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Abstract

The last two decades have seen the development of acoustically activated droplets, also known as
phase-change emulsions, from a diagnostic tool to a therapeutic agent. Through bubble effects and
triggered drug release, these superheated agents have found potential applications from oncology
to neuromodulation. The aim of this review is to summarise the key developments in therapeutic
droplet design and use, to discuss the current challenges slowing clinical translation, and to

highlight the new frontiers progressing towards clinical implementation. The literature is

summarised by addressing the droplet design criteria and by carrying out a multiparametric study

of a range of droplet formulations and their associated vaporisation thresholds.
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1. Introduction

Micrometre-sized gas-filled bubbles, known as microbubbles, were originally developed as
ultrasonic imaging contrast agents. Using lipid, protein, polymer or surfactant shells, these
gaseous vesicles have been designed for enhanced imaging and disease diagnosis, with slow
dissolution in the blood, easy reconstitution for clinical use, and simple and safe
implementation [1]. Microbubbles experience ultrasound as sequential changes in pressure,
dynamically responding to each pressure perturbation by shrinking and expanding. When
excited with sufficient amplitude, the bubble radius and incident pressure become non-
linearly related, meaning the bubble may rebound upon collapse, exhibit prolonged
expansion or implode entirely. Bubble activity of this kind is broadly termed acoustic
cavitation and each behaviour is associated with a unique acoustic emission - producing
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harmonic, ultraharmonic, subharmonic or broadband frequencies - each of which have been
widely exploited for imaging and treatment monitoring [2].

Throughout the last decade the presence of acoustically excited microbubbles has been
shown to increase the penetration depth of co - injected therapeutics into the surrounding
tissue through a combination of dynamic phenomena: most notably, acoustic radiation forces
[3] and microstreaming [4]. Furthermore, techniques for loading drugs into, onto and within
microbubble formulations have been well developed and reviewed, allowing triggered and
targeted release of therapeutics upon exposure to diagnostic levels of ultrasound [5].
However, the circulation time of microbubbles 7 vivois notoriously short, influenced by
physiological temperature and ambient pressure, where the dissolution of bubbles is driven
by the diffusion of encapsulated gas into the surrounding blood. The longevity of
microbubbles in circulation may be further compromised by drug-loading which has been
reported to influence shell stability [5]. Furthermore, microbubbles respond to very low
amplitudes of ultrasound, which is advantageous for imaging but in therapy may lead to off-
target effects when bubbles are excited outside of the intended target region. Liquid
emulsions in droplet form offer a stable alternative.

Oil emulsions, stabilised by surfactant coatings, have been widely utilised in the clinic, such
as in aerosol therapies and the delivery of penicillin droplets stabilised with propylene glycol
[6]. More recently nano-emulsions have found use in gene therapy and transdermal delivery
[7]. However, to enable triggered release of a therapeutic payload, liquid cores with lower
boiling points can be used, such as perfluorocarbons. This low-boiling point core is
described as being superheated. The phenomenon of a superheated core is made possible by
the surface tension provided by the shell, creating a pressure difference between the internal
and external environments, known as the Laplace pressure. This pressurised core allows a
compound, which in a free environment would be gas, to remain in a liquid state. The liquid-
core droplet remains stable until exposed to an external stimulus, such as focused
ultrasound, whereby an incident pressure perturbation induces a liquid-to-gas transition
(figure 1), giving rise to the term “phase-change emulsion’. Figure 1 illustrates this process
with an example nano-scale droplet that vaporises into a 1 um-diameter bubble. The acoustic
emissions detected from the construct increase in magnitude (shown in the voltage traces)
and harmonic content (shown in the frequency spectra) upon vaporisation.

The mechanisms driving this vaporisation process have only recently been elucidated, and
were previously reported to be triggered by internal cavitation nuclei [8], external cavitation
nuclei [9], internal heating [10]. However, the most recent theory of acoustic droplet
vaporisation, developed by Shpak et a/. [11], describes the superharmonic focusing of
acoustic energy inside the droplet which causes a spot of negative pressure that spreads
throughout the liquid volume. The onset of vaporisation is shown to be instigated by the
high-order harmonics produced through nonlinear propagation of the incident acoustic wave,
and the subsequent focusing of the distorted waveform inside the droplet due to its spherical
geometry and change in acoustic impedance.

When microbubbles are too fragile and non-specific, perfluorocarbon (PFC) droplets offer a
stable solution for a cavitation agent with the therapeutic potential of microbubbles, drug-
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loading capabilities and high specificity in localisation of triggered vaporisation and therapy.
When compared to microbubbles, droplets have been shown to have a significantly longer
circulation time /n vivo, since the liquid core prevents gas dissolution. Due to their
impressive stability and tuneable size, droplets have found use in a variety of potential
diagnostic applications including fluorine-19 magnetic resonance imaging [13], positron
emission tomography (PET) [14] and ultrasound imaging [15, 16]. Although a diverse range
of imaging applications exist, the current review will focus on the use of ultrasound-
responsive PFC droplets for therapy, both through bubble effects and as delivery vehicles for
pharmaceuticals.

1.1 Bubble effects: therapy by cavitation

Focused ultrasound has the ability to achieve therapeutic results, from tissue ablation [38] to
neuromodulation [39, 40] and neurogenesis [41]. However, the addition of cavitation agents
and pharmaceuticals has now been shown in human clinical trials to enhance therapy
through both thermal [42] and mechanical [43] mechanisms. Ultrasound can heat, produce
bubbles, push drugs and cause fluid streaming [44]. With the addition of bubbles, heating
can be enhanced, bubbles can dynamically respond and create scattered pressure fields,
increase fluid mixing through microstreaming and open pores in cell membranes [45].
However, the stability of gas-core constructs is limited by dissolution of the gas into the
blood and a characteristically low inertial cavitation threshold, leading to a construct with a
short lifespan /n vivo. By using a liquid-state PFC core, these limitations can be overcome.

The first set of applications for phase-change droplets exploit how ultrasound can transform
them into microbubbles, and utilise these dynamically responding bubbles for tumour
ablation [17], sonothrombolysis [18] or simply obstructing blood flow into tumour
tissue[19]. In these applications, droplets may be triggered with more precise localisation
than microbubbles because of their steep vaporisation threshold. Furthermore, when droplets
undergo vaporisation they can expand to over 5 times their original diameter [19] (figure 1).
During this expansion phase gas from the surrounding liquid is taken up by the construct,
leading to novel applications such as oxygen scavenging [20, 21]. More recently, the ability
of droplets to induce sonoporation has been studied [22]. Using a suspension of pancreatic
cancer cells, the vaporisation of nearby droplets was shown to enhance the permeability of
cell membranes, as illustrated by the uptake of an indicator molecule.

1.2 Pharmaceutical effects: cavitation-mediated drug delivery

The second set of therapeutic applications of droplets exploits their ability to encapsulate,
carry and release a drug. With appropriate design, droplets have the ability to release a
therapeutic payload upon sonication at a specific site. This localised, trigge red release may
be further enhanced by the dynamic response of nearby vaporised droplets, which have the
ability to propel therapeutics deeper into surrounding tissue, through secondary radiation
forces and microstreaming. Stable cavitation can enhance drug delivery through better drug
distribution [4], deeper penetration [46], permeabilization of nearby membranes [47] and
localised release [48, 49], with the additional potential for real-time acoustic monitoring [50,
51] and localisation [52].
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Of note are the oncological studies performed by Gao et a/. [23] and Rapoport et al. [24],
both using a copolymer shell (see section 4) to encapsulate doxorubicin (DOX) and
Paclitaxel (PTX) respectively. As is well known, tumour vasculature is ‘leaky’ by nature,
with endothelial pore size increasing from 20 nm in healthy vessels to 2 um in certain solid
tumour types [25]. Therefore nano-scale therapeutics, including droplets, have the ability to
pass through pores in leaky vessel walls and enter the surrounding tissue, where they are
retained due to the poor lymphatic drainage associated with cancerous tumours. Once
embedded, droplets have the potential to vaporize in the cancerous tissue, allowing localised
drug delivery from the accumulated constructs [26, 27].

In the growing field of oncolytic gene therapy, Gao er al. [28] have utilised PFC droplets for
their diagnostic and therapeutic capabilities. The multi-functional construct was able to
deliver gene therapy agents to HER2-expressing xenografts by co-loading liquid PFC and
nucleic acids within a polymer shell decorated with targeting peptides. Through localised
vaporisation of the droplets, the efficiency of gene transfection was significantly enhanced.

Furthermore, droplets offer the potential to treat small volumes and have less interaction in
the near field compared to gas-core drug carriers [29]. This acoustic stability has been shown
to allow a volume smaller than the ultrasound focal region to be treated, without
compromising the ultrasound penetration depth, making droplets an attractive alternative to
microbubbles as acoustic-responsive drug carriers.

2. Current challenges

Although the use of phase-change PFC droplets for therapy has gained significant interest
over the last two decades, several key challenges have slowed clinical translation. The first
of these is posed by the elementary decision of droplet components: which materials will
form the encapsulating shell and the PFC core? Sheeran et al. [16] describe the optimal
balance of thermal stability and vaporisation threshold - producing a construct that will
remain unchanged at physiological temperatures, but with a low enough vaporisation
threshold as to transition into a microbubble without causing tissue damage.

A further barrier to clinical translation is found in the discrepancies between in vitroand in
vivo findings for vaporisation thresholds. It is widely known that ambient temperature plays
a significant role in droplet behaviour, and efforts are made to conduct /n vitro experiments
at 37 °C [10, 15], however, a disconnect between phantom and animal studies still exists.
Rojas et al. [30] have explored why greater acoustic pressures are required to instigate
vaporisation /7 vivo. Their findings show that although hydrostatic pressure has no influence
on the threshold, vessel diameter is influential, and decreasing the vessel diameter increases
the pressure required for vaporisation; this finding was also observed by Lin et a/. [31].
Furthermore, Wu et al. [32] have recently shown the importance of vaporisation efficiency:
how many bubbles are produced upon sonication. Their findings show that, depending on the
PFC core, the vaporisation efficiency can be very low /n vivo, requiring greater sonication
pressures to achieve the same treatment, increasing the apparent vaporisation threshold.
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Thus far cancer therapy has been the avenue explored most extensively for therapeutic
droplets. However, alongside substantial recent developments in clinical applications of
trans-cranial focused ultrasound [33, 34] applications of droplets for drug delivery to the
brain are coming to the fore [35, 32, 36]. When using droplets for drug delivery to the brain,
exploitation of the vaporisation threshold for safe, efficient drug release is often sought
without inducing inertial cavitation, since violent bubble collapse has been associated with
damage of cerebral tissue [37]. This is a particularly challenging problem since the low
frequencies associated with good penetration through the skull (due to reduced attenuation)
increase the likelihood of inertial cavitation (due to extended rarefractional phase of each
acoustic cycle) [37]. Separation between the vaporisation and inertial cavitation threshold
has been shown to decrease at lower frequencies [10], requiring precise tuning of the
sonication pressure to achieve drug delivery without causing tissue damage or
haemorrhaging (section 8).

Recent developments in droplet design have sought to address these challenges and
overcome the barriers to clinical translation. The current review will discuss a number of
commonly used fabrication techniques, formulations and their appropriate applications, as
summarised schematically in figure 2.

3. Fabrication method

A variety of techniques have been developed for the fabrication of phase-change PFC
droplets, and may be categorised into the following; agitation, sonication, extrusion,
condensation and microfluidic techniques (table 1). The methods range in complexity from
simply shaking by hand [54, 55] to the manufacture of bespoke microfluidic devices using
soft lithography [56]. In general, agitation methods are able to achieve micron-scale
emulsions simply and rapidly. Furthermore, the entirety of the droplet solution is contained
within a single vesicle, mitigating any material losses associated with microfluidic methods.
However, agitation techniques often produce a wide size distribution and low reproducibility
between batches.

In contrast, ultrasonic techniques are able to produce nano-scale droplets with a tighter size
distribution, but may still require size exclusion processes such as filtration or the iterated
use of a ‘microfluidizer’. Using a tip sonicator is a simple and popular approach, but can be
compromised by cross contamination between samples and the introduction of metallic
particulates into the emulsion as the tip erodes with use. Furthermore, both agitation and
sonication techniques can cause the emulsion to heat up. Careful consideration of the
temperature sensitivity of the droplet structure and the encapsulated therapeutic is required
with this method. Microfluidic techniques offer a much tighter size distribution, created
either through bespoke setups [57] or commercial systems such as a Microfluidizer
Processor (M110-EHI, Microfluidics, Newton, MA, USA) [10]. Although the
reproducibility and consistency of these techniques is much higher, the ease and speed of
manufacture may be limited, especially in small microfluidic chip dev ices where droplets
are produced individually [56, 57].
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Additional protocol amendments are dependent on the choice of PFC and shell material. For
low-boiling point PFCs it may be necessary to carry out fabrication on ice, dry ice or ina
cold room, or by microbubble condensation (section 5). Furthermore, if polymer coatings
are used it is common to begin by forming precursor micelles before introducing the PFC
[58]. A range of these fabrication techniques are comprehensively reviewed by Sheeran et al.
[16] for the application of ultrasonography.

4. Shell composition

In order for the superheated liquid core to be contained, a shell is required with sufficient
surface tension such that the Laplace pressure is great enough for the pressurised centre to
remain liquid at physiological temperatures, as described in section 1. Surfactants, proteins,
lipids and polymers exhibit a variety of surface tension values (table 2 and figure 3) and are
able to achieve liquid encapsulation to various levels of success depending on the desired
application and droplet size.

Albumin has been used extensively to form PFC droplets for tumour ablation [17] and other
therapeutic applications [55, 9, 59], including the formation of torodial bubbles [12].
Surfactants have also been explored due to their ability to appreciably lower surface tension,
as seen in figure 3. In particular Zonyl FSO fuorosurfactant has been used in a number of
studies, including the formation of 220 nm droplets for ultrasound imaging of /n vivo
tumours [15], and 100 — 600 nm droplets for sonothrombolysis [18]. However, both studies
(which both implement DDFP cores) required considerable peak negative pressures to
induce vaporisation - in excess of 5 MPa at 5MHz, with 1 ms bursts.

Commonly used to fabricate microbubble contrast agents, liposomes offer an elasticised
shell. Elastic deformation of a lipid membrane allows for repeated expansion and collapse,
optimal for therapeutic applications which exploit bubble effects. This elas tic behaviour
exists until a critical expansion ratio is reached, as described by models such as the
Marmottant model for the oscillation, rupture and buckling behaviour of large lipid-coated
bubbles [60]. Behaviour such as lipid shedding [61] has also been reported, which may be
beneficial for drug delivery [62]. Both single lipid formulations [63] and mixed lipid
formulations [64, 10] have been successfully implemented in the fabrication of acoustically-
responsive droplets.

The newest family of droplet shell compounds are PEG-based polymers, including diblock
copolymer constructs [23, 24]. PEGylated nano-scale constructs are now widely used as
drug delivery vehicles due to their stability and long circulation /n vivo,resulting from the
minimal protein absorption on the PEG-coated surface [65]. Furthermore, the ability to use
diblock copolymers (with a hydrophobic and hydrophilic end, behaving like a synthetic
lipid) facilitates the loading of lipophilic drugs with high loading efficiency resulting in
therapeutically relevant dosages [35]. The fabrication of polymer droplets requires a unique
formulation process: firstly a polymeric micelle is constructed with the lipophilic drug
solubilised in the core (which alone may be used as a micelle drug-carrier) [66]; secondly
the PFC compound is added. This two-stage process is comprehensively detailed by
Rapoport [58].
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It should be noted that surface tension is just one feature of the shell and many other
characteristics play a part in determining the stability and response of a droplet, including
nonlinear elasticity, shear modulus [68] and lipid inter-chain cohesion [69]. Lacour ef al.
[68] have explored this recently illustrating the strong influence of the nonlinear elasticity
and stiffness of the shell on the vaporisation behaviour. The study concludes that the most
favourable shells for droplet vaporisation are soft, with a low shear modulus and significant
nonlinearity.

5. Core composition

Droplet cores are typically filled with superheated liquid-state perfluorocarbons (PFC),
molecules formed from carbon and fluorine atoms configured in long chains. Compounds
found within the PFC family differ in configuration and chain length, giving rise to unique
molecular weights, densities and boiling points, as summarised in table 3. These unique
features impart specific properties to the resultant droplets. Once the droplet has transitioned
into a microbubble, the low solubility of the PFC compound slows the dissolution of the
bubble into the surrounding fluid.

The vast majority of studies to date have selected dodecafluoropentane (DDFP) [55, 17, 9,
59, 10, 15, 18, 35]. However, alternative PFCs may offer important advantages. For example,
perfluoro-15-crown-5-ether (PFCE) is a fluorine-19 MR imaging contrast agent which has
been shown to have greater storage stability than DDFP [70, 13]. It should be noted that the
potential toxicity of PFCE has been brought into question, with observations of extremely
slow clearance in the liver and spleen [71]. Further investigation is required to elucidate the
toxicology of PFCE.

A different approach was taken by Kawabata et a/. [63] whereby a mixture of
dodecafluoropentane (DDFP) and 2H,3H-perfluoropentane (DFP) was implemented and
found to reduce the vaporisation threshold. It is hypothesised that the lower boiling point
DDFP (29°C) which vaporized first, was able to act as a trigger to induce vaporisation in the
higher boiling point DFP (55°C). Exploiting a similar mechanism, the use of quantum dots
as cavitation seeds was applied first by Gorelikov et a/. [8] and later by Martin et al. [72] in
the application of fluorescence imaging of PFC droplets to study their interaction with cells.
Here the droplets were loaded with silica-coated quantum dots which could be visualised 7/n
vitro and were found to lower the vaporisation threshold when compared to droplets not
containing quantum dots. The same effect was observed by Lee ef a/. [73], where the
inclusion of iron oxide nanoparticles for magnetic drug targeting lowered the vaporisation
threshold of DDFP droplets.

For many applications the use of micron-scale droplets is not optimal. Since droplet radius is
inversely proportional to vaporisation threshold [55], a nano-scale droplet requires a PFC
with a lower boiling point to achieve a similar vaporisation threshold. Octafluoropropane
(OFP) offers a very low boiling point and has therefore been used for applications requiring
<200 nm sized droplets, such as sonoporation in oncology, where the droplet is intended to
passively accumulate in the tumour tissue through the leaky vessels [22]. Using such low
boiling point substances necessitates additional techniques and precautions during
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fabrication [16]. Briefly, since pressure, temperature and volume are intrinsically linked,
methods for condensing and containing a superheated liquid into a small vesicle naturally
require sub-zero temperatures and an increased ambient pressure. These two elements can be
applied in the formation of perfluorobutane (DFB) and OFP droplets through the
condensation ofprecursor microbubbles. The use of highly volatile PFCs for ultrasound
imaging has been reviewed in-depth by Matsunaga et a/. [74].

6. Size and size distribution

The optimal droplet size depends on the intended therapeutic application (figure 2).
Therapeutic applications exist both within the confines of the vessel - including endothelial
targeting [75], sonothrombolysis [18], embolotherapy [53] and blood-brain barrier opening
[76] - and beyond the vasculature, including the delivery of chemotherapeutic agents [26]. In
embolotherapy, the blood supply to specific regions of tissue, such as tumours, is
intentionally occluded. Droplets, tailored in size, may be used to achieve this, through
expansion due to vaporisation and subsequent blocking of vessels. M. Zhang et al. [53] were
able to show that, in the study of a canine kidney, both albumin- and lipid-coated PFC
droplets are able to block pulmonary capillaries when at a size of 3 um or greater (table 4).
They comment also on the importance of a tight size distribution, sta ting that removing the
‘useless droplets’, those that were less than 1 um and did not cause vessel occlusion, would
enhance the desired effects. By the same merit, it is also important to identify the size of
droplets which pass freely along blood vessels to achieve systemic delivery. Further still,
many therapeutic applications require droplets to escape the vasculature entirely. Tailoring
droplets to exploit the enhanced permeability and retention (EPR) effect in cancerous tissue
may be advantageous for extravasation beyond the confines of the endothelial layer and
accumulation of the construct at the target site [26].

The influence of droplet size on vaporisation threshold has been well documented both
experimentally [55] and computationally [11, 77], where droplet diameter and vaporisation
threshold are inversely proportional (figure 4a). Additionally, for drug-loaded droplets size
also determines loading capacity. A characteristically high vaporisation threshold and low
loading capacity form two key challenges for nano-scale droplets designed to exploit the
EPR effect.

7. Concentration

The optimal droplet concentration is determined by safety and treatment efficacy. The safety
of injecting gases into the body has been thoroughly investigated in the use of microbubble
contrast agents, where, in the case of SonoVue, 16uL of sulphur hexafluorid e is the clinical
dose. However, 10 times this volume has been found to be safe in humans [78]. In the case
of droplets which exploit bubble effects for therapy, treatment efficacy is strongly influenced
by the vaporisation threshold and efficiency [32]. The vaporisation threshold has been found
to be influenced by droplet concentration, particularly when concentration values differ by
orders of magnitude [79]. However, within relatively small changes in concentration,
vaporisation threshold has been shown to be unchanged, as in the study by Zhang et al. [17],
where no change was found in the droplet volume fraction range 0.15 — 0.40%.
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For therapeutic droplets that are loaded with a drug, pharmaceutical dosage becomes an
additional requirement. Therefore the droplet concentration must be sufficiently high as to
deliver a therapeutically relevant dosage (with a low vaporisation threshold and thermal
stability at 37°C) and sufficiently low for safe levels of gas injection. If the drug-loading
efficiency is low, more droplets will be required to induce the same therapeutic effect.
However, this carries a higher risk of bubble coalescence (which makes the co nstruct too
large and shifts the resonance frequency) increasing the likelihood of embolism, damage
from inertial cavitation, and acoustic shielding due to bubble clouds (which reduces the
amount of ultrasound able to reach the entire droplet population). Ultimate ly the size,
concentration and loading capabilities need to be optimised and tailored for the specific
application, to ensure a safe and effective treatment strategy.

8. Vaporisation and inertial cavitation thresholds

The vaporisation threshold is defined as the magnitude of ultrasound pressure required to
convert a liquid droplet into a gaseous microbubble. Once a droplet has become a
microbubble it continues to respond to ultrasound, either by stably pulsating or, with
sufficient ultrasound energy, by expanding significantly and becoming unstable, collapsing
inwards from the inertia of the surrounding fluid. This unstable behaviour is known as
inertial cavitation. Therefore the inertial cavitation threshold for a droplet may be defined as
the magnitude of ultrasound pressure required to observe this unstable collapsing behaviour.

Throughout the literature, short pulses of ultrasound known as bursts, at frequencies from
0.5 to 18 MHz, have been used to vaporize a variety of sized droplets, requiring peak
ultrasound pressures from 0.3 to 8.5 MPa. In general, the vaporisation threshold decreases
with increasing droplet diameter and increasing burst length. However, drawing direct
comparisons between studies is challenging, because of the tight interplay between droplet
composition, concentration, sonication parameters, ambient temperature and pressure, and
experimental setup. Figures 4 and 5 compare similar droplet formulations to illustrate the
relationship between droplet size, burst length, vaporisation threshold and inertial cavitation
threshold.

Figure 4a shows the influence of droplet size on the vaporisation pressure of droplets, as
recorded by two independent studies [80, 55], covering a combined diameter range of 2.1 -
22.6 um Both data sets were formed from DDFP droplets using short burst lengths of 2 or 3
us, and confirm that increasing droplet diameter decreases the vaporisation threshold.
Although the shell material and sonication frequency are different for each study (lipid
droplets sonicated at 5.0 MHz [80], albumin droplets sonicated at 3.0 MHz [55]), both data
sets follow the trend established by Sheeran et a/. [80] describing the vaporisation pressure
as V(frequency MHz)*(—0.34 In(droplet diameter um) + 2.28).

Many studies have shown that increasing burst length lowers the vaporisation threshold [15,
81, 10]. Figure 4b compares studies by Williams et a/. [15] and Schad et a/. [10] studying
DDFP droplets at three different ambient temperatures over a range of burst lengths 1 ps

- 9.6 ms. Calculated based on a cumulative heating effect, Schad et a/. [10] describe this
relationship as (vaporisation pressuref2 a. 1/burst length). Although they acknowledge that
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thermal conduction and convection, and mechanical effects from the ultrasound beam have
been neglected, the trend shows some similarity to that found by Williams et a/. [15] at
29°C.

Increasing sonication frequency has been shown to both increase and decrease the
vaporisation threshold [9, 55, 10, 15]. The observations ofburst length and frequency offer
important insights into the underlying mechanisms behind droplet vaporisation, namely
whether this phenomenon is driven by mechanical or thermal processes. In the 2013 study
by Williams et a/. [15] sonication frequencies of 5, 10 and 15 MHz were used to vaporize
surfactant-coated 220 nm DDFP droplets using a burst length of 1 ms. The required pressure
for vaporisation was found to decrease from 6 MPa to 3.2 MPa with a frequency increase
from 5 MHz to 15 MHz. This trend was also observed in the 2010 study by Schad et a/. [10]
when studying the vaporisation thresholds for lipid-coated micron-scale droplets, exposed to
1.7 MHz and 2.9 MHz sonication and 10 ms burst length. The vaporisation threshold was
found to decrease by almost half at the higher frequency. This inverse proportionality would
suggest a thermal mechanism.

In contrast, Kripfgans et a/. [55], in the study of albumin-coated micron-scale droplets,
found the vaporisation pressure increased with increased frequency, implementing single
3.25 s bursts at 3 MHz and 4 MHz. This trend would suggest a mechanical mechanism
Furthermore, the source of this mechanical nucleation of vaporisation has also been
considered, initiating from either outside of the droplet - such as a cavitation bubble
impinging on the surface [9] — or from inside the droplet due to acoustic refocusing [12, 11].
Fabiili et al. 2009 [59] were trying to access whether inertial cavitation occurring inside the
droplet initiated vaporisation. However, the most recent understanding, based on studies
exploring superharmonic focusing [11], is that the droplet is converted into a bubble first
(through a focused spot of negative pressure generated inside the droplet which spreads
through its volume), which is then able to undergo inertial cavitation.

Once a droplet has vaporised into a microbubble it has the potential to undergo inertial
cavitation (IC). The pressure required to achieve IC is distinct from the vaporisation
threshold and, depending on the therapeutic application, is either strived for (i.e. in
sonothrombolysis for the dissolution of clots) or avoided (as in drug delivery to prevent
tissue damage). Several studies have measured these two thresholds and the respective
influence of sonication frequency, droplet size, ambient temperature and viscosity of the
surrounding fluid [59, 17, 10, 81]. At a fixed frequency, the pressure separation between
vaporisation and the IC threshold has been found to increase with increasing droplet
diameter [59, 10], shown in figure 5. The results also indicate that once the droplet has
vaporized, the IC threshold is independent of droplet diameter, remaining between 4 — 6
MPa for albumin or lipid-coated droplets of 1 — 8 um in size (figure 5). Giesecke et a/. [9]
measured the inertial cavitation threshold of albumin-coated micron-scale droplets and
found the pressure threshold increased with increased frequency. They performed
sonications at 0.7, 1.1, 2.2 and 3.3 MHz with 100 ms burst length, and identified the inertial
cavitation thresholds at 0.6, 1.0, 1.2 and 1.7 MPa respectively.
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As the sonication frequency decreases, the separation between thresholds has been found to
narrow [10] (figures 5b and 5c), a trend extended to 3.5 MHz by Fabiili et a/. [59] (figure
5a). In the study of lipid-coated DDFP droplets, Schad et a/. [10] found that although
distinct thresholds could be easily measured at 2.855 MHz and 1.736 MHz, no separation
was found between the vaporisation and IC thresholds at 0.578 MHz and IC occurred
instantly upon sonication at the lowest pressure used. Fabiili et al. [59] also explored the
influence of bulk fluid properties on the vaporisation and IC thresholds, identifying that
while gas saturation had little influence, reducing viscosity lowered both thresholds. These
findings pose notable implications for therapy and emphasise the importance of tailoring the
design and fabrication of droplets for each specific therapeutic application, exploiting
droplet vaporisation, IC or both. It is expected that the frequency at which the vaporisation
and IC thresholds overlap could be dictated by the droplet size and thus may be controllable.

9. Treatment monitoring

Acoustic monitoring

Utilising droplets for therapy allows for simultaneous treatment and monitoring through a
number of different strategies. Most widely exploited are the dynamic acoustic properties of
droplets, in particular the change in acoustic impedance upon vaporisation, which allows
contrast imaging for B-mode applications [19, 15], illustrated by the increase in acoustic
emissions shown in figure 1. Furthermore, the study of harmonic emissions produced by
droplets responding to ultrasound has been investigated to monitor bubble size [79]. A
decrease in magnitude of the second harmonic in the detected signal was attributed to
droplet-to-bubble expansion through resonant size. Sheeran et al. [82] have also identified
the size-dependent unique acoustic signatures of droplets using lipid-coated perfuorobutane
nano-emulsions. Through optical and acoustic measurements, the size and acoustic response
of the resulting bubbles were found to follow a damped Minnaert bubble resonance model.
By detecting these unique emissions the therapeutic effects of vaporising droplets have the
potential to be monitored in real-time.

Magnetic resonance imaging

With the correct PFC core, droplets can also be visualised through MR imaging. As
previously mentioned, Rapoport ef a/. [13] illustrates how PFCE droplets can be imaged
with 19-F MRI due to the strong emission generated by the 19 fluorine atoms contained
within the construct, but with questionable toxicity. An alternative technique for MR
imaging is through the incorporation of superparamagnetic nanoparticles [83]. Lee et al. [73]
created a protocol to embed iron oxide nanoparticles in the shell of protein-polymer droplet
for the additional advantage of localised drug delivery through magnetic targeting. Similar
constructs were then successfully used for the delivery of siRNA to cancer cells [84].

Magnetic resonance thermometry

When exploiting the thermal effects of vaporized droplets, treatment monitoring may be
achieved through magnetic resonance thermometry [85]. Crake et al. [86] have shown that
changes in proton resonance frequency may be used to measure the temperature change
induced by vaporizing DDFP lipid-coated droplets in a polyacrylamide gel phantom.
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Furthermore, this technique is paired with passive acoustic mapping (PAM), using an
adaptive beamforming algorithm to localise bubble activity through acoustic emissions.

Fluorescence imaging

Droplets can also be fabricated to encapsulate a fluorescence agent, either suspended within
the PFC [8] or embedded within the shell [23, 87]. Fluorescence imaging of droplets has
been used to assess drug loading and bio-distribution ex vivo [35]. Recent advances in
nanotechnology and optics have allowed the diverse production of quantum dots [88].
Gorelikov et al. [8] have shown the successful encapsulation of quantum dots within PFC
droplets for fluorescence imaging /n vitro, with the additional benefit of lowering the
vaporisation threshold.

10. New frontiers

10.1 Drug delivery to the brain

The use of focused ultrasound in the brain is arguably the fastest growing field of biomedical
acoustics, and is being applied to enhance the delivery of drugs currently prevented from
entering the cerebral tissue by the blood brain barrier [89]. Large molecule drugs are
prevented from passing from the blood vessels into the surrounding tissue by tight junctions
between endothelial cells. Small molecule drugs that may be able to pass through this barrier
are rapidly cleared in the circulation and do not reach the target site in sufficient
concentration [90].

Focused ultrasound has been successfully implemented to temporarily increase the
permeability of the blood brain barrier, allowing large molecular agents to pass through.
Although concerns have been raised around the safety of disrupting the blood brain barrier,
and the potential for toxins to pass into the cerebral tissue while the barrier is permeabilised
[32], safety studies in many animal models [91] and non-human primates have not shown
evidence of this [92, 93, 94]. Further, preliminary clinical investigations have not seen major
adverse effects [95, 96, 97]. Generating microbubbles locally for this process may reduce the
potential for off-target effects. Successful enhancement of BBB permeability was
demonstrated in a murine model using nano-scale droplets [76]. However, the pressure
amplitudes required for vaporisation were high (exceeding 0.45 MPa) compared to those
required for microbubble - mediated BBB opening. Although no tissue damage was
recorded when droplets were used, it is likely that better results can be achieved if lower
boiling point droplets are used.

Alternatively, some small lipophilic drugs do not require the blood brain barrier to be
breached, but do require encapsulation to prevent premature clearance. Droplets provide an
encapsulation method that enables triggered release of small molecule drugs in the brain
upon sonication, implemented for neuromodulation for the first time for the suppression of
epileptic seizures [35].
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10.2 Safety and bio-effects

To enable clinical translation a greater understanding of droplet-induced bio-effects must be
developed. Firstly, ensuring the components of the construct are biocompatible is

paramount. Liquid-state PFCs have been widely explored in medicine, particularly as a
blood substitute due to their ability to carry oxygen. As highlighted by Kripfgans et al.

[107], at extremely high concentrations PFCs have been reported to cause pulmonary
hyperinflation - over-inflated lungs caused by trapped gas — and respiratory distress in
rabbits following intravenous injection at 15 mL/kg [108]. However, typical doses of phase-
change droplets contain much lower concentrations of PFCs and show good biocompatibility
in vitro (0.1 mg/mL after 24 hours of incubation) [96] and /77 vivo (0.3 mL/kg in a rat model)
[98].

Secondly, ensuring that vaporisation is responsible only for intended bio-effects is also
critical. A recent study ofbio-effects examined haematology and histology in a rat kidney
model when exposed to low-boiling point phase-change PFC droplets [98]. Using sonication
bursts at 5SMHz for 5 cycles, safe vaporisation was achieved at mechanical indices of 0.81
and 1.35. Haemorrhaging in the rat renal tubules was observed at an Ml of 1.9. Similarly, in
the application of increasing BBB permeability in rats, the use of PFC droplets and
associated bio-effects were recorded by Zhang et a/. [36], where the extravasation of Evans
Blue was used to illustrate successful delivery at 1.0 MPa with 1 MHz, but haemorrhage at
1.5 MPa. The mechanism for damage has been attributed to the onset of inertial cavitation
[32]. This is a key motivator for many of the threshold studies discussed previously which
examine the pressure separation between vaporisation and inertial cavitation. Finding
techniques for predicting and monitoring these effects will be critical for safe clinical
implementation.

10.3 Clinical translation

Ultimately, for successful translation into the clinic, acoustically active droplets for therapy
must be shown to be safe, have higher efficacy than a microbubble contrast agent or free
drug, be cost effective, and be formulated and packaged in a way that is easy for storage and
medical use. Furthermore, implementing currently approved constructs is often helpful in
gaining regulatory approval. Recent creative solutions have included repurposing
commercial microbubbles [99], whereby contrast agents are condensed through a cooling
and pressuring process to form droplets.

Ultrasound-responsive droplets have found application in a myriad of therapeutic contexts.
Developing understanding of droplet vaporisation mechanisms /n vivo, associated bio-effects
and monitoring techniques will enable these responsive nano-scale tools to have a prominent
role in the clinic, from ablation to neuromodulation.
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Figure 1.
Schematic of acoustic droplet vaporisation with example 200 nm liquid droplet vaporising

into a 1 um gaseous microbubble when sonicated with focused ultrasound. Unique acoustic
emissions are produced in each state, illustrated with example voltagetraces and frequency
spectra detected with an ultrasound receiver.
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Application
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Schematic of the fabrication techniques, shell and core compositions - including
perfluorohexane (PFH), dodecafluoropentane (DDFP), octafluoropropane (OFP)
decafluorobutane (DFB) and perfluoro —15-crown-5-ether (PFCE) — and potential
applications of droplets for therapy. By defining the design criteria, bespoke droplets may be
fabricated with tech niques and materials most appropriate for the intended application.
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Summary of surface tension values at 20°C of various surfactants (@), aloumin (4), lipids
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Vaporisation threshold (MPa)

Figure 4.

Vaporisation threshold of PFC droplets is reduced by increasing (a) droplet size and (b)
burst length, as illustrated through studies by Sheeran et al. [80], Kripfgans et al.[55],
Williams et al. [15] and Schad et al. [10].
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[59]), (b) 2.855 MHz (Schad et al. [10]) and (c) 1.736 MHz (Schad et al. [10]), where the
separation between thresholds decreases with decreasing frequency.
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Table 1.

Summary of common droplet fabrication techniques and associated references.

Page 26

Achieved Eazg(?g?
Technique Category droplet Size distribution | Reproducibility fat’J)rication References

size range in bulk
o 10-100 , . _ Apfel [54]
Hand-shaken Agitation um Wide Low High Kripfgans et al.
[55]
Kripfgans et al.
Amalgamator Agitation 1-5um Wide Low High Fabiilli etsall
[59]
Glass beads and mini o . : Giesecke et al.
beadbeater Agitation 1-2um Wide Low High 9]
Sonicationbath Sonication 0.1-2pm Moderate Moderate High Gao et al. [23]
Williams et al.
[15]
100 — 800 Rapoport et al.
Tip sonicator Sonication m Moderate Moderate High [24]
H Pajek et al. [18]
Airan et al.
[35]
Condensation of microbubbles Condensation | 0.5-2pum Dependent on precursor microbubbles Moderate Sheeran eits‘é/]
Condensation of commercial : 200 - 400 . Sheeran et al.
contrast agents Condensation um Dependent on precursor microbubbles Moderate [99]
Commercial micro tinidizcr Microfluidic 1-10pm Narrow Moderate Low Schad Eitlt(a)/]
Seo et al. [56]
Bespoke microfluidc device Microfluidic | 0.5-50 pm Narrow High Low Christopher et

al. [57]
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Summary of shell materials grouped by coating type and surface tension values measured at 20°C from cited

references.

Compound name

Coating type

Surface tension at 20°C (mN/m)

Reference

Tween 20 35 Nifio et a/. [100]
Surfactant
Zonyl FSO fluorosurfactant 16-23 Kovalchuk et al. [101]
Bovine serum albumin (BSA) Albumin 51 Nifio et a/. [100]
Cholestrol 35-36 Joos et al. [102]
Lecithin Lipid 35-54 Joos et al. [102]
Dipalmitoyl-phosphatidylcholine (DPPC) 26 -39 Feller et al. [103]
PEG (200-6000 Da) 40 -60 Amooey et al. [104]
PEG-PPG-PEG Polymer 39 -56 Prasad et al.. [105]
PEO-b-PPO-b-PEO 37 -56 Prasad et al. [105]
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Summary of commonly used perfluorocarbons, acronyms, chemical properties and associated references.

Compound name Molecular Density at Boiling
A Molecular f | Dropl fi
Synonym cronym olecular formula weight*(g/mol) 20°C*(g/mL) point*(°C) roplet reference
Fix et al. [22]
Nyankima et al.
Octafluoropropane _ [98]
Perfluoropropane (OFP) (CsFe) 188.02 1.35 39 Sheeran et al.
[106, 99]
Wu et al. [32]
Sheeran et al.
Decafluorobutane
(DFB) (C4F10) 238.03 1.52 -2 [106, 16]
Perfluorobutane Wu et al, [32]
Kripfgans et al.
[55, 81]
P. Zhang et al.
[17]
Giesecke et al. [9]
Fabiilli et al. [59]
Dodecafluorope ntane Schad et al. [10]
Perfluoropentane (DDFP) (CsF12) 268.03 1.66 29 Williams et al.
[15]
Pajek et al. [18]
Airan et al. [35]
Radhakrishnan et
al. [20]
Zhang et al. [36]
Decafluoropentane Kawabata et al.
2H,3H-Perfluoropentane (DFP) (CsF1o) 25205 160 %5 [63]
Perfluorohexane Giesecke et al. [9]
Perfluoro-n-hexane (PFH) (CeF1a) 338.04 1.67 58 Fabiilli et al. [59]
Perfluoromethylcyclo-hexane .
o ag el o ,g’ mgthy/- Cyﬁ, otexane | (PFM) (C7F1) 350.05 1.79 76 Giesecke et al. [9]
F(;e;;'{;‘;’c;‘)f‘/’;;‘;‘gj tane (PFO) (CoF1g) 438.06 1.76 103 Fabiilli et al. [59]
Perfluoro-15-crown-5-ether (PFCE) (C10F200s) 580.07 1.30 146 Rapoport e[z‘lgl]
Perfluorodichlorooctane (PFD) (CgC1oF1p) 470.96 1.70 176 Lanza et al. [64]

Values taken from Sigma Aldrich and Synquest Laboratories
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Summary of approximate droplet diameters required for various therapeutic applications.

Table 4.

Application Approximate droplet diameter Reference
Vessel occlusion >3 um M. Zhang et al. [53]
Systemic circulation <1lpm M. Zhang et al. [53]
Extra vasal ion in tumour tissue <500 nm Rapoport et al. [26]
Extravasation in healthy tissue <20 nm Baronzio et al. [25]
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