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ARTICLE INFO ABSTRACT

Keywords: Ultrasound-responsive agents have shown great potential as targeted drug delivery agents, effectively
Micro(;bubll)les augmenting cell permeability and facilitating drug absorption. This review focuses on two specific agents,
Nanodroplets

microbubbles and nanodroplets, and provides a sequential overview of their drug delivery process. Particular

Sonoporation . emphasis is given to the mechanical response of the agents under ultrasound, and the subsequent physical and
Cellular permeabilization . . . . . . .. . .
Endocytosis biological effects on the cells. Finally, the state-of-the-art in their pre-clinical and clinical implementation are
Blood-brain barrier (BBB) discussed. Throughout the review, major challenges that need to be overcome in order to accelerate their clinical
Enhanced Permeability and Retention effect translation are highlighted.
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1. Introduction

Systemic drug delivery suffers from two main limitations. First, it
lacks specificity in targeting the treatment site. Drugs may circulate
throughout the body, affecting both healthy and diseased tissues, which
can lead to unwanted side effects. Second, it faces limited penetration
because some drugs encounter difficulties in crossing physiological bar-
riers, such as the endothelium and in particular, the blood-brain barrier
(BBB). Therefore, the therapeutic results of medications typically fall
short due to the limited ability of the drug to reach and act at the
intended target [1]. To overcome these limitations, various novel in-
travascular delivery systems have been developed to achieve targeted
drug delivery. These include solid nanoparticles [2], nanocrystals [3],
protein-based agents [4], cell-based agents [5], polymer-drug conju-
gates [6], liposomes [7,8], and more. These carriers are engineered to
encapsulate drugs, protect them from degradation, and release them
at the desired location. Nevertheless, they encounter the same biologi-
cal barriers to delivery as other therapeutics, which ultimately restricts
their clinical efficacy. On the other hand, ultrasound-responsive agents,
such as microbubbles and nanodroplets, have demonstrated meeting
both the demands of high specificity and deep penetration. They
achieve targeted delivery through interface functionalization and by
leveraging the high spatial resolution offered by clinical ultrasound sys-
tems, and they enhance penetration by transiently rupturing biological
barriers via the mechanical stress generated by the agents’ kinetic ac-
tivity in response to ultrasound. Significantly, as of now, the utilization
of ultrasound-activated microbubbles stands as the sole non-invasive,
localized, and reversible method for opening the BBB and administer-
ing drugs to the brain [9]. This technique has proven to be an effective
treatment for the early onset of Alzheimer’s, Huntington’s and Parkin-
son’s diseases [10-12], brain tumors [13-15], and amyotrophic lat-
eral sclerosis [16]. The therapeutic potential of ultrasound-responsive
agents also extends beyond the central nervous system, encompass-
ing the cardiovascular system and all highly vascularized tissues and
organs. They can effectively deliver plasmid DNA and drugs for treat-
ing myocardial infarction [17], atherosclerosis [18], and solid tumors
[19,20].

1.1. Ultrasound-responsive agents for therapy

Micron-sized bubbles are the most frequently used agents for
ultrasound-mediated drug delivery. Bubbles have an innate ability to
focus acoustic energy, which can frequently result in detrimental and
undesirable consequences. One illustrative instance is the cavitation
of bubbles within underwater turbines, where bubbles form and then
collapse, resulting in substantial damage to the machinery [21]. How-
ever, when controlled, this energy-focusing ability can be harnessed
for a large number of biomedical applications. Upon harmonic acous-
tic driving, the bubbles undergo a periodic succession of expansion
and compression phases, which leads to the emission of sound and
the generation of mechanical stress on the surroundings. The first effect
established bubbles as a widely used ultrasound contrast agent in perfu-
sion imaging across multiple organs [22-26]. The second outcome has

opened avenues for their utilization in therapeutic applications such as
sonothrombolysis, for dissolving blood clots in acute ischemic stroke
([27,28], as well as facilitating drug delivery for the treatment of a
wide range of diseases. The bubbles employed in clinical applications
have a diameter of less than 10 um to avoid flow blockages in capil-
lary vessels, and hence, are referred to as microbubbles. Fortuitously,
the resonance frequencies of microbubbles within this size range conve-
niently match the working frequencies of clinically approved diagnostic
ultrasound systems, which range from 1MHz to 10 MHz, ensuring
optimal efficiency in converting acoustic energy into bubble kinetic
motion. A major advantage of using microbubbles as a therapeutic
agent lies in their commercial availability and clinical approval for
ultrasound imaging applications (examples of approved microbubbles
include Optison™ from GE HealthCare, Sonazoid™ from GE HealthCare,
Lumason/SonoVue® from Bracco Diagnostics, and Definity® from Lan-
theus Medical Imaging, Inc.).

Micron- and sub-micron-sized liquid droplets are another class of
ultrasound-responsive agents. These droplets can be considered as mi-
crobubble precursors that can be vaporized into bubbles using acous-
tic activation. This process, known as Acoustic Droplet Vaporization
(ADV), was first introduced in the 1990s as an alternative method to en-
hance ultrasound contrast [29-31]. The rapid vaporization of droplets,
as a result of ADV, can contribute to the enhanced vascular permeabil-
ity, which can improve drug uptake in tissues, and in extreme cases,
even cause cell death [32-36]. Hence, droplets are currently being stud-
ied as potential agents in several therapeutic applications including
gas embolotherapy [37], ablation techniques such as lithotripsy [38],
histotripsy [39], and thermal ablation [40], as well as targeted drug
delivery [41]. Alternatively, droplet vaporization can also be achieved
using techniques such as optical excitation [42], magnetic excitation
[43], microwave excitation [44], or combination of any of the above
[45]. Nanodroplets present most of the advantages of microbubbles
as ultrasound-responsive agents with certain additional benefits. With
respect to their microbubble counterparts, nanodroplets have longer cir-
culation lifetimes in vivo due to their smaller size, which prevents rapid
clearance by phagocytic cells, and provides higher stability against dis-
solution [46]. Additionally, since nanodroplets are limited scatterers of
sound until they are converted into microbubbles, the acoustic field is
less distorted while passing through nanodroplet clouds. This ensures
better focus of the acoustic beam within the tissue, enabling better tar-
geting of nanodroplets and preventing unnecessary bioeffects due to the
scattering [47]. Furthermore, nanodroplets (and in general nanocar-
riers) can also extravasate in the leaky vasculature of tumor tissue
[48] leading to localized creation of microbubbles upon drop vaporiza-
tion for highly targeted drug delivery and contrast enhancement [47].
However, the major limitations of using droplets as compared to mi-
crobubbles, are the prohibitively high acoustic pressure amplitudes for
activation [46,49], and the limited control of the vaporization-induced
mechanical action.

Other ultrasound-responsive agents include solid particles that
entrap and stabilize tiny gas pockets. These particles (usually sub-
micrometric) can be used as cavitation nuclei to generate bubbles, and
hence provide the therapeutic advantages of microbubbles on-demand.
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Fig. 1. Schematic overview highlighting the role of ultrasound-responsive agents and their pathway throughout the drug delivery process. Illustration by Gaia

Codoni.

These particles can take various forms ranging from polymeric cup-
shaped nanoparticles [50], to gold nanocones [51], to mesoporous silica
nanoparticles [52]. However, the scope of this review is limited to
the most common ultrasound-responsive agents, namely, microbubbles
and nanodroplets. Throughout this review, unless specified otherwise,
“agent” indicates both microbubbles and nanodroplets.

1.2. Pathway to drug delivery

Despite the numerous successful pre-clinical and clinical trials us-
ing ultrasound-responsive agents, the intricate physical, biophysical,
and biological processes involved in the enhanced permeability mech-
anism pose a formidable challenge to relate the specific agent ac-
tivity with the resulting bioeffects, and therefore, exert full control
on the therapeutic procedure. Furthermore, the response of individ-
ual ultrasound-responsive agents inherently varies, influenced by their
unique microstructure and the surrounding microenvironment’s geom-
etry and physical properties. Additionally, the mechanisms identified in
vitro may differ from those observed in vivo. This review aims to pro-
vide a comprehensive and critical examination of the existing body of
knowledge regarding microbubbles and nanodroplets, and their use in
therapy. The pressing open questions which hinder the clinical transla-
tion of these agents are particularly emphasized. The structure of this
review covers sequentially the distinct phases comprising the therapy
based on ultrasound-responsive agents, which are graphically summa-
rized in Fig. 1. We will begin by delving into the fabrication process of
these agents and their drug-loading capabilities (Sec. 2). Following that,
we will explore the intricate journey of these agents within the body,
shedding light on the challenges associated with their successful deliv-
ery to specific target areas (Sec. 3). Moving forward, we will dive into

the acoustic response of these agents, examining the theoretical aspects
governing their behavior, the effect of confinement, their stability when
subjected to ultrasound, and the development of safety metrics to assess
their bioeffects (Sec. 4). Subsequently, we will investigate the mechan-
ical effects induced by these agents on the vasculature wall and the
resulting biological responses that contribute to enhanced drug perme-
ability (Sec. 5). Lastly, our journey will culminate with an exploration
of the intricacies involved in delivering drugs to target tissues (Sec. 6).

2. Fabrication of ultrasound-responsive agents

The initial step in the drug delivery pathway involves creating spe-
cialized agents designed to facilitate ultrasound-induced targeted drug
delivery. In the following sections, we will explore various methods for
agent fabrication, discuss drug-agent conjugation, and highlight their
respective limitations.

2.1. Microbubble and droplet fabrication

Microbubbles and droplets share similar structural chemistry and
fabrication mechanisms (see Fig. 2). Both agents contain a core ma-
terial, composed of a gas, (for microbubbles), or liquid (for droplets),
and a surfactant shell that stabilizes the core material against disso-
lution by reducing the surface tension at the interface. There are a
variety of gas species that have been used for microbubbles. Commer-
cial microbubbles contain an inert, non-metabolizable, heavy molec-
ular weight gas, typically perfluorocarbons (PFC), such as octafluoro-
propane (OFP, C;Fq, in Optison™and Definity/Luminity®) or perfluo-
robutane (PFB, C4F;,, in Sonazoid™), or sulfur hexafluoride (SF¢, in
Lumason/Sonovue®), to prevent dissolution and improve the stability
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Fig. 2. The schematic depicts the possible components of the core, the different
types of shell materials, and the diverse drug-encapsulation techniques that are
employed for microbubbles and nanodroplets. Nanodroplets with a lipid shell
have similar functionalization capabilities as a lipid-coated microbubble.

of the bubbles [53]. The gas content of microbubbles fabricated in-
house is more diverse and tailored to their specific applications. In
addition to PFC and SFg, therapeutic gases such as nitric oxide (NO)
[54,55], oxygen (O,) [56,57], and hydrogen (H,) [58] can be used
for therapeutic applications. Furthermore, gases such as air [59], nitro-
gen (N,) [60], as well as various mixtures [55,57] have also been used.
However, there are still uncertainties regarding the persistence lifetimes
of the gas core in vivo which will be discussed in Sec. 3.

There is also a similar variability in the choice of surfactants, but
for better bio-compatibility, proteins, and phospholipids are the most
popular choices. The first clinically-approved microbubbles were the
albumin-coated Albunex® and Optison™ (approved in 1993 and 1997,
respectively) [61]. Albumin shells are fairly rigid, which makes them
less responsive to ultrasound and often raises concerns about their
potential immunogenicity due to their animal-derived origin [61]. In re-
sponse to these limitations, the adoption of phospholipid shells has be-
come the prevailing method for producing microbubbles. Lipid-coated
microbubbles are more echogenic, biocompatible, and easy to manu-
facture [62]. Lipids naturally adsorb on gas-liquid interfaces, arranging
themselves into a monolayer with lipid hydrophilic head groups ori-
ented outward. A diverse array of lipids is available to tailor both the
stability and functionality of bubbles. The common formulation of the
phospholipid shell consists of two components: a matrix lipid that stabi-
lizes the shell by providing cohesion, and an emulsifying lipid, usually
containing a polymeric group, such as polyethylene glycol (PEG), that
helps with the lipid assembly, prevents coalescence, provides stealth
capability against the immune system, and acts as a tether for further
functionalizations.

Several studies have been dedicated to evaluating the adverse ef-
fects of commercial contrast-enhanced ultrasound agents. Clinical stud-
ies performed to assess the safety of Optison™ and Deﬁnity® reported
minimal patients who suffered severe adverse reactions due to the
agents [63,64]. Similar studies performed for Sonazoid” [65] and the
SFg-based Lumason/Sonovue® [66] have shown that the microbubbles
were safe in both clinical and animal studies, and patients showing
acute or adverse effects were few and far in between.

Emulsions for ADV, on the other hand, are made of micrometric and
nanometric liquid PFC droplets stabilized by a shell. The biocompati-
bility of PFCs has been reported extensively and they have been used
in several clinical applications [67,68]), including in microbubbles, as
mentioned previously. Light perfluorocarbons, such as OFP and PFB are
generally used as droplet cores due to their high vapor pressures which
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makes them easier to vaporize [69]. Nevertheless, combined with their
high water-solubilities, this also makes them thermodynamically unsta-
ble. For this reason, the use of heavier PFCs, such as perfluoropentane
(PFP, C5F;5) and perfluorohexane (PFH, C¢F,,), which present lower
vapor pressures and water-solubility is favored, despite their reduced
vaporizability. Similarly to microbubbles, surfactants such as proteins,
fluorosurfactants, and phospholipids can be employed as shell materials
[70]. Other typical shell materials for encapsulation include polymers
[71,72] and solid nanoparticles [73,74].

Amalgamation and tip-sonication are the two most common tech-
niques to fabricate microbubbles and droplets. Both processes involve
mechanical agitation to incorporate the dispersed phase (which will
constitute the core of the agents [75,76]) into the aqueous continu-
ous phase. Amalgamation mechanically mixes the two phases whereas
tip-sonication employs surface agitation to entrap the dispersed phase
into the continuous phase [62,75,76]. Both processes generate bubbles
and droplets with a polydisperse size distribution, ranging from sub-
micrometer to tens of micrometers in diameter. If monodispersity in
the bubble sizes is required, differential centrifugation has been shown
to be an effective solution to isolate specific bubble sizes [62]. Sim-
ilarly, microfluidic techniques have also been developed to generate
microbubbles as well as droplets with better consistency and control
over their sizes. These are usually flow-focusing devices, where the dis-
persed phase flow is focused in between two continuous phase flows
through a physical constriction or a tight junction, in order to pinch
off uniform sized packets of dispersed phase fluid [77,78]. However,
microfluidic fabrication techniques suffer from complicated setups and
lower throughput than traditional fabrication techniques, such as soni-
cation. New membrane emulsification techniques using Shirasu Porious
Glass (SPG) membranes have also been developed providing higher fab-
rication speeds, although with poor agent monodispersity when com-
pared to microfluidic techniques [79,80]. Another popular technique
to generate droplets is using the method of microbubble condensation,
where existing microbubbles are subjected to the appropriate pressure
and temperature to condense them into droplets [81]. Readers inter-
ested in the details of microbubble and nanodroplet fabrication are
referred to the reviews by Stride et al. [82] and Lea-Banks et al. [47].

2.2. Agent size constraints

The vascular environment sets a distinct upper size limit for agents,
approximately 10 pm [83], to avoid the occurrence of blood flow ob-
structions. Conversely, there is no theoretical lower limit for the size
of agents. As a consequence, nanobubbles have gathered interest as an
imaging and drug delivery agent [84], as their smaller sizes would al-
low for vascular extravasation. However, some controversy currently
exists relating to the contrast enhancement capabilities of nanobub-
bles, as they are theoretically too small to resonate at clinical fre-
quencies [46,85]. Additionally, since therapeutic efficacy relies on the
mechanical action generated by the agents, the non-resonant size of the
nanobubbles raises questions on their use for therapy as well. Hence,
further investigation is needed to take advantage of the nanometric size
for clinical applications.

The size of microbubbles also plays a crucial role in determining
how they respond to incoming acoustic waves, as discussed in Sec. 4.1.
Each bubble size corresponds to a specific resonant frequency at which
it exhibits its peak response. As a result, monodisperse resonant-sized
bubbles have demonstrated superior delivery potential compared to
polydisperse bubbles in pre-clinical studies [86]. Nonetheless, in the
majority of clinical trials, polydisperse bubble populations are com-
monly employed. Additional studies involving monodisperse bubble
populations would be valuable for assessing the effectiveness of em-
ploying resonant-sized bubbles within the clinical context.

Size also represents an important parameter for droplet vaporiza-
tion. Following the phase change from liquid to gas, the resulting bub-
ble diameter is five to ten times greater than the initial droplet diameter
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[87,88] due to the lower density of the vapor phase and the diffusion of
non-condensable gas in the newly formed bubble [89]. While large post-
vaporization bubbles may prove beneficial for embolization studies, in
drug delivery applications, they could result in life-threatening restric-
tions of the blood flow [46]. Furthermore, as the acoustic vaporization
of droplets is highly sensitive to the acoustic frequency and droplet
size, with smaller droplets requiring higher frequencies for successful
vaporization, selecting the appropriate droplet size is crucial [90], as
discussed in Sec. 4.7.

2.3. Agent functionalization

In addition to inducing mechanical stress on cells to enhance perme-
abilization, ultrasound-responsive agents can also serve as drug carriers,
leveraging various drug conjugation strategies, as depicted in Fig. 2.
Some drugs can be linked directly to the lipid shell by taking advantage
of the functionalized PEG entities [91]. For other drugs, this direct at-
tachment may not be feasible. However, if these drugs are hydrophilic,
they can be encapsulated within liposomes, which can then be function-
alized to bind with the outer lipid shell [92]. Hydrophobic drugs, on
the other hand, can be adsorbed into the hydrophobic tail of the lipids
forming the shell [93] or dissolved within an oil layer in the microbub-
ble [94]. In the case of droplets, hydrophobic drugs can be dissolved
directly in the hydrophobic liquid core [95]. Additionally, charged pay-
loads (e.g., DNA), can be electrostatically attached to the shell by using
charged lipids [96].

The agents can also be functionalized to target specific receptor
molecules in diseased tissues. This can be achieved by adorning the
surface of the agent with specific ligand molecules using PEG function-
alization [91,97]. For this purpose, various bio-conjugation schemes,
such as avidin-biotin [98], maleimide-thiol [99], click-chemistry [100],
among others, can be leveraged. A more detailed review of such conju-
gation schemes is provided by Mulvana et al. [91].

3. Agent delivery

The emulsion containing ultrasound-responsive agents is typically
injected intravenously and is distributed throughout the body by the cir-
culatory system. The change in ambient temperature, as the agents are
moved from storage (typically around 4 °C) to the human body (around
37 °C), does not affect microbubbles significantly [102]. However, as
nanodroplets are thermodynamically metastable, an increased ambient
temperature could induce spontaneous vaporization of droplets.

Within the human vasculature, the agents are constantly threat-
ened by the immune system, which tries to attack what is perceived
as a foreign substance and initiate its phagocytic clearance. Larger
agents are more prone to undergo phagocytosis through the mononu-
clear phagocyte system, primarily within the liver and kidney, due
to their complement-dependent activation uptake, which significantly
decreases their circulation lifetime [103-107]. Therefore, PEGylated
molecules are used to increase the steric hindrance of the agents to pre-
vent complement activation and increase their circulation lifetime in
vivo [108,109]. With repeated administration, these agents also prompt
phagocytic cells to recognize PEG-stabilized foreign entities due to anti-
PEG antibody production [106]. Consequently, the following doses are
cleared more quickly, leading to a reduction in their therapeutic ef-
fectiveness. This is called Accelerated Blood Clearance (ABC). Factors
affecting ABC and methods to prevent it are further discussed in the
review by Abu Lila et al. [109].

Gaseous agents are also removed by dissolution and consequent ex-
pulsion through the lungs. During storage, microbubbles are maintained
in a solution saturated with the heavy gases that constitute their core
to ensure minimal dissolution. However, the main dissolved mixture
within circulation is air [101]. When a coated microbubble with a core
of slow-diffusing gas, such as PFC or SFg, is rapidly introduced into
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Fig. 3. Predicted time-evolution of the gas composition for a lipid-coated mi-
crobubble with an SF4 gas core, immersed in an air-saturated aqueous medium.
Figure reproduced with permission from the work by Kwan and Borden [101].

a surrounding medium of fast-diffusing gases such as nitrogen or oxy-
gen, it undergoes immediate expansion driven by the rapid influx of
gases from its surroundings. As a consequence, the increased gas-liquid
interface cannot be entirely covered by the lipid shell anymore, and
the surface tension starts to rise, causing the bubble dissolution due
to the development of Laplace overpressure. The gas originally present
within the bubble is expelled and eventually completely substituted by
the gases dissolved in the surrounding liquid. Dissolution ceases when
the bubble reaches a size that ensures a full lipid coverage of the sur-
face, thus reducing surface tension to zero and eliminating the Laplace
pressure. Kwan and Borden [101] developed a gas dynamics model
based on a modified Epstein-Plesset relation to infer the evolution of
the bubble gas composition from experimental radius-time curves. The
model revealed that the complete replacement of the heavy gas ini-
tially contained in the bubble occurs within a few tens of seconds when
the bubble is immersed in an air-saturated medium, as shown in Fig. 3
[101]. In light of these predictions, further studies dedicated to the in-
vivo gas exchange behavior are needed to justify the use of microbubbles
as therapeutic gas carriers.

For similar concentrations injected (~ 108 mL~1), PFB nanodroplets
have shown much higher stability, presenting half-lives of around
11 min as compared to a half-life of 3.5 min for microbubbles. It is
also to be noted that droplets made of a lighter fluorocarbon, such
as OFP, present lower persistence time, comparable to microbubbles
[110]. Nonetheless, the dissolution of the agents is an essential process
for removing any non-physiological gases present in the vasculature af-
ter the treatment is completed. It has been shown in vivo that more than
half of the injected PFB concentration is removed within 20 min af-
ter injection, with only 1.9% of PFB remaining within the animal body
after 24 h [111].

3.1. Agent dose in vivo

The dosage of microbubbles should be high enough to enable suf-
ficient bubble-cell interactions [19], and low enough to prevent the
formation of large bubble clusters, which distorts the acoustic field,
reduces the bubble-cell interactions, and could cause large blockages
in vessels [112]. In addition, high dosages may possibly increase off-
target bioeffects [113]. Although the safety of the ultrasound contrast
agents approved for clinical use has been studied extensively in both
retrospective and prospective trials [114], there is currently no clini-
cally approved regulation regarding drug delivery applications. There-
fore, in their clinical trial, Dimcevski et al. [19] followed the ethi-
cal requirements set by ultrasound contrast agent imaging standards
[113]. This translated to injecting 0.5 mL of microbubble emulsion
(SonoVue®) followed by 5 mL of saline injection every 3.5 min after
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the intravenous injection of the chemotherapeutic drug, with the vial
lasting for 31.5 min. The formulation characteristics of additional com-
mercial, FDA-approved contrast agents can be found in Borden et al.
[114], as well as their concentration. In the case of nanodroplets, post-
vaporization microbubbles could distort the acoustic field and shield
other droplets [115], meaning that increasing droplet concentration
does not necessarily increase the drug delivery potential. Acoustic ra-
diation forces could also influence the post-ADV microbubbles, possi-
bly leading to their coalescence [116,117]. This further increases the
chances of unplanned embolization and blockages in blood vessels,
causing oxygen deprivation in the surrounding tissue [46]. While use-
ful for tumor embolization [37,118], this scenario is unsuitable for drug
delivery. As of now, there are no clinical standards for optimum nan-
odroplet dosage, and more dedicated studies are necessary to find this
dose.

3.2. Enhanced Permeability and Retention (EPR) effect

Nanocarriers offer distinct advantages in drug delivery approaches,
such as the possibility to leverage the enhanced permeability and reten-
tion effect (EPR) at the tumor site [48]. They can infiltrate and passively
accumulate in tumors, owing to their leaky vasculature, and be re-
tained due to poor lymphatic drainage, as demonstrated by Helfield
et al. [119], who showed that sub-micron droplets can extravasate to
a much higher degree in mice fibrosarcoma models as compared to
healthy kidneys. However, the EPR effect exhibits significant variability
both within tumors and among different tumor types, typically result-
ing in the accumulation of merely 0.7% of administered nanoparticles
at the intended target site [120]. However, clinical studies have not yet
been able to replicate the promising results demonstrated in preclinical
studies.

4. Acoustic response

Following the administration of the agents, ultrasound is applied
to the treatment area, which causes microbubbles to undergo a peri-
odic succession of radial expansion and contraction phases owing to
their large compressibility and the droplets to be vaporized and turn
into bubbles. These events being extremely quick, their comprehension
and characterization have required the development of a specialized
microscopy system with exceptional temporal resolution [121,122]. In
this section, we review the accumulated knowledge gathered in the
past decades regarding the acoustic response of ultrasound-responsive
agents and we highlight the areas requiring further clarifications.

4.1. Microbubble response to ultrasound

The radial motion of a spherical bubble of radius R(¢), immersed
in an incompressible, homogeneous, unbounded medium, is governed
by the equation commonly referred to as the Rayleigh-Plesset equation
[123-127]:

n (RR+%R2) =P, - P, e}

which is derived from the incompressible Navier-Stokes equations lever-
aging spherical symmetry. The left part of the equation represents the
fluid inertia surrounding the bubble with the over-dots denoting time
derivatives, and p; the liquid density. The right part represents the dif-
ference between the work per unit volume done due to the presence of
a cavity in the fluid, Py, and the work per unit volume done due to the
presence of the fluid, Pr. Py can be expressed as:

Py =py+p,+Z(R,R) + H(R,R) @)

where p, is the gas pressure inside the bubble, p, is the vapor pres-
sure inside the bubble, (R, R) is the pressure contribution from the
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interface, and H (R, R) is the viscous contribution from the fluid. Ow-
ing to its small value compared to other terms, the vapor pressure is
commonly neglected. The damping of the bubble dynamics by the ra-
diated sound can become an important factor when |R|/c;, where ¢ is
the speed of sound of the medium, approaches unity. A widely adopted
approach to account for it, in the context of coated bubbles, is to add a
corrective factor to Eq. (2):

R dpg

o dt’ 3)

The derivation of this term and alternative methods to account for
acoustic reradiation can be found in the review article by Brenner,
Hilgenfeldt, and Lohse [128]. The gas pressure, Pe> is often modeled
through the approximation of a polytropic process as:

Ry \ ™ 20,
pg=pg,o<;> ,pg,o=poo+R—0—pv, (€]
with p, being the bubble internal pressure at rest, R, the equilib-
rium bubble radius, and n the polytropic index. The bubble’s internal
pressure at rest is given by the ambient pressure, p.,, and the Laplace
pressure caused by the interfacial surface tension at equilibrium, o. It
should be noted that the validity of the polytropic process approxima-
tion is violated when heat transfer through advection and conduction
are roughly equal, i.e., when the Péclet number is close to one. More-
over, this approximation results in no energy loss associated with the
gas heat exchange. The interested reader may refer to the work by Pros-
peretti, Crum, and Commander [129] for further insights and consult
the study by Cattaneo and Supponen [122] for a practical example of
an alternative model’s application. Chatterjee and Sarkar [130] were
the first to suggest modeling the bubble phospholipid coating as a two-
dimensional continuum, appropriate to describe interfaces only a few
molecules thick. Moreover, they proposed to describe the coating as
viscoelastic, expressing its pressure contribution (R, R) as:
oo+ E,(J—-1) R

Tk e

where E is the interfacial dilatational modulus, «; is the interfacial di-
latational viscosity, and J = R%/R?, is the relative area deformation.
For a deeper understanding of the origins behind the various terms, we
recommend referring to the comprehensive review article authored by
Jaensson, Anderson, and Vermant [131]. To account for the pronounced
nonlinear effects observed in the dynamics of phospholipid-coated mi-
crobubbles, Marmottant et al. [132] introduced a phenomenological
extension drawing inspiration from the surface pressure area isotherms
of phospholipid monolayers [133], yielding

Ty (R R) =220 4 R

Tes(RR)=-2 (5)

N F ’
0, for R< Rbuckling
with o(R) =104+ E (J — 1), for Ryyqiing < R < Reyprure (6
Owater > for R 2 Rrupture

which encompass: (i) the coating’s buckling, occurring when the bub-
ble is compressed to a radius below Ry qjing, leading to a tension-free
interface; (ii) the coating’s rupture, occurring as the bubble expands
beyond Ry, causing the complete exposure of the gas core to the
surrounding fluid, i.e., a surface tension equivalent to that of a pure
gas-water interface (6, = 72.8mMNm~'); and (iii) the elastic regime
in between. The viscous contribution of the fluid H (R, R) for an incom-
pressible, Newtonian fluid reads:

H(R,R) = -4y, %, @)

where y; is the dynamic viscosity of the medium. We encourage read-
ers with an interest in modeling bubble response in more rheologically
complex fluids to refer to the review article authored by Dollet, Marmot-
tant, and Garbin [134]. When employing the polytropic approximation
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Fig. 4. Comparison between the experimental radial time evolution, in orange,
and the theoretical one, in black, of a coated bubble with an equilibrium ra-
dius R, of 2.5pum driven by a 20-cycle ultrasound pulse with a frequency
of 1.5MHz and a pressure amplitude of 40kPa. The bubble is positioned
away from boundaries by using optical tweezers in order to avoid wall ef-
fects on the bubble response. Selected snapshots of the bubble dynamics are
shown in the orange boxes. The shell parameters used for the simulation are:
Kk, =10x10kgs™!, E;=1Nm™', 6, =0mNm~'. Figure reproduced from
the work by Cattaneo and Supponen [122] with permission from the Royal So-
ciety of Chemistry.

for the gas, it is customary to double the dynamic viscosity value to in-
corporate thermal damping (when the ambient fluid is water) [135].
The last term in Eq. (1), Pg, consists of the ambient pressure p, and
the time-dependent acoustic driving py(?):

Pe=p,+pg(@)- ®

One can treat the acoustic stimulation as spatially uniform due to the
significantly smaller size of the microbubbles compared to the typical
wavelength of clinical acoustic driving. For an extended review of the
physics of coated microbubbles, one can consult the article by Versluis
et al. [135].

The response of a bubble to an acoustic field is commonly classified
as either “stable cavitation” or “inertial cavitation” [136]. Stable cavita-
tion occurs at low acoustic pressures and is characterized by the stable,
mild oscillation of the bubble around its equilibrium size over multi-
ple cycles. Conversely, inertial cavitation occurs for intense acoustic
driving and results in large bubble expansions followed by abrupt and
forceful collapses, ultimately causing the bubble to fragment within a
few cycles. Nevertheless, it is important to clarify that using the term
“cavitation” in this context is inaccurate, as it actually pertains to the
formation of vapor bubbles due to a decrease in pressure within a liquid
medium. An example of stable cavitation is illustrated in Fig. 4 which
showcases the radial response of a coated bubble with an equilibrium
radius R, of 2.5 um driven by an acoustic forcing, p,(t) = p,sin(2z f 1),
having a frequency f of 1.5 MHz and a pressure amplitude p, of 40 kPa.
The experimental radius-time curve is compared with the theoretical ra-
dial evolution calculated with the same theoretical foundation outlined
in this section.

Fig. 5, compares the frequency response of a coated and an uncoated
bubble, both having an equilibrium radius R, of 2.5 um. The frequency
response relates the normalized response energy, |x/p,|?, where x is
the normalized maximum amplitude, x = R, /Ry — 1, with the forc-
ing frequency, f. The most important difference lies in the remarkably
lower response amplitude of coated bubbles compared to uncoated ones
owing to viscous dissipation mechanisms between lipid molecules. Sec-
ondly, coated bubbles exhibit a higher resonance frequency due to the
added elasticity from the coating. Nevertheless, this trait fades rapidly
as the driving pressure increases, as can be clearly seen comparing
the response for an acoustic driving pressure p, = 50kPa, a typical
value employed in echography with microbubbles, and the one for an
infinitely small driving pressure (p, = 07 kPa), computed by lineariz-
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Fig. 5. Comparison of the theoretical frequency response of a coated microbub-
ble (orange lines) and an uncoated microbubble (black line) with an equilibrium
radius R, of 2.5 um. The normalized response energy |x/p,|?, where x is the
normalized maximum amplitude x = R ,, /R, — 1, is shown as a function of
the forcing frequency f. The solid lines correspond to an acoustic driving
p, =50kPa and are obtained by solving the nonlinear Rayleigh—Plesset equa-
tion [Eq. (1)1, while the dotted line is computed by linearizing Eq. (1) and
thus corresponds to an acoustic driving p, = 0" kPa. The shell parameters used
for the coated bubble are: k, =5x 10~ kgs™', E,=0.6Nm™!, 6,=0mNm™'.
The surface tension of the uncoated bubbles is ¢ = 72.8 mNm~'. The re-
maining physical parameters used are: p, = 100kPa, ¢, = 1500ms™', p; =
0.002Pas, p; = 1000 kgm™3, n=1.07.

ing Eq. (1). This behavior results from the elastic regime of the shell
only being a brief transitional period between the prevailing buckling
and rupture states of the shell at larger bubble oscillation excursions.
Therefore, we would like to emphasize that using linearized models to
simulate the bubble dynamics under the typical driving pressures found
in clinical settings can lead to inaccurate results. Particularly, when de-
termining the resonance frequency in clinical applications, if nonlinear
models cannot be relied upon, it is recommended to disregard elastic-
ity considerations and instead utilize the classical Minnaert formula for
the natural frequency of uncoated bubbles:

1 [3npg,
Sres ® 5= . 9
res 2” pl Rﬁ

Considering the material properties of water under ambient conditions,
this yields the widely recognized rule of thumb:

SresRo ~ 3MHzum. (10
4.2. Shell variability effects on microbubble response

Coated bubbles of identical size, in contrast to uncoated ones, ex-
hibit a noticeable variability in the magnitude of their radial response
to an ultrasound driving, as evidenced in Fig. 6 [122]. This variabil-
ity gets accentuated for bubbles driven at their resonance frequency by
the resonance amplification mechanism. The unpredictability observed
in bubble dynamics can be attributed to variations in coating properties
— the dilatational modulus and the dilatational viscosity — between in-
dividual bubbles, as illustrated with the shaded area in Fig. 6. The solid
lines highlight, however, that the most significant factor influencing the
bubble response at clinical-relevant acoustic driving is the shell dilata-
tional viscosity. The range of values in the shell parameters found can
be physically explained by the high degree of variation in the shell mi-
crostructure observed by Borden et al. [137] by leveraging fluorescence
microscopy and scanning electron microscopy, as illustrated in Fig. 7.

Accurately assessing the dilatational modulus of a bubble shell, E,
necessitates investigating the bubble’s behavior within its linear range,
thereby preventing the occurrence of the buckling and rupture phases,
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Fig. 6. Bubble-to-bubble variability in radial expansion due to shell properties.
The normalized maximum radial expansion upon ultrasound driving (1.5 MHz,
40kPa, 20 cycles) is shown as a function of the equilibrium bubble radius R,.
The shaded area represents the envelope of maximum radial expansion sim-
ulated numerically with the model detailed in [122] using the range of shell
modulus and viscosity values given in the legend. The solid lines depict the
numerically computed maximum radial expansion for a low and high shell vis-
cosity, respectively, and a fixed shell modulus (values given in the legend).
Figure reproduced from the work by Cattaneo and Supponen [122] with per-
mission from the Royal Society of Chemistry.

10 pm

Fig. 7. Epifluorescent images of isolated microbubbles showing the heteroge-
neous lipid distribution on their surface. DSPC in black, DSPE-PEG in green,
DilC,g in red.

Figure reproduced with permission from the work by Borden et al. [137].

© 2006 American Chemical Society.

which can artificially reduce the modulus magnitude. To achieve this
objective, Daeichin et al. [138] employed a broadband photoacoustic
wave generated by a nanosecond-pulsed laser illuminating an opti-
cal absorber to induce nanometric oscillations in individual microbub-
bles, which are then detected by light scattering of a continuous laser.
The values of dilatational modulus, E,, they measured, range from
04Nm~! to 1.8Nm~!. Such pronounced variations in the modulus
can profoundly alter the resonance frequency of bubbles when oper-
ating within the linear regime, as depicted in Fig. 8 using the dashed
lines. However, at the acoustic pressures normally used in clinical prac-
tice (> 50kPa), the same range of modulus values results in only small
variations in the resonance frequencies and radial excursion of bubbles
as illustrated by the solid lines in Fig. 8. In light of these results, it
can be concluded that in clinical practice the linear shell regime, and
reflexively, elasticity, play a secondary role and can be reasonably dis-
regarded as a first approximation.

In order to accurately infer the shell dilatational viscosity from in-
dividual microbubble response upon ultrasound driving, Cattaneo and
Supponen [122] employed ultra-high-speed microscopy imaging, opti-
cal trapping and wide-field fluorescence. The resulting shell viscosity,
ks, values reveal an average of around 5x 10™%kgs™! and a promi-
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Fig. 8. Comparison of the frequency response of a coated microbubble with an
equilibrium radius R, of 2.5 um for different values of shell dilatational modu-
lus E (values in the legend). The normalized response energy |x/p,|?, where
x is the normalized maximum amplitude x = R, /R, — 1, is shown as a func-
tion of the forcing frequency f. The solid lines correspond to an acoustic driving
p, = 50kPa and are obtained by solving the nonlinear Rayleigh-Plesset equation
(Eq. (1)), while the dotted line is computed by linearizing Eq. (1), and thus cor-
responds to an acoustic driving of p, = 0* kPa. The other shell parameters used
are: k, =5x 10kgs™', 6, =0mNm~!. The remaining physical parameters
used are: p, = 100kPa, ¢, = 1500ms~', x =0.002Pas, p,=1000kgm~3, n=
1.07.

nent variability of about an order of magnitude, ranging from around
1x 10~ kgs™! to around 1x 10~8 kgs~!. Moreover, they interestingly
observed no correlation between shell viscosity and the bubble’s equi-
librium radius, in contrast to most prior reports showing a significant
increase in shell viscosity with the bubble’s equilibrium radius. This lat-
ter pattern has been deemed implausible, owing to the independence of
a material property such as shell viscosity from the material quantity.
This large range of shell viscosity values can severely alter the radial
excursion of bubbles operated in the linear regime and even more pro-
nouncedly for bubbles driven at clinically relevant acoustic pressures
because of the nonlinear nature of the Rayleigh-Plesset equation, as
shown in Fig. 9. The significant range of bubble excursions can lead to
very diverse biophysical outcomes. Hence, it is crucial to advance tech-
niques for producing microbubbles with greater shell homogeneity and
consequently, better acoustic similarity.

It is important to note that the two above-mentioned studies mea-
sured the modulus and viscosity of the shell at room temperature. The
modulus and viscosity of phospholipid monolayers have been shown to
diminish as temperature increases [139]. Therefore, it is expected that
they have smaller values at body temperature than the ones reported.
In accordance with this notion, lipid-shelled microbubbles tested at
body temperature have shown an increased radial expansion and an
enhanced occurrence of phenomena such as jetting, shell fragmenta-
tion, and gas expulsion, with respect to the tests performed at room
temperature [140].

Duncan and Needham [141] found that coated microbubbles remain
stable in a saturated solution for multiple hours, which demonstrates
that a lipid shell can eliminate the Laplace pressure and result in a neu-
tralized surface tension, o, at the gas/water interface. Cattaneo and
Supponen [122] came to the same conclusion by finding, through para-
metrical fitting, that only a null value of initial surface tension can
encompass all data points reported in Fig. 6. However, low surface
tension typically destabilizes lipid monolayers. Instead, the stability ob-
served could suggest the presence of compression surface stresses of a
rheological nature, which counteracts the small finite surface tension of
a thermodynamic nature, resulting in an effective zero surface stress.
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Fig. 9. Comparison of the frequency response of a coated microbubble with an
equilibrium radius R, of 2.5 pm for different values of shell dilatational viscos-
ity, x, (values in the legend). The normalized response energy, |x/p,|?, where x
is the normalized maximum amplitude, x = R,,, /R, — 1, is shown as a function
of the forcing frequency, f. The solid lines correspond to an acoustic driving
p, = 50kPa and are obtained by solving the nonlinear Rayleigh—Plesset equation
[Eq. (1)1, while the dotted line is computed by linearizing Eq. (1) and thus it
corresponds to an acoustic driving p, = 0* kPa. The other shell parameters used
are: E,=0.6Nm~', 6, =0mNm~'. The remaining physical parameters used
are: p, = 100kPa, ¢, =1500ms~!, g =0.002Pas, p; =1000kgm=>, n=1.07.

4.3. Confinement effects on microbubble response

In the context of drug delivery, it is essential to characterize the
influence of blood vessel confinement on the response of microbub-
bles to ultrasound and, conversely, the biological effects of oscillating
bubbles on the surrounding tissue. Oguz and Prosperetti [142] com-
puted the natural frequency of gas bubbles contained in a rigid-walled
tube having a diameter comparable to the bubble’s diameter using
the boundary integral method. Their findings reveal that the bubble
resonance frequency decreases up to one-third of the value for an un-
constrained bubble. Qin and Ferrara [143,144] studied the interaction
of an ultrasound-driven coated microbubble and a compliant microves-
sel by solving the axisymmetric, incompressible, viscid Navier—Stokes
equations, coupled with a lumped-parameter model for describing the
perivascular reactive radial stress, and the inertial effect of microvessels
and surrounding tissue. Their numerical computations demonstrate that
the natural frequency of a bubble significantly diminishes as the ves-
sel diameter decreases, consistent with the observations made by Oguz
and Prosperetti [142], and increases as the vessel rigidity decreases.
As the vessel or the adjacent tissue stiffens, both the oscillation of the
microbubble and the expansion of the vessel diminish, while the cir-
cumferential stress is anticipated to rise. A peak negative pressure (PNP)
of 0.5 MPa, when applied at a center frequency of 1 MHz, is expected
to cause the circumferential stress surpassing the threshold required to
cause the rupture of small compliant vascular vessels with a diame-
ter less than 15 pm. Caskey et al. [145] compared the observed radial
expansion of microbubbles constrained within small vessels in a rat ce-
cum with the predictions made by Qin and Ferrara’s model finding a
good agreement. Nonetheless, due to the significant diversity in the me-
chanical characteristics of living tissues and their substantial impact on
microbubble behavior, achieving results consistent with experimental
findings often relies on selecting model parameters in an ad-hoc man-
ner.

4.4. Drug release from microbubble shell
Microbubbles can be loaded with drug molecules or drug-carrying

vesicles, either by incorporating them within the lipid shell or by at-
taching them to it (see Sec. 2.3). Upon ultrasound driving, the bubble
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Fig. 10. Ultrasound-induced release of liposomes attached to the lipid shell
of a microbubble, and their transport as a result of acoustic streaming. Figure
reproduced with permission from the work by Versluis [147].

oscillation can cause the shell to rupture, releasing the drug payload
into the surrounding tissue. For targeted delivery applications, precise
regulation of the drug release from the microbubble surface into the
designated target area is essential. In order to elucidate the dynam-
ics of lipid shedding during ultrasound exposure, Luan et al. [146]
employed high-speed fluorescence imaging and a lipophilic dye incor-
porated in the shell. Their findings revealed that shell shedding could
initiate within just a few ultrasound pulses, and the existence of a crit-
ical threshold in the normalized radial excursion, equal to 0.3, beyond
which the shedding of lipids occurs. Finally, their observations showed
that the transport of detached material is governed by the acoustic
streaming flow induced by the bubble oscillation, which depends on
the radial excursion of the microbubble and the length of the ultra-
sound pulse. A series of images showing the representative release of
liposomes attached to the bubble shell is shown in Fig. 10

4.5. Microbubble stability under ultrasound

Coated microbubbles are delicate constructs that can withstand only
a few microseconds of ultrasound exposure at the acoustic intensities
normally employed in the clinical setting. Borden et al. [148] reported
fast bubble dissolution at p, = 400kPa and bubble fragmentation from
p, = 800kPa. Fig. 11, reproduced from their study, shows a measure-
ment of the change in radius of an initially over-resonant bubble as the
number of acoustic cycles increases for p, = 400kPa. The rate of dis-
solution increases as the bubble nears its resonance size, and drops for
radii that are considerably distant from it. O’Brien et al. [149] showed
that the cause for such a rapid bubble dissolution is in the shedding
of the phospholipid shell, which decreases the concentration of sur-
factants at the interface and hence intensifies the gas diffusion, which
would be negligible under short acoustic exposures and an intact shell.
The model they developed accurately replicates the observed experi-
mental behavior of bubble dissolution and hence, can be leveraged to
predict the dissolution rate of microbubble agents at different acoustic
pressures. Fig. 12 showcases the simulated evolution of a microbubble
distribution after six repeated eight-cycle acoustic pulses at an incident
frequency of 2.25 MHz. In conclusion, employing prolonged ultrasound
bursts at elevated acoustic pressures in a clinical environment proves
futile, as the bubbles can only endure a limited number of cycles under
such conditions.

4.6. Mechanical Index (MI) as a parameter to predict microbubble-induced
effects

In Sec. 4.1, we showed that bubble dynamics is predominantly gov-
erned by both frequency and driving pressure. Nonetheless, in diag-
nostics and therapy, having a single index to express the intensity of
the bubbles response proves convenient. This led to the introduction
of the mechanical index (MI), which serves as a measure to assess the
probability of causing adverse biological effects through non-thermal
mechanisms when pre-existing gas nuclei are exposed to diagnostic ul-
trasound. The MI is defined as the peak negative pressure, p, (in MPa),
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Fig. 11. Effect of repeated acoustic pulses on the stability of a microbubble. The
evolution of the radius of a lipid-coated microbubble (DSPC:DSPE-PEG2000)
undergoing repeated acoustic pulses (1-cycle, 2.25 MHz, 400 kPa) is shown as a
function of the number of pulses. Experimental measurements in dots, sigmoid
fit in solid line. Data kindly provided by Mark Borden.
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Fig. 12. Changes in the size distribution of lipid-coated microbubbles (SonoVue
®) after six repeated eight-cycle acoustic pulses at an incident frequency of
2.25MHz for different pressure amplitudes. Figure reproduced with permission
from the work by O’Brien et al. [149].

divided by the square root of the frequency, f (in MHz), of the acoustic
driving:

Pa
V7
Its form draws from an analytical solution presented by Apfel and
Holland [150] to determine the minimum acoustic pressure amplitude
needed to induce inertial cavitation in an uncoated air bubble. By set-
ting the onset of inertial cavitation to occur when the temperature
inside the bubble reaches 5000K, they found that this threshold in-
creases as frequency to the power 0.48 in water, and to the power 0.60
in blood. This leads to the formulation of Eq. (11). However, several
aspects of the MI formulation, including the scaling exponent of the
frequency variable, the pertinent physical variables, and the thresh-
old criteria for inertial cavitation are still subject of ongoing debate.
Church [151] conducted numerical simulations and demonstrated that,
when dealing with blood as the medium, the frequency scaling factor
is actually approximately one when employing the same threshold cri-
terion as Apfel and Holland. Additionally, he highlighted that as the
acoustic pulse duration increases, the threshold for inertial cavitation
diminishes, thus raising questions about the inclusion of the number of

MI = an

10
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Fig. 13. (a) The percentage of glomerular capillary hemorrhage from histology
as a function of the peak negative pressure amplitude for different ultrasound
frequencies. (b) The percentage of glomerular capillary hemorrhage from his-
tology as shown in (a), but replotted as a function of the ratio of peak negative
pressure and frequency. Figure reproduced with permission from the work by
Miller et al. [154].

acoustic cycles in the MI definition. Concerning the threshold criteria
for inertial cavitation, Flynn [152] employed a dynamic comparison be-
tween the inertial and pressure components of the radial acceleration,
demonstrating that this often approximates to R,,,, = 2R,,. According to
the study by Church [151], inertial cavitation occurs at around 0.2 MPa
at 1 MHz frequency for a single-cycle pulse. This threshold can decrease
to as low as 0.12 MPa when the pulse length is extended. Nevertheless,
this value is significantly below the FDA’s established maximum out-
put limit of MI = 1.9, a somewhat arbitrary threshold determined based
on the acoustic output of devices introduced to the market before 1976
and not supported by a scientific basis linked to potential adverse ef-
fects on patients [151]. On the other hand, it is important to consider
that the pressure thresholds required to initiate inertial cavitation are
higher than those estimated by Church. This is primarily due to real-
world clinical scenarios where tissues absorb acoustic signals, bubbles
are confined within narrow capillaries, and the bubbles themselves are
actually coated, all of which collectively reduce the radial excursion of
bubbles. It is therefore evident that there is a pressing need to create an
index specifically tailored to gauge the biological impact of coated mi-
crobubbles within a clinically pertinent environment. In response to this
demand, several studies recommend using a linear ratio between pres-
sure and frequency as a suitable index. Stieger et al. [153] identified
this relationship while investigating the extravasation of a fluorescent
dye within a chorioallantoic membrane model, pinpointing an appar-
ent threshold at around 0.6. Similarly, Miller et al. [154] observed this
same index in the context of glomerular capillary hemorrhage, with a
threshold of 0.5, as reported in Fig. 13. These findings find theoreti-
cal support in the simulations of Qin and Ferrara [143], who suggested
that the frequency-dependent circumferential stress on a small com-
pliant vessel correlates more closely with the linear ratio of PNP and
frequency rather than with MI. Recognizing the limitations of the clas-
sical formulation of MI, researchers have introduced various alternative
metrics to quantify cavitation activity, often referred to as “cavitation
dose”, by leveraging real-time acoustic measurements [155-160]. One
of the most recognized indicators is the emission of a broadband noise
continuum, attributed to the extremely erratic oscillations of bubbles
under high-pressure acoustic driving [136]. However, as of now, there
is no universal metric for calculating the cavitation dose from acoustic
data. Developing a detector-independent methodology for this purpose
would enable cross-setup comparisons and streamline safety and effi-
cacy studies.
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Fig. 14. (a) Schematic illustrating the acoustic droplet vaporization process -
Upon exposure to ultrasound, a vapor nucleus is generated within the droplet,
which then expands into a microbubble. (b) Snapshots of single-droplet vapor-
ization captured at a frame rate of 10 MHz [169]. The ultrasound reaches the
droplet at t = 0. The droplet here has an initial radius of Ry ~ 9 pm and is
maintained at T, =40 °C (superheated by 11 °C). The applied peak negative
pressure is p, ~ 4.5 MPa at a frequency of f =5 MHz.

4.7. Acoustic vaporization of phase-change agents

Acoustic vaporization of a droplet arises due to its interaction with
an incoming sound wave of suitable acoustic properties. The acoustic
wave, transmitted in the droplet bulk, can create low-pressure regions
that favor vapor bubble nucleation. Most of the PFCs typically used
as phase-change agents are superheated at body temperature, mean-
ing that their boiling temperature is lower than 37 °C. In this case,
once nucleation occurs and the first vapor nuclei reach their criti-
cal size, they will continue to grow until vaporization is complete,
as shown in Fig. 14. Stable vaporization has also been reported for
heavier PFCs such as PFH, perfluorooctane (PFO), and perfluorooctyl
bromide (PFOB), which have higher boiling temperatures than the hu-
man body temperature, with the possibility to induce recondensation in
subsequent sonication cycles [161,162]. It should be noted that, despite
the optimal size for phase-change drug delivery agents lying within the
sub-micrometric range, the larger part of the studies involving optical
visualization of the initial vaporization dynamics employs micrometer-
sized droplets. This choice comes directly from the spatial resolution
limitation of visible light microscopes, which is in the order of hun-
dreds of nanometers.

Most of the theoretical models attempting to explain vapor nucle-
ation inception in droplets make use of Classical Nucleation Theory
(CNT), either in its classical form or modified in order to include the
effects of Laplace pressure and reaching of the Spinodal Stability Limit
[163,164]. These models can be used to obtain a threshold negative
acoustic pressure below which vaporization is expected. A typical as-
sumption, which is supported by studies employing ultra-high-speed
microscopy observing single droplet vaporization, is that the first vapor
nucleus is formed in the droplet bulk due to homogeneous nucleation
[165-168]. For more complex agents, in which multiple phases are
present [162], heterogeneous nucleation could also occur, possibly at
lower negative acoustic pressures.

Vaporization of a droplet has been reported to happen abruptly
when a certain PNP of the acoustic wave is reached. This pressure value
is usually referred to as the vaporization threshold (or ADV threshold),

11

Advanced Drug Delivery Reviews 206 (2024) 115178

and is an important performance parameter for phase-change emul-
sions, as it is directly related to the safety and specificity of the agent. A
few selected studies of the measured threshold values and the increas-
ing trend of the threshold concerning relevant experimental parameters
are summarized in Table 1. It can be noticed from Table 1 that even
in the small sample of experiments reported here, the parameters that
are maintained or varied are quite different, which makes it difficult to
quantify the dependence of the required threshold on the relevant pa-
rameters. More comprehensive comparisons can be found in Wu et al.
[170], Lea-Banks et al. [47], and Aliabouzar et al. [171].

The ADV threshold has been shown to decrease by increasing the
droplet size [167,172], pulse length [88,173], droplet concentration
[170], and ambient temperature (thereby modifying the degree of su-
perheat for the droplet core) [70]. It has been shown by Wu et al.
[170] that an increase in the pulse duration slightly reduces the va-
porization threshold of superheated PFB nanodroplets, while for PFP
nanodroplets this is the case only if they are kept below their boiling
temperature [76,170]. Using a lighter PFC for the liquid core also de-
creases the required threshold [161,173], but at the cost of decreased
thermodynamic stability. The dependence of the ADV threshold on the
applied frequency is an interesting discussion. For droplets below a cer-
tain size (usually < 3 pm), it has been shown that the threshold could
both increase [171,172] or decrease [76] with increasing frequency,
while for larger droplets, the threshold decreases with increasing fre-
quency [167]. Therefore, understanding the physics of the interaction
between the acoustic wave and the droplet is required to explain all
the behaviors mentioned above, with the final goal being to reduce the
required acoustic threshold to clinically relevant values.

It has been hypothesized that the acoustic wave interacts with the
droplet through two different mechanisms:

a. Superharmonic focusing: Shpak et al. [167] assumed that the prop-
agation of the ultrasound wave inside the droplet bulk follows the
linear wave equation, but a distortion of the fundamental wave
can arise during the travel from the ultrasound source to the tar-
get droplet. This distortion process, due to nonlinear propagation,
manifests itself with the creation of superharmonics that are integer
multiples of the fundamental frequency. The droplet then acts as an
acoustic lens, focusing all the superharmonics in its bulk, and cre-
ating a localized and amplified negative pressure region in which
nucleation is most likely to occur. Their results show an incoming
PNP amplification of up to 9 times in the droplet bulk, reported for
10-um-radius droplets sonicated with an ultrasound wave having
a fundamental frequency of 6.5 MHz (see Fig. 15). The intricate
interplay between droplet size and sonicating harmonic content
creates a non-trivial trend for the pressure amplification factor that
generally increases with applied fundamental frequency and the
droplet radius, as depicted in Fig. 15. Shpak et al. [167] also show
that for an ultrasound wave with a central frequency of 5 MHz,
the focusing effect is absent for sub-micron droplets. The need
for high-frequency excitation in order to trigger superharmonic fo-
cusing poses some limitations for the in-vivo exploitation of this
phenomenon due to the higher absorption of acoustic waves in liv-
ing tissue and the lower amount of distortion that takes place in it
[174].

b. Acoustic resonance: Lajoinie et al. [90] proposed resonance as an al-
ternative mechanism for droplet vaporization, yielding a three-fold
amplification of the incoming acoustic wave in the center of the
droplet bulk, provided the correct fundamental acoustic frequency
is used. The typical resonance frequency for a 2.7-um-radius
droplet is reported to be around 45 MHz. Using surface acoustic
wave (SAW) devices, they generated a purely sinusoidal excitation
with minimal superharmonic content to vaporize droplets roughly
2-6 pm in radius. The experimental results obtained through ultra-
high-speed microscopy matched well with their theoretical models
and numerical predictions.
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Table 1
ADV threshold values and their variation concerning relevant experimental parameters reported in selected studies.
Reference Core  Temperature Size Frequency Threshold Threshold
(§(®)] (um) (MHz) (MPa) increases with ...
Aliabouzar et al. [161] PFP 37 10-25 2.3-15 0.4-1.1 Increasing frequency
PFH 37 10-28 2.3-15 2.3-1.1 Decreasing frequency
Williams et al. [76] PFP 37 0.22 5-15 5.9-3.7 Decreasing frequency
Fabiilli et al. [172] PFP 37 1.2-4.8 3.5 4.2-2.3 Decreasing size
PFP 25-65 2.1 3.5 4.1-2.6 Decreasing degree of superheat
PFH 44-65 2.2 3.5 4.6-2.8 Decreasing degree of superheat
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Fig. 15. The pressure amplification factor predicted by superharmonic focusing
as a function of the applied fundamental frequency for three different droplet
radii. Figure reproduced with permission from the work by Shpak et al. [167].

However, the two theories presented above apply to very different
regimes, with superharmonic focusing relying on relatively low funda-
mental frequencies and on a large number of harmonics interacting with
the droplet, while the resonance theory relies on monochromatic, high-
frequency sound waves. The differences and common grounds of these
two models are yet to be clarified, and the transition regime in between
remains to be explored. A recent review by Aliabouzar et al. [69] sum-
marizes the different theories, models, and experiments on ADV more
comprehensively.

It should be noted that the recently proposed updated version of the
CNT for ADV demonstrates that thermodynamic metastability is lost
if the spinodal pressure is reached during sonication [164]. For PFP
droplets at physiological temperature, this negative pressure value is
around 5 MPa, much lower (in absolute value) than the PNP inside
the droplet bulk predicted in other works [167,175]. Therefore, from
the above predicted pressures, one would expect nucleation to occur
throughout the bulk of the droplet as expected from the threshold pre-
dictions from Qin et al. [164]. In contrast, the experimental nucleation
maps in Shpak et al. [167] show a very localized nucleation area in
some cases. This mismatch suggests that either the pressure values pre-
dicted are not accurate, or the modified nucleation theory needs to be
further improved.

The ADV thresholds in vivo can significantly differ from in-vitro con-
ditions. The higher absorption of acoustic waves passing through tissues
implies that the sonication pressures required in vivo are much higher
[90,176], and typical waveforms used in vitro need to be severely modi-
fied to prevent excess heating of tissues [177]. Changed flow conditions
in-vivo also affect the ADV threshold. While the flow velocity and the
hydrostatic pressure have been shown to have no effect on the ADV
threshold [176,178], the required threshold increases with the viscos-
ity of the liquid [172,176,178]. Furthermore, it has been shown that
the required PNP also increases with the degree of drop confinement,
either due to acoustic scattering effects [179], or the additional damp-
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ening, from the boundaries, that reduces the vapor embryo nucleation
rate within the droplets [176].

Currently, the PNP required to achieve ADV in vivo are dangerously
high [49,180], and therefore, several techniques have been proposed to
reduce this threshold. A valid alternative to classic formulations is pro-
ducing phase-change Pickering emulsions [73], or more sophisticated
dispersed phases, including structures such as hydrocarbon endoskele-
tons [181], to produce droplets that promote vapor bubble nucleation
on the droplet-water interface or in the bulk. Generating and vaporizing
droplet aggregates has also been highlighted as a potential technique for
reducing the required acoustic pressure [182,183]. Optimization of the
incoming acoustic waves could be a viable way to reduce the pressure
amplitude needed. For example, employing dual-frequency transducers
has effectively reduced the acoustic power needed for droplet vapor-
ization [184,185]. Designing the sonicating wave shape in order to
maximize the focusing or the resonance effect presented by Shpak et
al. [167] or Lajoinie et al. [90] is another way to initiate ADV at lower
acoustic pressures. Acoustic cluster therapy (ACT), where microdroplets
are tagged together with microbubbles, has also been explored to ini-
tiate the droplet phase conversion at lower MI values [186]. However,
increasing the pulse length, total sonication time, or droplet size, are
not really viable ways to reduce the required acoustic pressure because
of the increased amount of thermal absorption and size constraints in
vivo.

4.8. Dynamics of vaporized droplets

Once the first vapor nucleus is formed, the physical system con-
sists of a bubble confined in the liquid bulk of the droplet, immersed
in a continuous liquid phase (see Fig. 14(a) and snapshot at 1.6 us in
Fig. 14(b)). The acoustic excitation that has initiated the first nucleation
event can either still be active, thus actively driving the newly born bub-
ble, or already worn out. In the latter case, the bubble evolves without
external driving, following the most energetically favorable path. If the
droplet is in a superheated state, the gain in free energy due to the
phase change is enough to supplement the bubble growth until the lig-
uid phase available is fully converted. This behavior has been observed
by Shpak et al. [89] for superheated PFP microdroplets. On the other
hand, another work by Reznik et al. reported the collapse and disap-
pearance of newly vaporized superheated PFP nanodroplet [70]. The
difference in the behavior could be attributed to the different initial
sizes of the observed droplet. If the ultrasound excitation is still on af-
ter bubble nucleation, an enhancement in the bubble radius growth rate
has been observed with respect to the free expansion for a superheated
PFP microdroplet [166]. This is believed to be caused by rectified dif-
fusion, which improves the net heat transfer towards the bubble-liquid
interface supplying the needed latent energy for phase change [166]. It
has been shown that in this case, non-condensable gases diffuse in the
vapor bubble and prevent recondensation during the collapse induced
by ultrasound driving.

In the case of an initially subcooled droplet liquid core, as is the case
for fluorocarbons heavier than PFP at body temperature, a reversion to
the liquid phase would be expected due to the thermodynamic insta-
bility of the vapor phase. Recondensation of PFH nanodroplet [187] as
well as PFO microdroplet [162] after acoustic vaporization has been
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Fig. 16. Various forms of mechanical action exerted by a microbubble on a
substrate: (i) pulsating pressure field; (ii) impact and suction pressure; (iii) al-
ternate shear stress; (iv) streaming shear stress; (v) radiation pressure; (vi) jet
impact pressure. The ultrasound travels from the bottom to the top.

reported and confirm this hypothesis. On the other hand, Aliabouzar
et al. [162] report the formation of metastable microbubbles following
PFH microdroplet vaporization. The causes of the different behavior of
PFH droplets are not clear, but it is hypothesized that diffusion of non-
condensable gas in the vapor core could play a role in stabilizing the
gaseous phase, preventing the full disappearance of the nucleated bub-
ble. Further investigations are needed to clarify these important aspects.

Several authors have proposed models to describe ADV dynam-
ics by taking into account different parameters, such as driving pres-
sure, applied fundamental frequency, and shell mechanical properties
[188-190], with assumptions including spherical symmetry, initial con-
ditions of the vapor nucleus, and selected properties of the droplet-
encapsulating shell. Numerical simulation can be a powerful tool to
study droplet vaporization dynamics due to the inherent difficulty in the
experimental observation of this phenomenon. However, experimental
validation is still required to confirm the feasibility of the base hypoth-
esis.

5. Agent-cell interaction

Upon ultrasound exposure, microbubbles and droplets exert a me-
chanical action on the surrounding cell/tissues which eventually en-
hance their permeability to drugs. Despite the significant progress made
in recent studies, achieving a comprehensive mechanistic understand-
ing of the entire process remains a formidable challenge owing to
the wide range of spatial and temporal scales involved (ranging from
nanosecond- and nanometer-resolution for the dynamics of agents to
minute- and centimeter-resolution for the drug transport), the intricacy
of biological responses and the challenges associated with directly ob-
serving this phenomenon. In this section, we summarize the progress
made in understanding the sources of stresses induced by the agents,
the consequent biological response, and the resulting enhancement in
drug permeability. In addition, the current in-vitro models used to in-
vestigate the agent-cell interaction are reviewed and their mechanical
properties are compared to those found for actual living tissues.

5.1. Mechanical action of bubbles near a substrate

Microbubbles driven by ultrasound exert mechanical action on ad-
jacent tissue in different ways as depicted in Fig. 16: (i) the bubble
oscillation creates a pulsating pressure field; (ii) the bubble interface
motion generates an impact force; (iii) the bubble oscillation produces
pulsating shear stresses; (iv) the acoustic streaming induced by bubble
oscillation generates continuous shear stresses; (v) the ultrasound driv-
ing imparts a translational force on bubbles; and (vi) the asymmetric
bubble oscillation can produce liquid microjets.

The magnitude of each stress mechanism is estimated as follows.
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Oscillation pressure The acoustic pressure radiated by a bubble that
is oscillating spherically, evaluated at the bubble interface, can be ex-
pressed as:

3

Positaion!) = P(R) = P = py R+ 5 R ). (12)

which is derived from Eq. (1) and Eq. (2) with the viscosity contribution
disregarded due to its minimal influence. The radiated pressure should
not be mistaken for the pressure resulting from the fluid flow impacting
against a wall. In fact, when the bubble expands, the radiated pressure
is negative, in contrast to the positive pressure generated by the fluid
flow arresting against a wall.

Impact pressure The impact or suction pressure on a wall resulting from
the expansion or contraction of a bubble respectively, can be estimated
by examining the momentum balance of a liquid stream, considered
stationary for simplicity, as it impinges or moves away from the wall
with a speed R:
Pimpact (1) ~ PllRlR, (13)
Oscillation shear stress The tangential wall stress resulting from the os-
cillatory flow of the bubble can be approximated under the assumption
of laminar flow, as governed by the quotient of the bubble wall velocity
and the boundary layer thickness, §, as follows [191]:

Toscillation(t) = MIR/& 14

where § can be determined as § = (2/41//)10))]/2, with @ = 2z f being
the angular forcing frequency.

Acoustic streaming shear stress Acoustic streaming is a second-order
steady flow that emerges from an oscillatory primary flow. It is driven
by the dissipation of the acoustic energy flux, which allows for the cre-
ation of gradients in the momentum flux. The classical treatment of
acoustic streaming, pioneered by Rayleigh [192], Nyborg [193], and
Westervelt [194], and therefore called NWR streaming, ignored the ef-
fect of the fluid’s inertia on the streaming motion. The NWR streaming
wall stress induced by a bubble oscillating near the wall can be approx-
imated as:

Tstreaming ~ /41X2 ROC‘)/57 (15)

where x is the normalized maximum amplitude, x = R, /Ry — 1.
However, this result is accurate only for very slow flows (creeping mo-
tion regime) for which the Reynolds number of the streaming motion,
Re = pU,Ry/ 1, is much smaller than 1, where U is the characteris-
tic speed of the streaming flow. Therefore, the use of the NWR acoustic
streaming theory, and consequently Eq. (15), is appropriate only for low
acoustic driving pressures (up to around 10kPa). For fast flows (Stuart
streaming [195]), the streaming velocity should be calculated from the
full steady Navier-Stokes equation. Utilizing the NWR streaming theory
for such scenarios can lead to a significant overestimation, sometimes
by orders of magnitude.

Acoustic radiation pressure Acoustic radiation force is the force exerted
on objects when subjected to an acoustic driving pressure p,(). In the
context of bubbles, this phenomenon is referred to as the primary Bjerk-
nes force [196]. The average pressure acting on the bubble reads:
Pradiation = 4de/3cl’ (16)
Jetimpactpressure The non-spherical oscillation of a bubble near a sub-
strate can induce liquid microjets. The pressure generated at the point
of impact on living tissue can be estimated using the water hammer
pressure formula for flow with speed Uj,, impinging on a substrate with
properties similar to water [197,198]:
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It has been a common belief that jetting exclusively takes place within
the inertial cavitation regime, under very intense ultrasound pressures,
in the order of the MPa [199]. Nevertheless, Cattaneo et al. [200] have
revealed that jetting can manifest itself at substantially lower pressures,
in the order of hundred kilopascals, and, even more interestingly, it
occurs repeatedly and stably for multiple acoustic cycles. The frequency
of occurrence can either be harmonic or half-harmonic, contingent upon
the driving mechanism of the jet.

Comparison of mechanical stresses In order to gain a clearer under-
standing of the relative significance of the above-listed mechanisms, the
evolution of their respective magnitudes over time is computed. Fig. 17
visually represents this evolution for an acoustic frequency of 1.5 MHz
and two pressures, 5kPa and 150kPa, driving a bubble with a radius,
R, of 3 pm. To maintain simplicity, the influence of the substrate on
the bubble dynamics is disregarded. It is evident that the stress levels
proportionally intensify as the driving pressure increases. Additionally,
at 150kPa for a driving frequency of 1.5 MHz, Cattaneo et al. [200]
reported the occurrence of repeated jets with a speed, Ui, of approxi-
mately S0ms~!. At this level of acoustic excitation, the NWR streaming
theory (Eq. (15)) tends to overestimate the acoustic streaming stress.
This leads to stresses that are roughly equivalent in magnitude to the
oscillation stresses, despite the latter being expected to be of much
higher order. The qualitative comparison in Fig. 17 suggests that the
most significant mechanical stresses result from jetting, albeit for a brief
duration. The stresses arising from the primary oscillatory motion of
the fluid rank second in magnitude, while those induced by secondary
acoustic effects are the least significant. Nonetheless, this does not nec-
essarily imply that they lack the potential to exert a relevant effect on
biological tissue, as shown in the next section. Additionally, depending
on the unique characteristics of the substrate’s morphology, the magni-
tude of these stresses can exhibit significant variations.

5.2. Cellular mechanical permeabilization via microbubbles

The effects of the microbubble-induced stresses on cellular barriers
have been explored in numerous in-vitro cell monolayer studies, encom-
passing a diverse range of cell lines, including both cancer and primary
endothelial cells. The endothelial layer stands as the primary biological
barrier for microbubbles, preventing their escape from the bloodstream
and making it the immediate cellular target they affect. van Wamel et
al. [201] were the first to unveil, through ultra-high-speed microscopy,
that the mechanical stresses generated by the oscillation of microbub-
bles in contact with endothelial cells result in the perforation of the cell
membrane, a phenomenon known as sonoporation. Once these pores
are formed, they provide an unobstructed pathway for the drug to reach
the cellular cytoplasm directly. However, cell monolayers provide only
a limited glimpse into the intricate dynamics of microbubbles interact-
ing with the vasculature wall. The first direct optical observations of
microbubbles interacting with a capillary bed were provided by Caskey
et al. [145], who revealed that microbubbles confined within small ves-
sels in an ex-vivo rat cecum have the capability to stretch capillary walls
by a few micrometers during their expansion and contraction phases.
This significantly impacts the vascular integrity, causing the mechan-
ical opening of interendothelial junctions, including the notoriously
tight ones present in the blood-brain barrier [202]. The consequent
formation of interendothelial gaps creates an efficient pathway for the
delivery of therapeutic agents into extravascular tissues. Recently, Bezer
et al. [203] investigated the microbubble behavior in microvessels un-
der therapeutic ultrasound pulses using acute brain slices acquired from
juvenile rats. They found that, in addition to vessel wall oscillations at
microsecond timescales, significant tissue displacements occurred over
millisecond timescales. Interestingly, microbubbles were also observed
to extravasate by passing through microvessel walls, penetrating large
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Fig. 17. Time evolution of the magnitude of different mechanical stresses ex-
erted on a substrate by a microbubble with a radius of 3 um driven with
a frequency of 1.5MHz and a pressure of 5kPa in (a) and 150kPa in (b).
The solid lines depict stresses directed outward from the bubble, whereas the
dashed lines represent stresses directed inward. The stresses are computed using
Egs. (12), (13), (14), (15), (16), (17). In (b), the jet pressure shown in the dash-
dotted line occurs only when the jetting is harmonic rather than half-harmonic
(see Cattaneo et al. [200] for further information). In (b), the acoustic stream-
ing stress is depicted with a dotted line to emphasize that the NWR streaming
theory [Eq. (15)] overestimates the stress at this acoustic intensity. The bubble’s
radial dynamics, presented in the bottom plots, is calculated by solving the non-
linear Rayleigh—Plesset equation [Eq. (1)], with the influence of the substrate on
the bubble dynamics being disregarded. The shell parameters used for the simu-
lations are: k, =5x 10 kgs™!, E,=0.6Nm™!, 6, =0mNm™'. The remaining
physical parameters used are: p, = 100kPa, ¢, = 1500 ms~!, 4, =0.001Pas (the
value is doubled in bubble dynamics simulations to incorporate thermal damp-
ing effects), p, = 1000kgm=3, n=1.07.

distances into brain tissue after leaving the vessel. The likelihood of
bubble extravasation increased with higher mechanical indices. At MI
values considered safe (0.2-0.4), bubble extravasation was rare, but it
became dominant at higher MIs (from 0.8). Microbubble extravasation
may be a potential mechanism of tissue damage, including localized red
blood cell extravasation, which has been observed in animals exposed
to BBB opening treatments at high MI.
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Fig. 18. (a) Response of ultrasound-driven microbubbles sitting in the intracel-
lular space between two endothelial cells. The PNP is 0.4 MPa and the driving
frequency is 1 MHz. (b) Fluorescent images of propidium iodide uptake of the
cells shown in (a). Figure reproduced with permission from the work by van
Wamel et al. [201].

Mechanisms of cellular permeabilization Various mechanisms have been
proposed as potential promoters of cellular permeabilization. In the
study of van Wamel et al. [201], the formation of pores through the
cellular membrane was linked to the bubble interface repeatedly strik-
ing the cells. However, the specific placement of the bubbles, sitting
adjacent to the cells instead of on top of the cell layer, particularly
promoted this mechanism, as shown in Fig. 18. Helfield et al. [204]
instead found the oscillatory shear stress induced by the bubble os-
cillations to be the key mechanism of sonoporation. Marmottant and
Hilgenfeldt [205] have also suggested microstreaming, generated by
the oscillation of bubbles driven at acoustic pressures in the order of
a few tens of kilopascals, as a mechanism capable of rupturing lipid
vesicles. However, we contend that this rupturing mechanism can be
more accurately attributed to the impact pressure of the bubble, as the
vesicle only ruptures upon contact with the bubble. Zhou et al. [206]
illustrated the capability of the acoustic radiation force in pressing the
bubble against the cell membrane, resulting in a progressive indentation
of the membrane, which yields its eventual disruption. Furthermore,
Prentice et al. [199] found an unsurprisingly significant disruption of
the cell membrane when exposed to inertial jetting of microbubbles
driven at acoustic pressures in the order of MPa. Finally, the stable
repeated jetting observed by Cattaneo et al. [200] for pressure ampli-
tudes in the range of a few hundred kPa, raises the intriguing prospect
of localized cellular permeabilization through microjets within the sta-
ble cavitation regime. In conclusion, a clear consensus on the primary
mechanism underlying sonoporation has yet to be established.

On the contrary, the mechanism behind the mechanical opening of
interendothelial junctions is relatively simpler to understand. Chen et
al. [207-209] showed for an ex-vivo rat mesenteric microvessel that the
impact and suction pressure exerted by oscillating microbubbles driven
at acoustic pressure in the order of several megapascals leads to the
distension and invagination of the capillary wall, respectively, as shown
in Fig. 19. The markedly larger invagination of the vessels, compared
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Fig. 19. Interaction between a microbubble and a capillary wall. The bubble
distends and contracts the vessel. The invagination appears markedly larger
than the distension. The PNP is 1.5 MPa and the driving frequency is 1 MHz.
The vessel diameter is 22 um. Figure reproduced with permission from the work
by Chen et al. [207].

to distention, is likely due to the higher suction pressure as opposed to
the impact pressure, as indicated in Fig. 17.

Acoustic parameters for cellular permeabilization The frequency, ampli-
tude, and duration of the acoustic driving are the fundamental pa-
rameters governing the occurrence of sonoporation. In terms of the
driving frequency, it is advisable to align with the resonance frequency
of the microbubbles being used, as this minimizes the acoustic pres-
sure needed to produce equivalent biological effects. Regarding the
driving pressure, Kooiman et al. [210] and De Cock et al. [211] have
revealed that for a driving frequency of 1 MHz, the perforation of the
cell membrane occurs starting from an acoustic pressure of around
100 kPa. Furthermore, Kooiman et al. [210] found that regardless of
the acoustic pressure applied, the uptake of propidium iodide (PI), a
cell impermeable dye commonly used for evaluating cell membrane
damage, occurred when the relative oscillation amplitude of microbub-
bles exceeded 0.5. Fan et al. [212] found a similar threshold pressure
for sonoporation (around 170 kPa) for a driving frequency of 1.25 MHz.
Helfield et al. [204], in contrast, identified the magnitude of oscillatory
shear stress as an indicator for sonoporation. They noted that the shear
stress threshold for inducing sonoporation is on the order of kilopascals,
and it interestingly exhibits an inverse square-root relationship with the
number of oscillation cycles, and an approximately linear dependence
on ultrasound frequency from 0.5 to 2 MHz. About the driving duration,
Fan et al. [212], as well as Helfield et al. [204], successfully achieved
sonoporation with acoustic signals lasting less than 10 us. Kooiman et
al. [210] applied six pulses, each lasting 10 us. De Cock et al. [211],
on the other hand, utilized multiple pulses lasting 2ms. We can de-
duce from these single-cell experiments that membrane perforation
predominantly takes place within tens of microseconds. This conclu-
sion is supported by another study by Fan et al. [213], which explicitly
demonstrated that short ultrasound pulses lasting only a few tens of
microseconds, with high pressure levels in the range of a few hundred
kilopascals, yield the most favorable results in terms of intracellular
delivery efficiency and cell viability. In contrast to the kinetics of mem-
brane perforation, there is a lack of understanding of the relationship
between acoustic parameters and the kinetics of the mechanical open-
ing of interendothelial junctions because of the absence of adequate
technology to correlate the microbubble dynamics with the biological
response within a real vascular system.

Effect of bubble-cell distance on cellular permeabilization Ward et al.
[214] were the first to recognize that the effectiveness of sonoporation
is dependent on the distance between bubbles and target cells, reveal-
ing that the effectiveness diminishes rapidly with increasing spacing.
Zhou et al. [206] demonstrated that membrane poration is maximized
when the bubbles make direct contact with the membrane, and dimin-
ish rapidly as the distance between the bubbles and the cells increases,
halving at a distance equal to the size of the bubbles and completely
disappearing at a distance of three times the size of the bubbles, as
there was no contact with the cell membrane even during the expansion
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phase of the bubble. Qin et al. [215] also reported similar findings, al-
though noting the absence of sonoporation for a bubble-to-cell distance
exceeding the size of the bubbles, likely due to the acoustic driving
pressure being lower than that reported in prior studies. We can con-
clude that the creation of pores in the cell membrane takes place upon
physical impact by the bubble, and the highest efficacy in this process
is attained when the bubble is continuously in direct contact with the
membrane. One effective approach for positioning bubbles near cells in-
volves the use of acoustic radiation force. In their study, Shortencarier
et al. [216] employed a prolonged low-pressure acoustic pulse to guide
gas-filled lipospheres toward the vessel wall, and subsequently used a
brief, high-pressure pulse lasting only a few microseconds to fragment
the agents. Another method is to employ functionalized microbubbles
to target specific receptor molecules in the endothelium, ensuring direct
contact with it [210] (see Sec. 2.3).

Effect of acoustic pressure on permeabilization extent The size of pores on
the cellular membrane dictates the dimensions of therapeutics that can
be passively internalized into the cell cytoplasm. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM) have been ex-
tensively employed to measure the dimensions of pores. In their study,
Yang et al. [217] observed that pore sizes are closely related to the ap-
plied driving pressure. They estimated the pore size on breast cancer
cells following long acoustic exposures at various pressures, yielding
estimates of approximately 1 nm to 90 nm at 0.19 MPa, 10 nm to 500 nm
at 0.25MPa, 0.8um to 1.1 um at 0.38 MPa and 2.0 pm to 4.3 um at
0.48 MPa. Qiu et al. [218] observed a comparable trend in pore sizes
for cells of the same type, although the absolute sizes were smaller and
remained below 1 pm at 3 MPa. For a brief, 3 ps-long acoustic exposure
at 1.1 MPa of peak negative pressure, Kudo et al. [219] identified pores
of around 1 um on endothelial cells. Conversely, Prentice et al. [199]
for the same frequency but for 1.4 MPa of pressure and 20 ps of expo-
sure observed pores of 16 um of diameter. TEM and AFM are powerful
techniques but are limited to post-exposure assessment of samples. As
a consequence, tiny pores may have already closed by the time sam-
ple preparation concludes. Zhou et al. [220] estimated the size of the
pores by measuring the maximal transmembrane current (TMC) change
via the patch-clamp technique. They observed a size diameter of ap-
proximately 110nm in response to a prolonged acoustic pulse with an
intensity of 0.3 MPa. Fan et al. [212] used the same TMC technique and
identified pores of around 15nm in diameter for a microsecond-long
exposure at 0.12MPa. Hu et al. [221], on the other hand, leveraged
real-time confocal microscopy to directly visualize the cell membrane
damage. They observed that microbubbles driven at 0.85 MPa for 10 ps
can create pores of 5 um in diameter, as reported in Fig. 20. The precise
connection between acoustic pressure and the extent of interendothelial
junction opening remains a subject of uncertainty.

Effect of permeabilization extent on cellular resealing Hu et al. [221]
also reported the time course of membrane perforation and its recov-
ery, revealing that pores with an area smaller than 30 um? were able
to successfully reseal, whereas pores larger than 100 um? did not ex-
hibit resealing capabilities. Additionally, they showed that in cases of
successful membrane resealing, the process typically reaches comple-
tion within 1 min following the initiation of sonoporation, as shown in
Fig. 20. This finding aligns well with pore resealing observed using the
patch-clamp technique, indicating that the perforated membrane typi-
cally restores its integrity within 100 s [206,212,222]. Furthermore, the
variations over time in the fluorescence of PI internalized within the
cytoplasm following sonoporation can also be correlated with the re-
sealing duration of the pores, demonstrating a coherent alignment with
previous methods [212,215,223]. Surprisingly, Beekers et al. [223] dis-
covered no discernible link between pore size and the time it takes
for resealing. The authors proposed that the inherent variability among
cells exerts a greater influence on membrane resealing than the size
of the pores. Regarding the gaps between endothelial cells, Helfield et
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Fig. 20. Time-series confocal fluorescence images revealing localized mem-
brane perforation and recovery induced by the ultrasound-triggered collapse
of a single microbubble. The microbubble adhering to the cellular membrane
is depicted in white and its diameter is 1.8 um. The pore diameter is 5.3 pm.
Figure reproduced with permission from the work by Hu et al. [221].

al. [204] discovered that these gaps remained open for several tens of
minutes.

5.3. Mechanical action and cellular mechanical permeabilization via
phase-change droplets

The acoustic droplet vaporization is a highly energetic event, re-
sulting in droplet interfacial accelerations of up to 10® ms~2. This
extremely fast expansion can generate significant impact forces on the
neighboring tissues [166]. Furthermore, when vaporized, these agents
exhibit analogous mechanical stress mechanisms to that of microbub-
bles [35,39,41]. It has also been shown by Fiorini et al. [169] that the
interaction between the nucleated bubble and the acoustic wave inside
the droplet can induce jets that are capable of piercing the encapsulat-
ing shell and impacting the surroundings. The resulting water hammer
pressure from these jets can reach approximately 10 MPa.

In-vitro studies have shown that phase-change droplets have the
ability to enhance tissue permeabilization more effectively than mi-
crobubbles [32-34,117,224]. Several studies have hypothesized that
the vaporization event is capable of damaging not only the endothe-
lium but also the extracellular matrix (ECM) beyond it [95,97,225].
However, this elevated potential for disruption raises concerns regard-
ing the reversibility of the resulting effects. Fan et al. [33] showed that
reversible cellular permeabilization from ADV occurs when the initial
droplet-to-cell distance is higher than the stable radius of the post-ADV
microbubble. If this distance is too low, the ADV process causes irre-
versible cell death. Nevertheless, if the initial droplet-to-cell distance
exceeds the maximum radius reached by the vaporized droplet, no en-
hancement in cell permeability occurs. It follows that a high degree
of spatial precision is required to achieve reversible cell permeabiliza-
tion from ADV. Qin et al. [34] confirmed these findings and further
reported a decrease in cell viability as droplet concentration, ultra-
sound amplitude, and pulse duration increased. The studies mentioned
above highlight the difficulty in controlling and monitoring reversible
sonoporation induced by acoustic droplet vaporization. Therefore, con-
temporary research on ADV-based therapy has shifted its emphasis to-
ward drug delivery meant to treat tumors and cancers where cell death
caused by mechanical effects is complementary to the pharmaceutical
therapy [35,97].
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Fig. 21. (a) The illustration depicts the different bioeffects arising from sonoporation contributing to endocytosis-mediated drug delivery. (b) Cellular distribution of
different molecular weight fluorescent dextrans after ultrasound and microbubble target delivery (UMTD). The images show homogeneous distribution in the cytosol
and in the nucleus of 4.4 kDa dextran after UMTD (ii) compared to treatment in the absence of ultrasound (i), homogeneous distribution of 70 kDa dextran only in
the cytosol (iii), heterogeneous distribution of 155 kDa, mainly localized in vesicle-like structures (see arrows in (iv)), and prominent vesicular-like localization of
500 dextran kDa (see arrows in (v)). Scale bar represents 10 um. Figure reproduced with permission from the work by Meijering et al. [240].

5.4. Biophysical response of cells

Enhanced permeability is not solely a result of physical cell mem-
brane disruption. The agent’s mechanical action can trigger cellular
signaling pathways and elicit various biological responses, including
the facilitation of drug delivery through the promotion of endocytosis,
as illustrated in Fig. 21 (a).

Intracellular calcium ion fluctuations After the formation of pores in
the cell membrane, ions are driven into the cell concurrently with
the influx of extracellular molecules. Calcium ions (Ca?*) hold sig-
nificant importance due to their central role in regulating cellular
functions through a steep concentration gradient between the extra-
cellular ([Ca2*] ~ 1 mmol L") and intracellular ([Ca**] < 1 umolL~")
space. When the cytosolic Ca2* concentration rises, it triggers a cel-
lular response through calcium-mediated signaling to restore cellular
homeostasis. Several efforts have been made to explore the connection
between intracellular Ca2* transients and sonoporation and their rela-
tionship with the onset of bioeffects [226]. Deng et al. [222] were the
first to report a reversible increase of trans-membrane current resulting
from ions flux through pores generated by ultrasound and microbub-
ble treatment on Xenopus oocyte at pressure amplitudes lower than
1 MPa. A related study showed immediate and concurrent intracellular
diffusion of PI and increase of intracellular Ca®* following sonopora-
tion [227,228]. However, intracellular Ca?* fluctuations were observed
even in the absence of PI uptake, suggesting that ultrasound-driven
microbubbles could alter Ca2* concentration within the cell without ne-
cessitating membrane poration [229]. A possible interpretation might
involve the activation of mechanosensitive ion channels due to the
mechanical stress induced by the ultrasound-microbubble interaction
[230]. In support of this, Tran et al. [231] found that ultrasound-driven
microbubble oscillations near the cell membrane induce a mechani-
cal stretch activating BK, channels, resulting in slow and progressive
intracellular Ca®* increase. It is worth noting that Ca’* influx itself
could potentially activate BKc,. In both cases, the activation of BK,
channels also results in cell membrane hyperpolarization by an over-
compensating efflux of potassium ions (K*) [232]. Finally, delayed
Ca®* fluctuations might also be attributed to Ca®* release from intra-
cellular stores triggered by mechanical stresses on the cell membrane,
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or to Ca>* waves propagating beyond the initial site of sonoporation
into surrounding cells [233]. The latter highlights the potential impact
of Ca®* waves in enhancing vascular permeability through the modula-
tion of Ca?*— mediated disassembly of intercellular junctions [234].
Elevated intracellular Ca®* levels trigger biological responses aiming
to either restore normal homeostatic concentrations and cellular func-
tions or induce cell death when the presence of Ca2* is excessive and
prolonged. Several studies have established the critical role of intracel-
lular Ca?* fluctuations in the membrane resealing process by showing
that in a calcium-deficient environment, there is no decline in trans-
membrane ion current after sonoporation, which ultimately leads to
cell death. [222,235]. Qin et al. [236] observed that sonoporated cells
exhibited diverse responses in terms of plasma membrane potential,
with reversible sonoporation causing transient depolarization and ir-
reversible sonoporation resulting in permanent depolarization. Beekers
et al. [228] demonstrated a strong correlation between Ca?t fluctua-
tions and the amplitude of microbubble oscillation. Specifically, they
observed that only oscillation amplitudes < 1 um resulted in membrane
resealing within 120 second and the complete restoration of homeosta-
sis. Interestingly, they also found that irreversible Ca** fluctuations,
and therefore lasting cellular damage, can occur even in cases where
membrane resealing seems to be fully achieved. Furthermore, Jia et
al. [237] discovered that the sonoporation-induced mechanical dam-
age results in a corresponding increase in the production of reactive
oxygen species (ROS), which exhibits a temporal correlation with the
influx of Ca2*. It is important to note that high ROS levels can result
in cell death. Nevertheless, an increase of 50% and 110% in both intra-
cellular hydrogen peroxide (H,0,) and intracellular Ca?* fluctuations,
following an ultrasound-microbubble treatment at a MI of 0.1 and 0.5,
respectively, did not cause significant alteration in cell viability [238].
Remarkably, H,O, has been established as a contributing factor to the
permeability of Ca*. In fact, the presence of catalase, an extracellular
H,0, scavenger, reduces the Ca’* influx induced by ultrasound-driven
microbubbles [238,239].

Cytoskeleton disassembly and rearrangement Sonoporation-induced dis-
ruption of cellular integrity extends beyond the plasma membrane and
encompasses the intricate network of protein fibers constituting the cy-
toskeleton, as observed by Chen et al. [241] and Helfield et al. [234],
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who documented the simultaneous rupture of both the plasma mem-
brane and the actin fibers due to shear stress generated by ultrasound-
driven microbubbles. The disintegration of the actin network within
sonoporated cells plays an important role in cell fluidization, which
facilitates the migration of intracellular vesicles towards the injured
site, and therefore, the resealing of pores [242]. However, an extended
disassembly of the actin network can affect cellular processes, and po-
tentially trigger cell death. Jia et al. [243] characterized the disruption
of the actin cytoskeleton in human umbilical vein endothelial cells
(HUVECs) exposed to ultrasound and microbubbles as a dynamic pro-
cess consisting of three distinct phases: (i) rapid expansion, temporally
and spatially correlated to plasma membrane rupture, (ii) contraction
and delayed re-sealing correlated to plasma membrane closure, and
(iii) gradual recovery. Sonoporated cells that did not successfully com-
plete the contraction phase underwent cell death. The actin recruitment
and accumulation along the edge of transendothelial perforations were
identified as crucial factors in the resealing of the cell membrane. This
process starts when the perforation reaches its maximum size and con-
tinues until the membrane is fully restored [234]. Additionally, Juffer-
mans et al. [239] observed an increase of intercellular gaps following
the reorganization of actin fibers within HUVECs exposed to ultrasound
and microbubbles, hinting at the potential role of the cytoskeleton in
influencing cell-cell signaling and regulating endothelial barrier perme-
ability.

Endocytosis Endocytosis is a vital cellular mechanism that enables the
internalization of extracellular molecules by enveloping them with the
cell membrane by forming vesicles. Ultrasound-responsive agents not
only facilitate drug delivery through passive diffusion of drugs into the
cytosol via pores or into the extracellular space through opened junc-
tions but also activate endocytic pathways through sonoporation bioef-
fects, enhancing the overall drug delivery process [244]. Various studies
have suggested that Ca>* signaling is implicated in different aspects of
ultrasound-microbubble-mediated endocytosis, including the regulation
of the turnover of pits in clathrin-mediated endocytosis [245], the ac-
tivation of proteins associated with fluid phase endocytosis [246], and
the vesiculation of membrane domains rich in cholesterol [247]. More-
over, Ca" influx through the pores triggers endocytosis or exocytosis
for the resealing of the injured plasma membrane. Fekri et al. [248] dis-
covered that increased lysosomal exocytosis following sonoporation is
essential for clathrin-mediated endocytosis, whereas no reliance was ob-
served for fluid-phase endocytosis. These findings imply that enhanced
endocytosis induced by ultrasound and microbubbles can occur through
distinct mechanisms. Caveolae may undergo disassembly and reassem-
bly in response to mechanical stresses experienced at the plasma mem-
brane. Indeed, an increased number of uncoated pits, associated with
caveolae-endocytosis pathways, was observed at the plasma membrane
after ultrasound and microbubble treatment [249]. Moreover, the ac-
tivation of BK(, channels by sonoporation-mediated Ca?* influx and
the consequent hyperpolarization of the cell membrane, might facil-
itate the uptake of macromolecules through endocytosis [232]. Mei-
jering et al. [240] examined the role of endocytosis in the process of
drug internalization following treatment with microbubbles in com-
bination with 1 MHz-pulsed-ultrasound with 0.22 MPa of PNP. Their
findings indicated that when endocytic pathways were inhibited, the
uptake of large dextrans decreased, while the uptake of small dex-
trans remained unchanged. Consequently, they postulated that larger
molecules (> 155kDa) likely undergo internalization through endo-
cytosis, whereas smaller molecules are presumed to enter the cell via
diffusion through the transient pores (Fig. 21 (b)). Likewise, Delalande
et al. [250] suggested clathrin-mediated endocytosis to be the primary
pathway for the delivery of high-molecular-weight plasmid DNA. Nev-
ertheless, clathrin-mediated endocytosis’ involvement in the uptake of
small molecules (= 600 Da) has also been reported [251]. It is worth
emphasizing that the mechanism of drug delivery depends heavily on
ultrasound parameters, and therefore on the size of the membrane
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openings [211]. In fact, Geers et al. [252] observed that microbub-
bles experiencing inertial cavitation promote direct cytoplasmic entry
of adeno-associated viruses attached on the surface of the microbubble
without involving endocytosis.

5.5. Experimental models to study enhanced permeabilization

Due to the challenging spatial and temporal scales involved in the
dynamics of ultrasound-responsive agents and the difficulties associated
with having physical optical access, the majority of studies investigating
the mechanisms of enhanced permeabilization prefer to utilize in-vitro
or ex-vivo systems, as they offer a more controlled experimental environ-
ment. Initially, investigations on microbubble-mediated sonoporation
were carried out using a freely suspended cell medium [205,253]. De-
spite the substantial insights gained in these studies, the physiological
relevance of this experimental setup is questionable. In fact, in physio-
logical conditions, microbubbles, which are confined to the vasculature
due to their large size, rarely come into contact with freely suspended
target cells. Instead, their primary target is the endothelial cell layer
that lines the interior of the blood vessels. To address this concern, re-
searchers started adopting flat platforms where single-cell layers can be
cultivated for studying both the dynamics of the bubble and the uptake
of cells. A variety of cells, spanning from endothelial to various tumor
cells, have been employed [98,201,204,223,228,240,250,254-258].
Nevertheless, when considering the factors previously mentioned, only
endothelial cells can be considered the correct choice. The cells were
typically cultivated on a thin, rigid, and porous polymer substrate (such
as Opticell™ or CLINIcell) mainly because of their optical and acoustic
transparency. However, even these configurations remain structurally
and mechanically different from the living vasculature. Indeed, mi-
crobubbles primarily act within capillaries. Therefore, investigating
their dynamics using flat substrates disregards confinement effects (see
Sec. 4.3). Moreover, the membranes used in Opticell™ and CLINIcell,
exhibit significantly higher stiffness compared to the majority of hu-
man tissues (see Fig. 22) and, owing to the limited thickness of the cell
layer, their influence must be considered when assessing the properties
of the substrate [259]. Brujan et al. [260] have shown that the behavior
of a cavitation bubble close to a substrate depends strongly on the elas-
tic modulus of the substrate as well as the distance from the substrate.
These factors influence the bubble jetting direction, jet velocity, bub-
ble translation, bubble oscillation times, and cavitation erosion, all of
which hold significant relevance in the context of sonoporation-induced
drug delivery. Although this study focused on larger laser-induced bub-
bles, similar variations in microbubble behavior have been observed,
particularly concerning the jetting direction for different substrates
[199,200,207]. However, the precise effect of the substrate and the
backing membrane stiffness on the microbubble behavior and sonopo-
ration efficiency still needs to be systematically studied. Some studies
have employed ex-vivo models of real animal tissues [145,207,208],
which better replicate physiological conditions. Nonetheless, establish-
ing controlled experimental conditions using these models proves to be
considerably more challenging than in-vitro setups. As of now, a proper
in-vitro testing model for the characterization of agent-induced sonopo-
ration is still lacking. The ideal experimental model should be tailored
to the target tissue of interest and should accurately replicate the me-
chanical and structural characteristics found in vivo.

5.6. Mechanical properties of cells and tissues

Characterizing the mechanical properties, such as stiffness and de-
formability (or viscoelasticity) of cells and tissues in vivo is essential for
designing the ideal in-vitro test models for experiments. In fact, these
mechanical properties not only impact agent dynamics but also have
a direct correlation to cell mechanotransduction, influencing how me-
chanical stimuli are translated into biological effects.
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Fig. 22. The stiffness of cells, tissues, and tissue-mimicking materials: If the
shear modulus is plotted for a tissue, then it is labeled with [G]. The stiffness
values span from a few Pa to a few GPa [264]. The dark gray region indicates
the degree of variability in the reported values wherever multiple studies were
available. A few interesting highlights are pointed out directly on the graph.
Culturing HUVEC’s on soft (SS) or harder (HS) substrates changes their stiffness
by two or three-fold [267]. Diseased tissues generally have a different stiffness
compared to healthy tissues as highlighted by comparing the brain stiffness of
patients with and without Alzheimer’s disease (AD) [268]. Tumors generally
increase the stiffness of tissues, with a degree of variability dependent on the
type of tumor, as indicated here for the liver with hepatocellular carcinoma
(HCC) and cholangiocellular carcinoma (CCC) [269]. Polystyrene membranes
that are used widely as substrates for culturing cells have a much higher elastic
modulus than tissues [270], whereas agarose substrates mimic the mechanical
stiffness of tumors very well [39,271].

Measurements of cell stiffness are typically performed at the micro-
and nanoscale using micropipette aspiration [261], cytometry [262],
or Atomic Force Microscopy (AFM) indentation [263]. On the other
hand, tensile/compressive deformation techniques and cyclic loading
tests in vitro [264], or elastography techniques in vivo [265] are used
to measure the tissue stiffness in macroscale. The modulus of different
cells, tissues, and typical substrates is depicted in Fig. 22. Although the
variations among different cell types are slight, there is a significant dif-
ference in tissue moduli. The interaction of the cell with the ECM, and
the characteristics of the ECM components, such as the concentration,
structure, and organization of the stress fibers within the cytoskeleton,
the amount of actin-binding proteins, and more, dictate the stiffness of
tissues, thereby providing significant variations in the modulus values.
The cell-ECM interactions and their implications on stiffness are dis-
cussed in the recent reviews by Kwon et al. [266] and Guimarées et
al. [264].

Additionally, marked changes in the microcirculation environment
around cells can lead to changes in cell and tissue stiffness, as illustrated
in Fig. 22. This phenomenon may serve as a potential biomarker to de-
tect fibrosis, cancers, and chronic diseases [268,272-274]. Most studies
have shown that cancer cells are less stiff than healthier cells [274-277]
Nevertheless, others have reported either minimal changes [273], or the
opposite trend in the stiffness of malignant and non-malignant cells re-
spectively [278]. Regardless of these disparities, the proliferation and
abnormal growth of cancer cells, along with the ECM deposition and
stiffening in tumor microenvironments, imply that cancer increases the
surrounding tissue stiffness [269,272,279]. It has also been shown that
cells subjected to chemotherapy experience an increase in their stiffness
values, with the type of drug used influencing the rate of change of stiff-
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ness [280,281]. With respect to chronic diseases, Murphy et al. [268]
noticed that the global brain stiffness decreases in patients with demen-
tia and Alzheimer’s disease, with the stiffness further decreasing with
increasing severity of impairment. Interestingly, HUVECs, which are en-
dothelial cells commonly used for sonoporation studies, have a lower
stiffness than most vascular endothelial cells, and further show varying
stiffness values depending on substrate hardness [267]. These hetero-
geneities in cellular and tissue mechanical properties further highlight
the importance of measuring the mechanical properties of cells and tis-
sues and of accurately reproducing these properties when setting up
experiments.

6. Drug delivery

The mechanical stress generated by ultrasound-responsive agents
under acoustic exposure and the following bioeffects, presented in
Sec. 5, have been shown to provide a way to overcome biological bar-
riers in drug delivery to the brain and other targets. This section offers
a comprehensive overview of therapy based on ultrasound-responsive
agents, highlighting the results obtained in vivo, and the limiting factors
that hinder an effective clinical translation.

6.1. Brain drug delivery

In the treatment of neurological disorders, the delivery of drugs to
the brain parenchyma is hindered by the blood-brain barrier (BBB),
i.e., a selectively permeable layer of highly interconnected endothe-
lial cells aimed at the regulation of homeostasis and protection of the
central nervous system (CNS). The BBB acts as a physicochemical ex-
clusion filter, enabling the diffusion of hydrophobic and low molecular
weight molecules (< 400 Da) only. The paracellular space is physi-
cally sealed by tight junctions consisting of transmembrane proteins
(mainly occludins and claudins), anchored to the cytoskeletons of ad-
jacent endothelial cells through zonula occludens (ZO) proteins. From
a functional perspective, a high expression of active efflux transporters
and almost inactive endocytosis in endothelial cells hinder transcellular
trafficking. Only nutrients, hormones, and plasma proteins can cross the
BBB via either vesicle-mediated transcytosis or carrier-mediated trans-
port while exogenous, or harmful compounds, are pumped out by active
efflux transporters, such as P-glycoproteins (P-gp). Even though the
brain tumor microenvironment presents vascular wall fenestration and
compromised tight junctions causing BBB disruption, this enhanced vas-
cular permeability is extremely heterogeneous, and infiltrating tumor
cells might be found in brain areas characterized by intact BBB. In addi-
tion, P-gp are highly expressed in tumors, and contribute to multidrug
resistance since many chemotherapeutics are recognized as substrates
by active efflux transporters, which pump them out of the cell and pre-
vent them from crossing the BBB [282].

Ultrasound and microbubble-mediated BBB opening The mechanical ef-
fects generated by the interactions between ultrasound, agents, and
tissues, alter the physical and functional properties of the BBB. Hynynen
et al. [283,284] were the first to demonstrate that ultrasound treat-
ment combined with microbubbles enhances BBB permeability, via both
transendothelial and paraendothelial routes. Related pre-clinical studies
showed a transient inhibition of occludin, claudin-5, and ZO-1 protein
expression in both healthy and glioma-bearing rats, suggesting that the
tracer was able to leak from the vessels to the brain through paracellular
routes [285,286]. Additionally, Jalali et al. [287] found a reduction of
the interaction between occludins and ZO-1 in sonicated brain regions
that might be attributed to ultrasound and microbubble-induced activa-
tion of signaling pathways in neuronal cells. Further studies have since
demonstrated that ultrasound and microbubbles cause BBB dysfunction
by up-regulating endocytosis pathways, including caveolae-mediated
[288] and clathrin-mediated endocytosis [289], improving transcellular
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Fig. 23. (a) Effect of ultrasound-microbubble treatment on caveolae-mediated
endocytosis. The images show the leakage of different molecular weight dex-
trans in the hippocampus, comparing control (-US) and sonicated (+US) hemi-
spheres in wild-type and Cavl~/~ mice. (b) Partial down-regulation of P-gp
expression led to an increase in permeability to Evans Blue dye after ultrasound-
microbubble treatment. Fluorescence images of rat brain tissue comparing con-
trol and sonicated regions show P-gp expression intensity (green) and Evans
Blue dye intensity (red). Scale bar represents 50 um. Figures reproduced with
permission from the work by Pandit et al. [290] (a) and Cho et al. [293] (b).

transport of cargo through the BBB. Out of the two pathways, caveolae-
mediated endocytosis has been proposed as the main mechanism for
the transport of large molecules, as shown in Fig. 23 (a), which reports
the reduced leakage of dextran, with a molecular weight of 500 kDa,
in mice lacking vesicle-forming protein, caveolin-1 (Cavl~—/") [290].
Moreover, caveolin phosphorylation [291] and increased expression of
K, channels [292] have been proposed as possible mechanisms in-
volved in ultrasound and microbubble-mediated endocytosis in both
healthy and glioma models. Regarding the contribution of active ef-
flux transporters to the BBB function, several studies reported tran-
sient modulation of P-gp expression using focused ultrasound (FUS)
combined with microbubbles in rat models, as shown in Fig. 23 (b)
[293,294]. Choi et al. [295] found that the down-regulation of P-gp
levels is associated with the activation of the kinase pJNK pathway by
ultrasound-induced stress. Moreover, Zhang et al. [296] showed that
down-regulation of P-gp and multidrug resistance proteins observed fol-
lowing low-intensity ultrasound treatment (142 mW cm™2) increases
the sensitivity of glioma to doxorubicin. Nevertheless, Goutal et al.
[297,298] recently suggested that the down-regulation of P-gp induced
by FUS might be insufficient for paracellular trafficking of compounds
with a high-affinity to P-gp. Further investigations are needed to as-
sess the ultrasound and microbubble-mediated BBB disruption on the
delivery of compounds whose distribution into the brain relies predom-
inantly on P-gp-mediated efflux activity rather than the physical barrier.

Ultrasound and microbubble-mediated interstitial modulation After ex-
travasation, drugs enter the extracellular space, which is formed by an
electrically charged nanoporous matrix that hampers drug penetration.
Brain tumors and metastases are generally characterized by a high inter-
stitial fluid pressure which further hinders drug transport. In addition
to transient BBB opening, new studies have accredited microbubble ac-
tivity for interstitial modulation as well. FUS treatment combined with
microbubbles has been shown to increase the interstitial fluid flow ve-
locities [299] as well as shifting the drug transport in the interstitial
space from being diffusion-driven to being convection-driven [300], re-
sulting in an increase in drug delivery and penetration distance in the
brain microenvironment. However, the effects of interstitial modulation
on drug delivery remain to be elucidated.
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Microglia Neurons

Astrocytes

Fig. 24. (a) Evans blue dye extravasation induced by microbubbles injection
followed by FUS irradiation to mice brains at various acoustic intensities. (b) In-
travital multiphoton microscopy images of mice brain vasculature before (top)
and after (bottom) ultrasound-microbubble treatment confirm increased BBB
permeability by fluorescent dextran extravasation (scale bar: 50 um). (c) Effect
of ultrasound and microbubble treatment on liposome delivery. Fluorescence
images show cellular uptake of liposomes (red) in neurons (top row, green) and
microglia (middle row, green) but not in astrocytes (bottom row, green) in rapid
short pulse sequence (RaSP) and long pulse sequence treated mice brains. The
scale bars indicate 50 um. Figures reproduced with permission from the work
by Ogawa et al. [315] (a), Poon et al. [302] (b), and Morse et al. [92] (c).

Ultrasound and microbubble-mediated drug delivery: preclinical studies
BBB enhanced permeability after ultrasound and microubbles treat-
ments has been confirmed by Evans blue dye extravasation in sonicated
areas, as shown in Fig. 24 (a). Using magnetic resonance imaging (MRI),
Baseri et al. [301] leveraged the enhanced permeability of gadolinium
tracer in the brain to find that the BBB opening starts occurring at a rar-
efactional pressure amplitude of 0.3 MPa, when employing a frequency
of 1.5MHz, and lasts as long as 24 h [202]. The process is considered
completely safe at this pressure owing to the absence of extravasation of
red blood cells, at pressures below 0.6 MPa and the absence of neuronal
damage below 0.9 MPa. Successful BBB opening in vivo has also been
demonstrated in real-time using intravital multiphoton microscopy in
rat models (see Fig. 24 (b)) [302].

In small animal models, BBB enhanced permeability induced by
different combination of ultrasound parameters and microbubbles (ei-
ther commercially-approved or home-made) resulted in higher con-
centrations of administered chemotherapeutics [303-309], antibodies
[310,3111, genes [299], and nanomedicines [312] in the brain. More-
over, Brighi et al. [313] found an increased antibody uptake in the
target regions of a tumor presenting intact BBB in high-grade glioma
models, further confirming the beneficial effect of ultrasound and mi-
crobubbles in enhancing BBB permeability and drug delivery in chal-
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lenging tumor areas. FUS and microbubble-assisted gene-nanovectors
delivery has been found to result in efficient transfection through par-
ticle uptake by different cells, including neurons and astrocytes using
1 MHz single FUS transducer (0.6 MPa, 120 s, 10 ms bursts, 0.5 Hz
burst rate) in rat models [314], and microglia and endothelial cells
using 3 MHz FUS transducer (0.5-1.5 kWem™2, 60 s, 10% duty cy-
cle) in mouse models [315]. At similar ultrasound parameters, Morse et
al. [92] found an increase in cellular uptake of liposomes within neu-
rons and microglia using long-pulse FUS sequences (10,000 cycles, PRF:
0.5 Hz). However, shorter pulse sequences (5 cycles, PRF: 1.25 kHz,
10 ms bursts, 0.5 Hz burst rate) required higher acoustic pressures
to achieve liposome delivery (see Fig. 24 (c)). Furthermore, Huang et
al. [316] found heterogeneous punctuate regions of high concentration
of plasmid DNA in the cytoplasm of neurons, confirming the involve-
ment of vesicle-mediated endocytosis with ultrasound and microbubble
treatment.

These findings support the promising application of ultrasound-
microbubble-mediated drug delivery in the treatment of CNS diseases
[317,318]. In glioma models, the enhanced delivery of carboplatin
[319,320] and liposomal doxorubicin [321,322] to the brain provoked
significant slowing of tumor growth and prolonged survival. A signifi-
cant reduction in mean tumor volume and an improvement in survival
have been also observed in breast cancer brain metastases in rat models
after enhanced monoclonal antibody delivery by BBB opening [323].
Moreover, biodistribution studies have shown glioma specificity and
reduced drug levels in non-cancer locations, highlighting the potential
of microbubble-mediated targeted drug delivery [324]. Regarding neu-
rodegenerative diseases, Jardao et al. [325] reported, for the first time,
a reduction in Alzheimer’s disease pathology in mouse models after
treating them with FUS with microbubbles and anti-A( antibody admin-
istration. In Parkinson’s disease models, BBB opening has been shown to
result in enhanced protein expression in transfected neurons, improving
the neuroprotective effect and recovering a normal dopamine secretion
[326,327].

Ultrasound and microbubble-mediated drug delivery: clinical studies Clin-
ical trials exploring the feasibility of ultrasound and microbubble-
assisted drug delivery to the brain have been recently initiated. The
first one, which started in 2014, used an implantable ultrasound system
(SonoCloud®, 1.05 MHz) in combination with SonoVue® microbub-
bles to improve the delivery of carboplatin in patients with recur-
rent glioblastoma (ClinicalTrials.gov, NCT02253212) [13]. The results
demonstrated that a higher acoustic pressure (0.8 MPa) is needed for
transient BBB disruption compared to the one required in small an-
imal models (0.5 MPa) [328]. This difference could be attributed to
the size of the human skull, which limits standing wave effects com-
pared to smaller animals [329]. No tumor progression was detected
in sonicated areas in most of the patients and patients with clear BBB
disruption presented longer survival [14]. Recently, an ultrasound and
microbubble treatment was performed using a novel device composed
of nine SonoCloud® ultrasound transducers (SonoCloud-9) to increase
the size of sonication field in recurrent glioblastoma patients for the de-
livery of albumin-bound paclitaxel (NCT04528680) [330]. Other trials
have been registered concerning glioblastoma treatments using differ-
ent therapeutic ultrasound devices. Among non-implantable ultrasound
devices, NaviFUS®, a novel neuronavigation-guided device composed
of a 256-element phased array (500 kHz), has recently been employed
in combination with FUS-microbubble treatment, showing safe and re-
versible BBB opening in recurrent glioblastoma patients at doses lower
than 0.68 MI (NCT03626896) [331]. Similarly, the ExAblate® transcra-
nial device, consisting of a stereotactically positioned helmet of 1024
individually driven transducer elements (220 kHz), providing non-
invasive radiation under real-time MRI guidance, has demonstrated safe
BBB opening even after repetitive sonications at the same targets, prov-
ing the potential feasibility of chemotherapy protocols for brain tumor
treatment (NCT02343991 [15], NCT03712293 [332], NCT03322813
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[333]). To limit the risk of microhemorrhages, a real-time acoustic
emission feedback system has been implemented to record cavita-
tion signals and calculate the optimal power for BBB disruption. This
has been set to 50% of the power level at which the activity of mi-
crobubbles generates significant inertial cavitation, as first proposed
by Huang et al. in their preclinical studies [316]. Furthermore, the
ExAblate® system has been tested for microbubble-assisted BBB open-
ing and drug delivery in the treatment of different CNS-related dis-
eases, including Her2-positive brain metastases (NCT03714243) [334],
Alzheimer’s disease (NCT03671889 [335,336], NCT04526262 [337]),
Parkinson’s disease (NCT03608553 [338]), and amyotrophic lateral
sclerosis (NCT03321487) [16].

Although the phase I and II of the clinical trials have demonstrated
safe, feasible, and reversible BBB opening, they only represent prelim-
inary findings because of the rather restricted group of tested patients
[339]. The lack of a standardized protocol for ultrasound-microbubble
assisted drug delivery, and therefore, the insufficient safety data, slows
the clinical translation. Another limiting factor is the absence of corre-
lation between preclinical and clinical results, due to anatomical and
physiological differences between the models, as described by Carpen-
tier et al. [13].

Ultrasound and droplet-mediated drug delivery: preclinical studies The
spatiotemporally controlled vaporization of droplets, induced by ultra-
sound at the target site, can result in cell apoptosis, enhanced systemic
immune response, and improved drug delivery via BBB disruption or en-
hanced membrane cell permeability. Hence, nanodroplets are also being
explored for the treatment of brain tumors [340] or other brain-related
diseases, BBB opening [41,341], and neuromodulation [36].

In the field of agent-assisted drug delivery, the interaction between
nanodroplets and BBB is a topic of hot debate. Chen et al. [41] showed
that the required acoustic pressure threshold for BBB opening is higher
with nanodroplets than with microbubbles, while the stable cavita-
tion dose remained lower and no inertial cavitation is detected. Fur-
thermore, more homogeneous dextran delivery is observed within the
mouse hippocampus using nanodroplets, compared to microbubbles.
Similarly, Wu et al. [342] showed that OFP droplets required lower son-
ication pressures (~ 300 to 450 kPa) to facilitate drug delivery once the
opening of the BBB is achieved, compared to PFB droplets (~ 900 kPa),
which has a higher molecular weight. Histology further showed that
PFB nanodroplets led to damage of the tissues, due to inertial cavitation
of the subsequent microbubbles. Song et al. [341] also noticed sustained
inertial cavitation activity generated by a high concentration of PFP
droplets, resulting in an enhanced amount, and penetration depth, of
extravasated tracers, compared to microbubbles in rat brains. Never-
theless, further investigations are needed to prove the safety of BBB
opening induced by ultrasound and nanodroplets.

6.2. Solid tumors drug delivery

Solid tumors are masses of abnormal cells that occur in the bones,
tissues (such as muscles or tendons), or organs (such as the liver or
kidneys). Tumor cells stimulate pathophysiological alterations in the
tumor microenvironment in order to support tumor growth and pro-
gression, including mechanisms of drug resistance. Highly proliferating
tumor cells initiate uncontrolled angiogenesis in the tumor microen-
vironment through overexpression of pro-angiogenic factors, resulting
in the development of an irregular tumor vascular system, character-
ized by tortuous and hyperpermeable vessels. This aggressive tumor
growth results in lymphatic vessels becoming permeable, compressed,
or even obstructed. The combination of fluid leakage from highly per-
meable blood vessels and impaired lymphatic drainage causes intersti-
tial hypertension and possible intravasation of drugs back to the vessels,
whenever the interstitial fluid pressure exceeds the microvasculature
pressure. Moreover, the vessel’s tortuosity reduces the blood perfusion
rate, generating hostile areas of hypoxia that may contribute to drug
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Fig. 25. (a) Effect of ultrasound and microbubble treatment on nanoparticles
penetration depth in human colon cancer xenografts in mice. The immunoflu-
orescence image (left) reconstructed from 3D confocal microscopy data sets
and the orthogonal slices (right) show extravasated nanoparticles (red) in tu-
mor parenchyma (blue) and away from the vessel lumen (green). (b) Effect of
sonoporation on the penetration depth of liposomes (green) from blood vessels
(red) in human pancreatic adenocarcinoma xenograft, comparing control and
sonoporated tumors using two different MBs (poly butyl cyanoacrylate and Mi-
croMarker™ (VisualSonics) microbubbles). (c¢) In-vivo biodistribution imaging
of doxorubicin-loaded nanodroplets compared to doxorubicin alone at different
time points in liver cancer-bearing mice after ultrasound treatment. Reproduced
with permission from the work by Wang et al. [349] (a), Theek et al. [351] (b),
and Zhou et al. [35] (c).

resistance in tumors. Finally, the high proportion of stromal cells in
the tumor microenvironment, and the fibrotic nature of the collagen-
rich extracellular matrix, further limit drug penetration in the tumor
mass. In the last decades, there has been extensive research on applying
nanotechnology to improve chemotherapy [343]. Passive accumulation
of nanomedicines in tumors, thanks to the EPR effect (see Sec. 3.2),
provides advantages concerning reduced toxicity and improved drug
bioavailability. Nevertheless, therapeutic outcomes remain limited, in
particular, in clinical settings [344].

Ultrasound and microbubble-assisted chemotherapy Ultrasound and mi-
crobubbles have been proposed as a promising treatment to overcome
biological barriers and enhance chemotherapeutics or nanomedicines
accumulation and uptake in the tumor tissue [345,346]. Using a pres-
sure of 0.5 MPa (MI = 0.5) and microbubbles stabilized by cabazitaxel-
loaded polymeric nanoparticles, Snipstad et al. [347] found increased
delivery of cabazitaxel in breast cancer xenografts. No tissue damage
was detected and the treatment resulted in complete remission of the
tumor. Similarly, Yan et al. [348] demonstrated an improved biodis-
tribution of paclitaxel, resulting in tumor growth inhibition, by using
ultrasound (2.25 MHz, 1.9 MPa) and liposome-microbubble complexes.
Wang et al. [349] observed a 9-fold increase in the penetration depth
of nanoparticles using 3D confocal microscopy after sonoporation in
colon cancer xenografts in mice (Fig. 25 (a)). A significant enhancement
of liposomal doxorubicin accumulation in colorectal adenocarcinoma
xenografts is also found by Lin et al. [350]. Moreover, ultrasound-
microbubble treatment resulted in improved extravasation and delivery
of liposomes in tumors characterized by low levels of EPR effect (in-
cluding pancreatic adenocarcinoma, as reported in Fig. 25 (b)) using
different ultrasound parameters (1 MHz, MI = 0.8 and 16 MHz, MI =
0.9) [351,352].
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In 2012, these encouraging results paved the way for the first clin-
ical trial, which utilized ultrasound and microbubbles, to administer
gemcitabine as a treatment for pancreatic cancer. The trial demon-
strated no additional toxicity, compared to chemotherapy alone, and
a significant increase in survival, compared to a historical cohort of pa-
tients (NCT01674556) [19,353]. However, phase II trials involving a
higher number of patients are required to validate the chemotherapy
efficacy of ultrasound and microbubble-mediated therapies. It is worth
noting that the reported findings may not fully reflect the maximum
therapeutic benefits achievable, due to limitations on ultrasound pa-
rameters and microbubble dosage imposed by diagnostic scanners and
protocols. Recently, multiple clinical trials have been launched to inves-
tigate the safety and efficacy of ultrasound and microbubble-enhanced
chemotherapy for various cancer treatments, including those targeting
malignant digestive system tumors (NCT02233205 [20]).

Droplet-assisted chemotherapy Acoustic vaporization of extravasated
nanodroplets can have a direct influence on cancer cells [32]. Sev-
eral in-vivo studies have shown the benefit of ultrasound-induced
nanodroplet vaporization in targeted drug delivery to solid tumors
(Fig. 25 (c)) [35,71,97,354]. The destructive effect induced by the
violent vaporization process appears to be a primary factor for the en-
hanced drug delivery to cells observed in these studies.

Recently, Spatarelu et al. [355] showed an enhanced delivery of
two chemotherapeutics, doxorubicin, and paclitaxel, in a triple-negative
breast cancer mouse model using ultrasound and PFP nanodroplets, re-
sulting in reduced tumor growth rate. Owing to the limited number of
studies proving the safety of the treatment, droplet-assisted drug deliv-
ery has not been investigated in human trials yet. Concurrently, given
their more destructive nature, nanodroplets have also been vastly uti-
lized for enhanced therapy in ablation techniques. In-vivo preclinical
studies of thermal ablation have shown improved heating for tumor
treatment using nanodroplets [356]. Moreover, when utilizing nan-
odroplets as cavitation nuclei, studies have demonstrated their ability
to lower the applied pressures required for ablation [39,357].

7. Future outlooks and conclusion

Ultrasound-responsive microbubbles and nanodroplets are rapidly
evolving as a dominant drug delivery technique thanks to their ability
to enhance membrane permeabilization. The spatiotemporal specificity
and reversible poration capability provided by microbubbles are espe-
cially advantageous for drug delivery to the brain, making them the
only known safe and non-invasive method to transiently disrupt the
blood-brain barrier. Despite the increased use of these agents in both
pre-clinical and clinical studies, there remain numerous major obsta-
cles that prevent a swift clinical translation, some of which are listed in
Table 2.

Among the identified challenges, the most concerning is our lack
of understanding of the exact mechanism responsible for cellular per-
meabilization. It is necessary to identify the responsible mechanism(s)
to optimize both the acoustic input parameters as well as the safety
of the therapeutic protocol. We believe tackling this requires a com-
bined effort from various fronts, such as (i) understanding the cause of
heterogeneity currently observed in microbubble responses in order to
improve the reproducibility of the therapy; (ii) designing an ideal in-
vitro environment that mimics accurately the biological and mechanical
properties of cells and tissues in order to predict the true microbubble
behavior in vivo; and (iii) improving our ability to explore microbubble
behavior in vivo in order to confirm the validity of the in-vitro predic-
tions.

The major drawback limiting the clinical translation of nanodroplets
is the current inability to safely vaporize them. There is therefore a need
to expand our knowledge of the exact vaporization mechanism to help
optimize the input acoustic parameters as well as to develop phase-
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Obstacles identified for further improvement in agent-induced sonoporation.

Obstacle

Solution

Heterogeneity in microbubble response

Accelerated blood clearance of agents

Rapid gas exchange

Unidentified agent dosage

Mechanical Index is not ideal to estimate safety

High pressure thresholds for ADV

Unknown fate of bubbles post-ADV

Efficacy of attached vs co-administered drugs

Potency of targeted vs non-targeted microbubbles

Heterogeneity of acoustic protocols used

Effect of various sonoporation mechanisms

Lack of an ideal in-vitro test setup

Unknown effects of currently used substrates on
agent response

In-vivo visualization of microbubble response

Uncertainty in dominant cellular pemeabilization
mechanism

Explore fabrication techniques to generate
microbubbles with acoustically similar properties.

More research is needed to gauge its effects on agents in vivo. Explore
alternatives of PEG that minimizes accelerated clearance.

Explore different (stiffer) shells to improve gas retention inside microbubbles,
especially for therapeutic gas delivery.

It is essential to move past the imaging concentration limit and investigate the
optimum dosage of agents needed for drug delivery without hampering the
safety.

Explore alternatives such as a linear index or develop an universal metric for
measuring the cavitation activity from real-time acoustic measurements.

Understand the actual mechanism of ADV to improve on their performance.
Design agents that are able to vaporize at physiologically safe pressure
amplitudes. Explore ultrasound parameters that enhance droplet vaporization.

More research is needed to study the microbubble stability after ADV.
Comprehensive investigation needed to confirm re-condensation of
nanodroplets.

Further research dedicated to comparing the different drug delivery techniques
is needed to elucidate their efficacy.

Comprehensive pre-clinical as well as clinical comparison is needed to ascertain
which is better for membrane permeabilization.

Make studies comparable by using similar or comparable acoustic parameters.

Comprehensive pre-clinical comparison of the responses to varying acoustic
parameters is needed to ascertain the best mechanism for maximal drug
delivery efficiency.

Advancements in the current fabrication techniques is needed to mimic the

physiological surrounding and mechanical properties.

Quantify the differences in agent behavior for different substrates. Verify if this
is comparable with in-vivo agent response.

To ascertain the physiological behavior of microbubbles, in-vivo
characterization techniques (such as intravital microscopy) needs to be
advanced to incorporate higher temporal and spatial resolutions.

Finding solutions to the obstacles listed above should give us a clear idea on the
dominant mechanism.

change agents that are both thermodynamically stable and easier to
vaporize at clinical acoustic parameters.

Deciphering the intricate interplay between the mechanical response
of the acoustically-activated agents and the resulting biochemical re-
sponse of the cells will further establish their critical role in the future
of drug delivery.
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