6wt%
Kolliphor HS15, 15 PEG units, MW 960, Sigma-Aldrich) in 18 mL 0.1 m
HCl. The miniemulsion was formed by sonicating for 3 min on ice (6 ×
30 s intervals, 60% amplitude, Branson Ultrasonics digital sonifier 450).
Polymerization was carried out overnight at ambient temperatures be-
fore pH was adjusted to 5 and polymerization continued for 5 h. The
NPs were finally dialyzed against 1 mm HCl to remove excess surfac-
tant. The NPs were characterized for size and zetapotential in phosphate
buffer (pH 7.4, 0.01 m) with dynamic light scattering (Zetasizer nano ZS,
Malvern).

MBs were formed by mixing NPs and casein (Sigma-Aldrich) to a fi-
nal concentration of 0.5 and 1wt%, respectively (pH 7) using an ultra tur-
rax (Branson Ultrasonics) in a perfluoropropane (F2 Chemicals) saturated
environment.[43] Microbubbles were characterized for size and concentra-
tion by microscopy (Olympus) in a countess cell counting chamber slide
(ThermoFisher) and analysis in imageJ, as well as, and imaged by scanning
electron microscopy (SEM, Hitachi S-5500).

Cells and Animals: Human prostate adenocarcinoma cells (PC3,
ATCC) were cultivated in Dulbecco’s Modified Eagles Medium (Gibco)
and human OHS cells[61] in Rosa Park Memorial Institute (RPMI, Gibco)
medium, both supplemented with 10% fetal bovine serum (Sigma-
Aldrich). Cells were maintained at 37 °C with 5% CO2 in exponential
growth phase. Before inoculation, the cells were detached by trypsin
(Sigma-Aldrich), counted using a Countess automated cell counter
(ThermoFisher) and resuspended in cell medium containing 1% peni-
cillin/streptomycin at a concentration of 60 millions mL−1.

Female Balb/c nude mice (Janvier) were bought at 8 weeks of age and
housed in specific pathogen free conditions at 22–23 °C and 50–60%
relative humidity with free access to food and water. All animal proce-
dures were approved by theNorwegian Animal Research Authorities under
FOTS# 14 872.

For inoculation of tumor cells, the animals were anesthetized with
isofluorane in O2 and NO2 (Baxter). 3 million cells in 50 μL cell medium
were inoculated subcutaneously on the left hind leg. The animals were then
inspected twice weekly for weight, tumor size, and behavior. No animals
exhibited weight loss or signs of pain due to the tumor growth. Experi-
ments were initiated as the tumors reached 8–10 mm in the longest axis,
that is, volume of ≈250 mm3.

Ultrasound Exposure: For FUS treatment and subsequent imaging, ani-
mals were anesthetized with a subcutaneous injection of fentanyl (0.05mg
kg−1, Actavis Group), medetomidine (0.5 mg kg−1, Orion Pharma), mida-
zolam (5 mg kg−1, Accord Healthcare Limited), and water (2:1:2:5) at a
dose of 0.1 mL per 10 g. The animals were then placed on top of a water
tank with an ultrasound absorbing plate, and the left hind leg with the tu-
mor was pulled through a hole in the plate and into the water. Immediately
before FUS treatment, 100 μL of the NP and NPMBmix was administered
intravenously through the tail vein. Ultrasound was given from a custom-
made setup with a single element 1 MHz transducer (Imasonic). The sig-
nal was generated by a waveform generator (33 500 B, Agilent Technolo-
gies), and amplified with 50 dB power amplifier (2100 L, E&I). The tumors
were treated with a pressure of 0.5 MPa resulting in a mechanical index
(MI) of 0.5, bursts of 10 000 cycles at a local pulse repetition frequency
(PRF) of 10 Hz for 0.5 s, followed by a 1.5 s break to allow for reperfusion
with microbubbles, giving a global PRF of 0.5 Hz and a total duty cycle
of 2.5%. This was continued for 2 min. The setup and treatment settings
were optimized and are described inmore detail in previous work.[36] Con-

trol animals were positioned in the same setup and given the same NPMB
injection but with the ultrasound off.

Whole Animal Optical Imaging and Analysis: Following the FUS treat-
ment the animals were imaged in a small animal optical imaging sys-
tem (Pearl Impulse, LI-COR Biosciences) at timepoints (post treatment,
in minutes); 0, 5, 15, 30, 60, 180, 360, before the animals were eutha-
nized and tumors removed. This was done to characterize accumulation of
NPs in the tumors, for both tumor types 4–7 animals were included in the
groups (control and sonopermeation). Excitation/emission settings were
785 nm/820 nm. ROIs were made on the tumor leg and on the control leg
without a tumor to compare the mean intensity NPs using imageJ. Both
the fluorescence value relative to an equal ROI on the opposite leg, and
the absolute values are presented. 5 min before euthanasia, 100 μL FITC
lectin (diluted in saline to 1 mg mL−1, Vector Labs) was injected through
the tail vein.

Solid Stress Measurements: For solid stress measurements, the ani-
mals were euthanized 60 min after FUS treatment. For both tumor types
4–5 animals were used as untreated controls and 4–5 animals were treated
with FUS. 5 min before the animals were euthanized, 100 μL FITC-lectin
was injected intravenously through the catheter in the tail vein. Solid stress
wasmeasured by the planar cutmethod as described byNia et al.[62] based
on solid-stress induced deformation and stiffness of the tumor. After ex-
cision the tumor was embedded in 2% agarose (Sigma-Aldrich) gel that
was solidified on ice. The tumor and agarose gel were then manually cut
in two equal hemispheres with a scalpel along the center of the tumor at
an axis parallel to the thighbone. The cutting plane was then imaged by
high-resolution ultrasound (Vevo 2100, 40 MHz transducer, VisualSonics)
using a 3D stepmotor (step length 63,5 μm,VisualSonics) to capture cross
section-images equally spaced across each tumor. Using the agarose gel
on both sides of the tumor as reference, the elevation of the tumor tis-
sue was measured on ultrasound images using FIJI and MatLab, and this
value is denoted as solid-stress induced displacement. For analysis every
third image was used resulting in a distance of 190 μm between the an-
alyzed images and 40–70 images for each tumor. Images were manually
inspected for artifacts such as gas bubbles and removed from analysis. The
tumors were then covered in a drop of OCT Tissue Tec (Sakura), frozen in
liquid N2 and cut in 25 μm sections. The sections were mounted with Vec-
tashield with DAPI and the entire section was imaged using tile scanning
with a Zeiss Axiomicroscope with a 20x/0.5 air objective. DAPI was excited
at 405 nm and detected at 400–520 nm, FITC was excited at 488 nm and
detected at 410–545 nm andNR668 was excited at 561 nm and detected at
553–627 nm. To compare the accumulation of NPs in the regions of differ-
ing solid stress, the area with displacement from 0 to 277 μm was defined
as low solid stress while areas with displacement >556 μmwas defined as
high solid stress regions.

Solid stress was calculated as relative displacement (solid stress in-
duced displacement/tumor radius) * Youngs modulus.

S = E × ΔL∕R (1)

where E = Youngs modulus and ΔL/R = Relative displacement (solid
stress induced displacement/tumor radius.)

Stiffness Measurement: Stiffness was measured on a separate set of
tumors, 4–5 in each group using a macroindenter (custom setup). The
tumors were compressed at a constant rate of 2 μm s−1 for 200–400 μm.
The linear part of the weight/time curve was used to calculate Young’s
modulus E using the formula from herzian mechanics;[63]

F = 4
3

E
(
1 − 𝜐2

)R
1
2D

3
2 (2)

where F is the indentation force, D is indentation depth, 𝜐 is the poisson
ratio. 𝜐 was assumed to be 0.4 for both tumors based on literature.[64,65]

R = 2,25 mm is the radius of the circular indenter. Because no significant
difference in stiffness was found between the treated and untreated tu-
mors, the two groups were merged and the average Youngs modulus of
each tumor type was used for the calculation of solid stress. An average
diameter of 7 mm was used for all tumors.
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Antibody Staining: Antibody staining was done on the same tumors
that were used for solid stress measurements; the mice were euthanized
60 min after ultrasound treatment. Blood vessels were labelled by staining
the sections with an antibody for mouse CD-31 (mCD-31 (PECAM-1), BD
Biosciences) at a 1:100 dilution. The CD-31 antibody was visualized by a
Cy3 labelled anti-rat antibody (Dianova) at a 1:500 dilution. Hyaluronan
was labelled with a biotinylated hyaluronan-binding protein (Millipore) at
a concentration of 16 μg mL and visualized with an AMCA-labelled strep-
tavidin at 1:200 dilution (Dianova). Prior to staining with the hyaluronan
binding protein endogenous biotin was blocked using an Avidin/Biotin
blocking kit (Dako). Lymphatic vessels were labelled with LYVE-1 antibody
(Abcam) at a 1:100 dilution and visualized by an AMCA-labelled anti-rabbit
antibody (Dianova) at 1:50 dilution. Staining protocols for all cases were
as follows: Sections were washed in PBS for 2 min and fixed in cold 80%
MeOH for 5min and cold acetone for 2min followed by another washing in
PBS for 5 min. The sections were then permeabilized in 0.1% Triton X-100
for 10min before washing in PBS for 5min. The sections were then stained
with the primary antibody diluted in 12% BSA for 1 h at room temperature,
washed three times with PBS (5 min each) and incubated for 45 min at
room temperature with the secondary antibody. Finally, the sections were
washed three times in PBS (5 min each) and mounted with Vectashield
(Vector Labs) and a cover glass. All chemicals were from Sigma-Aldrich
unless stated specifically.

Microscopy: NP uptake and extravasation was measured in sections
from tumors in mice sacrificed 6 h after sonopermeation. Sections with
NPs and lectin staining (stains only the functional blood vessels) were
mounted with Vectashield mounting medium and a cover slip and im-
aged with a Leica SP8 confocal microscope using a 40x/1.1 water objec-
tive. NR668 in the NPs was excited at 561 nm and detected at 570–613 nm.
FITC-lectin was excited at 501 nm and detected at 510–560 nm, both were
excited using a white laser and detected on HyD detectors. Three sections
spaced >1 mm apart were analyzed with 8 images from each section for a
total of 24 images per tumor.

Antibody-stained sections were imaged on a Zeiss Axio with a 20x/0.8
air objective. CD-31 staining was imaged by excitation at 561 nm and de-
tecting emission at 400–700 nm, FITC-lectin was imaged by excitation at
488 nm and emission at 410–545 nm, LYVE-1 and hyaluronan were im-
aged by excitation at 405 nm and emission at 405–545 nm, all with a filter
blocking the excitation wavelength.

The second harmonic generation signal from fibrous collagen was ac-
quired with a Leica SP8 microscope with a 63x/1.20 water objective. The
sections were illuminated by a multiphoton laser at 𝜆 = 780 nm and emit-
ted light was detected in an external Hyd detector at 370–410 nm. For
each tumor Section 16 images were acquired by finding 8 perfused (signal
in both lectin and CD-31 channel) vessels and 8 non-perfused (signal in
CD-31 channel only) blood vessels and imaging the collagen in the same
field of view.

Image Analysis: Image analysis was performed in FIJI. For quantifica-
tion of NP accumulation, images were thresholded both in the FITC and
NR668 channels using the triangle algorithm in Fiji. The various threshold-
ing algorithms were manually evaluated on a representative set of images
and triangle was considered most accurate. NP accumulation was defined
as the ratio of colored pixels in the thresholded, binary image. To calculate
the number of NPs as a function of distance from the blood vessels, the
binary blood vessel image was used to create a distancemap using the FIJI
feature. The binary image from the NR668 channel was then overlayed on
the distance map and used to separate the NPs into regions of different
values in the distance map.

For solid stress measurements, the ultrasound images of the tumor
surface were thresholded using the IsoData algorithm in FIJI after man-
ually comparing the accuracy of the different thresholding options. The
“zero” level was then manually defined by making a straight line between
the tumor-gel intersections and a 2D surface vector was made by measur-
ing the number of pixels in the thresholded image above the “zero” line.
This was done on 40–70 images per tumor and combined to make a 3D
surface map of the tumor. The surface map was then overlayed the tile
scan of the tumor section and used to calculate the NP accumulation in
regions of differing solid stress.

Collagen and HA was quantified by summarized the pixel intensities
in the images. CD-31 and lectin-stained blood vessels were compared by
manually counting the number of blood vessels in the two channels in
randomly chosen ROIs.

Statistics: Statistical analysis was performed in Prism 8 (Graphpad).
Groups are compared using a t-test unless otherwise stated, significant
p-values are denoted as * < 0.05, ** < 0.01, *** < 0.001.
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