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Abstract

Cancer is one of the world’s leading cause of death, even though immense progress has
been made in the field of cancer research during the last few decades. Although conven-
tional chemotherapy is still one of the most important treatment modalities, it is limited
by its lack of specificity and the insufficient accumulation of chemotherapeutic agents
in deadly tumor cells. Drug nanocarriers can enable more targeted delivery to minimize
side effects on healthy tissue and to improve efficacy. Cancer therapy using this approach
is limited, however, by uneven drug delivery through blood vessels, heterogeneous drug
transport into the tumor interstitium from the vascular compartment, and obstructed
transport through the tumor interstitium to the target cells. Recently, ultrasound (US)
has been demonstrated as a noninvasive therapeutic modality and has shown promising
results in enhancing therapeutic efficacy when used in combination with drug nanocar-
riers. Through various mechanisms, US alone or combined with MBs can produce a
variety of biological effects on tissue that can result in transiently enhanced permeability
of biological barriers, including blood vessel walls, the extracellular matrix (ECM), cell
membranes, and the blood-brain barrier, facilitating improved drug delivery efficacy in
tumor sites. Despite the promise of US by itself and/or combined with MB-enhanced
drug delivery, a full understanding of how US alone and alongside injected MBs improves
the therapeutic effect of drugs against tumors is lacking.

In this thesis, a nanocarrier delivery study assessing the performance of the com-
bination of US with nanoparticles (NPs), NP-stabilized microbubbles (MBs) (NPMB)
or commercial contrast agents (SonoVue) in overcoming the natural barriers, including
blood vessel walls and the ECM, to the extravasation and transport of NPs as a model
therapeutic agent is conducted. US-induced cavitation in the vasculature and the be-
havior of the nanoscale particles injected together with MBs were observed in real time
during US exposure with an optoacoustic setup. The recorded images revealed the impor-
tance of the acoustic, MB, and vascular parameters. We found significant extravasation
and penetration of NPs under the range of pressures applied, and in general, the extrava-
sation took place at vessel branching points. A higher mechanical index is required to
achieve extravasation from smaller blood vessels than from larger vessels. Moreover, US
alters NP flow velocity and blood flow direction. Furthermore, the penetration depth and
rate of nanoscale particles in the ECM increased with increasing mechanical index. In
addition, we investigated the impact of US and MBs on the ECM and found insignificant
changes in the collagen content and structure for the acoustic pressures applied.

The acoustic radiation force (ARF) can translate particles or tissues; thus, the po-
tential of ARF for affecting the transport and distribution of the NPs in solid tumors
and in collagen gel was investigated. We found that the mechanical effect of US through
ARF and acoustic streaming improved the transport of NPs across the blood vessels and
enhanced the microdistribution of NPs in the tumor ECM. This penetration of the NPs
might facilitate enhanced therapeutic efficacy against tumor sites. However, we found
no effect of ARF on the transport of NPs in the tissue-mimicking collagen gel phantom,
whereas a large deformation of the collagen gel was found for the acoustic parameters



tested. ARF could play an important role in overcoming the barriers created by the
vasculature and ECM if the US parameters are well optimized.

Using several experimental investigations, important insights were gained concerning
the mechanisms involved in the nonthermal effect of US on enhancing drug delivery. In-
terestingly, the results are highly useful for understanding the mechanisms, optimizing
the US-mediated delivery of NPs and supplying important insights for future studies. It
is also noted that the US-mediated drug delivery of nanocarriers across biological barriers
can enhance cancer treatment.
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1 INTRODUCTION 1

1 INTRODUCTION

1.1 Background

Cancer is a group of diseases resulting from uncontrolled cell growth with the potential
to invade or spread to other parts of the body. These tumors are called malignant
tumors, in contrast to benign tumors, which do not spread to other parts of the body.
According to the World Health Organization, cancer is one of the world’s leading causes
of death and is accountable for an estimated 9.6 million deaths in 2018 [1]. This high
mortality primarily results from a lack of effective therapy against many cancer types.
The most routinely used treatments of cancer include chemotherapy, radiation therapy,
and surgery. Unfortunately, the effectiveness of current cancer treatments depends on
the early diagnosis and the type of cancer. Both chemotherapy and radiation therapy
lack specificity towards the tumor tissue, and surgical intervention cannot always be
successful without a certain risk of complications within the surrounding healthy tissue
or with removing the whole cancer tissue. Hence, the development of an alternative
treatment method that minimizes the unwanted side effects on healthy tissue is desired.

Chemotherapy is a systemic treatment and is used to treat metastatic malignancies,
inoperable tumors, circulating tumor cells and radiotherapy-resistant tumors. Chemother-
apeutic drugs are administered systematically to the body to kill cancerous cells. Since
chemotherapeutic drugs are distributed throughout the body, they affect both healthy
and cancer cells [2]. Moreover, chemotherapeutics also have an unfavorable biodistribu-
tion in tumors and are generally rapidly removed from the body by renal filtration due
to their low molecular weight [3-5]. Thus, the dose achievable within the solid tumor
is limited, resulting in far from optimal treatment. Although conventional chemother-
apy is still one of the most important treatment modalities, an alternative drug delivery
system that overcomes the lack of specificity and the insufficient dose of conventional
chemotherapeutic agents is needed.

Improvements in the therapeutic index (ratio of therapeutic benefit to side effects) of
drugs have been sought by encapsulating chemotherapeutic drugs in nanocarriers. Such
a delivery system could minimize exposure to healthy cells and simultaneously increase
the concentration of chemotherapeutics specifically at the tumor site; hence, it can result
in enhanced treatment efficacy with reduced side effects [3]. However, nanocarrier-based
cancer treatment is not always successful, and an improved therapeutic response has not
been demonstrated in the clinic [5, 6]. For example, a recent meta-analysis of the last ten
years of publications found that only 0.7% of the injected NPs accumulated in the tumor
[7]. This finding indicates that sufficient amounts of drugs may not reach all parts of the
tumor to kill all cancer cells. It has been reported that drugs and macromolecular an-
ticancer agents (nanocarriers, antibodies, and viral vectors) administered intravenously
face several hindrances created by the tumor microenvironment before reaching the tumor
cells, thereby complicating efficient delivery. The aspects of the tumor microenvironment
that complicate efficient delivery include the vasculature, interstitial fluid pressure, and
multifactorial increase in the composition of the extracellular matrix (ECM) [6, 8-12].
Having a specific nanosize or functionality alone might not be enough to guarantee good
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drug delivery to target tumors. The tumor microenvironment is too complex to over-
come [6, 13]; thus, a strategy for overcoming these barriers either by modifying the
physicochemical properties of a drug or nanocarrier, such as molecular weight, shape, or
charge, or by modulating the tumor microenvironment itself to enhance the delivery and
effectiveness of drugs in tumors is needed.

Different approaches have been explored to increase the tumor accumulation and
cellular uptake of drugs and drug delivery systems [14-16]. In recent years, in addition
to drug-encapsulating nanocarrier strategies, nanocarriers responsive to locally applied
external physical stimuli, such as ultrasound (US) [17-20], light [21] and magnetic fields
[22], have been developed to deliver drugs or genes to targeted tumor locations. Among
these methods, due to its nonionization and noninvasive nature and its potential to
reach considerable depths inside the body with high spatial precision compared to most
external stimuli, US has attracted much attention for such purposes in recent years [23].
US with or without US contrast agents (UCAs) has shown its potential for enhancing the
delivery of drugs and drug carriers to the whole tumor with drug delivery systems. US
exposure in the presence or absence of MBs has been previously used in several preclinical
applications in small animals [24-28]. Importantly, US alongside MBs was used recently
in clinical trials to investigate its feasibility in the treatment of pancreatic and liver cancer
patients [29, 30]. However, although various mechanisms have been proposed, the exact
mechanisms remain to be resolved.

1.2 Nanocarriers in dug delivery

A nanocarrier is a nanomaterial composite that is used as a transport module for another
substance, such as a drug or an imaging agent, to specific targeted regions. Since the
advancement of nanotechnology, multifunctional nanocarriers have been developed for
such applications. They have improved the diagnostics and therapy of various diseases
by incorporating contrast agents for imaging and drugs for therapy [31-33]. For clinical
use, nanocarriers should be made from a material that is biocompatible (nontoxic and
non-immunogenic), well characterized, easily functionalized and preferably biodegrad-
able. Some of the commonly used types of nanocarriers include liposomes, polymeric
nanoparticles (NPs), micelles, antibodies, and microbubbles (MBs). They are designed
with various materials, such as polymers, lipids, and proteins, and with different sizes,
typically from 50-300 nm [34]. Drugs, fluorescent dyes, contrast agents or targeting
ligands can be encapsulated or bound to their surface. A schematic overview of a multi-
functional NP, as an example of a nanocarrier platform, is illustrated in Figure 1.
Nanocarriers have been shown to offer many advantages over free drugs if they are
designed in such a way to prevent rapid degradation in the circulation and rapid re-
nal clearance [2]. Based on the enhanced permeability and retention (EPR) effect (see
section 1.3 for a detailed description of the EPR effect), nanocarriers may extravasate
through the leaky blood vessels in tumors, where they are preserved due to a lack of
lymphatic drainage [2]. In addition, if they are designed to be responsive to internal
or external stimuli, delivery of the drugs and nanocarriers into the target regions can
be enhanced via nanocarriers releasing their contents upon stimulation [35, 36] and/or
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via external stimuli (e.g., US alone or combined with MBs) manipulating the biological
barriers [17-19, 37]. Several therapeutic nanocarriers have been approved for clinical
use [38]. However, currently, there are only a few clinically approved nanocarriers that
incorporate molecules for selectively binding or targeting cancer cells [2].

1.2.1 Polymeric NPs

NPs have been widely used as nanocarriers in recent years, and polymers are the most
promising and commonly explored materials for synthesizing NPs. The main character-
istic that gives polymeric NPs advantages over other carriers is their ease of synthesis,
high therapeutic agent loading capacity, biodegradability, biocompatibility, and improved
reproducibility[39]. They can be synthesized for multiple functionalities by combining
tumor-targeting agents (such as binding small peptides and antibodies), tumor imag-
ing agents (encapsulation of metals such as iron oxide, gold, and gadolinium as MRI or
fluorescent probes for optical imaging) and tumor therapeutics (encapsulation of anti-
cancer drugs). Polymeric NPs made for drug delivery have shown significant therapeutic
potential in recent years [33, 35, 39]. Therapeutic agents can be dissolved, entrapped,
encapsulated or attached to the NP matrix (Figure 1). The NPs can be made slowly
degradable, stimuli-responsive (biological, mechanical or thermal triggering source such
PH, light, US), and even targeted, for example, by conjugating them with specific ligands
that interact with a receptor that is characteristic of the area of interest. Many multi-

functional polymeric NPs are now in various stages of preclinical and clinical development
[34, 38, 40, 41].

@ NP
-o< Poly (ethylene glycol) PEG

Contrast agents such as
fluorescent dyes

® Drug
Antibodies

Figure 1: A schematic overview of a multifunctional NP platform.
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1.2.2  Poly(ethylbutyl cyanoacrylate) (PEBCA) NPs

In this thesis, a polymeric NP formulation that consists of PEBCA NPs was used. They
are synthesized by miniemulsion polymerization of alkyl cyanoacrylate monomers com-
monly used in medicine as tissue glues. The monomers are hydrophobic; hence, PEBCA
NPs are well suited for the encapsulation of hydrophobic drugs [42].

A polyethylene glycol (PEG) coating increases NP circulation time by decreasing
excretion by the reticuloendothelial system (RES) [6]. The bioavailability of NPs for
imaging and therapy is increased by minimizing their accumulation in the liver and spleen.
The effect of PEG on increasing the hydrophilicity of the agent also makes NPs more
soluble in body fluids [6]. Moreover, the formulation has the potential to encapsulate
dyes, hydrophilic drugs for therapy, or magnetic resonance imaging (MRI) contrast agents
for imaging. This particle formulation can also be endowed with multifunctionality by
extending the NPs’ ability to encapsulate gas and thereby stabilized MBs that can serve
as contrast agents or cavitation nuclei (see section 1.7.2) [42].

1.3 Targeted drug delivery

Targeted drug delivery of chemotherapeutics is an emerging area in the field of cancer
treatment research. Several approaches, such as passive targeting, active targeting, and
triggered drug delivery, are currently being evaluated to achieve local delivery to tumor
cells [3, 4, 14, 20].

Passive targeting is one of the most common approaches for targeted delivery of drugs
to tumors and benefits from the EPR effect. The EPR effect enables the accumulation
of nanocarriers in tumor tissue to a much greater extent than in normal tissues because
tumors have leaky blood vessels and poor lymphatic drainage. The rapid formation of
abnormal blood vessels (angiogenesis) increases the permeability of the blood vessels
in the tumor, allowing extravasation of nanocarriers, and the dysfunctional lymphatic
drainage in tumors continues to retain the accumulated nanocarriers and allows them to
release drugs locally into the tumor cells [2]. A pore cutoff size ranging between 380 nm
and 780 nm has been observed in a large number of tumors [43]. However, due to the
heterogeneity of the tumor vasculature within and among tumor types, the existence and
clinical application of the EPR effect in humans are in doubt [5, 44-46].

Another approach that makes use of the EPR effect for improving the specificity of
the drugs is active targeting. In this approach, drug delivery systems can actively bind
to and subsequently be internalized into tumor cells using specific antibodies or other
ligands that recognize tumor-associated receptors, which are either uniquely expressed or
overexpressed on the target cells relative to normal cells [2, 5, 44]. Since ligand-receptor
interactions are highly selective, this approach could allow more precise targeting of the
region of interest, and it minimizes the undesired and strong side effects of cancer therapy.
However, despite benefiting from the EPR effect, the transport of NPs (or nanocarriers)
from the vasculature into tumors is still suboptimal [5 7].

The third approach for increasing the specificity is the use of triggered drug delivery
with stimuli-responsive nanocarriers or modulation of the microenvironment by an ex-
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ternal stimulus [15, 47], as described in sections 1.1 and 1.2. In this thesis, the focus is
more on US-mediated modulation of the microenvironment for enhancing the transport
of nanocarriers and (to some extent) for releasing therapeutic agents from nanocarriers
to improve the delivery of nanomedicines.

1.4 Barriers to drug delivery

Most solid tumors are composed of proliferating tumor cells, angiogenic vessels and ECM,
which are different from healthy tissue. Oftentimes, less than half the volume of a tu-
mor is occupied by cancer cells [48]. The remaining volume is occupied by blood vessels
(1-10 % of the tumor volume) and the interstitium [48]. After chemotherapeutic drugs
and nanocarriers are administered intravenously, they travel through the bloodstream
to reach their targets. To destroy the tumor completely, the therapeutic agents must
distribute throughout the tumor with a high enough dose and enter into target cells.
Hence, they have to pass several biological barriers, including the vasculature, intersti-
tium, cell membrane, and others, to reach the target [8, 49-51]. An illustrated overview
of the normal and tumor microenvironments and the physical barriers to drug delivery
is shown in Figure 2.

1.4.1 Vasculature

The vasculature plays a crucial role in tumor growth and metastasis and drug delivery.
One of the major barriers to delivery of the administered drug and nanocarriers is the
vasculature. Drugs and drug carriers must travel through the circulation and extravasate
from the vasculature to reach the tumor cells. However, a tumor blood vessel is highly
heterogeneous in distribution and has several abnormalities in comparison with normal
vessels, often including relatively atypical branching, organization, diameter, and length
[33, 52-54]. These abnormal organizations and structures of the tumor vasculature result
in torturous and leaky vessels and rather heterogeneous blood flow, leaving parts of
tumors that are very poorly perfused [48]. In addition, proliferating tumor cells can
generate solid stress on the blood vessel that will impair blood flow [49]. Compared
to the distance from the blood vessels in normal tissue, the mean distance between the
tumor cells and the blood vessels is increased, leading to a reduction in blood vessel
density and limiting the access of drugs to distant tumor cells. Hence, for drug delivery
systems, the first barrier to overcome to realize the delivery of uniform and sufficient
levels of anticancer agents to cancer cells is the tumor vasculature.

Once chemotherapeutic drug nanocarriers have been delivered intravenously, the per-
meability of the vasculature walls is critical for delivering the drug to the target tissue.
The permeability of the tumor vessels is shown to be higher than that of normal vessels,
but these vessels are heterogeneous with abnormal distribution, leaving avascular spaces
of varying sizes [55].
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Figure 2: The normal tissue has narrow vessel pores and lower cell density, whereas
tumors have relatively leaky blood vessels with dysfunctional lymphatic drainage, higher
interstitial fluid pressure, and higher cancer and stromal cell density. The tumor vessels
also have wide and irregular pore sizes, and tumors undergo angiogenesis. This figure
also illustrates the obstacles to delivery in tumors, including the blood vessel walls, the
interstitium, and the cell membranes.

1.4.2 Extracellular matrix (ECM)

Another barrier that can limit the interstitial transport of drug carriers and, as a result,
prevent the sufficient and uniform distribution of anticancer agents is the ECM. After
crossing the blood vessel wall, the drug carriers must travel through the tumor ECM and
enter the target cancer cells. The ECM is a structure that surrounds cancer cells and
can separate them from blood vessels. It provides essential physical scaffolds to maintain
tissue structure as well as various biochemical signals to modulate cellular function.
It is mainly composed of mesenchyme (fibroblasts and inflammatory cells), a complex
assembly of collagen and elastic fiber networks, and within this cross-linked structure
are the interstitial fluid and macromolecular constituents, such as glycosaminoglycans
(hyaluronate) and proteoglycans, which form a hydrophilic gel [56]. The ECM in tumors
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is usually more extensive than the ECM of healthy tissue [48] because fibroblasts are
upregulated by the tumor microenvironment and deposit fibers that further augment
the density of the ECM [10]. ECM compositions play a major role in hampering drug
penetration [10, 57].

Collagen is the most abundant protein in the ECM [58]. Collagen content and struc-
ture are key determinants of macromolecular transport in tumors [59]. It can influence
ECM hydraulic conductivity [59] and can physically obstruct the transport of nanocar-
riers by trapping them in the network, especially when the sizes of nanocarriers, for
example, are larger than the space between the fibers [60]. Another ECM component,
hyaluronic acid, which is in the stromal compartment of the ECM, increases the tough-
ness of tumor microenvironment tissue, making the penetration of nanocarriers and drugs
difficult [59].

The main mechanisms for the movement of small and large molecules in the ECM are
diffusion and convection. However, convection is poor due to interstitial fluid pressure
(see section 1.4.3), so diffusion becomes the main mechanism for transporting molecules
into cells. Diffusion of large molecules in tumors has been correlated with collagen con-
tent and organization [59]. It is believed that diffusion within the tumor ECM is not
efficient for delivery [51, 59]. The diffusion of nanocarriers is also considerably hindered
by interactions with the ECM. As a result of these hindrances, considerable efforts have
been made to modify the ECM to enhance the interstitial transport of large agents. For
example, treating with the ECM enzymes such as collagenase or hyaluronidase chemi-
cally disrupted the collagen fibers or hyaluronic acid and increased interstitial transport
of large agents such as antibodies and oncolytic viruses [50, 59, 61, 62]. This approach
might not be useful in clinical applications due to a lack of specificity of the enzymes
for tumor tissue [63]. Other strategies that have been developed for increasing local
drug delivery involve external sources of energy in combination with specially designed
carriers to respond to that energy for local drug release or transport [64]. Focused ul-
trasound (FUS) by itself or in combination with MBs, for example, is one such strategy
that can be used as an alternative approach to disrupt the ECM for increased extrava-
sation and interstitial penetration into tumors [65]. For instance, thermal absorption
and mechanical agitation (both due to US) have been reported to influence the ECM,
particularly collagen integrity [65, 66], which can influence ECM hydraulic conductivity
for enhancing penetration. However, this thesis focuses on the potential of US or MBs
for altering the ECM due to nonthermal (mechanical) forces for interstitial penetration,
thereby enhancing the delivery of therapeutic agents.

1.4.3 Interstitial fluid pressure

The combination of hyperpermeable vessels, lack of functional lymphatic vessels, inter-
stitial fibrosis and contraction of the interstitial matrix mediated by stromal fibroblasts
results in an increase in interstitial fluid pressure in tumors, which reduces the effec-
tiveness of drug transport. Interstitial fluid pressure restricts the extravasation and
penetration of large molecules across the blood vessels due to the establishment of out-
ward fluid motion from the core of the solid tumor to the periphery and the reduction in
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fluid infiltration across the vascular wall [8, 10, 51]. For more detail, refer to the review
by Baronzio [10]. Several methods have been proposed to decrease the interstitial fluid
pressure, including normalizing blood vessels [49, 67], decreasing the content of collagen
fiber and hyaluronic acid in the ECM [61, 62], recovering the lymphatic function, and
using US combined with MBs [68].

1.4.4 Cell membrane

The cell membrane is another natural biological barrier that makes the transport of
drugs into the cell insufficient [69]. When drugs penetrate deep into the ECM, they
need to enter the cell. However, the cell is separated from the outside environment by
a cell membrane that controls the movement of particles in and out from the cell. The
movement of a particle into cells is mainly due to diffusion and endocytosis mechanisms.
The diffusion mechanism, which is concentration driven (movement of a particle from
high concentration to low concentration), is preferable for small lipophilic agents but
not for large molecules that are mainly taken up by endocytosis. Endocytosis is the
process of transporting molecules into the cell by engulfing them with the cell membrane
and is the most common mechanism for the internalization of large molecules. Different
approaches have been attempted to enhance the cellular uptake of NPs, such as molecular
targeting of the particle to cancer cells, thereby inducing cellular uptake through receptor-
mediated endocytosis; US-mediated cellular uptake through sonoporation; or US-induced
endocytosis [18]. Describing all the mechanisms involved in cell membrane transport is
not the focus of this thesis.

1.5 Physical principles of US

This section provides a basic introduction of the general description of US, which forms
the basis for understanding the topics presented in this thesis.

1.5.1 Physics of US

US is a mechanical wave that can transmit through different materials, such as fluids,
soft tissues, and solids. It has frequencies above human hearing or above 20 kHz [70]. US
waves have numerous applications both in the medical field (diagnostic and therapy) and
in industrial applications. Medical US is generated by applying an alternating voltage
across a piezoelectric crystal, such as lead zirconate titanate. Such a crystal oscillates
in thickness at the same frequency as the driving current, and this type of device is
known as a transducer. A transducer changes electrical signals to mechanical vibrations,
and vise versa. The US wave generated by an ultrasonic transducer propagates through
tissue at a speed (c) depending on the tissue compressibility and density and causes the
movement of molecules as the medium is compressed (at high pressure) and expanded
(at low pressure), as illustrated in Figure 3, and the relationship between wavelength ()
and frequency (f) is given by Eq. 1 [70]:

A:} (1)
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Figure 3: Schematic representation of US plane longitudinal wave propagation. The
particle moves along the propagation direction of the wave. A and A are the amplitude
and wavelength of the US wave, respectively.

For medical applications, the US frequencies used are usually in the range of 0.1-
40 MHz. Lower frequencies provide a greater chance of generating bioeffects and are
limited in their resolution [37]. On the other hand, the attenuation of US in soft tissue
increases at higher frequencies [37]. Depending on the specific medical application of
US, the generation of US waves from medical US transducers can be in either pulsed
or continuous mode. A pulsed US wave is generated by driving the transducer with
an electrical sine wave for a short time and turning the sine wave off for a certain time
before repeating the excitation. Continuous US is emitted by driving the transducer with
an electrical sine wave continuously at a constant amplitude. Continuous US waves are
used in Doppler and therapy applications, but primarily, medical US utilizes pulsed US.
Several important parameters describe US waves, such as the amplitude of the acoustic
pressure, wavelength (\), driving center frequency (f), duration of the pulse (t), pulse
repetition frequency (PRF), and duty cycle (DC). The duration of the pulse is given by
t = N/f, where N is the number of cycles. The duty cycle is the proportion of time
during which the pulse is activated and is expressed by Eq. 2:

t

where PRP is the pulse repetition period.

Several properties of US are useful in clinical applications. Similar to the character-
istics of light, US waves are transmitted in a straight line and can be focused, reflected,
refracted (bent), and absorbed. Unlike light waves, US waves are physical; they are the
actual movement of molecules as the medium is compressed and expanded, as illustrated
in Figure 3, and thus, US can act physically on biomolecules, cells, MBs and nanocarriers.
Most importantly, compared to visible light waves, US waves can be precisely transmit-
ted through the body to a region with relatively little absorption. The noninvasive and
safe delivery of mechanical forces to cells deep into the body in the form of an acoustic
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pressure wave, which can result in numerous bioeffects, both thermal and nonthermal
(mechanical), depending on the specific pulsing regime, is the key to US-mediated drug
delivery.

1.5.2 Energy and intensity of US in a medium

US waves carry energy and are transported in the form of kinetic energy (particle motion)
and potential energy (fluid compression). Hence, US waves can be described in terms of
energy density and the rate at which they transmit energy. For harmonic plane waves,
the average energy density (acoustic energy per unit volume) (£) is given by Eq. 3:

P2
= 2pc?

3)

where P is the acoustic pressure amplitude; p and c are the density and speed of sound
in the medium, respectively; and the average sound intensity (I), which is the rate at
which power passes through a unit area perpendicular to the direction of propagation, is
expressed by Eq. 4:

I=ce (4)

This means that the sound energy is transported at the speed of sound. Combining Egs.
3 and 4, the intensity is given by Eq. 5:

P2
I=— (5)
2pc

-

For a pressure wave propagating in a medium, the acoustic intensity(I(7;t)) is
defined as the product of the sound pressure p(7;¢) and the particle velocity u(7;t)
in the medium through which the sound wave is traveling (Eq. 6):

-

(7 t) = p(7 t)u(7 1) (6)
The average intensity over a cycle is given by Eq. 7:

= =1\ *
<Hﬁﬂ>:RdﬂﬁQ%QQﬁ (7)
Where <>,* and Re indicates average, complex conjugate, and real part of the product,
respectively.

With pulsed US waves, the intensity not only has spatial variation but also varies
with time, and it can be reported in several different ways by considering the average
and peak intensities and the pulse shape and duration. FUS is usually applied as pulses
at low duty cycles to prevent extreme thermal energy deposition in the tissue.

As US waves propagate, some of their energy is lost by several mechanisms. For
waves propagating through a heterogeneous medium, such as biological tissue, the waves
are attenuated with distance by acoustic absorption and scattering. For a plane wave
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propagating in the z-direction, the intensity I decreases exponentially as:

I = Ipe 2% (8)

where I is the initial intensity, o = a, + a5 is the total attenuation coefficient, «y is
the absorption coefficient, and oy is the scattering coefficient of the medium. However,
the acoustic scattering coefficient for many tissues is relatively small compared with the
absorption coefficient [71].

1.5.3 Attenuation of US wave in tissue

Biological tissue shows a strong acoustic attenuation process, and acoustic attenuation
due to absorption in most biological tissue exhibits a power-law frequency dependence
in the form of Eq. 9:

a(f) = aof’ Np/em/MH2" (9)

where ag is the attenuation constant, b is the frequency power-law exponent, and f
is the frequency in MHz. The frequency power-dependent exponent b is typically in the
range of 1<b<1.6 in most biological tissues and 2 in water [71].

Some of the US energy is absorbed by the tissues and converted to heat. The loss
due to absorption increases with the frequency and the density of the medium. Hence,
it is a limiting factor for the depth penetration of a US wave. Moreover, it is important
to note that the absorbed energy has to remain within limits that do not heat the tissue
to dangerous temperatures.

The propagation of US waves is also affected by changes in the acoustic medium
through which the waves are propagating. When a US wave reaches an interface, part of
the energy carried by the wave will be reflected, while the remaining energy is transmitted.
The amount of energy reflected by a structure that lies in the US wave path is determined
by the change in acoustic impedance at its surface. For the special case of a plane wave,
the acoustic impedance, Z, has the same magnitude as the characteristic impedance of
the medium, +pc, where p is the tissue density and c is the speed of sound. A large
difference in acoustic impedance results in a high degree of reflection, for example, at
soft tissue-bone and soft tissue-air interfaces. These are seen as the brightest echoes in
a US image.

1.6 US induced effects

US can result in the deposition of both mechanical and thermal energy in the medium
through which it propagates. The effects of US on the medium, such as heating, cavitation
and acoustic radiation force (ARF), are presented.

1.6.1 US heating

Heating is the direct effect of US absorption on the medium. As a result, US in the form
of hyperthermia and HIFU therapy has become a useful technique for the treatment of
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cancer and other diseases. When US propagates through tissue, energy will be absorbed
by that tissue. The US energy absorbed by tissue is transformed into thermal energy, and
this energy deposition can elevate the tissue temperature. If the US beam is focused, the
amount of thermal energy can be higher primarily in a small region of tissues with little
or no deposition at all in the surrounding tissues. The heat generated at the focus may
induce bioeffects on the surrounding tissue and cells. Therefore, to develop an US tech-
nique that can be used for a specific purpose, it is also necessary to know the temperature
distribution in biological tissues generated by US exposure so that the temperature effect
on the tissue can be correctly controlled. The ultrasonic heat deposited in the medium
as the rate per unit volume (q) is proportional to the local acoustic intensity (I) and is
given by Eq. 10 [72]:

q=2al (10)

where « is the absorption coefficient (Np/m).

As a result of this heat deposition, the temperature at a point in the field will rise.
The temperature distribution in the soft tissue can be estimated based on the well-known
Pennes bioheat transfer equation. Since high-intensity US can potentially cause tissue
alterations due to US-associated heating effects, the FDA has regulated that the intensity
must cause a less than 1°C rise in temperature [73-75]. Commonly, the intensities of US
used for delivery applications range between 0.3 and 3 W/cm?. Heating has several

therapeutic applications, which are presented in section 1.9.

1.6.2 Cavitation

US waves can produce direct physical effects in fluids through cavitation. At high acoustic
pressures, it can also cause cavitation events in the tissue or at interfaces. Acoustic
cavitation describes the interaction of a US field with a gas bubble. It is defined as
the formation, oscillation, growth, and collapse of the bubble under the influence of the
varying acoustic pressure field in the medium. The threshold for acoustic cavitation
depends on the peak negative pressure, frequency and duration of the US wave and
is also sensitive to the medium. The commonly used parameter originally developed
to determine the likelihood of the occurrence of acoustic cavitation during single-cycle
diagnostic US assuming all gas nuclei sized present a priori in a medium is the mechanical
index (MI). It is determined by Eq. 11 [76]:

MI: Pncg

(11)

S

where Pneg is the peak negative pressure (MPa) and f is the frequency (MHz). MI =1.9
is the upper limit for conventional US imaging [73].

Cavitation behavior can be generally classified into one of two categories: non-inertial
cavitation or inertial cavitation (see section 1.7). A schematic representation of the
response of a bubble to acoustic pressure that demonstrates the two cavitation types is
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illustrated in Figure 4. Non-inertial cavitation describes when the bubbles oscillate stably
around a resonant diameter at low acoustic pressure (Figure 4A). When the pressure
amplitude increases, the bubble oscillatory behavior starts to become more unstable,
the radius of excursion becomes more nonlinear, and the bubble fragments or forcibly
collapses, which is called inertial cavitation (Figure 4B) [9]. Depending mainly on the US
parameters, a cavitating bubble can generate extreme pressure and temperature, which
can result in mechanical and chemical effects in addition to heating. These effects are
the basis for the thermal effect-induced therapeutic applications of US.

More recently, a novel application of US combined with exogenous gas bubble (see
section 1.7)-induced delivery of therapeutic agents utilizes the advantage of the remark-
able ability of US to produce cavitation activity that can result in several bioeffects in
tissue through a series of mechanical effects. These effects are obtained by applying typ-
ically short pulses in the range of microseconds to milliseconds with low peak negative
pressures. These cavitation mechanical effects play a vital role in localized drug release
and enhanced extravasation of drugs and drug carriers by permeabilizing natural barri-
ers such as blood vessel walls, the blood-brain barrier or cell membranes en route to the
target [18, 77-79]. Moreover, these effect may enable real-time monitoring of the drug
delivery system [80]. The focus of this thesis is the therapeutic application of cavitation
for improving drug and drug carrier delivery. The mechanism will be described more in
section 1.9.

1.6.3 Acoustic radiation force (ARF)

If US is propagating through a inhomogeneous medium, the wave interacts with the
medium, and the wave attenuates through three main processes: absorption, scattering,
and reflection. ARF exists when a gradient of acoustic energy density is produced by
the aforementioned mechanisms. The rate of change of momentum transferred from the
wave to the medium due to these mechanisms gives rise to the ARF. It is a time-averaged
second-order process [81] and can induce various effects on the fluids and solids around
the medium. In viscous fluids, ARF induces time-averaged movement of fluids, which
is known as acoustic streaming, whereas in solids and elastic media, in general, time-
averaged stress induces strains, with the material deformed in not only the direction of
the wave but also the traversal direction. In an object suspended in the medium, ARF
induces time-averaged force, displacing (transporting) the object in the direction of wave
propagation.

For an exponentially attenuating plane wave in soft tissue modeled as a viscous fluid,
ARF can be expressed in terms of the time-averaged intensity (f, in W/m?) at any given
spatial location by Eq. 12 [82-84]:

Fo 2t (12)
c
where « represents the absorption coefficient (Np/m) and c is the speed of sound in the
medium (m/s).

The ARF per unit volume from a quasi-plane wave on a medium can be calculated

by Eq. 13:
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Figure 4: Response of a bubble to a US field (varying the acoustic pressure while
keeping the other parameters such as frequency and bubble type constant). A) Volumetric
oscillation of bubbles due to changes in US pressure. B) Under a higher US pressure
field, the bubble collapses violently, producing shock waves and jetting and other inertial
phenomena.
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AF(r,w 1
A(V ) _ T / oo(r, w)| P(r,w) [*dw (13)
p

where
oe(r,w) = og(r,w) + os(r, w) (14)

where o (r,w) in Eq. 13 and Eq. 14 is the extinction cross-section, which is the sum
of absorption and scattering; w is the angular frequency; p is the density; c is the speed
of sound; P(r,w) is the Fourier transform of the pressure at point r; and 7, is the pulse
length. The absorption cross-section is shown in Eq. 9. Whereas the scattering cross-
section is dependent on the size of the scattering relative to the wavelength because
the frequency depends on the scattering, it is more difficult to give a simple model.
Moreover, the contribution to the ARF in bulk biological tissue is mainly caused by
absorption rather than scattering [71, 84]. Eq. 13 was used to simulate the ARF in
this thesis. There are a large number of practical uses of ARF-related phenomena and
acoustic streaming in biomedical US applications. The uses of ARF include the power
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calibration of high-intensity focused US (HIFU) devices by radiation force balance [85],
the induction of excitation in shear wave elasticity imaging [86], molecular imaging, the
stimulation of sensory receptors, or improvements in drug and gene delivery [84, 87].
On the other hand, acoustic streaming can be used for differentiating cysts from solid
lesions [88], for stirring and mixing liquids [89], for characterizing HIFU transducers [90],
and for transporting particles within fluids. It is worth noting here that in some of the
aforementioned techniques, the effects of the ARF and acoustic streaming are closely
linked. The focus of this thesis is the medical US application of ARF and acoustic
streaming for improving drug and drug carrier delivery. The therapeutic application of
ARF and acoustic streaming for drug delivery will be further presented in section 1.9.

1.7 US contrast agents and their applications
1.7.1 US contrast agents

The development of US contrast agents (UCAs) can increase the capabilities of diagnostic
and therapeutic platforms. UCAs are small gas-filled microspheres (typical diameter of 1-
10 pm) coated with lipid, protein or polymer shells to reduce gas dissolution and lower the
surface tension, permitting prolonged circulation. The most commonly used commercial
US contrast agents (UCA) are MBs and are used clinically to enhance diagnostic images
due to their high echogenicity in blood and their nonlinear scattering [91]. For such
applications, small MBs are required to allow them to circulate within the bloodstream
and to function by strongly scattering the ultrasonic waves because of the large difference
in characteristic acoustic impedance between the gas in their interior and the surrounding
tissue.

The first-generation UCA, Albunex with an air core coated with albumin, was the
first UCA that was commercially available and approved by the Food and Drug Admin-
istration (FDA) for clinical use [92]. Since then, a variety of different types of UCAs
have been developed, and great efforts have been made to improve the stability and size
of UCAs. To improve these properties, second-generation UCAs have been developed by
changing the air core to a gas core containing a relatively high-molecular-weight, low-
solubility gas such as perfluoropropane or sulfur hexafluoride gas [93, 94] encapsulated
by a biocompatible material such as lipids, proteins, and polymers. UCAs can typically
stay in the circulation on the order of several minutes before their gas content dissolves
into the blood and is rapidly excreted by exhalation from the lungs. The shell is cleared
by the RES in the spleen and liver [95].

The UCAS that have been approved to date by the FDA for clinical diagnostics in the
United States/North America and Europe include shells of either protein (Optison) or
lipids (Definity and SonoVue) [95]. By contrast, Sonazoid with a lipid shell was approved
for clinical diagnostics in Japan and Korea [95]. However, the development of many other
types of contrast agents is currently ongoing in various sectors. Figure 5 shows an optical
image of MBs and an illustration of an MB consisting of a gas coated by a shell.

The SonoVue (phospholipid shell, sulfur hexafluoride gas, diameter of 2.5 ym) UCA
was used in this thesis. SonoVue has applications in Doppler and echocardiography [96]
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and appears to have no significant effect on pulmonary hemodynamics, cardiac or pul-
monary function, blood pressure, oxygen saturation, or electrocardiographic parameters.
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Figure 5: A) Optical microscopic image of MBs (SonoVue). Scale bar = 50 ym. B)
Schematic illustration of an MB consisting of a gas coated by a shell.

MB oscillations have been investigated theoretically and experimentally by many
research groups, and they occur very rapidly on the scale of microseconds [97-100].
More details about MB physics during sonication can be found elsewhere [101, 102]. The
oscillatory behavior of MBs is governed by many factors, such as the US parameters
(frequency, pressure amplitude, pulse length, PRF), the MB parameters (radius, type
of gas core, damping coefficients, shell properties), and the environment. They undergo
volumetric oscillations when exposed to US due to the compressible nature of their gas
core (Figure 4). The amplitude of the oscillation depends on the acoustic pressure,
the MB size, and the relationship between the driving frequency and the resonance
frequency of the MB. The resonance frequency of a bubble is directly related to its size
(1-10pm diameter) and coincides with the optimum imaging frequencies used in medical
US imaging (1-10 MHz). The larger the size of the MB is, the lower the resonance
frequency, and vice versa. Among other factors, the resonance frequency of the MB also
depends on the encapsulation shell properties and the surroundings of the MB, such as
vessel walls and endothelial cells [103, 104]. When MBs are located within microvessels,
for instance, they experience a higher level of damping and have a shifted resonance
frequency [103].

Stable oscillating bubbles can generate linear and/or nonlinear backscattered acoustic
signals, which can be used to further enhance the contrast between the MB and the
surrounding tissue [91]. The volumetric oscillations and the collapse of the MB can also
induce various biomechanical effects that are useful for drug delivery.

UCAs are mostly MBs and have a short circulation half-life. Due to their size, even
relative to human vessel pore sizes, MBs cannot extravasate into the ECM of tumors and
are mainly localized in the vasculature of the tumor [105]. This is true even in vessels with
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large pore sizes, such as those found in the leaky vasculature of cancer tumors, where the
pore sizes range from approximately 100 to 1200 nm [2, 106]. Therefore, the application
of MBs is limited to intravascular systems [105]. To extravasate MBs into the tumor
ECM, the bubbles need to be in the nanoscale (i.e., 400-800 nm in diameter), which are
named nanobubbles (NBs) [95, 107]. In addition to the support they give to imaging and
diagnostics, NBs have received increased interest for therapeutic applications [108], and
such NBs are currently under development and investigation [107, 109-112].

1.7.2 NP-stabilized MBs (NPMB)

The NPs described in section 1.2.2 were used to make the NP-stabilized MBs used in
this thesis by mixing a protein such as casein and perfluoropropane gas using an Ultra-
Turrax and were made at SINTEF Biotechnology and Nanomedicine (Figure 6) [42]. The
resulting NPMB solution contained an excess of free NPs, and approximately 1% of the
NPs were attached to MBs.

Nanoparticles Microbubble
« Perfluoropr

opane gas
—Mixing —

Casein or other
proteins

Figure 6: Optical microscopy images of A) NPs and B) NPMBs (photo: SINTEF). The
NPMBs consist of the NPs as the shell and perfluoropropane as the gas core stabilized
by proteins, casein in this case. Figure A) is adapted from reference [42], with permission
from John Wiley and Sons.

1.7.3 Application of MBs

During the past two decades, the development of MB UCAs has enhanced the potential of
US as a medical imaging modality and initiated innovative strategies for cancer detection,
therapy, and post-therapy monitoring. UCAs have applications primarily in noninvasive
cardiovascular imaging, such as electrocardiography and quantitative tissue perfusion
and microvascular blood flow and blood volume [95, 113].

Interestingly, the potential of MBs in combination with US to produce localized
bioeffects for therapeutic applications, particularly for the treatment of cancer, includ-
ing breast, prostate, and liver cancer; [113-115]; drug and gene delivery [17, 95, 116,
117]; opening of the blood-brain barrier (BBB)[27, 118, 119]; and others [95, 120], has
been widely tested in preclinical studies with promising results. MBs can be used with
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coadministration of a drug for indirect delivery by employing non-inertial and inertial
cavitation effects on enhancing the permeability of the surrounding tissues. Moreover,
MBs can also serve as drug delivery vehicles that carry drugs in the blood circulation [37,
121 125], and they can be destroyed by US pulses to locally release the loaded, embed-
ded, or entrapped agent for enhanced local delivery [37, 122 125] or in combination with
an effect induced by cavitation on opening up biological barriers. This effect causes in-
creased extravasation of drugs and drug carriers and provides the possibility for localized
delivery of drugs and drug carriers. Several MB platforms, including nanoparticle-loaded
[126-128] or nanoparticle-stabilized MBs [26], hard-shelled MBs [129], clusters of MBs
and emulsions of liquid droplets [130], have also been demonstrated for such purposes.
The first clinical case study utilizing SonoVue MBs combined with chemotherapy us-
ing gemcitabine treatments showed potential for reducing tumor sizes in patients with
inoperable pancreatic cancer [29].

In addition, new applications of UCAs in molecular imaging have been realized by
coupling targeting ligands to their shell, which bind to marker molecules in the area of
interest [95, 116, 131], and UCAs may also be targeted to a molecular marker expressed
on endothelium of specific diseases [122, 132, 133]. It is also suggested that nonlinear MB
oscillations during ultrasonic compression and rarefaction phases are responsible for the
generation of narrowband (harmonic and potential sub-and ultra-harmonic) emissions
and broadband emissions from non-inetrial and inertial cavitating bubbles, respectively
[91, 134, 135]. Hence, there is a strong interest in monitoring these emissions as a means
of treatment monitoring [80].

1.8 Therapeutic US

US has been used to image the human body for more than 50 years and has become an es-
sential and widely used diagnostic tool. US diagnostics are used, for example, to examine
fetal development, and they can detect problems in the breast, liver, heart, neck, kidney,
or abdomen [132]. The technology is relatively cheap and portable, especially compared
with other diagnostic techniques such as magnetic resonance imaging (MRI), computed
tomography (CT), and nuclear medicine imaging (PET/SPECT) [136]. The tremendous
progress in engineering and computing power coupled with ultrasound transducer tech-
nology and imaging modalities over the past years has encouraged a revival of clinical
interest in ultrasound therapy. Today, in addition to the well-known and widespread
use of US in diagnostics, the therapeutic use of US has recently emerged and is being
investigated for noninvasive therapy [137]. The therapeutic use of US that has been
investigated includes thermal ablation of tissue [138, 139], breaking up of large kidney
stones [139, 140], surgical tissue cutting and homeostasis (stopping of blood flow) [141,
142], treatments of tumors and cysts [143—-145|, drug and gene delivery to target tissue
[25, 146-148], etc.

For the past few decades, US has been researched as a mechanism for the delivery
of a variety of therapeutic agents to diseased cells throughout the body. US-mediated
drug delivery mechanisms have enabled the delivery of small drugs, proteins, and large
nanocarriers, such as gene complexes or drug-loaded liposomes, to various parts of the
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body [18, 24, 26, 28, 30, 146, 147]. Recently, however, research on US-induced drug
delivery using mechanical effects has increased with the introduction of MBs as US
contrast agents due to their amplification of the biophysical effects of US waves that
are essential for drug delivery. Preclinical studies have shown that US-MB treatment
leads to an increase in the delivery of large-sized particles or molecules for the treatment
of a number of diseases, such as unresectable pancreatic cancer [149], hepatocellular
carcinoma [150], breast cancer [26], breast cancer metastasis in the brain [151], and
Alzheimer’s disease [78]. Importantly, clinical trials in pancreatic [29, 152] and liver
cancer patients [30] and the first initiation of clinical BBB disruption [153] in the brain
have also shown that the method has great promise. Several studies have been initiated
in patients suffering from liver metastasis from primary colon cancer, pancreatic cancer,
and breast cancer (NCT(02233205, NCT03477019, NCT03385200). Although US and MB
cavitation have been studied extensively in the US field, understanding of the underlying
physical mechanism involved both in US alone and US-MB-mediated drug delivery is not
yet clear. Moreover, it has been reported that MB destruction can induce bioeffects, such
as microvascular leakage, petechiae, and inflammatory cell infiltration, in small animals
at diagnostic US levels [154]. Understanding the mechanism and the potential side effects
that arise from such treatments is therefore important to optimize US parameters and
move further research into a clinical setting.

1.9 Mechanisms of US-enhanced drug delivery

Therapeutic applications of US depend on the interaction of the US field with the tis-
sue to produce the desired beneficial bioeffect. Knowledge of the acoustic mechanisms
underlying the interaction of US with tissues is needed to safely use these bioeffects for
therapeutic applications. The exact mechanisms of US-induced drug/gene delivery with
nanocarriers are still not fully understood. The mechanisms for inducing bioeffects are
typically divided into thermal and nonthermal (mechanical) mechanisms. The thermal
effects are due to heat generation, whereas the mechanical effects are mainly through
ARF and cavitation mechanisms [155]. These three mechanisms can be used to enhance
the delivery of therapeutic agents. Hence, they will briefly be covered as an introduction
to describe how these mechanisms are involved in therapeutic US applications, especially
with regard to improving the delivery of therapeutic agents.

1.9.1 Thermal effect

The thermal dose delivered by US is typically measured in cumulative equivalent minutes
at 43°C (CEM 43), which is given by the integral of R43=T) with respect ot treatment
time t. T is the average temperature during treatment, and R is a constant that equals
0.5 above 43°C and 0.25 below 43°C [156]. The two commonly used therapeutic applica-
tions of the thermal effects of US due to high intensities (10-1000 W/cm?) are ablation
and hyperthermia [137].

Ablation
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Ablation therapy with real-time temperature mapping through magnetic resonance imag-
ing (MRI) can be used to selectively destroy targeted tissue by raising the temperature
of the region without affecting the surrounding tissue. Continuous exposure of tissue to
high-intensity focused ultrasound (HIFU) produces heat, resulting in coagulative necrosis
and soft tissue ablation [138]. If the tissue temperature is elevated above a threshold of
56°C for at least 1 second, it can result in irreversible cell death [157]. Today, HIFU
for thermal ablation is being used in the clinic for the treatment of uterine fibroids and
prostate and breast tumors [143-145].

Hyperthermia

In addition to ablation, US can also be exploited to induce hyperthermia. Hyperthermia
is the elevation of temperature between 40 and 45°C. For drug delivery application, it
has been shown to enhance blood flow locally and microvascular permeability, which
can improve the delivery of NPs, drug carriers such as liposomes, and macromolecular
drugs such as antibodies and drug-carrying polymers [146, 147, 158]. Additionally, local
mild hyperthermia can be used as an external trigger for drug release from temperature-
sensitive carriers, for example, thermosensitive liposomes [30]. The biological effects of
US that result from heat production are not the primary focus of this thesis; however,
it has to be well controlled, particularly for ARF applications that may require high
intensity, to avoid unwanted side effects on the tissue.

1.9.2 Nonthermal effect

A more widely investigated approach for US-induced drug delivery is achieved using me-
chanical mechanisms. This approach uses ARF or US combined with gas-encapsulated
bubbles to induce openings in a nearby surface, allowing increased permeability across
natural barriers such as the cell membrane, the vessel wall, and the blood-brain barrier.
Often, pulsed US with short duty cycles is used to minimize heat generation and allow
the mechanical effect of US (ARF) to predominate, and it can be further enhanced by
combining US with MBs (cavitation). The basis of the key nonthermal mechanisms that
are relevant to the biological effects of US, focusing on the delivery of therapeutic agents,
is presented below.

Acoustic radiation force
The use of ARF for investigation of the mechanical properties of soft tissue and for ther-
apeutic application is becoming a widely investigated research area. It has been shown
that ARF that results from the transfer of momentum from the US field to the ob-
ject [81] can create mechanical forces that induce nonuniform displacement of the tissue
resulting from a strain difference, as well as acoustic streaming. The degree of displace-
ment will primarily be determined by the elasticity (Young’s) modulus of the tissue [159,
160]. Pulsed HIFU-generated ARF can enhance the permeability in endothelial cells,
open cell membranes [161], widen intercellular spaces [162], expand the extracellular and
perivascular spaces in the brain [163], and disrupt the ECM for increased extravasa-
tion and diffusion of drugs and/or NPs through the interstitium [164]. It has also been
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demonstrated that ARF can induce acoustic streaming through the ECM and has the
potential to increase convective transport [165], thereby improving the biodistribution of
extravascular drugs in the target tissue [28].

Moreover, ARF can also push circulating MBs or drug-loaded MBs toward the en-
dothelial wall [166 168] and promote the delivery of liposomal doxorubicin (DOX) [169,
170], liposomes encapsulating gadopentetate dimeglumine (an MRI-detectable model rep-
resenting pharmaceutical agents) [171], and naked DNA [172]. Moreover, ARF has also
been shown to enhance the penetration as well as accumulation of small molecules in
both ez vivo and in vivo healthy porcine kidneys [173]. Recently, it has been shown that
US improved the distribution of polymeric NPs in a healthy brain [27, 28].

Cavitation

As described in section 1.6.2, cavitation is a series of complex phenomena used to
describe the reaction of gas-filled bubbles during US exposure, which is considered the
main impetus to advance targeted delivery [174]. The physical basis of cavitation-induced
drug delivery is the mechanical forces (shear and circumference forces) induced on the
surrounding tissue by bubble oscillation imposed by US exposure. The bubble oscillations
also generate a flow, which is known as microstreaming, in the surrounding liquid that,
through pressure and friction forces, facilitates drug release and transport and enhances
drug uptake [175]. Microstreaming can have velocity and shear rates proportional to the
amplitude of oscillation. Moreover, ARF that can translate the MBs can be generated.
The collapse of a bubble can also cause shockwaves as well as liquid microjets when in
proximity to physical boundaries such as vessel walls, the blood-brain barrier, or cell
membranes [176]. It is also associated with the formation of radicals [104].

Cavitation is considered the most important and well-studied nonthermal US mecha-
nism that enhances drug delivery by producing various effects on biological tissue. Multi-
ple physical mechanisms, as described above, are reported to cause temporary disruption
of nearby physical structures such as blood vessels or the blood-brain barrier and cell
membranes to enhance local drug or drug carrier extravasation and intracellular uptake
of drugs, respectively [25, 37, 176]. The cavitation-induced increase in cell membrane
permeability is also called sonoporation [77, 105]. The mechanical forces acting on the
cellular membrane may result in membrane opening and/or invagination resulting in en-
docytosis [177, 178|. Transmembrane transport is therefore believed to be associated
with these two mechanisms [177, 178]. Transvascular transport can be enhanced due to
cavitation-induced increases in the gap junction distance between vascular endothelial
cells and/or temporary disassembly of the molecular structure of tight junctions (BBB
disruption). Inertial cavitation-induced microstreaming has also been shown to be the
most effective approach for transporting macromolecular therapeutics against elevated
intratumoral pressure and across the dense ECM away from the vasculature [179]. Cavi-
tating bubbles close to the endothelial wall have also been reported to induce antivascular
effects in tumors such as vascular disruption, invagination, vasoconstriction, or even shut-
down of the vessels [104].
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Although cavitation can contribute to the effectiveness of therapy by opening biolog-
ical barriers, the mechanisms of this effect are not fully understood. Many factors affect
the magnitude of the permeabilization of natural barriers, including the US parameters
(pressure, exposure time, US frequency, burst length, pulse repetition frequency, etc.)
and MB properties (concentration, average size of the MB, composition of the MB shell,
etc.). A wide range of US parameters and MB types have been evaluated in drug delivery
both in vitro and in vivo. Among them, the pressure and MB concentrations are con-
sidered the most important factors to induce blood vessel wall, cell membrane, and BBB
opening [180]. Increasing the pressure amplitude and the sonication time increases the
magnitude of the vessel permeation; however, unwanted side effects such as hemorrhage,
erythrocyte extravasation, ischemia, edema formation, cell apoptosis, and inflammation
could be induced at higher pressure amplitudes and upon prolonged sonication [154, 181,
182]. Moreover, it was reported that excessive MB concentration could result in higher
BBB opening levels and damage [183]. Therefore, further efforts are required to opti-
mize the US treatment strategy and explicitly demonstrate the mechanisms underlying
MB-cell interactions in order to establish suitable standard parameters for US combined
with MB-induced drug delivery.
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2 OBJECTIVE OF THE STUDY

The overall aim of this thesis is to contribute to the understanding of the mechanisms in-
volved in US-mediated delivery of nanoscale particles and drugs into diseased tissue. US
alone or combined with MBs has been shown to increase the delivery of NPs and drugs
to cancer tissues in various ways. However, this improvement in delivery necessitates an
understanding of how US alone or in the presence of MBs can be used to ensure a safe
and effective strategy for NP or drug delivery in tumor tissues. Hence, the impact of
cavitation and ARF on the delivery of nanocarriers across biological barriers in tumors
was studied.

Six specific objectives were addressed to accomplish the overall aim of this thesis;

e To obtain new knowledge of the mechanisms involved in US combined with MB-
mediated delivery of drugs and drug carriers into tumor tissue.

e To record the behavior of nanoscale particles injected with MBs during US expo-
sure.

e To determine the effect of acoustic parameters on the vasculature and the influence
of vascular parameters on permeability induced by US combined with MBs to
enhance extravasation and penetration of nanoscale particles into the ECM.

e To examine the effect of US combined with MBs on manipulating the collagen for
enhancement in NP and drug penetration into the ECM.

e To investigate the impact of ARF on improving the transport and microdistribution
of NPs in solid tumors.

e To test the effect of ARF on the transport of NPs in collagen gel as well as defor-
mation of the collagen gel as a model for the ECM.
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3 MATERIAL AND METHODS

This section includes the various techniques and models applied in the present work.
More information about how the techniques were used in the present study can be found
in the original papers.

3.1 Model Systems
3.1.1 Animal model

BALB/c nude mice were used for in vivo experiments in Papers I-III. These mice lack
a thymus, are unable to produce T-cells and are therefore immunodeficient. They are
hence useful for the implantation of foreign cells. The animals were housed in IVC cages
under conditions free of specific pathogens according to the Federation of European
Laboratory Animal Science Association’s recommendations. They had free access to
food and sterile water. All animal experiments were approved by The Norwegian Animal
Research Authorities, i.e., the Norwegian Food Safety Authority.

3.1.2 Tumor cell line

The human osteosarcoma cell line (OHS) was grown as xenografts subcutaneously in
athymic mice in a dorsal skinfold window chamber (Paper I) and in a mammary fat
pad (Paper II). The KPCO001s cell line derived from a genetically engineered mouse
model (KPC mouse) as a model of pancreatic ductal adenocarcinoma (PDAC) and KPC
closely replicates the genetic mutations, clinical symptoms, and histopathology found in
human pancreatic cancer [184]. KPC cell lines were grown as xenografts subcutaneously
in athymic mice in a mammary fat pad (Paper II). In Paper III, human prostate
adenocarcinoma cells (PC3) were grown as xenografts subcutaneously on the lateral
aspect of one hind leg.

3.1.3 Dorsal window chambers in mice

In Paper I, intravital microscopy was used to image the vasculature and NPs. Therefore,
a window chamber was created in mice, and xenografts of OHS cells were grown in the
chambers.

3.1.4 Skin flap model in mice

For the experiment involving intravital microscopy of the vasculature and collagen in
Paper II, a window with a skin flap was created after the OHS and KPC tumors
reached sufficient size for experimental procedures to be conducted.

3.1.5 Collagen gel

In Paper IV, collagen gel was used as a model for the ECM of tumors. This model was
chosen to reduce the biological complexity and minimize the number of animals. Poly-



3 MATERIAL AND METHODS 26

merization of collagen is achieved by changing the ionic strength, pH and temperature
[185]. Collagen gels with concentrations (2.5 mg/ml) comparable to that of the tumor
ECM were used as a model for the ECM (Paper IV).

3.2 NPs, fluorescent tracers, and MBs
3.2.1 Polymeric NPs

A novel platform of polymeric NPs (SINTEF Material and Chemistry, Trondheim, Nor-
way) was used for the experiments in Paper I and IV. The NPs were made from PEPCA.
The fluorescent dye encapsulated in the NPs (diameter approximately 160 nm) was
NR668 (modified Nile Red, custom synthesis). In Paper III, PEGylated silica NPs
(SiFluor 560, Active Motif, USA) with a diameter of 70 nm containing chromeoTM dyes
were used.

3.2.2 Florescent labeling of vasculature

In Paper I and II, fluorescent labeling of blood vessels was performed by intravenous
administration of 2 MDa FITC-dextran (Sigma-Aldrich, Oslo, Norway) to perform in-
travital microscopy. It was also used as a tracer for extravasation and penetration of
the agent to study the mechanism of cavitation in Paper I and IL. In Paper III to
stain the functional blood vessels, FITC-lectin (fluorescein-labeled Lycopersicon esculen-
tum (Tomato) lectin; Vector Laboratories, USA) diluted in 0.9% NaCl was intravenously
injected before the mice were euthanized by cervical dislocation.

3.2.3 MBs

In-house-made self-assembled NPMBs (mean diameter of 2.4 0.2 pum; SINTEF, Trond-
heim, Norway) and the commercial phospholipid shell SonoVue (mean diameter of 2.5
wum; Bracco, Milan, Italy) were used. These MBs were used to study the effect of US on
the vasculature and extravasation of nanoscale particles (Paper I), and SonoVue was
also used to investigate the effect of US on the collagen network (Paper II).

3.3 US equipment

Three focused transducers were used in the thesis, and their specifications are shown in
Table 1. The 10 MHz and 5 MHz transducers were supplied by Olympus (Paper ITI-
IV), and the 1 MHz transducer was supplied by Precision Acoustics (Precision Acoustics
Ltd, Dorchester, UK) (Paper I-II). The transducers were characterized in a water tank
measurement system (Onda AIMS-III, Sunnyvale, CA, USA). The pressure and -3 dB
beam width of the US beam at the region of interest were measured with a calibrated
HGL-0200 hydrophone (Onda Corporation, Sunnyvale, CA, USA) and 20 dB AH-2010
preamplifier (Onda Corporation, Sunnyvale, CA, USA).
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Table 1: Transducer parameters

Center frequency (MHz) 1 5 10
Aperture (mm) 60 | 29 19
Geometric focus (mm) 75 | 60 50
-3 dB beam width at focus (mm) | 2.4 | 0.61 | 0.34

3.4 US exposure set up

A similar intravital microscopy setup set up was used in real time during US exposure
in Paper I and IT and is shown in the original papers. In Paper IIT and IV, the
exposure setup is shown in the original papers. Generally, the setups have a signal
generator (Hewlett Packard 33120A, San Jose, CA, USA), a power amplifier (ENT 2100L,
Rochester, NY, USA), an oscilloscope (Lecroy WaveRunner, LT262, Long Branch, NJ,
USA), a transducer, an insonication chamber, and, in most of the setups (Paper I-IIT),
a calibrated fiber-optic hydrophone system (Precision Acoustics Ltd, Dorchester, UK).
For more detail, see the original papers.

3.5 Confocal laser scanning microscopy

A sample is excited by a beam of laser light on a small focal plane, fluorescence is emitted
at a point during the scanning process and detected by a photomultiplier tube, and the
signal is reconstructed into an image by a computer. To minimize the unwanted signal
from outside the focal plane, a pinhole is inserted between the detector and the sample.
This technique was used in Paper III and IV.

3.6 Multiphoton scanning microscopy

Multiphoton scanning microscopy involves nonlinear excitation of molecules in a sample.
This means that multiple photons are used in light-matter interactions. The primary sig-
nal source in multiphoton scanning microscopy is two-photon excited fluorescence. This
technique was used in Paper I and II.

3.7 Second-harmonic generation (SHG) microscopy

SHG microscopy has emerged as a powerful technique for studying the important features
of the collagen structure and content in tumors with subcellular resolution [186]. SHG
imaging is a nonlinear optical imaging technique. SHG is a process that occurs when two
photons of incident light interact with a triple-helix structure that is not centrosymmetric,
such as collagen fibers [187], creating an SHG photon with a frequency exactly twice
the excitation frequency, w (or half the wavelength). SHG and two-photon excitation
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fluorescence use a similar principle. However, the former is based on nonlinear scattering,
whereas the latter is based on nonlinear absorption resulting in fluorescence emission.

SHG is a good alternative to conventional or fluorescence-based histology for studying
and visualizing the molecular structure of collagen because it is an intrinsic signal, does
not require the addition of any label or stain and has high sensitivity and specificity
[188, 189]. The optical sectioning capability of SHG also permits 3-dimensional (3D)
resolution in vivo [187]. The SHG imaging technique was used in Paper II.

3.8 Preparation of tissue sections

Solid tumors (Paper I) were harvested, preserved in formaldehyde and embedded in
paraffin after the experimental animals were terminated. Five ym sections were prepared
and stained with hematoxylin, eosin, and saffron (HES) for histology. In Paper III, 25
pm frozen sections from treated and unexposed tumors were stained for histological
(HES) analysis.

3.9 Image analysis

Data acquisition in the present work is based on built-in software on the imaging sys-
tems Paper I-IV). Data processing and analysis were performed using custom-written
MATLAB software (The Math Works, Natick, MA, USA) and ImageJ (NTH, Bethesda,
MD, USA).
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4 SUMMARY OF RESULTS

This section presents an overview of the most important results obtained. More detailed
information is provided in the original papers.

PAPER I:-Effect of ultrasound on the vasculature and extravasation of nanoscale
particles imaged in Teal time
In this paper, the focus was obtaining new knowledge on the behavior of nanoscale par-
ticles injected together with MBs during US exposure, studying the influence of vascular
parameters on extravasation and elucidating the effect of acoustic pressure on the vascu-
lature for extravasation and penetration of nanoscale particles into the ECM in real time.
Intravital multiphoton microscopy was performed during sonication of tumors growing
in dorsal window chambers, and FITC-dextran (2 MDa) was injected to visualize blood
vessels. Tumors were sonicated at mechanical indexes (MIs) from 0.2 to 0.8 after injec-
tion of NPMBs or SonoVue plus NPs. The effect of the acoustic pressure and MB type on
the vasculature was studied. In addition, the impact of vessel diameter, vessel structure,
and blood flow was characterized. We found that the rate and extent of penetration of
NPs and dextran into the ECM increased with increasing MI and that dextran pene-
trated deeper than NPs. Furthermore, we found that to achieve extravasation, smaller
vessels required higher MIs than did blood vessels with larger diameters. Interestingly,
the majority of extravasation occurred at vessel branching points. Moreover, we found
that US changed the blood flow rate and direction for all MIs tested.

PAPER I1I:-Effect of ultrasound and microbubbles on the collagen network in solid
tumors
The motivation for this work was to determine whether the enhanced penetration of large
particles or molecules into the ECM induced by US combined with MBs was due to a
change in the ECM. Hence, we investigated the effect of US combined with MBs on the
collagen network of the ECM. Two tumor types that differed in vascular density and
stromal contents were grown as xenografts in a mammary fat pad and sonicated with
US at MIs of 0.4 or 0.8 after injection of a commercial contrast agent. The amount,
anisotropy and organization of the collagen fibers before and after US sonication were
quantitatively analyzed from SHG images. No changes in collagen content and structure
for either of the tumor models were found independent of the MI applied. The result
indicates that the increase in the penetration of NPs due to US combined with MBs (at
the same MIs we tested) found in the previous studies is not due to a change in collagen
in the ECM.

PAPER I1I:-Effect of acoustic radiation force on the distribution of nanoparticles
in solid tumors
The focus of this work was to investigate the influence of acoustic radiation force (ARF)
on improving the transport and microdistribution of NPs in tumors. For this study,
tumors grown in mice were exposed to high-frequency (10 MHz or 5 MHz) FUS af-
ter injection of silica NPs. The US-mediated displacement of NPs from blood vessels
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was measured quantitatively from confocal microscopy images of frozen tumor sections.
Using the same experimental exposure parameters, ARF was simulated and compared
to the experimental data. Enhanced extravasation and interstitial transport of NPs in
tumor tissues were observed. Larger displacement was found upon FUS (10 MHz, acous-
tic intensity 234 W/cm?2, 3.3% duty cycle) exposure than upon FUS (5 MHz, acoustic
intensity 337 W/cm?2, 0.6% duty cycle) exposure. Simulation of ARF shows that the
FUS (10 MHz) produced a peak ARF per unit volume of 2.0 x 106 N/m? and there-
fore indicates that such a force can enhance the penetration and microdistribution of
NPs. Simulation of the displacement of a single NP based on the Stokes drag equa-
tion shows a significantly lower displacement than the median increase in displacement
found experimentally, indicating that the direct force on the particle has a small effect
on enhancing the penetration and microdistribution. The simulations also suggest that
acoustic streaming was the dominant mechanism for the observed enhancement. Our
results are important to obtain new knowledge of the underlying mechanisms for US-
mediated delivery of NPs and the impact of ARF.

PAPER IV:-Effect of acoustic radiation force on displacement of nanoparticles in
collagen gels
In this paper, collagen gel, as a tissue-mimicking phantom, was developed to study the
effect of ARF on the penetration of NPs in collagen gels and deformation of collagen
gels under different US parameters (by varying the pressure and duty cycle) both exper-
imentally and computationally. The penetration of NPs and deformation of the collagen
gel were measured quantitatively from confocal microscopy images before and after US
exposure. ARF was simulated based on the experimental parameters. The numerically
estimated penetration of the NPs and deformation of the gel were compared with the ex-
perimental data. We found that ARF has little effect on the penetration of the NPs into
the collagen gels for the US parameters used in our model. Moreover, the experimental
and theoretical results were consistent, showing that ARF had a much higher impact on
gel deformation than on the displacement of NPs in the gel. The simulation also revealed
that ARF was the dominant mechanism for the deformation of the collagen gel in the
model.
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5 GENERAL DISCUSSION AND FUTURE OUTLOOK

The ability to deliver macromolecular anticancer agents (nanocarriers, antibodies and
viral vectors) across biological barriers such as vessel walls, the ECM, or cell membranes
is highly important for their therapeutic efficacy against cancer. The use of US alone or
in the presence of MBs has attracted attention as a method to enhance drug delivery by
inducing several bioeffects on barriers to facilitate penetration of macromolecular agents
across biological barriers (section 1.4). The effects of US combined with MBs on the
biological barriers, focusing on the vasculature and ECM, to enhance the extravasation,
penetration, and accumulation of NPs in tumors were studied in Paper I-II. In addition,
the potential of ARF for affecting the transport and distribution of the NPs in tumors
and in collagen gel as a tissue-mimicking phantom was studied in Paper ITI-IV.

Previously, several preclinical studies have demonstrated that MB combined with US
treatment can enhance the delivery of drugs and NPs to solid tumors [18, 26, 77, 78], and
an encouraging treatment response was found, i.e., reduced tumor growth and improved
animal survival [26, 115, 126, 190, 191]. Although many efforts have been made to study
the mechanisms by which US exposure in the presence of MBs enhanced the delivery of
NPs to solid tumors, there remains considerable uncertainty about the specific mecha-
nisms. To gain new insight into these mechanisms, we imaged the effect of US combined
with MB on the enhancement in nanoscale particle extravasation, penetration, and ac-
cumulation into the ECM in real ime during US exposure (Paper I). The tumor model
was selected based on vascular density. OHS tumors are well vascularized throughout
the tumor and have no necrotic core [192].

Paper I revealed the importance of real-time imaging of US-induced effects on the
vasculature and of the behavior of nanoscale particles or molecules during US sonication
using multiphoton microscopy. To our knowledge, this work is the first reported real-time
imaging study in solid tumors in vivo. However, multiphoton imaging of the opening of
the blood-brain barrier has previously been conducted [193-195]. The results obtained
from the multiphoton images (Paper I) therefore provided direct evidence for therapeu-
tically relevant effects of US and MB and revealed extravasation of nanoscale particles
into the extravascular space, which indicates an enhancement in blood vessel perme-
ability. Interestingly, at lower pressures, relatively slower extravasation of the agents,
mainly due to stable cavitation-induced mechanical forces, was found in the larger blood
vessels than in the blood vessels with a smaller diameter, where burst-like extravasation
occurred due to higher pressures. The main mechanism for this violent extravasation at
higher pressures is most likely inertial cavitation-induced biophysical effects. Both the
stable and inertial cavitation mechanisms create pores in the vessel wall, causing mate-
rials to extravasate from the vessel depending on the pore size created. The relationship
between acoustic pressure and vessel diameter was reported for the first time in this work
(Paper I). However, Sassaroli and Hynynen have previously reported that the resonance
frequency of a bubble confined in a blood vessel depends not only on the size of the
bubble but also on blood vessel parameters, such as radius and length [103]. The results
from Paper I suggested that in addition to the US and MB parameters, the likelihood
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of cavitation-induced vascular opening depends on the vessel diameter. Importantly, the
majority of extravasation occurred at vessel branching points independent of the pressure
applied. This phenomenon is probably due to MBs being more easily trapped at such
locations [194]. The proximity to the vessel wall and the availability of space for the MBs
have been shown to have great importance for the effect of cavitation on the vessel both
in vitro [196-199] and ez vivo [200-202|. Hence, the distance between the vessel wall and
MB as well as the space available for MBs to oscillate might also have an influence on
the observed results.

Another interesting observation in Paper I is the change in blood flow. We assessed
the change in blood flow and direction as well as the flow rate of the NPs by real-time
imaging, and we found that US sonication causes a local reduction in flow rate and
change in directions and that these changes correlate with the acoustic pressure. This
finding is consistent with other reports that US combined with MB induced shutdown
of blood flow, and reduction in perfusion has been shown in tumors, brains and other
tissues [194, 203-205]. However, locally enhanced perfusion has also been reported [206].
The mechanism responsible for the change in flow during US is not yet fully understood.
However, it might be due to one or a combination of the following mechanisms: inertial
cavitation, aggregation and activation of platelets in the regions where destruction of MBs
occurred, and vasoconstriction induced in arterioles [104, 194, 204]. This knowledge may
provide valuable information for the development of a strategy aimed at optimizing the
effects of cavitation. Blood flow can cause fluctuations in the amount of MBs in the
target region, thereby affecting the onset of extravasation and the outcome of cavitation-
induced bioeffects for drug or drug carrier delivery. On the other hand, the reduction in
blood flow might be beneficial if the purpose was to induce a direct therapeutic effect by
cutting or shutting down the blood supply and killing the cells by means of apoptosis or
necrosis, as has been reported in previous works [191, 207].

Two treatment groups representing different strategies for US-assisted MB drug deliv-
ery were used, with the aim of comparing the in-house-made NPMBs with the commer-
cial MBs (Paper I). The first strategy was incorporating the NPs on the bubble itself
(NPMB), and the second is a coinjection strategy (NPs with commercial MBs). The
results showed a faster penetration of the NPs into the ECM when using NPMBs than
when coinjecting the NPs with the MBs. This finding is consistent with the suggestion
by others that integrating NPs onto MBs was more efficient in US- and MB-induced
enhancement of tumor uptake than coinjecting NPs with MBs [126].

A large variation between the individual extravasations was found. The relatively
large variation in penetration and accumulation into the extracellular matrix between
individual extravasations was probably caused by the size differences in the pores created
in the blood vessel wall due to polydisperse MBs exerting different shear stresses on the
blood vessel wall, which has been shown by other studies as well [208].

Importantly, there is no doubt that extravasation events were highly associated with
the acoustic cavitation of MBs. The occurrence of extravasation was heterogeneous in
time and position. The number of extravasation events may be extended by sustaining
the cavitation process with appropriate pulse sequence and/or MB parameters [9]. When
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polydisperse MB were administered, for instance, US pulses of increasing pressure can be
delivered sequentially to activate MBs of specific sizes with each pulse. In addition, this
approach can also open various blood vessel walls with different blood vessel diameters.
This strategy could effectively sustain cavitation and exert various effects on the different-
sized vessels at the target site.

The penetration of NP drugs through the extracellular matrix (ECM) of tumors is
another limiting factor for the sufficient and uniform delivery of NPs or drugs to tumor
cells. This is because of the composition and structure of the ECM in tumors [59,
209] and because of the insufficient convective and diffusive forces, which are limited by
the high interstitial fluid pressure and the large size of the NPs, respectively. Paper
II- IV investigate the effect of ARF and cavitation on improving transport through
the ECM. Theoretically, enhanced microdistribution can be accomplished by enhancing
the convection by altering the component and structure in the ECM, which results in
a reduction in interstitial fluid pressure; by generating a local pressure gradient; by
using inertial cavitation-induced microstreaming; or by introducing events that promote
diffusion.

It was reported that microstreaming can facilitate the convective transport of sub-
stances across biological barriers by orders of magnitude over diffusive transport [9,
210]. The convective transport of particles could also be promoted by ARF and acoustic
streaming (Paper III).

Modulating the ECM has been shown to increase the interstitial transport of large
agents [63, 65, 66]. In Paper I, it was found that US combined with MBs improved
delivery into the ECM. Next, we wanted to study whether the improved penetration into
the ECM could be due to a change in the collagen network, either changes in the amount
of collagen or structural changes (Paper II). Because collagen is the most abundant
protein in the ECM [58] and because of its unique feature for visualization by SHG, we
focused in Paper II on the effect of US combined with commercially available MBs on
the collagen fiber network of the ECM. Intravital microscopy and an in vivo model were
chosen for optical imaging of the collagen before and after US exposure. Analysis of the
SHG images showed that there was no change in collagen content or structure in the
ECM due to US combined with MB exposure in the two tumor types for the pressures
applied. This finding is consistent with another recent study [68].

The main limitation of the study in Paper II is that few animals were used for one of
the tumor types; however, the reproducibility of the results was demonstrated by using
two different tumor types. However, several factors can also explain the results in Paper
II. In Paper II, we aimed to induce cavitation to cause extravasation and change the
collagen network, probably mainly in the proximity of the capillary wall. From Paper I,
we found that the occurrence of extravasation was heterogeneous both in numbers and in
position and that extravasation might not occur in the field of view during US exposure.
Hence, the size of the area imaged might affect the results because the probability of
observing a cavitation event and detecting changes in the collagen network in the imaged
area might be limited. Due to skin flap surgery, blood vessels might also be disrupted.
This might affect the concentration of MBs present in the region, which could result in
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a reduction in cavitation activity in the region. Hence, this reduction might minimize
the bioeffect on the collagen network. In addition, it should also be emphasized that
the lack of observed changes in the collagen network does not rule out that changes can
occur on a length scale not detectable optically. The lateral resolution of optical imaging
using near infrared wavelengths is typically approximately 500 nm. Other methods, such
as electron microscopy, which has a resolution of 50 pm, might also be needed for fur-
ther investigation in the future [211]. However, other components of the ECM, such as
glycosaminoglycans, might be influenced by US irradiation, which was not investigated
in this study. This study is ongoing, so more experiments could be conducted to inves-
tigate changes in these components. The collagen network in the ECM is embedded in
a hydrophilic gel of glycosaminoglycans; hence, more focus will be given to hyaluronan.
Moreover, due to their very short circulation time and large size, commercial MBs are
restricted from extravasation and accumulation in tumor tissue [29]; thus, their applica-
tion is limited to intravascular systems [105]. Therefore, nanobubbles or nanodroplets
may extravasate and accumulate beyond the vessel wall into the tumor ECM and affect
the ECM upon sonication with US, so these materials would be interesting to investigate
in future studies.

Intravital microscopy and in wivo models will be useful for the continuing devel-
opment of techniques for optical observation of US and MB effects on the vasculature
and ECM in real time during US exposure (Paper I-II). Intravital microscopy may be
used for direct observations of the MB behavior in the blood vessels and the dynamics
of the collagen network if a high imaging frame rate is used. The findings presented in
Paper I may also encourage investigators to consider the importance of the vasculature
when developing strategies for the applications of US and MBs. This experimental result
may also provide references for developing better models to simulate the penetration of
nanoscale particles into the ECM as well as the behavior of MBs in the vasculature. In
the future, the experimental setup could be optimized to provide better results. One
main challenge in setting up the optical system is the low imaging frame rate, which
limited observation of the MB dynamics and the dynamics of the collagen fibers due to
cavitation in Paper I and II, respectively. One major limitation is that due to the lack
of sufficient space present in our experimental setup (Paper I and II), cavitation detec-
tion was not included. Stable and inertial cavitation produce subharmonics of driving
frequency and broadband white noise, respectively. Cavitation monitoring would pro-
vide further understanding of the role and variation of cavitation in drug delivery. For
cavitation-induced treatment, the implementation of real-time cavitation monitoring is
important to ensure optimal sonication conditions over the treatment period.

Another mechanism that was investigated besides the cavitation (Paper I-II) that
might have a potential to use for drug delivery application was ARF. This is the focus
of Paper ITI-TV.

To have successful ARF-mediated therapeutic applications, the effect of ARF needs
to be understood. A growing line of evidence suggests that ARF from pulsed HIFU has
great potential to enhance the penetration of NPs, drugs, and genes into various tissues
[28, 164, 169, 171-173]. ARF is the transfer of momentum from a US propagating wave
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into the medium and is proportional to the attenuation of the wave in the medium,
the frequency of the wave, and the intensity of the propagated wave and is inversely
proportional to the speed of the wave in the medium. High-intensity US can also act on
a bulk fluid, which can induce acoustic streaming that can indirectly affect the NPs and
increase NP displacement in the tumor tissue [165, 212]. In Paper III, we investigated
the effect of high-frequency (10 MHz and 5 MHz) FUS on the transport and distribution
of NPs in tumors.

The results in Paper ITI show an increase in extravasation and interstitial transport
of NPs in tumor tissues after insonication with US compared with those in the nontreated
tumor tissue. When applying US exposure a few minutes after injection of the NPs, the
concentration of NPs in the circulation is high, and the enhancement in the transport of
the NPs is believed to result from the ARF having an impact on the NPs’ ability to cross
the blood vessel wall. On the other hand, when performing US exposure within a few
hours after injection of the NPs, the entry of NPs into the extravascular compartment
may be increased due to the EPR effect, and the increase in interstitial transport of
the NPs, based on the distance to the nearest blood vessel, as measured from confocal
microscopy images of tumor sections, is likely due to the effect of US exposure-induced
ARF. Previously, our group found a similar enhancement [213]. Simulation revealed that
the main mechanism responsible for the enhanced microdistribution of the NPs in the
exposed tumor tissue was ARF-induced acoustic streaming (Paper IIT).

In Paper III, the large variation in NP transport and distribution found among the
tumors was likely due to the difference in vascularization of the different tumors, which
have varying perfusion and vascular density, blood vessel permeability and necrosis within
the tumor tissues.

In Paper III, the effect of FUS on the transport of NPs across the blood vessel wall
and through the ECM of the treated and untreated tumors was studied with a confocal
microscope. Tumor sections were imaged to quantify NP transport and microdistribution
in the tumor tissue. An inherent limitation of the method used to assess the effect is
that it is not possible to know exactly which area of the tumors were treated after
excision and sectioning of the tumors. Due to the small focal spot of the transducer, the
exposure was performed by moving the transducer using a step motor to scan across the
tumor in horizontal and vertical patterns and by keeping the transducer fixed for several
minutes at each point. Nevertheless, only a small part of the tissue was exposed to US;
hence, untreated tissue was added to the analysis, which could underestimate the effect
estimated from the analysis. To better evaluate the effect of ARF in the future, one
possibility could be imaging the treated volume of the tumor in real time using other
imaging modalities such as multiphoton microscopy during sonication. Another study
on ARF was performed in our group and showed a slight increase in the penetration
distance of NPs in brain tissue in a few animals after exposure to a high frequency (7.8
MHz) in addition to the displacement caused by blood-brain barrier opening using a
low-frequency (1.1 MHz) transducer combined with NPMBs [27]. The opening was likely
due to cavitation. Such a multistage delivery platform, first increasing the permeability
of the vessel wall using cavitation and then applying ARF once the NPs are in the ECM
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to improve penetration further away from the vessels into the ECM, might be interesting
for further advancement. For such multistage applications, the development of a dual-
frequency transducer is important.

The improved distribution of NPs in tumors after US treatment in Paper III was
further tested in collagen gel as a tissue-mimicking model (Paper IV). It is important to
develop such a in vitro model to reduce the number of mice used. Similar US exposure was
used in both Paper III and IV, and both papers compare the experimental results with
the simulation of ARF and predicted displacement of NPs. The collagen gel concentration
was chosen based on the collagen % in tissue, and the gel displays several properties
resembling collagen found in the tumor ECM. When the collagen gel is exposed to US,
both the NPs and the collagen gel itself will experience ARF due to the propagation of
the acoustic field. The in vitro study revealed that deformation of collagen was observed,
whereas ARF had little effect on the penetration of NPs into the gel. The experimental
and numerical methods were also consistent with each other. One explanation is that
although the collagen gel displays several properties resembling the ECM in Paper IV,
the frequency-dependent attenuation coefficients of the collagen gel (concentration of 2.5
mg/ml) were smaller than those other tissues [214]. This may result in a small ARF and
acoustic streaming in the gel. In addition, the penetration of the NPs also depends on
the hydraulic conductivity of the collagen gel; hence, the estimated deformation could
have an impact on the uncertainty of this parameter. Furthermore, we found that the
gel showed plastic deformation, and simulation shows that the dominant mechanism for
the deformation of the collagen gel is likely due to ARF. This plastic behavior of the
collagen network has also been reported by others [215, 216].

In Paper III and IV, the thermal and cavitation effects are negligible, although they
cannot completely be excluded. However, at high frequency (10 MHz) and at the pressure
used, generation of cavitation is less likely. Modifications of the US and microscopy setup
in Paper IV that can enable imaging of the collagen and fluorescent NPs to observe the
effects in real time during US exposure will be a next step to study.

ARF has the potential to improve the penetration and microdistribution of macro-
molecular agents (Paper III), and theoretically, an endless number of treatment periods
can be applied. However, the smaller focal depth at high frequencies makes this approach
more suitable for superficial tumors. The capacity to generate maximum power from the
transducer is another limiting factor for not getting enough ARF in the region of inter-
est. Developing new efficient transducers is therefore necessary. Paper ITI-IV indicate
that the enhancement in NP distribution through ARF depends on the US parameters.
Parameter optimization is necessary to achieve the best clinical outcome.

The key to successful treatment of tumors depends on the more effective penetration
of a sufficient amount of chemotherapeutic agent without causing significant toxicity
to normal tissue. The concentration of systematically administered chemotherapeutic
agents has been reported to decrease exponentially with distance from the tumor blood
vessels. Therefore, effective penetration of intravenously administered chemotherapeutic
agents is needed to reach viable malignant cells. In Paper I and III, the penetration
and accumulation of the nanoscale agents were analyzed. The maximum penetration
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distances induced by cavitation at lower pressures (Paper I) and by ARF (Paper III)
are similar. The distance from the blood vessels to the onset of necrosis has been re-
ported to be between 80 and 200 pm [217]. The penetration distance found in Paper
I is relevant for clinical applications because the distance may make drugs available to
more cancer cells to eradicate every fatal cell. In another study in our group using sim-
ilar parameters as in Paper I, enhanced NP accumulation and distribution were found
after US combined with NPMB treatment and were further confirmed by the promising
therapeutic results obtained after subcutaneous tumors were treated with FUS combined
with NPMB encapsulating the drug cabazitaxel [26]. However, the result from Paper
IIT initiates an important question that remains to be answered: whether the number
of NPs distributed to the solid tumors in this study is sufficient to achieve a therapeutic
effect. Hence, this aspect should be investigated in the future by following tumor growth
over time or by using other methods.

Comparing cavitation and ARF reveals that cavitation, particularly at higher pres-
sures, resulted in deeper penetration of NPs than did ARF. Hence, it is likely that
cavitation has a larger impact on the enhancement in the extravasation, penetration and
distribution of NPs into the tumor.

In addition to the content and structure of the collagen network, US-mediated en-
hancement in NP transport depends on NP properties such as size and density [163, 218,
219]. The importance of size was demonstrated in Paper I using two different-sized
NPs. The results in Paper I show that smaller-sized NPs penetrated farther into the
ECM than did the larger NPs. The size of the NPs used in Paper III was similar to
that of the smaller NPs used in Paper I. Moreover, PEGylation of NPs increases their
circulation time and is important for diffusion in gels [220]. The PEG density used in
Paper IV may affect the NP diffusivity in the collagen gel. In addition, it was reported
that denser particles induced greater US transport than did particles with lower density
[219]. Therefore, cavitation and ARF could play an important role in overcoming the
barriers created by the ECM if the NPs’ physical properties are well optimized.

Subcutaneous tumor xenografts were used in this thesis (Paper I- III). This is be-
cause they are easy to implant, monitor, access with US, and integrate with other imaging
modalities, such as an optical microscope. Other tumor models such as orthotopic and
spontaneous tumors in mice may be used before moving onto large animals. Such studies
are also ongoing in our group. In addition, in wvitro approaches are essential and ex-
pected to significantly minimize the costs and time of medicinal trials by offering cheap
and reliable information before advancing to a limited number of in vivo experiments.
Furthermore, mathematical and simulation models should be developed to predict or ver-
ify the clinical outcome of a parameter in order to optimize the deterministic parameters.
This approach can also minimize the time, cost and animal lives lost for conducting in
vivo studies.

Safety is a topic of importance. In line with past studies [221], a microhemorrhage in
the tumor tissue at MI=0.8 was found in Paper I, and no tissue damage was observed
from our histologic evaluation in Paper III. In blood-brain barrier disruption studies,
inflammation reactions have also been observed in the sonicated area by others [181, 182],
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but such reactions were not investigated in this thesis. Optimizing sonication parameters
to achieve the desired effect with careful analysis of tissue damage, including hemorrhages
and acute inflammation, is highly important. This was highlighted in work by Miller et
al. [154] and was recently to be especially important for BBB opening in work done by
Kovacs et al. [182] and McMahon and Hynynen et al. [181]. Another safety concern
is that US increases temperature in the focal area of the beam and therefore has the
potential to cause unintended thermal changes in tissues [222]; thus, the applied acoustic
pressure has to be well calibrated and controlled.
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6 CONCLUDING REMARKS

US alone or combined with MBs is a promising strategy to enhance the penetration and
distribution of nanoscale particles across biological barriers, enhancing drug delivery to
tumors and the brain. This effect is achieved through multiple US-induced mechanisms.
The application of US can directly change the permeability of biological barriers. US
combined with commercial MBs and clinically approved drugs has shown encouraging
results in patients. By understanding the mechanisms of US-induced effects and optimiz-
ing the US parameters and the properties of MBs and nanocarriers, drug efficacy could
be improved, and unwanted side effects could be minimized.

In this thesis, using several experimental investigations, important insights were
gained concerning the impact of the nonthermal effects of US (cavitation and ARF)
on enhancing drug delivery. The study involved investigation the performance of the
combination of US with NPs, NPMBs or a commercial US contrast agent in overcoming
the barriers to the extravasation and penetration of NPs as a drug carrier model into solid
tumors. We applied US alone or in combination with MBs to improve NP extravasation,
penetration, and accumulation in both tumors and tissue-mimicking collagen gel. Using
cavitation, extravasation, transport, and accumulation of NPs in tumors were observed.
The results also demonstrate the impact of vascular properties, such as vessel diameter
and branching points in the tumor, on the onset of cavitation and the influence of cav-
itation on blood flow. In addition, the results suggest that imaging techniques, such as
multiphoton microscopy, may provide the information needed to optimize treatment for
individual tumor characteristics. Moreover, neither the collagen content nor the struc-
ture or alignment of the collagen fibrils was changed significantly after sonication with
the US parameters applied in the presence of MBs.

In addition, we found that ARF and acoustic streaming enhanced NP penetration
and microdistribution in tumors, whereas they had little effect on the transport of NPs
in the collagen gel; by contrast, ARF induced large deformation of the collagen gel.

These findings are supplementary to the previous studies on the relationship between
various US parameters or MB activities and the outcome of cavitation and ARF and
could deepen our understanding of the impact of cavitation and ARF on vessel walls
and the ECM. Finally, this work shows that a stronger impact on the extravasation,
transport, and distribution of NPs can be obtained and that the nonthermal effect of
US will have beneficial effects on cancer treatment. There is overlap in the physical
basis by which the ARF and acoustic steaming mechanisms occur, so it may be that
a combination of these mechanisms provides the means for US to affect drug delivery.
However, comparing the cavitation and ARF mechanisms reveals that it is more likely
that cavitation has a stronger effect on the penetration and distribution of NPs in tumor
tissues than does ARF. Continuing the advancement, improvement, and careful study of
US by itself or combined with MB for enhancing drug and gene delivery is important for
translating these applications into the clinic.
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Abstract—Ultrasound and microbubbles have been found to improve the delivery of drugs and nanoparticles to
tumor tissue. To obtain new knowledge on the influence of vascular parameters on extravasation and to elucidate
the effect of acoustic pressure on extravasation and penetration of nanoscale particles into the extracellular
matrix, real-time intravital multiphoton microscopy was performed during sonication of tumors growing in dor-
sal window chambers. The impact of vessel diameter, vessel structure and blood flow was characterized. Fluores-
cein isothiocyanate—dextran (2 MDa) was injected to visualize blood vessels. Mechanical indexes (MI) of 0.2—0.8
and in-house-made, nanoparticle-stabilized microbubbles or Sonovue were applied. The rate and extent of pene-
tration into the extracellular matrix increased with increasing MI. However, to achieve extravasation, smaller
vessels required MIs (0.8) higher than those of blood vessels with larger diameters. Ultrasound changed the blood
flow rate and direction. Interestingly, the majority of extravasations occurred at vessel branching points. (E-mail:
Catharina.davies@ntnu.no) © 2019 The Author(s). Published by Elsevier Inc. on behalf of World Federation
for Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Ultrasound, Microbubbles, Real-time imaging, Multiphoton microscope, Cavitation, Blood flow,
Vascular structure, Nanoparticle delivery.

INTRODUCTION reported in the clinic (Lammers et al. 2012). A recent
meta-analysis of pre-clinical studies in the last 10 y
found that only 0.7% of the injected NPs accumulated in
tumors (Wilhelm et al. 2016). The primary reason for
this finding is that the NPs must pass several physiologic
barriers before reaching the diseased cells (Anchordoquy
et al. 2017; Mullick Chowdhury et al. 2017; Wang et al.
2014a).

The distribution of NPs in tumors is notably hetero-
geneous, and NPs are mainly located close to the capil-
lary wall (Boissenot et al. 2016; Eggen et al. 2014;
Lammers et al. 2012). Thus, a more efficient method for
delivering therapeutic agents is needed.

Intravenous delivery of therapeutic agents to tumors in
patients in optimal quantities with limited exposure to
normal tissue is challenging (Tannock et al. 2002). The
administered drugs cause severe side effects because of
their accumulation in healthy tissue (Coates et al. 1983).
Encapsulating therapeutic drugs into nanoparticles (NPs)
might enhance the tumor uptake of drugs and reduce the
toxic effects on healthy tissue through the enhanced per-
meability and retention effect (Maeda et al. 2000). How-
ever, an improved therapeutic response has not been

Address correspondence to: Catharina de Lange Davies, Depart- Focused ultrasound (FUS) and systemic administra-
ment of Physics, Norwegian University of Science and Technology, . .
Heogskoleringen 5, 7491 Trondheim Norway. E-mail: Flon of mlcrobl..lbbles (MBs) hav§ been reported to
Catharina.davies@ntnu.no improve the delivery and therapeutic response of drugs
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and NPs in pre-clinical studies (Kotopoulis et al. 2014;
Lammertink et al. 2015; Snipstad et al. 2017; Treat et al.
2012; van Wamel et al. 2016). A clinical study in which
patients with non-resectable pancreatic tumors were
treated with gemcitabine combined with FUS and MBs
reported improved therapeutic response in a subgroup of
patients (Dimcevski et al. 2016). FUS and MBs have also
been found to open the blood—brain barrier, both in pre-
clinical studies (Aslund et al. 2015; Hynynen et al. 2001;
Liu et al. 2010; Nhan et al. 2013; Wei et al. 2013) and in
humans (Carpentier et al. 2016; Mainprize et al. 2019).
The exact mechanisms underlying FUS- and MB-
mediated drug delivery have not been thoroughly eluci-
dated to date. Ultrasound (US)-induced bio-effects can be
divided into thermal and non-thermal effects. The thermal
effect is generally not considered to play a major role in
microbubble-assisted treatments at relatively low mechan-
ical indexes (Mls). The non-thermal effects are due to
mechanical effects through acoustic radiation force and
cavitation which is considered to be the most important
mechanism for therapeutic applications when US is used
in combination with MBs (Hernot and Klibanov 2008).
The acoustic radiation force is the transfer of momentum
from the US wave, which causes the translation of par-
ticles (Antonios and James 2016) and MBs (Dayton et al.
1999) in the direction of US wave propagation. Cavitation
is the formation and volumetric oscillation of MBs in
response to the pressure amplitude of the US wave. A sta-
ble volumetric oscillation of MBs at equilibrium radius
for many acoustic cycles is called stable cavitation,
whereas a large and unstable expansion of the bubble dur-
ing the acoustic wave at higher pressures, which results in
violent collapse, is known as inertial cavitation.
Cavitation in a medium depends strongly on the
acoustic parameters and the presence and size of MBs.
Acoustic parameters such as pressure and frequency can
alter the MB response from stable cavitation to inertial
cavitation. It has been reported that pulse duration is also
highly important for the onset of the stable and inertial
cavitation of MBs (Wang et al. 2015). In addition, MB
concentration and size will significantly affect cavitation
activity (McMahon and Hynynen 2017; Wang et al.
2014b). In addition, the space available for the MBs to
oscillate and the proximity to the vessel wall are of great
importance for the effect of cavitation on the vessel wall
and, thus, the outcome of US-mediated drug delivery
(Garbin et al. 2007; Helfield et al. 2014).
Cavitation-induced bio-effects caused by MBs
oscillating close to the vessel wall include acoustic
microstreaming, shock waves and microjetting, the latter
caused by the violent collapse of bubbles; all create tem-
porary and/or permanent gaps in the blood vessel walls
(Chen et al. 2010, 2011). Cavitation-induced mechanical
force that can distend and invaginate the vessel wall

could also enhance vascular permeability (Caskey et al.
2007; Chen et al. 2011). These cavitation-induced bio-
effects can also create unwanted and unintended perma-
nent damage to the blood vessel. However, cavitation
can be exploited for drug delivery if the US parameters
are well optimized.

To understand in more detail how US and MBs
enhance the permeability of biological barriers, direct
observation of the behavior of the bubbles in real time is
necessary (Caskey et al. 2007; Chen et al. 2011; Helfield
et al. 2016; Raymond et al. 2007). Thus, tumors were
grown in dorsal window chambers, which enabled us to
simultaneously apply US and image the vasculature by
intravital multiphoton microscopy. We compared two dif-
ferent MBs: in-house-made MBs stabilized by polymeric
NPs (NPMBs) (Morch et al. 2015) and Sonovue co-
administered with the same polymeric NPs during FUS.
NPs were administered with Sonovue to compare the effi-
cacy of the two MBs on the extravasation of the NPs.
Because the fluorescence from the NPs is not homogenous
enough to delineate the blood vessels, dextran (2 MDa)
was injected to visualize the blood vessel and to study the
extravasation of the dextran. The aim was to reveal vascu-
lar parameters as well as NP and MB behavior influencing
extravasation and the effect of different MIs on extravasa-
tion and penetration of NPs into the extracellular matrix.
In particular, we imaged whether the blood flow, the vas-
cular structure and the size of the vessel influenced where
extravasations could be detected. Moreover, histologic
examination of paraffin sections of the tissue was per-
formed to evaluate tissue damage.

METHODS

Cell culture

A human osteosarcoma cell line (OHS) was used
(Fodstad et al. 1986). Cells were grown in Roswell Park
Memorial Institute-1640 medium (Gibco Thermo-Fisher,
21875-034, Oslo, Norway) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, Oslo, Norway), 100 U/mL
penicillin and 100 pwg/mL streptomycin (Sigma-Aldrich)
at 37°C and 5% CO,.

Animal model and dorsal window chamber implantation

A previous study had found that OHS tumors are
well vascularized throughout the tumor and have no
necrotic core (Sulheim et al. 2018). The OHS tumors
were grown as xenografts in male BALB/c nude mice
(weight: 23—30 g, Janvier, Le Genest-Saint-Isle, France)
in dorsal skinfold window chambers (Fig. 1a).

Dorsal skinfold window chamber surgery was car-
ried out as previously described by Hak et al. (2010).
Briefly, the double layer of the skin was sandwiched
between two symmetric frames, and a circular area
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Fig. 1. Schematic of the US and multiphoton microscope setup

for US—microbubble-mediated drug delivery in a skin flap dor-

sal window chamber. (a) Dorsal window chamber. (b) Experi-

mental setup. (¢) US and objective/light beam alignment (not
drawn to scale). US = ultrasound.

15 mm in diameter was removed from the skin on one
side of the fold. The remaining layers of the other skin-
fold (thin striated skin muscle, subcutaneous tissue, der-
mis and epidermis) were covered with a glass coverslip,
which was incorporated into one of the chamber frames
and formed a window to the tissue. The next day, 30 L
containing 5 x 10° OHS cells were implanted in the win-
dow chamber. Tumors were grown for 2 wk before treat-
ment. The tumor thickness was limited by the window
chamber, while the diameter in the longest direction was
typically 5—10 mm. The animals tolerated the chambers
well and exhibited no signs of discomfort. The water for
the animals was supplemented with 25 mg/mL Baytril
(Bayer, Oslo, Norway), and they were kept in separate
cages after the window chamber was implanted. All sur-
gical and imaging procedures were performed with the
animal anesthetized by a subcutaneous injection of fenta-
nyl (0.05 mg/kg, Actavis Group HF)/medetomidine
(0.5 mg/kg, Orion Pharma)/midazolam (5 mg/kg Accord
Healthcare Limited)/water (2:1:2:5) at a dose of 0.1 mL
per 10 g weight. All animal experiments were approved
by the Norwegian Animal Research Authorities, that is,
the Norwegian Food Safety Authority.
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Nanoparticles and microbubbles

In-house self-assembled NP-stabilized MBs (mean
diameter of 2.4 +0.2 pm, SINTEF, Trondheim, Norway)
and the commercial phospholipid-shelled Sonovue (mean
diameter=2.5 wm, Bracco, Milan, Italy) were used. The
size distribution of the two MB types is illustrated in Sup-
plementary Figure S1 (online only). Briefly, poly(2-ethyl-
butyl cyanoacrylate) [PEBCA] NPs were synthesized by
mini-emulsion polymerization and contained the dye
NR668 (2%, modified Nile Red, custom synthesis)
(Klymchenko et al. 2012; Merch et al. 2015), which pos-
sess excitation and emission maxima of 548 and 621 nm,
respectively. The PEBCA NPs were used to make
NPMBs by mixing casein and perfluoropropane gas using
an Ultra-Turrax at 24,000 rpm for 4 min. The resulting
NPMB solution contained an excess of free NPs.

Before each sonication, 30 pL (4 mg/mL, diluted in
saline) of 2 MDa fluorescein isothiocyanate (FITC)—
dextran (Sigma-Aldrich) was injected through the tail
vein to visualize the blood vessels. Mice in the NPMB
groups were given a bolus injection of 50 wL of NPMBs
(2—5 x 10® MBs/mL, 10 mg/mL NPs), whereas mice in
the Sonovue groups received 25 wL (20 mg/mL, diluted
in 0.01 M phosphate buffer) of free PEBCA NPs before
injection of 50 wL of Sonovue (2—5 x 10 MBs/mL).

Ultrasound exposure setup

An experimental setup that enabled the application
of US while imaging the dorsal window chamber with
multiphoton microscopy was established. Figure 1 (b, c)
is a schematic of the experimental setup. The US beam
(at the region of interest [ROI]) was aligned with the
focus of the objective using a custom-built 3D printed
cone and calibrated fiberoptic hydrophone system (Preci-
sion Acoustics Ltd, Dorchester, UK) by monitoring the
output pressure on an oscilloscope (TDS 210, Tektronix,
Bracknell, UK). The cone was manufactured with inner
diameters at top and bottom of 15 and 68 mm, respec-
tively, and a cone length of 74 mm. The transducer was
mounted on the bottom of the cone, and the cone was
filled with distilled and degassed water. The axis of the
US beam was 45° with respect to the imaging plane to
minimize reflections from the glass of the window cham-
ber and reduce standing wave formation. An ultrasonic
coupling gel filled the gap between the tip of the cone
and the skin of the mice.

Ultrasound parameters

A single-element focused transducer (Precision
Acoustics Ltd,) with a 1-MHz center frequency, 60-mm
diameter and 75-mm curvature was used. US pulses
were generated by an arbitrary waveform generator
(AWFG, 33522 A, Agilent Technologies, Santa Clara,
CA, USA) and amplified by a 50-dB power amplifier
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Table 1. Overview of the treated groups and number of observed extravasations

Group NPMBs Sonovue

MI 0.2 0.4 0.6* 0.8 0.2 0.4 0.8

Number of animals with PRF = 0.5 Hz (0.1 Hz) 5(1) 5(4) 3(0) 9(1) 4(0) 6(2) 5(4)

Total number of treatments with PRF = 0.5 Hz (0.1 Hz) 712) 9(8) 6(0) 15(1) 4(0) 9(4) 9(8)

Percentage of treatments in which extravasation occurred 14% 56% 33% (0%) 73% 0% 22% 44%
within the five regions imaged per total number of (100%) (38%) (100%) (100%) (88%)
treatments with PRF=0.5 Hz (0.1 Hz)

Percentage of treatments in which extravasations were 14% 11% 17% 40% 0% 11% 0%
observed live during treatment per total number of (100%) (38%) (0%) (100%) (50%) (63%)
treatments with PRF=0.5 Hz (0.1 Hz)

Total number of extravasations within the five regions 2 (10) 5(17) 5(0) 45(2) 0 10 (6) 9 (20)
imaged with PRF = 0.5 Hz (0.1 Hz)'

Total number of extravasations observed during live 2(3) 1(7) 3(0) 15(2) 0 2(3) 0(10)

imaging with PRF = 0.5 Hz (0.1 Hz)’

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

for analysis of vessel diameter and time of extravasation).

1 Few animals were treated at a MI of 0.2, and no extravasation was observed during live imaging.

1 In one treatment, multiple extravasations occurred.

(2100 L amplifier, ENI, USA). The transducer was char-
acterized in a water tank measurement system (AIMS-
II, Onda Corp.), and the pressure and —3-dB beam
width at the ROI were measured with a calibrated HGL-
0200 hydrophone (Onda Corp.) using an AH-2010 pre-
amplifier (Onda Corp.). The —3-dB beam width at the
target was 2.4 mm. The transducer was characterized
both with and without the cone, and no differences in
beam profile or pressure were found.

The tumor was sonicated with US pulses with a cen-
ter frequency of 1 MHz, pulse length of 10 ms and pulse
repetition frequency (PRF) of 0.5 or 0.1 Hz to allow
MBs to reperfuse into the treatment area in the time
between transmit pulses. The total duration of sonication
was 5 min and was chosen based on the circulation half-
life of the MBs. The circulation half-time of NPMBs is
approximately 1.5—2 times longer than for Sonovue,
which is 1 min (Schneider 1999; Wu et al. 2017). Peak
negative pressure amplitudes of 0.2, 0.4, 0.6 and 0.8
MPa, which were measured in water, were applied.

Treatment groups and controls

An overview of the different treatment groups and
the number of mice treated is provided in Table 1. In total,
36 mice (18 mice each for the NPMB and Sonovue
groups) were used. Eight mice (5 for the NPMB group
and 3 for the Sonovue group) received two different MIs
(low MI [0.2 and 0.4] and high MI [0.6 and 0.8]) at the
same position, and each mouse was treated in two differ-
ent positions (Fig. 2b). Thus, in Table 1, a single mouse is
counted in multiple different MI groups in some cases.
Every mouse received US, and pre-images were recorded
as control before US was applied for every treatment
(Fig. 2a). To study blood flow and possible extravasation

before US and MB injection, mice (n=16) received an
intravenous injection of FITC—dextran and were imaged
for 3—5 min. Subsequently, NPMBs (n=4) or NPs and
Sonovue (n=3) were injected, and the tumor was imaged
at the same field of view (FOV) for an additional 5 min
before sonication. The remaining mice (n=9) received
US immediately after NPs and MBs were injected; that is,
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Fig. 2. (a) Treatment and imaging schedule. (b) Two treatment
areas and imaging areas where images were acquired before,
during and after US. After 2-MDa fluorescein isothiocyana-
te—dextran was injected, multiphoton pre-images were
acquired (yellow), video recording started (red) and NPMBs or
Sonovue MB and NPs were injected before sonication started
(blue). After US, post-images were acquired. MB = microbub-
bles; NP =nanoparticles; NPMB = nanoparticle-stabilized
microbubbles; US = ultrasound.
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the effects of NPs and MBs on blood flow and extravasa-
tion were not imaged before US exposure.

Real-time multiphoton microscope imaging during
ultrasound exposure

Mice with dorsal window chambers were anesthe-
tized and positioned on a custom-designed microscope
stage with a heating device maintaining the body temper-
ature at 37°C, as illustrated in Figure 1. The tail vein was
cannulated for intravenous administration. The treatment
and imaging schedule are illustrated in Figure 2a.

The multiphoton microscope (in vivo SliceScope,
Scientifica, Uckfield, UK) was equipped with a
20 x water dipping objective (XLUMPLFLN20 XW
from Olympus, numerical aperture (NA) = 1.0 working
distance 2 mm) and a pulsed MaiTai DeepSee (Spectra-
Physics, Mountain View CA, USA) laser. The excitation
wavelength was 790 nm. Images were acquired in reso-
nant scanning mode at 31 frames per second (fps;
512 x 512 pixels) with a FOV of 400 x 400 pm. The fil-
ters in front of the two GaAsp detectors were long pass
590 nm and bandpass 525/50 nm for the detection of
NPs with NR668 and FITC—dextran, respectively.

After pre-images of the vessels were acquired at the
five neighboring positions (one red and four yellow)
illustrated in Figure 2b, video-rate imaging started at the
red area immediately before NPMBs or Sonovue and
NPs were injected. US exposure started immediately
after injection of the MBs. The video was recorded dur-
ing the 5-min sonication.

After sonication, images were immediately recorded
in the four yellow areas to observe any change during US
exposure. Because the diameter of the tumor and the —3-
dB US beam width are 5—10 and 2.4 mm, respectively,
US exposure was performed in two different areas in each
window chamber (Fig. 2b).

Histologic evaluation

All mice were euthanized by cervical dislocation.
The tumor tissue was harvested and fixed in 4% buffered
formaldehyde and embedded in paraffin. Finally, 5-pum-
thick sections of the tissues from three different depths
separated by 100 pm were prepared. The tissue was
stained with hematoxylin, erythrosine and saffron (HES)
to evaluate tissue damage after US treatment. A patholo-
gist blinded to the study evaluated the tissue sections.

Image analysis

Images were analyzed using ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA) and MATLAB
(The MathWorks, Natick, MA, USA). To enhance the
quality of the images, video frame averaging of several
consecutive images was performed in Imagel, as
explained below. Then, the images were loaded into
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MATLAB. First, the images were median filtered (3 x 3
neighborhood) and segmented automatically.

Vascular masks (Supplementary Fig. S2, online
only) were created using the first frame of the video of the
FITC—dextran signal. In videos where extensive extrava-
sation of NPs and dextran was observed, three consecutive
images were averaged (compromise between the quality
of the image and the time resolution). Then, a circle with
the radius of the blood vessel and concentric circles
spaced by 3 pixels (2.23 wm) starting from the center of
the blood vessel were drawn. The normalized signal inten-
sity (with respect to the maximum intensity in the whole
image) of NPs and dextran within the blood vessel and in
the different annuli over both time and distance were com-
puted with the background subtracted. Then, the penetra-
tion of the NPs and dextran was estimated. Moreover,
intravascular and extravascular accumulation (from the
blood vessel wall until 50 wm into the extracellular
matrix) of average fluorescence intensities of NPs and
dextran were determined with the background subtracted.
During extravascular analysis, video frame averaging of
15 consecutive images was performed. Some vessels
were excluded from analysis of extravasation and penetra-
tion of the dextran and NPs if the source of the extravasa-
tion was uncertain. In addition, the average diameter of
the blood vessel where extravasation was observed was
computed from the pre-images (from both the red and yel-
low regions in Fig. 2b). The speed of NPs was estimated
by tracking the distance NPs moved inside the vessels
between subsequent frames. From 60 to 80 NPs were ana-
lyzed for each group. The occurrence of change in blood
flow direction was determined by visual observations
both before and during US. Any change in flow direction
observed during the live imaging was counted as one
occurrence; in other words, the total number of changes in
blood flow direction is not given. The change in the flux
of dextran in the blood vessels before and during US was
estimated by measuring the intensity of FITC—dextran in
a circular ROI drawn in blood vessels. A supplement is
provided for detailed description of the method and some
supplementary results (online only).

Statistical analysis

Data are presented as the mean value + standard devi-
ation. Analysis of variance was used for comparisons of
differences between treatment groups in a confirmatory
test. The Tukey—Kramer test (p value < 0.05) was used to
determine which pairwise comparisons were significant.

RESULTS

The effect of US combined with MBs on the extrava-
sation of 2-MDa dextran and NPs was imaged in real time
by intravital multiphoton microscopy during US sonication.
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Fig. 3. Examples of extravasation and distribution of nanoparticles (red) and dextran (green) as a function of time after

opening of the blood vessel wall by ultrasound and microbubbles with (a) nanoparticle-stabilized microbubbles at MIs

of 0.8, 0.4 and 0.2 and (b) Sonovue at MIs of 0.8 and 0.4. Zero time corresponds to the time immediately before the
extravasation event occurred. Bar =50 wm. MI=mechanical index.

We observed extravasation and penetration of dextran and
NPs into the extracellular matrix at all MIs tested and found
a correlation between blood vessel diameter at which
extravasation of NPs and dextran occurred and MI.
Changes in flow rate and flow direction were observed, and
occasionally, the blood flow stopped for short periods.

US-Induced extravasation of 2-MDa dextran and NPs

Representative images of extravasation of NPs (red)
and dextran (green) from the blood vessel into the extra-
cellular matrix as a function of time are shown in
Figure 3, Supplementary Figure S3 (online only) and
Supplementary Videos S1—S5 (online only). Extravasa-
tion of NPs and dextran was observed after sonication at
MIs of 0.8, 0.4 and 0.2 when injecting NPMBs (Fig. 3a)
and at Mls of 0.8 and 0.4 when injecting Sonovue
(Fig. 3b). No extravasation of NPs and dextran was
observed using an MI of 0.2 after administration of
Sonovue. Because the NPMB solution also contains free
NPs, the red signal observed in the videos could be
NPMBs, free NPs or aggregated NPs.

The number and percentage of extravasation events
(both NPs and dextran) per total number of treatments are
given in Table 1. Both the number of extravasations in the
FOV during US imaging and the number of extravasations
counted in the five areas imaged after treatment are pre-
sented. Comparison of the two MBs reveals that the per-
centage of extravasation occurrence per total number of
treatments at a PRF of 0.5 is higher for NPMBs than
Sonovue at MIs of 0.8 (73% vs. 44%) and 0.4 (56% vs.
22%). After use of a lower PRF at 0.1 Hz, the total num-
ber of treatments in which extravasation occurred in the
FOV (during live imaging) and in the five areas imaged
after US exposure increased substantially.

The observed extravasation of NPs and dextran
occurred at different time points and locations and
occurred within milliseconds to minutes after the onset of
US exposure (Fig. 4). The number of extravasation events
was not particularly high immediately after administration
of MBs when the concentration of MBs was highest.
However, most of the extravasations occurred within the
circulation half-life of the two MBs at higher MIs (3/3
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Fig. 4. Time point at which extravasation occurred after onset
of US exposure. Both the data points and box-and-whisker
plots are shown. Each point represents one blood vessel where
extravasation was observed, and the red line in box-and-whis-
ker plots represents the median. For NPMBs at MI=0.2
(n=35), MI=0.4 (n=8), MI=0.6 (n=3) and MI=0.8 (n=17),
and for Sonovue at MI=0.4 (n=5) and MI=0.8 (n=10) where
n=number of blood vessels. Note: Because more than one
extravasation could occur at the same time point in different
vessels, two or more circles could be merged together.
MI=mechanical index; = NPMB = nanoparticle-stabilized
microbubbles.

and 16/17 at MIs of 0.6 and 0.8, respectively, for NPMBs
and 6/10 for Sonovue at an MI of 0.8).

A representative color map plot of mean fluores-
cence intensity as a function of both time after extravasa-
tion and distance from the blood vessel is provided
in Supplementary Figure S4 (online only) for dextran
(Supplementary Fig. S4a) and NPs (Supplementary
Fig. S4b). Based on such color map plots, the intravascu-
lar intensity (Supplementary Figs. S5—S6) (online only),
as well as the penetration and accumulation of NPs
and dextran into the extravascular matrix (ROI in Sup-
plementary Fig. S7) (online only), were determined
(Figs. 5-8).

Interestingly, after extravasation, inside the blood
vessels at the origin of extravasation, an immediate accu-
mulation of dextran and NPs was observed followed by a
slow decrease in dextran and NP fluorescence intensity.
This effect occurred mainly at the higher MIs (0.8 and
0.4), whereas in some cases, for an MI of 0.2, dextran
and NP fluorescence intensities inside blood vessels
increased until the end of the treatment (Supplementary
Figs. S5 and S6).

For both NPs and dextrans, there was a large varia-
tion in the extent of extravasation and subsequent pene-
tration into the extracellular matrix between the
individual extravasations, as illustrated in Figure 5 for
NPMBs and in Figure 6 for Sonovue. The variation was
more pronounced at MI=0.8 for both MBs. Sonication
at an MI of 0.8 induced more pronounced extravasation
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Fig. 5. Penetration of dextran and NPs for NPMBs at various
MlIs. MI = 0.8 for dextran (a) and NPs (b) (n=12). MI=0.4 for
dextran (c) and NPs (d) (n=7). MI=0.2 for dextran (¢) and
NPs (f) (n=4). Zero time corresponds to the time immediately
before opening of the blood vessel by the ultrasound/MBs, and
zero distance is inside the blood vessel where extravasation
occurred. Each color represents one blood vessel in which
extravasation occurred. MI=mechanical index; NPs=nano-
particles; NPMB = nanoparticle-stabilized microbubbles.

than sonication at the lower MIs, and in a few cases, it
appeared immediately after a reduction or even full stop
in blood flow, and change in blood flow direction
occurred. The rate of penetration of both dextran and
NPs into the extracellular matrix increased with increas-
ing M1, as illustrated in Figures 5 and 6 for NPMBs and
Sonovue, respectively. At an MI of 0.8 (for most cases),
the penetration distance of the agents increased rapidly,
as indicated by the steep initial slope (Figs. 5a, 5b and
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Fig. 6. Penetration of dextran and NPs for Sonovue at vari-
ous MIs. MI=0.8 for dextran (a) and NPs (b) (n=06).
MI = 0.4 for dextran (c) and NPs (d) (n=15). Zero time corre-
sponds to the time immediately before opening of the blood
vessel by the ultrasound/MBs, and zero distance is inside
the blood vessel where extravasation of agents occurred.
Each color represents one blood vessel where extravasation
occurred. MI=mechanical index; NPs=nanoparticles;
NPMB = nanoparticle-stabilized microbubbles.
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Fig. 7. Extravascular accumulation within 50 pm from the
blood vessel of dextran and NPs as a function of time for
NPMBs. MI=0.8 for dextran (a) and NPs (b) (n=12).
MI =0.4 for dextran (c) and NPs (d) (n=7). MI=0.2 for dex-
tran (e) and NPs (f) (n=4). Zero time corresponds to the time
immediately before the extravasation. These curves are ratios
to their respective maximum (whole image). Each color repre-
sents one blood vessel in which extravasation occurred.
MI =mechanical index; NPs=nanoparticles; NPMB =nano-
particle-stabilized microbubbles.

6a, 6b). At the lower Mls (0.4 and 0.2) and at an MI of
0.4 using Sonovue, the rates of penetration of dextran
and NPs were slower in most cases (Fig. 5c—f and 6c,
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Fig. 8. Extravascular accumulation within 50 pm from the
blood vessel of dextran and NPs as a function of time for Sono-
vue. MI=0.8 for dextran (a) and NPs (b) (n=6). MI=0.4 for
dextran (c) and NPs (d) (n=5). Zero time corresponds to the
time immediately before extravasation. These curves are ratios
to their respective maximum (whole image). Each color repre-
sents one blood vessel where extravasation occurred.
MI =mechanical index; NPs=nanoparticles; NPMB = nano-
particle-stabilized microbubbles.

6d). When rapid and deep penetration into the extracellu-
lar matrix occurred (as illustrated by the purple curve in
Figure 5¢ (MI=0.4) and the blue curve in Figure Se
(MI=0.2), a large aggregate of NPs or NPMBs was pres-
ent intravascularly immediately before the onset of
extravasation. Representative images for such large
aggregates are provided in Supplementary Figure S8
(online only, for MI=0.4) and Figure 3a (for MI=0.2).

The maximum penetration distances of the two
agents within 40 s after the extravasation event varied
considerably (Fig. 5 for NPMBs, Fig. 6 for Sonovue). At
an MI of 0.8, the maximum penetration of dextran and
NPs (in most of the extravasations) was in the ranges
38—70 and 23—70 pm, respectively, when NPMBs or
Sonovue was injected (Figs. 5a, 5b and 6a, 6b).

At the lower MIs, when NPMBs were injected, the
maximum penetration of dextran was in the ranges
34—77 and 38—46 pm at MIs of 0.4 and 0.2, respec-
tively (Fig. 5c, 5e), while NPs penetrated in the ranges
16—77 pm at MI=0.4 and 10—17 pm at MI=0.2
(Fig. 5d, 5f). With Sonovue at MI=0.4, the maximum
penetration of dextran was in the range 31—46 wm, and
for the NPs, it was in the range 17—30 pwm (Fig. 6c, d).

Next, the accumulation of dextran and NPs within
50 pwm of the blood vessel wall as a function of time was
determined (Figs. 7 and 8) and exhibited a large varia-
tion between the individual extravasations. The extravas-
cular mean fluorescence intensity increased with MI. For
NPMBs at MIs of 0.8 and 0.4, the mean fluorescence
intensity for dextran (for most extravasations) increased
immediately after the onset of the extravasation and
reached a peak before a gradual decrease in intensity
was observed, whereas the NP fluorescence intensity
increased more slowly in the beginning and leveled out
thereafter (Fig. 7a, 7b). At an MI of 0.2, the increase in
the mean intensity of both dextran and NPs was low
(Fig. 7e, 7f). For Sonovue at MI=0.8, both dextran and
NPs exhibited a gradual increase in fluorescence inten-
sity (in most cases) followed by a slow increase (Fig. 8a,
8b), whereas the increase was much less at MI=0.4
(Fig. 8a, 8b and 7c, 7d).

Blood vessel diameter, branching point and
extravasation

The vessel diameter was important for extravasa-
tion. At lower Mls (0.2—0.4), extravasation of NPs and
dextran occurred in vessels with larger diameters as
compared with that at MIs of 0.8 and 0.6 (Fig. 9a). Sta-
tistical analysis revealed significant differences between
MIs of 0.8 and 0.2 and between MlIs of 0.8 and 0.4
(Fig. 9a). Furthermore, for all Mls tested, 80% of the
extravasation of NPs and dextran occurred at the vessel
branching points, as outlined in Table 2, Figure 9b and
Supplementary Videos S1 and S3 (online only). “At
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Fig. 9. (a) Blood vessel diameter versus MI. Both the data
points and box-and-whisker plot are shown. Each circle repre-
sents one blood vessel in which extravasation was observed, and
the red line in the box-and-whisker plot represents the median.
For NPMBs at MI=0.2 (n=15), MI=0.4 (n=16), MI=0.6
(n=5) and MI=0.8 (n=17) and for Sonovue at MI=0.4
(n=15) and MI=0.8 (n=11). n is number of blood vessels.
*Statistically significant difference between the groups. B)
Examples of positions where extravasation occurred. Arrows
indicate the flow direction, x indicates the position where
extravasation occurred for MI=0.2 (NPMBs) and MI=0.8
(NPMBs). Bar = 50 wm. MI = mechanical index; NPs = nanopar-
ticles; NPMB = nanoparticle-stabilized microbubbles.

vessel branching points” means a maximum of 9 pm
from the vessel wall plus the radius of the vessel.

Change in blood flow caused by US and MBs
Before injection of MBs and application of US, a
homogeneous FITC—dextran fluorescence signal was
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observed (Fig. 10a). During US exposure, many vessels
exhibited heterogeneous and more granular FITC—dextran
fluorescence signals (Fig. 10b). This appearance was more
pronounced when the blood flow stopped and/or changed
direction (Supplementary Video S3). We did not observe
such effects in the control groups (without US) (Supple-
mentary Videos S6 and S7). A reduction in mean fluores-
cence intensity inside the blood vessel was observed
immediately when US was applied. This reduction
increased with increasing MI and might be due to a slight
change of focus of imaging caused by displacement of the
tissue by acoustic radiation force.

The speed of NPs in untreated and US-treated
tumors is illustrated in Figure 10c. Before application of
US (controls), after injection of NPMBs, the speed was
117 £ 40 pm/s. When free NPs and Sonovue were
injected, the speed was significantly lower, that is, 91 +
30 pm/s. After US, the speed of NPs decreased by
approximately 41%, 63% and 89% at MIs of 0.2, 0.4 and
0.8, respectively, for the NPMB groups, and by approxi-
mately 70% for both Sonovue groups. The difference
between NP speed before US and that during US was sta-
tistically significant at all MIs and for both MBs. More-
over, statistical analysis revealed significant differences
between all NPMB groups, but no significant difference
between MlIs of 0.4 and 0.8 for Sonovue groups.

Moreover, US combined with MBs altered the
blood flow direction, as illustrated in Figure 10d and
Supplementary Video S3. The percentage of occurrence
of changes in blood flow direction for each group
increased with MI (Fig. 10d). At the highest MI, approxi-
mately 50% of the recordings revealed a change in the
flow direction. We did not observe any change in flow
direction for the groups injected with Sonovue only and
Sonovue plus free NPs without US.

Blood vessel damage caused by US and MBs

Histologic HES-stained sections were imaged and
evaluated for US-induced damage by an experienced
pathologist. In Figure 11 are representative images of
tumors treated with Sonovue at an MI of 0.4 (Fig. 11a)
and NPMBs at an MI of 0.8 (Fig. 1 1b). Microhemorrhages
(extravasation of red blood cells out of the blood vessel)
were observed at MI=0.8 (Fig. 11c) in 2 of 5 mice in the
NPMB group and 1 of 4 mice in the Sonovue group. No

Table 2. Numbers of extravasations that occurred at branching point of a blood vessel

NPMBs Sonovue Total
MI=0.2 MI=0.4 MI=0.6 MI=0.8 MI=0.4 MI=0.8
At branching point 3 7 13 4 9 38
Not close to branching point 2 1 4 1 1 10

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

Fig. 11. Representative histologic sections from the OHS

tumors grown in dorsal window chambers treated with MB and

US stained with hematoxylin, erythrosine and saffron. (a)

Treated at MI =0.4. (b) Treated at MI=0.8. (c) Higher-magni-

fication image from the white box in (b). Images were taken at

10 x (a, b) and 40 x (c) magnification. Bar=1 mm (a, b) and
50 pm (c).

severe vascular damage was observed per se. No hemor-
rhages were observed at the lower MIs (0 of 4 mice each
at MI=0.4 for NPMB and Sonovue groups, and 0 of 2
mice each at MI=0.2 for NPMB and Sonovue groups).

DISCUSSION

Real-time imaging of US-induced effects on the
vasculature and behavior of various molecules and nano-
scale particles is a powerful method. Multiphoton imag-
ing of the opening of the blood—brain barrier has
previously been performed (Burgess et al. 2014; Cho
et al. 2011; Raymond et al. 2007). However, to our
knowledge, real-time imaging of US-induced extravasa-
tion of nanoscale agents in solid tumors in vivo has not
been reported before. In our study, imaging the vascula-
ture by intravital multiphoton microscopy during US
sonication revealed extravasation of NPs and dextran,
which indicates opening of the blood vessel. There was a
correlation between blood vessel size where extravasa-
tion occurred and MI. Furthermore, the majority of the
extravasations occurred at vessel branching points.
Moreover, US-induced changes in flow rate and flow
direction were observed, and occasionally, the blood
flow stopped for short periods.

One interesting observation is that in most cases
where extravasation occurred, it occurred close to vessel
branching points. This could partly be due to the chaotic
and disorganized tumor vessels, which had trifurcations
and branches with uneven diameters (Fukumura and Jain
2007), and the fragility of the branching points. It has
been reported that the organization of the vessels can
create differences in sensitivity to sonication (Hu et al.
2012) and that branching points of the tumor vessels
could be more susceptible to sonication. It was also
reported that microdisruption occurred more often at
branching points, which could be due to MBs being
more easily trapped at such locations (Raymond et al.
2007). Moreover, the blood flow pattern is different at
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the branching point (Malek et al. 1999). The flow might
influence the number of bubbles in contact with endothe-
lial cells and the average bubble—cell distance, which
can enhance the interaction between the bubbles and
endothelial cells.

The diameter of the blood vessel was also found to
affect US-induced extravasation. After sonication at
higher MIs (0.8 and 0.6), extravasation was typically
observed in vessels with diameters of approximately
10—20 wm, whereas at lower Mls (0.2 and 0.4), the
diameter ranged from 20—40 pm. Such a correlation
between MI and vessel diameter has been reported in
other studies (Nhan et al. 2013; Raymond et al. 2007).
The boundary conditions imposed by the vessel wall
influence the resonance frequency and the oscillation of
a MB (Goertz 2015; Qin and Ferrara 2007; Sassaroli and
Hynynen 2005). If the effect is a reduction in bubble res-
onance frequency compared with a free space situation
and the bubble resonance frequency falls below the soni-
cation frequency in the smallest vessels (diameter
10—20 pm), a higher MI will typically be required to
obtain the same effect from cavitation. This requirement
might explain why we did not observe extravasation in
the smallest vessels, except at the highest MI.

Another interesting observation is that the extrava-
sations appeared within milliseconds to minutes after the
onset of US exposure, which indicates that the MBs
could be present in the circulation for 5 min. However,
we did not observe a higher number of extravasations
immediately after the bolus injection when the MB con-
centration was highest. The differences in tumor charac-
teristics, such as blood vessel density, branching, vessel
organization and blood flow velocity (Wilhelm et al.
2016), can cause fluctuations in the amount of MBs in
the target region, thereby affecting the onset time of the
extravasation (Choi et al. 2014). Furthermore, there may
not be adequate time for reperfusion between US pulses
after the US destruction of the MBs, which occurs in a
considerably larger region than the FOV.

Sonication at MI = 0.8 induced more violent extrav-
asation and a higher number of extravasation events than
that at lower MI. The main mechanism for this violent
extravasation could be inertial cavitation, which occurs
at higher peak negative pressures, as bubbles respond
with a large and unstable expansion and, finally, a vio-
lent collapse (Kooiman et al. 2014). The opening of the
blood vessel wall is most likely due to mechanical forces
induced on the vessel wall during the oscillation of the
MBs and subsequent collapse, causing shear forces and
secondary effects, such as microstreaming, shock waves
and jetting. At the lower MIs (0.4 and 0.2), in most cases,
slower extravasation was observed. At lower Mls, stable
volumetric oscillation of MBs might induce mechanical
forces and acoustic streaming, resulting in shear stress
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on the vessel wall that can be sustained during the entire
pulse duration (Kooiman et al. 2014). These mechanisms
can create pores in the vessel wall, causing material to
extravasate from the vessel. Larger shear stresses are
reported to create larger pore sizes or more prolonged
pore openings (Helfield et al. 2016). For monodisperse
MBs, in the healthy vasculature of the brain, the opening
volume is proportional to the acoustic pressure (Vlachos
et al. 2011). This finding indicates that the shear stress
may be larger at higher MlIs than at lower Mls, and larger
openings are probably created.

A large variation in penetration and accumulation
into the extracellular matrix between individual extrava-
sations was observed for both MBs and at all MIs
applied. The reason might be owing mainly to the fol-
lowing factors: 1) The size differences in the pores cre-
ated on the blood vessel wall caused by polydisperse
MBs exerting different shear stresses on the blood vessel
wall: The diameter of monodisperse MBs has been
reported to correlate with the volume of blood—brain
barrier opening in the healthy vasculature of the brain
(Vlachos et al. 2011). In our study, both MBs are poly-
disperse populations, and for the NPMB, the excess of
free NPs or the NPMBs can aggregate, increasing the
polydispersity. 2) Blood flow velocity variability within
and between tumors: This variation will not only affect
the amount of MBs within the target region but also the
amount of NPs (and, to a lesser extent, dextran) within
the target region. In some cases, arrival of few NPs was
observed in the region in which extravasation was
observed. 3) Properties of the extracellular matrix, such
as the heterogeneity in tumor cell density, interstitial
fluid pressure and stromal content, might also influence
the penetration of the agents.

A PRF of 0.5 Hz was initially chosen based on the
velocity of blood in capillaries of mice, which is 2.03
+1.42 mm/s (Unekawa et al. 2010), and our previous
in vivo study (Snipstad et al. 2017). However, reducing
the PRF from 0.5 to 0.1 Hz caused an increase in the
number of extravasations at an MI of 0.8 when Sonovue
was used and an MI of 0.4 when NPMBs were injected.
With the higher PRF, MBs could possibly be destroyed
before they reach the FOV, as the size of the —3-dB US
beam is considerably larger than the FOV. Hence, new
MBs would not replace the destroyed MBs, and subse-
quent US pulses would be ineffective. With a PRF of
0.1 Hz, the MBs get more time to replace the destroyed
MBs before the next US pulse arrives, hence improving
the interaction between US and MBs in the FOV.

The total numbers of extravasation events induced
by the two MBs differed. It has been reported that the
type of MB has a significant effect on cavitation activity
(McMahon and Hynynen 2017; Wang et al. 2014a).
When US and Sonovue are combined, considerably
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fewer extravasations and numbers of blood vessels
affected were observed in the FOV (during live imaging)
compared with what was observed when US and NPMBs
were combined. The difference in inducing extravasation
is probably due to differences in the properties and
behavior of the two MBs. The average diameter and con-
centration injected are quite similar for the two MBs.
The size distributions of the two MBs are rather similar;
however, the NPMBs are a small population with a
diameter larger than 10 wm. In addition, the circulation
half-time of the NPMBs is 1.5—2 times longer than that
of Sonovue; hence, the amount of MBs reaching the
tumor tissue could be different. The shell and gas core of
the two MBs differ. NPMBs have an NP/protein shell
and perfluoropropane core, whereas Sonovue has a lipid
shell and sulfur hexafluoride (SFg) core. The NP/protein
shell is thicker and stiffer compared with the lipid shell,
which is soft and elastic. The shell composition is impor-
tant to the behavior of the MBs, and its importance was
described in a study comparing Optison with a shell of
denatured albumin and lipid-shelled Definity, where
Optison induced greater destruction of the blood—brain
barrier than Definity (McDannold et al. 2007). These
researchers also suggest that the lipid-shelled Definity
may be more difficult to break than Optison. However,
our findings suggest that NPs/protein-shelled NPMBs
may be more difficult to break than the lipid-shelled
Sonovue and thus resilient at higher Mls. Therefore, the
cavitation activity can persist longer for NPMBs than for
Sonovue, causing more microstreaming and microjets
affecting the capillary walls.

At an MI of 0.8, penetration of NPs into the extra-
cellular matrix was faster for NPMBs than for Sonovue.
This could be due to the presence of NPs on the bubble
shell for the NPMBs which, upon violent destruction of
MBs, are spread more efficiently than circulating par-
ticles (Burke et al. 2011a, 2014). Dextran penetrated
faster than NPs for both MBs and at all Mls applied. The
difference in the rate of penetration between NPs and
dextran could be due to their sizes. The diameter of the
NPs is approximately 160 nm, whereas the diameter of
2-MDa dextran is reported to be approximately 60 nm
(Lammers et al. 2015). Moreover, the extravascular
mean fluorescence intensity of dextran and NPs
increases with MI, reflecting the correlation between MI
and amount of NPs and dextrans extravasating.

Changes in blood flow rate and direction were also
assessed from real-time imaging. Interestingly, changes
in flow rate and direction were observed at all Mls
applied, but the changes in both flow rate and direction
were more pronounced at higher MI (0.8). As previously
reported (Raymond et al. 2007), we observed heteroge-
neous and a granulation or streak of the FITC—dextran

fluorescence in many vessels when the blood flow
stopped and/or changed flow direction during US expo-
sure. The black structures within the vessels in the het-
erogeneous FITC—dextran fluorescence could be red
blood cells and became more apparent when the flow
rate decreased. No changes in blood flow direction were
observed during the 5 min of imaging after injection of
Sonovue or Sonovue plus NPs before exposure to US.
However, without US, the NP flow speed was signifi-
cantly lower when injecting Sonovue plus free NPs than
NPMBs (91 &+ 30 pm/s vs. 117 & 40 wm/s). However,
the mechanisms responsible for change of flow during
US are not fully understood. A reduction of blood veloc-
ity and perfusion caused by US combined with MBs (at
1-MHz peak negative pressure in the range 0.74—1.6
MPa) was also reported in previous studies (Burke et al.
2011b; Goertz et al. 2008, 2012). In these studies, the
effects are associated with inertial cavitation (Goertz
2015). In our study, the change in blood flow was also
found at an MI of 0.2, where inertial cavitation can be
ruled out. This indicates that other mechanisms are
involved. For example, (i) aggregation and activation of
platelets can apparently occur very rapidly after an injury
to the endothelial cells because of rapid destruction of
MBs at the surface of tumor vasculature, which reduces
the blood flow (Hu et al. 2012); and (ii) there might be
significant cavitation activity going on in nearby arterio-
les outside the FOV that potentially can induce vasocon-
striction and affect the flow within the FOV. The
occurrence of vasoconstriction has been reported to
induce a reduction and transiently stop blood flow
(Raymond et al. 2007).

From histologic evaluation, the tissue was not dam-
aged at MIs of 0.4 and 0.2, as also reported in our previ-
ous study (Snipstad et al. 2017). At an MI of 0.8,
microhemorrhage was observed in the tumor tissue and
was considered to be minimal. Similar effects have been
reported previously for Sonovue at an MI of 0.8 (Wu
et al. 2017). The microhemorrhages could be caused by
the fragile neoangiogenic vessels of the tumors.

CONCLUSIONS

Multiphoton microscopy was used for real-time
intravital imaging during US to investigate the effects of
US and MBs in enhancing the permeability of tumor
blood vessels and improving the delivery of NPs. Large
variations in the rate and extent of penetration into the
extracellular matrix were observed. Interestingly, at the
higher MI, the extravasation occurred in smaller vessels
and extravasation generally occurred close to vessel
branching points. US also altered NP flow velocity and
blood flow direction in an MI-dependent manner.
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Results gained from intravital multiphoton micros-
copy help to elucidate the temporal and spatial extrava-
sation of nanoscale particles during US exposure,
which is highly useful in understanding the mechanisms
underlying US-mediated delivery of NPs and optimiz-
ing them.
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SUPPLEMENTARY DATA

Image processing

Images were analyzed in ImageJ (National Institutes of Health, Bethesda, MD, USA) and
MATLAB (MathWorks, Natick, MA, USA). The first frame (Fig. S1A) was used to create a vessel
mask using automatic segmentation. Examples of such images are shown in Fig. S1. Fig. S1A

represents the first frame image from the dextran signal, and Fig. S1B shows a vessel mask created.

Penetration kinetics of dextran and NPs into the extracellular matrix

To evaluate the penetration and distribution of the NPs and dextran into the extracellular
matrix, the video frame averaging three consecutive images (compromising the temporal resolution
and the quality of the image) were used. First, the blood vessels were masked, and subsequently, a
circular ROI with radius equal to the vessel was drawn followed by concentric circles around the
vessel spaced by 3 pixels (2.23 um) from the blood vessel wall until reaching approximately 60 to 100
pum in depth in the extracellular matrix (Fig. S2). Inside the blood vessel and within the concentric
rings, the mean fluorescence intensity values of dextran and NPs as a function of depth and time were
computed as shown in Fig. S3.

From these mean fluorescence intensities, the penetration of the two agents was computed by
registering the distance and time at which the mean signal intensity was greater than 10% of the

background intensity value and are depicted in Fig. 5-6

Intravascular accumulation

Representative images indicating the ROIs are shown in Fig. S4. The mean fluorescence
intensity of dextran and NPs as a function of time were computed (Fig. S5-S6 and Fig. 7-8). Figs. S5
and S6 show the intravascular, whereas the extravascular accumulation of dextran and NPs were

shown in Figs 7 and 8, respectively.



Large NPMB or aggregate NPs

Fig. S7 shows the presence of large MB or aggregate NPs in the region of the vessel
immediately before extravasation (t=0). The tumor was exposed to MI of 0.4, and the figure shows
how the NPMB/aggregates of NPs are increasing and extravasating during the first minutes of US.

These images correspond to the extravasation accumulation shown by the cyan color curve in Fig. 5C.

Supplementary movies

Examples of video recorded by intravital microcopy in real time during US. The video shows
a composite image of both dextran (green) and NP (red) channels. To enhance the quality of the
images, video frame averaging fifteen consecutive images was performed, and image brightness was
adjusted to aid visualization of the two agents. The first 5 videos show the onset of extravasations as
well as the penetration and distribution of dextran and NPs into the extracellular matrix after the blood
vessel opening. In addition, the videos also demonstrate changes in the blood flow rate and direction
after US was applied. Treatment started immediately after injection of MBs. The last two videos are

controls without US.
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Fig. S1. MB sizing using microscopy. Typical bright field optical microscope image of: A) Sonovue
suspension, and B) NPMB suspension. Histogram illustrating the size distribution as: C) number of
particles of Sonovue, and D) number of particles of NPMB. Scale bar = 50 um.

Fig. S2. (A) Representative image from dextran signal used for creating the vessel mask. (B)
Resulting vessel mask. Scale bare=50 um.
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Fig. S3. Representative images showing the circular ROI inside the blood vessel and concentric circle
ROIs (outside the blood vessel) spacing 3 pixels (2.23 pm) from the blood vessel wall until 60 to 100
pum into the interstitium. The mean fluorescence intensity within each ROIs were computed. Scale
bar =50 pm.
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Fig. S4. Representative color map plot of mean fluorescence intensity as a function of both time and
distance from the blood vessel for NPMBs at M1 0.8.:- (A) for dextran and (B) for NPs. Similar plots
were drawn for all data presented in Fig. 5-6.

Fig. S5. Representative images showing circular ROI: (A) inside the blood vessel and (B) within 50
pum from the blood vessel surface (extravascular accumulation). Scale bar = 50 pum.
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Fig. S6. Representative plots of intravascular accumulation of dextran and NPs as function of time
for various Mls for NPMB. MI=0.8 for dextran (A) and NPs (B) (n=4), M1=0.4 for dextran (C) and
NPs (D) (n=3), and M1=0.2 for dextran (E) and NPs (F) (n=3). Zero time corresponds to the time
where imaging started. The colored arrows indicate the onset of extravasation for each curve with
corresponding color code. These curves are ratio to their respective maximum (of the whole image).
Each color represents one blood vessel where extravasation occurred.
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Fig. S7. Representative plots of intravascular accumulation of dextran and NPs as function of time for
various Mls for Sonovue. MI=0.8 for dextran (A) and NPs (B) (n=4), and MI=0.4 for dextran (C)
and NPs (D) (n=4). Zero time corresponds to the time where imaging started. The colored arrows in x-
axis indicate the onset of extravasation for each curve with corresponding color code. These curves
are ratio to their respective maximum (whole image). Each color represents one blood vessel where
extravasation occurred.
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Fig. S8. Examples of extravasation and distribution of NPs (red) and dextran (green) as a function of
time after opening of the blood vessel wall by US and MB with M1 0.4 to illustrate NPMB or
aggregate of NPs at the vessel site immediately before onset of extravasation. The arrow indicates the
large MB or aggregated NP. Zero time represents to the time immediately before opening of the
vessel. Scale bar =50 um.
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