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Nanomedicine has many merits, but penetration deep into the tumor interstitium remains a challenge.
Failure of cancer treatment can be caused by insufficient delivery of the therapeutic agents. After intra-
venous administration, nanomedicines are often found in off-target organs and the tumor extracellular
matrix close to the capillary wall. With circulating microbubbles, ultrasound exposure focused toward

Keywords: . the tumor shows great promise in improving the delivery of therapeutic agents. In this review, we
Sonopermeation . . A .
Perfusion address the impact of focused ultrasound and microbubbles to overcome barriers for drug delivery such
Extravasation as perfusion, extravasation, and transport through the extracellular matrix. Furthermore, we discuss the
Extracellular matrix induction of an immune response with ultrasound and delivery of immunotherapeutics. The review dis-
Immune response cusses mainly preclinical results and ends with a summary of ongoing clinical trials.
Nanomedicine © 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction surgery. However, a major problem is that only a very small

fraction of the drug is taken up by the cancer cells in solid tumors

Chemotherapy is a cornerstone in the treatment of advanced [1,2], and toxicity toward normal tissue limits the doses that can be
cancer and is used alone or in combination with radiotherapy or administered. Formulating cytotoxic drugs into nanoparticles
(NPs) has been a strategy to improve tumor-specific accumulation
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and have generally not improved efficacy [5]. New NP technology
and clinical trials stratifying likely nanomedicine responders might
improve the therapeutic response [6,7]. Still, achieving maximal
therapeutic effect of small molecular drugs and nanomedicines is
difficult due to the biological barriers restricting delivery to the
tumor. To reach its target, the therapeutic agents depend on the
vascular network and perfusion in the tumor, extravasation across
the capillary wall, penetration through the extracellular matrix
(ECM), and finally internalization into the cancer cells. For NPs
being rather large compared to small molecular drugs, these trans-
port barriers are even more challenging to overcome.

To improve the delivery of therapeutic agents, the administra-
tion can be combined with biological, chemical, or physical treat-
ments. Focused ultrasound (FUS) toward the tumor is a
promising approach, especially in combination with microbubbles
(MBs). FUS is non-invasive, provides enhanced localized uptake of
drugs and NPs in tumors, and has improved the therapeutic
response both preclinically [8-14] and clinically [15,16]. A more
comprehensive list of preclinical studies can be found in [17].
The combination of FUS and MBs can generate thermal or mechan-
ical effects, depending on the frequency and acoustic pressures
applied. In drug delivery, the mechanical effects are commonly
exploited. The mechanical effects can be divided into acoustic radi-
ation force and cavitation. Acoustic radiation force is caused by the
loss of acoustic energy due to absorption and scattering of ultra-
sound (US) waves. The energy loss corresponds to a loss of momen-
tum of the wave, which is transferred to the tissue [18-21]. This
will generate a force in the direction of the US wave, which can
cause acoustic streaming, shear stresses, tissue displacement, push
MBs toward the blood vessel wall, and improve NP penetration
through the ECM [18,21,22].

The formation, growth, and collapse of bubbles induced by US
exposure are referred to as cavitation [20]. Formation of bubbles
can occur when the local pressure drops to a level below the vapor
pressure of the medium. This requires high acoustic pressures.
Exogenous MBs are introduced to obtain oscillating MBs at lower
acoustic pressures, which will expand at low local pressure and
contract at high local pressure. At low acoustic pressures, these
oscillations will be symmetric and mostly linear and are referred
to as stable cavitation. Increasing the acoustic pressure will result
in non-linear behavior of the MBs with more expansion than com-
pression, and the MBs will be forced to oscillate until they collapse
[23,24]. The oscillations of MBs result in microstreaming in the
surrounding fluid and shear stress on the boundaries in the prox-
imity of the MBs. In the case of inertial cavitation, the collapsing
MBs can cause shock waves and microjets when close to a rigid
boundary [21,24,25]. The threshold for inertial cavitation depends
on properties of the MBs (e.g. initial size, shell type, gas) and envi-
ronmental conditions [19,21,24]. The behavior of MBs and their
role in drug delivery have been extensively described in two recent
review articles [24,25].

To optimize FUS and MBs for drug delivery, it is essential to
understand the impact their properties have on transport
mechanisms. The oscillating MBs are reported to form pores (called
sonoporation), open intercellular junctions, stimulate endocyto-
sis/transcytosis, and change the (tumor) microenvironment. These
processes are collectively called sonopermeation [17]. Currently,
the detailed transport mechanisms are poorly understood, espe-
cially the effect of sonopermeation on perfusion and transport
through the ECM. Furthermore, it is difficult to compare various
studies due to the range of US parameters applied (frequency,
acoustic pressure, pulse length, pulse repetition frequency, and
overall exposure time) in combination with various lipid-based
MBs such as SonoVue (Bracco), Sonazoid (GE Healthcare), and
Definity (Lantheus), or protein-based MBs such as Optison
(GE Healthcare). Additionally, multiple new MB platforms have
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been developed specifically for drug delivery in the last years
[24-26], such as phase-shifting microdroplets or microclusters
[27], nanobubbles and nanodroplets [28-31], drug-loaded MBs
[32-34], targeted MBs [35] and monodisperse MBs [36,37].

The effect of US and MBs on the cellular barrier was recently
extensively reviewed by Deprez et al. [38]. In this review, we
address three main barriers for successful drug delivery to tumors;
perfusion, extravasation, and ECM-penetration, and how sonoper-
meation can overcome these. Possible induction of an immune
response by FUS and MBs, and combining sonopermeation and
immunotherapy, are also discussed (Fig. 1).

2. Barriers for drug delivery
2.1. Changing the vasculature and perfusion

Tumor vasculature is highly heterogeneous and does not con-
form to the standard normal blood vessel morphology (i.e. artery
- capillary bed - vein) [39]. Tumor cells secure their access to oxy-
gen and nutrition by the formation of new blood vessels through
the process of angiogenesis [40,41]. The neovascular organization
depends upon various factors such as tumor type, growth rate,
and location within the tumor mass. The morphological changes
of the preexisting vasculature and neovasculature result in a chao-
tic vasculature in terms of spatial distribution such as branching,
length, and diameter [42]. Bifurcation of a small microvessel into
two, and even trifurcation, result in tortuous and looped structures
and disorganized interconnections. Unlike normal vessels, the
direction of blood flow alternates to a large extent. In addition to
this chaotic vessel organization, rapidly proliferating cancer cells
create solid stress onto blood vessels compressing and/or causing
them to collapse [43]. The rapid growth of tumors can also result
in tumor cells forcing blood vessels apart, increasing the distance
between them.

Various types of tumors have been examined during and after
sonopermeation to investigate the effect on vasculature and perfu-
sion. The treatment can induce vascular damage and blood flow
disruption, and eventually reduce tumor growth and prolong sur-
vival (Fig. 2). Studies describing the effect of US and MBs on the
vasculature are listed in Table 1.

Wood et al. have in multiple studies investigated the effect of
low-intensity FUS on tumor vasculature in mice in the presence
of circulating MBs [44-48]. In a subcutaneous melanoma model,
an acute reduction in tumor vascularity was observed, which per-
sisted for 24 h [45]. Disrupted vascular walls and tumor cell death
in the areas of vascular congestion and thrombosis were observed.
Higher frequencies amplified heating of the tumor and led to even
greater disruption of the vasculature [46]. The observed reduction
in tumor vascularity was accompanied by histological findings of
dilated capillaries and hemorrhage. US imaging showed that the
decreased tumor vascularity (30 min and 24 h after sonication)
was accompanied by an increase in echogenicity because the
tumor became more disorganized, and that tissue inhomogeneities
increased backscattering from the tumor [47]. Wood et al. also
observed that such anti-vascular treatment could delay tumor
growth and increase survival time in mice with melanoma [48].

Similar effects were observed by Goertz et al. [49-51] (Fig. 2).
They studied the effects of low-intensity pulsed FUS and MBs in
subcutaneous tumors in mice [50]. They observed both transient
(<15 min) and sustained (2 and 24 h after repeated treatment)
blood flow reduction, especially in central tumor regions, proba-
bly due to the more fragile neovascular vessels. Tumor perfusion
was recovered one week after the treatment [51]. Moreover, a
significant growth delay was observed in treated tumors (only
FUS and MBs, no drug) relative to control tumors, suggesting
that the flow modifications could have therapeutic applications
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Fig. 1. Schematic illustration of possible effects of ultrasound (US) and microbubbles (MBs) in solid tumors. US focused toward the tumor causes the MBs to oscillate. This
leads to changed perfusion and induction of nanomedicine extravasation followed by penetration into the extracellular matrix. The oscillating MBs can also induce an
immune response by triggering release of damage-associated molecular patterns (DAMPs).

[51]. They also demonstrated that the acute reduction of tumor
perfusion resulted in enhanced necrosis and apoptosis after
24 h [49].

A temporary disruption of tumor blood flow after treatment
with US and MBs was also observed by Chin et al., which lasted
for about 10 min when perfusion was again restored. The sonicated
tumors displayed reduced growth compared to controls, while no
significant temperature increase was detected [52]. An induced
inflammatory response in the treated area was suggested as a pos-
sible reason for the reduced tumor growth. The treated tumors also
displayed darkening and toughening of the skin and sometimes
ulceration.

When treating rat glioma implanted subcutaneously in mice
with US and MBs, Burke et al. observed that tumor blood flow
was significantly reduced directly after treatment [53]. They
hypothesized that the mechanical stress from the MBs damaged
the microvasculature and observed that the reduction in tumor
perfusion increased with increasing duty cycle, probably because
the hydraulic resistance of the tumor microcirculation was
increased due to microvessel ablation. Seven days after treatment,
they observed tumor necrosis and apoptosis, and tumor growth
was inhibited for the treated tumors compared to the control
tumors. The authors suggested that the reduced blood flow would
affect the transport of oxygen and nutrients, and thereby the num-
ber of viable tumor cells. Alternative mechanisms, according to
Burke et al., could be that cavitation directly induced tumor cell
damage through jet streams or shear stress, that apoptosis was
initiated by oxygen free radicals, or that MB destruction triggered
signals which elicited a systemic antitumor response through an
immune response. Hunt et al. also hypothesized that an immune
response was induced after a reduction in perfusion [54]. They
observed that treatment with US and MBs in murine melanoma
reduced perfusion, resulting in tumor hypoxia and ischemia-
mediated cytotoxicity, increased infiltration of T-cells, and thereby
intratumoral immune activation in addition to potential small-
molecule retention.

Regions of reduced blood flow were observed immediately after
treatment by Hu et al., who used MBs conjugated with integrins
binding to endothelial cells in a breast cancer model in mice
[55]. They suggested that the rapid onset limited possible mecha-
nisms such as macrophage recruitment or changes in protein
expression. They observed platelet activation and aggregation,
likely resulting from the injury of small numbers of endothelial
cells, and suggested these events as the mechanism for the flow
reduction. They also observed that flowing MBs did not reduce
blood flow at the same acoustic pressure as bubbles binding to
the epithelium. Hemorrhage was not induced by the treatment,
and the blood flow was observed to recover 30 min after treat-
ment. These findings are also supported by Hwang et al., who
observed that MBs could damage the endothelial surface of veins
in rabbits, with most of the surface covered with adherent platelets
and fibrin, an important step in the coagulation cascade. They
hypothesized that this effect could be used in sclerotherapeutic
thrombogenesis [56].

Kaffas et al. treated subcutaneous murine fibrosarcoma with US
and MBs before radiotherapy [57]. They observed rapid vascular
disruption, which lasted up to 72 h and additional therapeutic
effects from sonopermeation, presumably due to reduced oxygen
delivery. In contrast, Daecher et al. demonstrated that treatment
with US and MBs markedly reduced tumor vascularity, but without
decreasing tumor oxygenation, and used this to improve the
response to radiotherapy [58]. Yemane et al. observed that treat-
ment with US and MBs could slow down flow velocity and alter
blood flow direction in tumors in dorsal window chambers [59].
Similarly, Wu et al. observed that US-mediated destruction of
MBs could block circulation in tumors for 30 min, and that the
blood flow was restored after 1 h [60].

FUS and MBs have also been reported to enhance blood flow by
opening capillaries and increasing angiogenesis in tumors and
other tissues. Vasodilation and locally increased perfusion were
reported in ischemic tissues [61,62]. Bertuglia observed that US
and MBs caused vasodilation and increased blood flow in hamster
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Fig. 2. Ultrasound (US) and microbubble (MB) treatment can reduce blood flow in tumors. (A) Schematic illustration of reduced perfusion due to sonopermeation. (B) US
contrast images pre and post US exposure, displaying reduced contrast, especially in the central part of the tumor, and quantification of perfused vessel density (C), * indicates
statistical significance. (D) The reduced perfusion resulted in delayed tumor growth. DTX = docetaxel. Figure reprinted with permission from Goertz et al. [49].

cheek pouch microcirculation. The author concluded that the effect
was likely related to nitric oxide (NO) release mediated by shear
stress or due to mechanical interactions leading to increased intra-
cellular mechano-transduction in the endothelium [62]. Belcik
et al. also reported that US combined with MBs could enhance per-
fusion in ischemic skeletal muscle both minutes and days after
treatment [61]. They demonstrated that the increase was likely
mediated by increased NO production and endothelial nitric oxide
synthase (eNOS) phosphorylation, supporting the notion that the
MBs potentiate shear-mediated endothelial response. In another
study, shear dependent increase in adenosine triphosphate (ATP)
from both endothelial cells and erythrocytes was found to elevate
perfusion for up to 24 h [63].

Song et al. investigated the effect of US-induced MB cavitation
on angiogenesis in ischemic skeletal muscle in mice seven days
after treatment [64]. They observed newly generated blood vessels
and concluded that the treatment caused mild damage to the
endothelial cells in capillaries, resulting in transient inflammation,
which could activate endothelial cells, up-regulate P-selectin and
ICAM-1 expression, induce secretion of VEGF, and promote angio-
genesis in the lower limb [64].

Repeated injections of targeted MBs and US imaging were found
to increase the peak signal enhancement in tumors [65]. It was
suggested that it could be due to increased binding of bubbles to
the capillaries because of increased exposure of target sites, the
mechanical opening of not yet perfused capillary tips, or
extravasating bubbles after endothelial damage. The same group

also observed that contrast-enhanced US imaging could enhance
tumor vascularization, perfusion, and angiogenesis in breast cancer
patients [66].

To summarize the possible mechanisms for reduced perfusion
short time after FUS and MB exposure, most studies point towards
damaged vessels and disrupted capillary walls caused by the
effects from cavitating MBs on the vessel wall. The newly formed
tumor vessels seem to be more fragile than vessels in normal tissue
[50]. Another explanation is platelet activation and aggregation.
FUS and MBs can also open vessels and induce angiogenesis, result-
ing in enhanced perfusion. However, the effects on perfusion
depend on the US treatment, the type of tissue and vascular struc-
ture, and the type of MB used.

2.2. Increased extravasation

Another manifestation of the abnormality of tumor vessels is a
defective and leaky endothelium that highly influences the internal
environment of the tumor [67,68]|. The endothelial cells do not
form a normal endothelial layer due to their disorganization and
irregular shape, and inter-endothelial gaps are frequently
observed. Furthermore, the pericytes lack proper association with
endothelial cells [69], and the basement membrane lacks normal
connections with both endothelial cells and pericytes.

The hyperpermeable tumor capillaries and lack of functional
lymphatic vessels in tumors led to the concept of the EPR-effect
[3,70]. The use of nanomedicine for enhanced accumulation of
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Table 1
Summary of studies describing the effect of ultrasound (US) and microbubbles (MBs) on the vasculature, extravasation into extracellular matrix (ECM) and the immune response.
Article Preg’ f? te PRF* ty DC° MB’ Comment
Belcik [61] 0.68, 1.3 10 9.3 LM Increased perfusion, reversed ischemia
1.48
Belcik [63] 148 1.3 10 9.3 LM Increased perfusion, reversed ischemia
Bertuglia [62] 2 2.5 15 0.0004 L/SV Vasodilation and increased blood flow
Bulner [96] 1.65 1 2 1, 0.05 0.1*50 LM Enhanced efficacy of immunotherapy and reduced tumor growth
Burke [53] 1-1.2 1 60 0.0002 0.1-10*5  0.01- PM Reduced blood flow, reduced tumor growth, increased
0.00002 apoptosis/necrosis
Chen [97] 0.8-7.2 1 0.002 LM Blood vessel distention and invagination due to cavitation
Chen [98] 0.36-0.7 0.5 1.5 0.001 100 NY Interleukin delivery, immune response, and improved treatment
Chin [52] 5 1.2 <1 0.001, 83.3*10*3 LM Disrupted blood flow, reversed at 10 min, inflammatory
0.00005 response, reduced growth
Daecher [58] 2.5 4.2 2-3 0.038 0.0016 (o] Reduced tumor vascularity
Goertz [49] 1.65 1 3 1, 0.05 0.1*50 0.00024 SM Reduced tumor perfusion, increased necrosis, and apoptosis
Goertz [50] 0.74 1 2 1, 0.05 0.1*50 0.00024 D Transient (<15 min) and sustained (2 h and 24 h) blood flow
reduction
Goertz [51] 0.74 1 3 1, 0.05 0.1*50 0.00024 D Antivascular effects, induced tumor growth delay
Hancock [99] 8.95 1,10 13 0.001 5 Transiently increased permeability of tissue
Hu [55] 2,4 5 0.015 0.124 0.0012 \% Reduced perfusion, platelet activation
Hunt [54] 0.22 3 1,3 100 D Reduced perfusion, increased hypoxia, immune response and
immune cell infiltration
Hwang [56] 1-9 1.13 1 0.005 0.38 0.22 0] Damage to endothelial surface, covered with platelets
Kaffas [57] 0.57 0.5 5 3 5 0.25 D Vascular disruption up to 72 h
Keravnou [100] 1.7-4 1 15 0.0001 0.02, 1 2-8 LM Reduced blood flow
Kwan [28] 1.5 0.5 12 0.0005 NC Prolonged cavitation and increased extravasation
Lee [101] (5-10)* 1.5 10 0.001 5 Mechanical effects induced ECM remodeling in tumors
Li [102] 1.6-17 1.1, 1 0.001 1 0.1 Enhanced drug uptake and disruption of collagen fibers
1.5
Lin [11] 1.2 1 2 0.001 10 1 NY Increased extravasation and penetration into ECM
Liu [103] 0.6-1.4 0.5 0.33*9- 0.001 100 NY Suppressed tumor growth, infiltration of cytotoxic T-cells
12
Olsman [79] 04, 0.8 2 0.0005 10 NY Increased extravasation and penetration into ECM
Sekino [104] 1.5 20 1 Regenerated cartilage matrix in chondrocytes
Snipstad [60] 0.1-1 2 0.01, 10 2.5 NPM Increased extravasation and penetration into ECM
0.0005
Song [64] 2) 1 2 20 NY Mild damage to endothelial cells, inflammation, and
angiogenesis
Song [105] (2)* 1 2 20 NY Inflammatory signaling after MB destruction
Suen [106] (0.002- 0.04 0.5 100 Did not change the collagen arrangement across the sclera
1.8)"
Suzuki [107] (0.7)* 1 BL Interleukin delivery, T cell migration, and reduced tumor growth
Theek [80] 3.6 16 10 MM/ Increased extravasation and penetration into ECM
PoM
Van Wamel [85] 0.6,0.14 2.25, 0.75,5 1 0.016 ACT Increased extravasation
0.5
Wang [81] 1.7-6.9 1.8 1 0.1 0.0028 LM Increased penetration into ECM
Watson [108] 1.1,24 1.5 2,7,18 0.1-5 0.067 Increased nanoparticle delivery and reduced intratumoral
pressure
Wischhusen [109] 5.4 1.8 LM Delivered microRNA-loaded nanoparticles to tumor
Wood [45] (2.28)* 1,2,3 100 0] 25% reduction of tumor vascularity for 24 h
Wood [46] (22-24) 1,3 100 D Higher frequency amplified heating and vascular disruption
Wood [47] (2.1)* 1,2,3 3,6 100 D Decreased tumor vascularity and increased echogenicity
Wood [48] (2.4)* 3 100 D Antivascular treatment delayed tumor growth and increased
survival
Wau [60] 1 0.1 50 LM Blocked circulation for 30 min, restored after 1 h
Xiao [110] 1 1 10 0.01 0.2 X Reduced interstitial fluid pressure and improved drug
penetration in tumors
Yan [83] 19 2.25 10 0.001 10 NPM Increased extravasation
Yang [111] 0.5 1 0.001 10 10 USp Enhanced accumulation of natural killer cells in tumors
Yemane [59] 0.2-0.8 1 5 0.0005, 10 NPM Slower blood flow, altered blood flow direction, and
0.0001 extravasation
Zhang [112] 1,3,5 1 5 0.01 0.2 LM No change in collagen morphology in rabbit tumors
Zolochevska [113]  0.12 1 2 0.002 50 NY Cytokine delivery, reduced tumor growth

@ v oA W =

~

Peak negative pressure [MPa], * indicates intensity in W/cm?.

Center frequency [MHz].

Total treatment duration [min].

Pulse repetition frequency [kHz].

Pulse duration [ms].

Duty cycle (%).

If experiments were conducted with MBs; L - Levovist, O - Optison, D - Definity, SV - SonoVue, NC - Nanocups, V - Visistar (targeted), MM - MicroMarker, LM - lipid
MBs, PM - protein MBs, NPM - nanoparticle MBs, PoM - polymeric MBs, SM - surfactant MBs, ACT - Acoustic cluster therapy, BL — bubble liposomes, USp - USphere MBs.
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drugs in tumors is based on the EPR-effect, enabling nanomedici-
nes to extravasate across the capillary wall. However, the EPR-
effect has shown to be heterogeneous both within tumors and
between tumor types [71]. Furthermore, there are indications that
the EPR effect is more pronounced in fast-growing preclinical
xenograft models than in human tumors in patients [72,73], ques-
tioning whether the effect has clinical relevance. To bridge this gap
between preclinical and clinical tumors, Hansen et al. studied the
EPR effect in dogs with spontaneous tumors [74]. Six out of seven
carcinomas retained the intravenously injected liposomes,
whereas this occurred only in one out of four sarcomas, demon-
strating the heterogeneity in the EPR-effect between tumor types.
In clinical practice, the vascular permeability should be mea-
sured to identify patients that will benefit from cancer therapy
using drug-loaded NPs [75-77].

NPs and drugs might cross the capillary wall transcellularly or
paracellularly. Hydrophobic drugs can cross the plasma membrane
by passive diffusion, whereas hydrophilic drugs and NPs require
another mechanism, and endocytosis is reported to be an efficient
cellular uptake mechanism for NPs [78]. Recently, an extensive
study by Sindhwani et al. revealed that 97% of the circulating
NPs crossed the capillary wall in mice in an active transport
process through the endothelial cells and not through gaps
between the endothelial cells [4]. This behavior was confirmed in
various tumor models and using NPs of different sizes.
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Increased accumulation of various types of nanomedicine in
tumors exposed to FUS and MBs has been reported in many stud-
ies, and is suggested to be caused by enhanced vascular permeabil-
ity. Studies describing the effect of US and MBs on extravasation of
intravenously injected nanomedicine are listed in Table 1, and two
examples are presented in Fig. 3. Liposomes (Doxil) (diameter
approximately 80 nm) have been in clinical practice for more than
30 years. When exposed to FUS and the MB SonoVue, increased
tumor uptake of liposomal doxorubicin has been demonstrated
in subcutaneously growing colorectal adenocarcinoma [11] and
subcutaneously growing prostate adenocarcinoma [79]. Liposomes
injected immediately after administration of polymeric MBs (shell
of poly(butyl cyanoacrylate)) followed by FUS, also demonstrated
enhanced uptake in both pancreatic adenocarcinoma and epider-
moid carcinoma with a high and low stromal content, respectively
[80] (Fig. 3). In addition to liposomes, polymeric NPs are commonly
used, and PLGA NPs (poly(lactic-co-glycolic acid), diameter
116 nm) were found to increase their penetration into the ECM
of colon tumors after US treatment [81]. Furthermore, NPs on the
surface of MBs, either directly forming the shell [32] or conjugated
via a biotin-avidin linker [82], show potential for enhanced deliv-
ery of NPs. Polymeric NPs on the shell of MBs in a solution with
excess of free polymeric NPs (poly(alkyl cyanoacrylate), diameter
150 nm) showed increased uptake in subcutaneously growing
tumors after exposure to FUS [8,12]. Liposome-MB complexes

200s 10.00s 30.00s

Fig. 3. Sonopermeation with ultrasound (US) and microbubbles (MBs) causes increased extravasation and penetration of nanoparticles (NPs) into extracellular matrix (ECM).
(A) In vivo multiphoton imaging of NPs (red) and 2 MDa dextran (green) as a function of time after onset of US. The images show the kinetics of extravasation and penetration
into the ECM. (B) Extravasation distance quantified as a function of time. Figures A and B reprinted with permission from Yemane et al. [59]. (C) Distribution of NPs as a
function of distance into the ECM, treated tumors (dark grey) showed more NPs penetrating further into ECM than controls (light grey). * indicates statistical significance.
(D) Confocal laser scanning microscopy of tumor tissue showing blood vessels (red) and NPs (green). Figures C and D reprinted with permission from Theek et al. [80].
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loaded with paclitaxel also showed four-fold increased uptake of
paclitaxel into tumor tissue after exposure to FUS compared to free
paclitaxel and FUS [83]. Another promising approach for enhanced
drug delivery is novel MB platforms with prolonged circulation
time and cavitation activity. Acoustic Cluster Therapy (ACT®) gen-
erates large MBs through a phase shift of microclusters. The MBs
have a typical diameter of 25 pm and stay in the circulation for
up to 10 min [84], and combined with FUS were found to increase
uptake of the PEGylated macromolecule 800CW-PEG (25-60 kDa)
in a subcutaneous prostate cancer model [85]. Cup-formed NPs (di-
ameter 180-600 nm) entrapping surface nanobubbles demon-
strated cavitation activity for several minutes; Kwan et al.
showed that nanocups and FUS increased the delivery of fluores-
cent antibodies into ECM in tumors, and the nanocups did also
extravasate [28]. Although FUS and MBs improve extravasation
of NPs, there are examples where macromolecules might not need
FUS and MBs for successful extravasation. Intravenously injected
Evans blue, which binds to albumin, extravasated efficiently due
to the EPR effect, and applying US and MBs did not significantly
improve the accumulation in subcutaneously growing colon ade-
nocarcinoma [86]. However, in hepatoma using a similar US expo-
sure regimen, FUS and MBs enhanced the accumulation of Evans
blue-albumin in tumor tissue four-fold compared to Evans blue-
albumin alone [87], demonstrating the heterogeneity in vascular
permeability.

More direct evidence of how MBs and NPs behave during US
exposure can be obtained by intravital microscopy. In tumors
growing in dorsal window chambers, real-time intravital micro-
scopy during FUS exposure was performed [59] (Fig. 3). It was
demonstrated that extravasation occurred mainly in vascular
branching points, probably due to retention of MBs at such loca-
tions or because the vessel wall is more fragile near the branching
points. Smaller vessels were found to require higher acoustic pres-
sures to achieve extravasation than blood vessels with larger diam-
eters. Extravasation occurred throughout the 5 min US exposure
and were observed milliseconds to minutes after the onset of US
exposure. It was suggested that differences in blood vessel density,
organization, branching, and blood flow velocity can cause fluctu-
ations in the amount of MBs in the region exposed to FUS, thereby
affecting the location and onset time of the extravasation [88].

While improved extravasation after sonopermeation is well
documented, the exact mechanisms are not clear, but biomechan-
ical effects on the vessel wall generated by the oscillating MBs are
likely important. Caskey et al. reported that the oscillating MBs
formed tunnels in agarose gels with stiffness similar to soft tissue
[89], indicating a mechanism for increasing permeability of the
capillary wall. The tunnels were formed in the direction of the
propagating US wave and had a width up to 35 pm, depending
on the frequency and acoustic pressure. Oscillating MBs are shown
to cause microstreaming and shear stress. High-speed imaging of
the oscillating MBs suggests a “push-pull” mechanism of the
endothelial wall [90]. In addition, when the MB collapses in the
violent process of inertial cavitation, jet streams are formed that
can generate pores in the endothelial cells or increase the opening
between the endothelial cells [19,21,23].

Neither intravital microscopy nor the other in vivo studies men-
tioned above distinguished between paracellular and transcellular
extravasation. US and MBs are reported to enhance endocytosis
[91,92], thus transcellular passage through the endothelial cells
can take place both as a result of enhanced endocytosis and pore
formation on the endothelial surface. To study the effect of oscillat-
ing MBs on the endothelial layer and distinguish between transcel-
lular and paracellular extravasation, most studies have been done
in vitro using monolayers of cells, microfluidics, or gel phantoms
[93-95].
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To summarize the mechanisms of US-enhanced extravasation,
MBs oscillating close to the endothelial layer can cause
microstreaming, shear stress, jet streams, or shock waves, which
increase the space between the endothelial cells, form pores in
the plasma membrane of the endothelial cells, and increase
endocytosis.

2.3. Modifying the extracellular matrix and altering tumor pressures

After extravasation from the blood vessels, nanomedicines and
drugs must penetrate through the ECM to reach the cancer cells.
ECM can be a major component of solid tumors and can comprise
up to 60% of the tumor mass [114]. In tumors, the organization and
composition of the ECM differ from normal tissue [114]. The three
main constituents of ECM are collagen fibers, proteoglycans, and
glycosaminoglycans (GAGs) such as hyaluronan [115,116]. Type |
and III collagen are the most abundant ECM components and pro-
vide tensile strength to the tumor [115,117-120], while hyaluro-
nan resists compression [121]. Thus, the amount of collagen and
hyaluronan is particularly important for tumor stiffness [122].

The network of collagen, proteoglycans, and hyaluronan results
in a physical barrier limiting the transport of drugs and nanomedi-
cines. Collagen is reported to contribute to transport resistance,
and an inverse relationship between collagen content in tumors
and the interstitial diffusion of large macromolecules has been
found [123]. Hyaluronan is important for hydraulic conductivity,
which determines the interstitial flow through the network of
pores in the ECM, and hydraulic conductivity is less influenced
by the amount of collagen [124].

Cancer-associated fibroblasts (CAFs) are the main cells respon-
sible for changing the ECM composition of the tumor stroma
[125,126] and are associated with resistance to therapeutic drugs
[127,128]. Through interaction with tumor cells, CAFs can upregu-
late production of ECM components and induce structure modifi-
cations and remodeling [129]. Hence, many ECM constituents are
overexpressed and cross-linked, which results in a denser and stif-
fer ECM in tumors compared to normal tissue [114,117].

The rapid, uncontrolled proliferation of cells constrained by a
dense ECM can further hamper delivery of nanomedicine and
drugs in the tumor interstitium by increasing the tumor pressure.
Elevated pressure is present in most tumors [130-132] and can be
categorized into solid stress and interstitial fluid pressure (IFP)
[133]. Solid stress arises from non-fluid elements in the tumor
bulk. As the densities of cancer cells, stromal cells, and ECM con-
stituents increase within the restricted environment of the host
tissue, solid stress might develop [134]. It has been shown that
solid stress is related to tissue stiffness [122], but it should be
noted that these quantities are distinct mechanical properties of
the tumor [135]. The solid stress compresses compliant structures,
such as blood vessels and lymphatic vessels in the tumor interior.
Compressing blood vessels blocks oxygen, nutrient and drug sup-
ply to the tumor [43,136]. On the other hand, compressing lym-
phatic vessels reduces tumor drainage and increases IFP
[121,137]. Therefore, the accumulation of solid stress limits both
vascular and interstitial transport.

The fluid and plasma leaking from hyperpermeable blood ves-
sels into the interstitial tumor space are unable to drain or perco-
late to the surrounding normal tissue due to the dysfunctional
lymphatic system and dense ECM [138]. Thus, excess fluid accu-
mulates in the tumor interstitium, and the IFP increases to the level
of microvascular pressure [139,140]. The increased IFP eliminates
fluid pressure gradients and consequently limits movement of
drugs through convection, rendering diffusion the main mecha-
nism of delivery of drugs and nanomedicine in tumor interstitium
[115-117,138]. Alleviation of solid stress and IFP by a range of
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chemical and physical treatments has been demonstrated to
improve drug delivery to the tumor interstitium [141-145].

FUS and circulating MBs are shown to improve the penetration
of NPs and drugs into the interstitium [8,9,11,79,80] (Fig. 3). The
average penetration of NPs from the blood vessel wall is in several
studies found to be in the range of 50-60 pum, whereas the penetra-
tion without FUS is typically 10-30 pm [59,79,80] (Fig. 3). Combin-
ing US and MBs allows for local cavitation of the MBs in the vessels,
leading to mechanical effects on the capillary wall. However, it is
not clear how MBs, being constrained in the vasculature due to
their size (diameter 2-3 pm), can affect the tumor ECM. Using
high-speed imaging, Chen et al. observed that MBs, oscillating in
the capillaries, correlated with vessel distention and invagination,
indicating vessel oscillation [97]. This can potentially affect the
perivascular area, improving delivery of drugs through the ECM,
as observed by the perivascular pump driven by arterial pulsation
[146]. This is clearly a topic that needs further investigation.

The successful delivery of NPs clearly demonstrates that sonop-
ermeation facilitates transport through the ECM, suggesting
remodeling of the ECM. Studies describing the effect of US and
MBs on ECM are listed in Table 1. To our knowledge, there is only
one study reporting a correlation between enhanced drug uptake
and disruption of collagen fibers [102]. Li et al. demonstrated that
when applying pulsed high-intensity FUS and MBs in a pancreatic
transgenic mouse model, enhanced tumor uptake of doxorubicin
was observed in tumor areas displaying damaged collagen fibers
[102]. The collagen fibers seemed disorientated and fringe, and
the dense collagen bundles were separated.

As most MBs will not enter the ECM, studies applying FUS with-
out MBs can also be helpful for providing information on whether
FUS influences ECM composition and structure. Studies in both
tumor and non-tumor tissue have been reported. Pulsed high-
intensity US decreased the amount of collagen in lung carcinoma
in mice, which correlated with increased tissue penetration of
NPs [101]. Furthermore, in calf muscle in mice, high-intensity
FUS increased the penetration of NPs, and gaps between the mus-
cle fiber bundles were observed. The gaps were transient, they
appeared largest immediately after US exposure and disappeared
after approximately three days. These observations were explained
by the weak connections between muscle fiber bundles being
exposed to shear strain induced by acoustic radiation force. Ther-
mal effects could not explain the gaps [99]. Low-intensity pulsed
US has shown promising effects in articular cartilage, particularly
for chondrocytes in patients with osteoarthritis, and might be used
in bone healing. One possible mechanism is that US induces carti-
lage matrix synthesis and an increase in collagen II. Remodeling of
the proteoglycan aggrecan and a decrease in the expression of met-
alloproteinases have been found [104]. Low-intensity pulsed US is
also reported to deliver macromolecules to the posterior segment
of the eye via the transscleral route. Sclera consisting of collagen
fibrils, proteoglycans, and elastin, represents a delivery barrier,
and US was shown to increase the scleral permeability for macro-
molecules, whereas the scleral collagen fiber arrangement
remained unchanged [106]. The collagen fibers were measured
three days after treatment by the second-harmonic generating
(SHG) signal, and potential changes in the collagen structure might
not be detectable at this optical spatial resolution and late time
point.

Enzymatic degradation of collagen [101] and hyaluronan [147]
reduces IFP in tumors growing in mice and improves tumor uptake
of macromolecules and liposomes. However, it is unclear whether
US exposure relevant for US-mediated delivery of drugs will
change IFP. There are two studies using high US intensities report-
ing changes in IFP. Zhang et al. reported that US and MBs changed
the IFP depending on the US pressures [112]. For the lowest
(1 MPa) acoustic pressure, the IFP increased somewhat, while the
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middle (3 MPa) and highest pressure (5 MPa) decreased IFP. The
reduction in IFP was reported to occur without any significant
changes in the collagen structure and content. However, hetero-
geneity in collagen structure and limited spatial resolution might
hamper the detection of any changes in the collagen structure.
Interestingly, increasing amount of collagen fibers was found to
correlate with increased IFP. In a similar study using the same US
parameters except increasing exposure time from 5 to 10 min, Xiao
et al. reported that 1 MPa US in combination with MBs reduced IFP
and improved drug penetration [110]. MBs were needed to observe
any reduction in IFP, as US alone did not change the IFP [112]. As
US exposure for more than 5 min will probably destroy all MBs,
the reduction in IFP observed by Xiao et al. could be caused by
hyperthermia. US-induced hyperthermia increasing the tempera-
ture up to 42 °C for 5 min was found to reduce the IFP [108]. In this
study, US also reduced IFP after the mice were euthanized, and the
authors suggested that the reduction in IFP was not solely caused
by changes in blood flow but likely due to changes in the ECM.
Measuring potential changes in IFP using US exposures clinically
relevant for drug delivery is needed.

No papers have been published to uncover the effect of US and
MBs on solid stress. Nieskoski et al. showed that solid stress consti-
tuted the major part of the overall tumor pressure compared to IFP
[148]. The relationship between stroma, IFP, and solid stress indi-
cates that sonopermeation could alter solid stress.

To summarize the mechanisms of US-improved penetration of
nanomedicine throughout the ECM, oscillating MBs can cause the
capillary wall to oscillate and improve transport in the perivascular
space, and the ECM and collagen structure are probably remodeled.
However, more research is needed to clarify these possible mech-
anisms, as well as the effect of US and MBs on solid stress and IFP.

3. Inducing an immune response

It has been widely recognized that the immune system repre-
sents both a barrier to efficient cancer therapy and a therapeutic
opportunity. Evading destruction by immune effector cells and
maintaining a tumor-promoting inflammation are both hallmarks
of cancer [149]. Tumors can be heavily infiltrated by immune cells,
especially tumor-associated macrophages (TAMs) and regulatory
T-cells, which downregulate cytotoxic T lymphocytes and promote
both tumor growth and metastasis [ 150]. TAMs are also scavengers
of nanomedicine and have been shown to engulf a substantial part
of the nanomedicine accumulating in a solid tumor [151,152]. The
presence of immune cells in the tumor is a sign of an initial
immune response to cancer cells and a latent potential for
immune-mediated cytotoxicity.

US has been described with multiple applications within the
umbrella of immunotherapy, and its role to overcome the barrier
the immune system represents was recently reviewed by Deprez
et al. [38]. In the present review, we rather describe the therapeutic
potential of using US and MBs to induce an immune response and
efficiently deliver immunotherapeutics (Fig. 4). Studies describing
immune effects induced by US and MBs are listed in Table 1. Appli-
cations of US in immunotherapy include both delivery (e.g. in vitro
gene delivery, in vivo immunotherapeutics delivery) and direct
effects (e.g. mechanical agitation, thermal ablation, and boiling his-
totripsy) as reviewed previously [38,153,154]. Sonopermeation is
far less explored for immunotherapeutic applications than thermal
ablation, and the current literature is not clear on the immuno-
genicity induced by US exposures used in drug delivery. Multiple
studies have shown that violently collapsing MBs can create dam-
age and inflammatory signaling (Fig. 4A). Liu et al. showed that
sonopermeation could suppress tumor growth by causing an infil-
tration of cytotoxic T-cells (Fig. 4C), although using higher pres-
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Fig. 4. Application of focused ultrasound (FUS) and microbubbles (MBs) for immunotherapy. (A) Schematic showing tissue damage from MBs creating tumor antigens and
inflammatory cytokines. (B) Schematic showing delivery of exogenously administered inflammatory cytokines. (C) Increased CD8* T-cells following FUS and MBs,
significantly delayed tumor growth in a murine model of colorectal cancer. Figure C adapted with permission from Liu et al. [103]. (D) Increased T-cell infiltration and
impaired tumor growth after sonopermeation and administration of IL-12 in a glioma model in rats. * indicates statistical difference. Figure D adapted with permission from

Chen et al. [98].

sures than used by most groups (mechanical index up to 1.4) [103].
Concordantly, Hunt et al. found that blood vessel destruction by
violently oscillating MBs induced an immune response and
increased T-cell infiltration in the tumor [54], Song et al. found
inflammatory signaling after MB destruction in a model of ische-
mia [105], and Kovacs et al. showed that sterile inflammation
was present in the brain after blood-brain barrier (BBB) opening
with FUS and MBs [155].

The potential of US and MBs to induce immunogenicity and
tumor homing by immune cells was studied by Yang et al., who
showed increased tumor accumulation and therapeutic effect of
adoptively transferred natural killer cells following US and MBs
in a model of ovarian cancer [111]. Improved delivery or homing
of adoptively transferred immune cells have also been reported
in brain tumor models after BBB opening [156,157]. These few
studies indicate that MBs oscillating in an US field can cause suffi-
cient damage to induce a local immune response and should be
evaluated in more detail to understand how this damage can be
exploited.

An indirect way of overcoming the anti-inflammatory tumor
microenvironment with US is by improving delivery of
immunotherapeutics (Fig. 4B). This was recently done by Bulner
et al, who combined an anti PD-1 antibody with US and MBs
and achieved prolonged survival in mice with a model of colorectal
cancer [96]. However, the effect was not believed to be due to
improved delivery, but rather due to the effects of checkpoint inhi-
bition in combination with destruction of the tumor vasculature by
US and MBs. Other more experimental therapeutics have also been
delivered using sonopermeation. Multiple groups have delivered
inflammatory cytokines or cytokine-encoding genes locally and
have observed increased CD8" T-cell infiltration and therapeutic
benefit [98,107,109,113,158] (Fig. 4D).

It is known that induction of local damage and an immune
response in a tumor can give systemic immunity and clearance
of metastases by the abscopal effect from radiation therapy
[159]. Studies mentioned above point in the direction that sonop-
ermeation can create local inflammation that can trigger the
release, uptake, and presentation of tumor antigens and facilitate
a systemic response. This application would expand the potential
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use of therapeutic US substantially and should be thoroughly
investigated.

4. Clinical impact and outlook

Promising preclinical studies have initiated several clinical tri-
als to assess the therapeutic effect of applying FUS in the presence
of MBs combined with various drugs. In most of the clinical stud-
ies, the MBs injected are clinically approved contrast agents such
as SonoVue or Sonazoid. Two similar ongoing studies in patients
with colorectal cancer and liver metastases treat patients with
standard chemotherapy, inject SonoVue and apply US towards
the selected liver metastasis. The sizes of treated and untreated
liver metastases are monitored by CT (ClinicalTrials.gov identifier
NCT03458975 and NCT03477019). Such studies will give impor-
tant knowledge to what extent US and injected MBs improve
chemotherapy. Furthermore, patients with inoperable pancreatic
tumors are treated with standard chemotherapy (Gemcitabine or
FOLFIRINOX) in two ongoing and one to-start study
(NCT04821284, NCT03458975, NCT04146441). Pancreatic tumors
are characterized by a dense desmoplastic stroma forming a phys-
ical barrier that effectively hinders systemically administered
drugs from reaching cancer cells. Thus, applying FUS and MBs
might be a good approach to break this barrier and improve
chemotherapy. In a phase 3 trial, breast cancer patients are given
US and SonoVue neoadjuvant chemotherapy (NCT03385200).
Additionally, enhancing the effect of ionizing radiation by FUS
and intravenously injected MBs is assessed in patients with head
and neck tumors (NCT04431648) and chest-wall and locally
advanced breast cancer (NCT04431674). The motivation for these
trials is preclinical studies demonstrating a synergistic-additive
effect of radiotherapy and sonopermeation, but the mechanisms
behind the sensitization are still unclear [160]. US and MBs are also
used to improve radioembolization based on yttrium-80
microspheres in patients with hepatocellular carcinoma
(NCT03199274). Various preclinical studies have demonstrated
that FUS and MBs increase the permeability of the BBB [157,161-
165], and several clinical studies to treat brain cancer are also
ongoing (NCT04804709; NCT04528680, NCT04417088,
NCT04440358).

Currently, only a few clinical trials have published their results.
A phase I study including ten patients with inoperable pancreatic
cancer treated with gemcitabine combined with SonoVue and US
is completed [15]. No additional toxic effects were observed com-
pared to gemcitabine treatment alone, and in five patients, the
maximum tumor diameter decreased. Promising results were also
shown in eleven patients with tumors in the digestive system and
liver metastasis. The patients received chemotherapy before Sono-
Vue was injected, and the tumor received US [16]. In addition,
three phase 1-2 clinical studies opening the BBB in patients with
glioma show that the BBB opening was safe and the patients toler-
ated the treatment [166-168].

To obtain efficient and safe translation to the clinic, there are
some safety issues to consider when performing treatments with
US and MBs. To have MBs circulating throughout the treatment
period, multiple injections are often given. One strategy to achieve
prolonged circulation could be to coat the diagnostic MBs, how-
ever, this should be avoided since coating of MBs (e.g. poly(ethy-
lene glycol) (PEG) or avidin) is reported to induce an immune
response [19,169]. Rather, novel MB platforms with long circula-
tion times designed for therapeutic purposes should be developed.
Monodisperse MBs have been shown to be very efficient as they
will have a more reproducible and efficient cavitation response
[38,170]. It might also be an advantage to have larger bubbles than
the typical contrast agents of 2-5 pum in diameter. A larger MB will
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cover more of the vascular wall, and effects such as microstream-
ing, jet formation, and endocytosis might be enhanced [84]. Large
MBs are formed through Acoustic Cluster Therapy (ACT®) based
on phase-shifting of microclusters, and these bubbles can lodge
in capillaries for up to 10 min [27,85]. Microsized MBs are con-
strained to the vasculature, whereas nanosized bubbles or bubble
precursors being acoustically vaporized to undergo a phase shift
into a gas bubble after entering the ECM, are an interesting
approach for more efficient delivery of drugs and NPs [29-31].
Nanocups entrapping nanobubbles were shown to both extend
the circulation time/cavitation activity and to extravasate into
the ECM and cavitate in the proximity to the cancer cells [28].
Another approach to increase drug delivery locally could be to
use actively targeted MBs, which are retained at the target [35].
Recently, several groups have also loaded the MBs with drug for
increased efficacy [33,34].

Novel MBs will require different US frequencies, pulse lengths,
and acoustic intensities than can be obtained using diagnostics
US scanners and transducers. The optimal frequency is lower than
that used in US imaging and is typically in the range of kHz to a few
MHz. Larger MBs require lower frequencies closer to their reso-
nance frequency [171]. Another advantage of using lower frequen-
cies is that the US waves will penetrate deeper into the tissue, as
less acoustic energy is attenuated [172]. Focusing the US beam also
deposits the energy further into the body and within the tumor
[173]. Thus, depending on the location of the tumor and the MB
platform, the design of the US transducer should be optimized. Fur-
thermore, dual-frequency transducers using a high frequency for
imaging and localizing the tumor to be treated, and a lower fre-
quency for improving drug delivery, will be useful. The optimal
acoustic intensity, pulse length, and pulse repetition frequency
depend on the location of the tumor and the type of MB used.
These parameters need to be optimized to achieve efficient deliv-
ery of the drug while avoiding damage such as severe vascular rup-
ture and bleeding. Including cavitation detection through real-time
feedback monitoring can allow the treatment to be adjusted for
each individual tumor, ensuring sufficient acoustic intensities
and avoiding damage. There is clearly an urgent need for US trans-
ducers dedicated for drug delivery.

5. Conclusion

Preclinical studies demonstrate that applying US and MBs
improves delivery of various therapeutic agents to solid tumors,
and successful therapeutic outcomes are achieved. Two recently
published clinical trials also indicate no severe side effects, and
reduced tumor size in some of the patients. To optimize the treat-
ment of cancer, it is essential to understand the underlying mech-
anisms and how to overcome physical barriers for successful
delivery of therapeutic agents. Thus, more knowledge on the effect
of sonopermeation in all steps in the delivery process is needed.
This especially applies to how US and MBs facilitate transport
through ECM, as this is the least studied step in the delivery pro-
cess. The indications that sonopermeation induces an immune
response, and possible advantages of combining sonopermeation
and immunotherapy, also need further investigations. The preclin-
ical and clinical studies have revealed large variations in the ther-
apeutic response, and we need to know which parameters are
critical for successful delivery of drugs and nanomedicine. This
includes both tumor characteristics such as vascularization, blood
vessel permeability, ECM composition and structure, hydraulic
conductivity, solid stress, IFP, and immune status, as well as prop-
erties of the therapeutic agents. Stratification of cancer patients
based on the tumor properties is essential to ensure that FUS and
MBs are offered to patients that can benefit from such therapy. Fur-
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thermore, optimization of US parameters and transducers must be
done, and knowledge about maximum US pressures and pulses
that can be applied safely are needed. MBs tailored for therapeutic
purposes could improve the efficacy of the treatment. The many
ongoing and planned clinical trials indicate that within the next
few years, valuable new information on the efficacy of US-
mediated delivery of therapeutic agents, therapeutic response,
and potential side effects will be obtained, which can result in a
new clinical practice for improved cancer therapy.
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