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Medical ultrasound is one of the most widely used imaging modalities worldwide.

Microbubbles, typically ∼1–8µm in diameter, are ultrasound contrast agents confined

to the vasculature due to their size. Microbubbles have broadened the scope of

medical ultrasound, permitting real-time imaging of the microvasculature for blood flow

assessment, molecular imaging, and even non-invasive site-specific therapy. Recently,

there has been increasing interest in developing submicron, “nanoscale” agents to

extend the utility of medical ultrasound. In this review, we discuss the development of

lipid-encapsulated, acoustically responsive, nanobubbles (∼200–800 nm in diameter), a

next-generation ultrasound contrast agent. First, medical ultrasound and bubble-based

contrast agents are introduced, followed by the advantages of scaling down bubble size

from an acoustic and biological viewpoint. Next, we present how lipid-encapsulated

nanobubbles can be developed toward meeting clinically meaningful endpoints, from

agent synthesis and characterization to in vivo considerations. Finally, future opportunities

of nanobubbles for advanced applications in ultrasound diagnostic and therapeutic

medicine are proposed.

Keywords: nanobubble, ultrasound imaging and therapy, ultrasound contrast agent, focused ultrasound,

submicron bubble, bubble cavitation, non-linear dyanamics, scattering

OVERVIEW OF BIOMEDICAL ULTRASOUND AND
BUBBLE-BASED CONTRAST AGENTS

Medical imaging, the process of non-invasively “seeing” inside a patient to diagnose disease, is
a foundation of modern clinical medicine. One of the most common imaging modalities for
the assessment of soft tissue and large vessel blood flow is medical ultrasound [1]. In contrast
to x-ray-based imaging (computed tomography, mammography and planar x-ray imaging)
and nuclear imaging (positron emission tomography, or single photon emission computed
tomography), ultrasound uses mechanical waves as opposed to ionizing radiation and is thus safe
for high-risk patients including pregnant women and infants. Unlike magnetic resonance imaging,
medical ultrasound permits real-time imaging with small footprint, user-friendly, and are relatively
inexpensive systems. These factors make ultrasound one of the most widely used and versatile
imaging modalities worldwide [1].
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An ultrasound pulse, generally between 1 and 10 MHz and
a few cycles in duration, is transmitted from the ultrasound
probe into the body. The ultrasound waves are reflected and
backscattered at interfaces between tissues with different acoustic
impedances (i.e., materials with different densities and sound
wave speeds) which are then received by the same probe. In the
conventional focused “pulse-echo” approach, the reflected wave
transit times and intensities are processed line by line to form
an image, typically a 2D cross-section of the body. The frame
rate is determined by the sum of the time it takes to transmit
a beam and to receive and process the scattered emissions for
every line in the image. This is typically ∼10–100Hz depending
on the imaging depth [1]. Image resolution is fundamentally
dictated by the transmit frequency f (e.g., wavelength λ) and
pulse duration. The lateral and axial resolution are RL ∝ λf#
and RA ∝ λf 2# , respectively, where f# (often referred to as
the f-number) is the ratio of the focal length to the transducer
aperture diameter. As ultrasound waves propagate within the
body, energy is lost due to absorption and scattering, and the
wave is attenuated. To a good approximation, the frequency
dependence of attenuation in soft tissue is α(f ) = α0f

n, with
1 ≤ n ≤ 2, and typical attenuation coefficients (α0) range from
∼0.3–0.6 dB/cm/MHz [2]. This represents a fundamental trade-
off in ultrasound imaging between spatial resolution and imaging
depth, whereby lower frequencies (1–6 MHz) are used to assess
deeper tissues (e.g., kidney [3], heart [4]) while higher frequencies
(∼7–10 MHz) are used to assess superficial tissues (e.g., carotid
artery [5], breast [6]).

The scattering from blood, however, is at least two orders of
magnitude weaker than that of tissue [2]. For larger vessels that
are millimeters to centimeters in diameter, the relative motion
of the red blood cells compared to the surrounding tissue can
be exploited to assess blood flow characteristics via pulse-wave
Doppler techniques [1]. A fundamental limitation of ultrasound
imaging is its inability to image the microvasculature, where
these Doppler approaches are hindered by tissue motion, slow
blood velocity, and low hematocrit percentage. Indeed, there
is a clinical need to image the microvasculature, as it plays a
key role in the propagation and treatment of many diseases,
including cancer [7], cardiovascular diseases [8], and infectious
disease [9]. An improved understanding of the microvasculature
can allow clinicians to deliver improved therapies tailored to the
characteristics of the individual patient’s disease.

Thus, to allow for selective ultrasound imaging of the blood
pool, microbubble ultrasound contrast agents are used. In
general, contrast agents are exogenous, engineered materials that
are designed to differentially scatter, absorb, or emit energy
compared to surrounding tissues and inherent background
noise. Ultrasound contrast agents remain intravascular post-
injection: they consist of a solution of high-density, fluorocarbon
gas-filled (e.g., C4F10, C3F8, SF6), lipid, protein or polymer
shell-stabilized microbubbles between 1-8µm in diameter (109-
1010 microbubbles/mL) [10, 11] (Figure 1A). Owing to the
high compressibility of the gas core and its flexible shell,
microbubbles radially oscillate in an ultrasound field and possess
scattering cross-sections on the order of 1,000 times their
geometric cross-sections [12]. Given their size and material

properties (e.g., shell stiffness and viscosity), microbubbles
display resonance characteristics within the diagnostic range of
ultrasound imaging (1–10MHz). Sincemicrobubbles elicit highly
non-linear vibration behaviours (e.g., harmonic components) not
exhibited by tissue, microbubble echoes in small vessels can be
separated from those of the surrounding tissues using specific
pulse sequences [13, 14] to generate a bubble-specific image. This
emphasizes signal from the vasculature while suppressing non-
bubble (tissue) signals, resulting in the ability to specifically image
the blood pool with high signal-to-noise and contrast-to-noise
ratios. Another unique feature of microbubbles is that they can
be made to disrupt, or “pop,” under moderate transmit amplitude
conditions. This technique, termed disruption-replenishment,
results in a local “void” of microbubbles in the blood vessels
which then re-fills at a rate that is dependent on blood flow
characteristics [15, 16]. This dynamic, real-time imaging of the
blood flow allows clinicians to distinguish between abnormal
filling patterns characteristic of disease, and their healthy tissue
counterparts. As such, ultrasound contrast imaging is routinely
employed clinically in echocardiography applications [17], with
increasing use in diagnosing diseases in the abdomen (e.g., liver,
kidney, pancreas, and spleen) [18].

In addition to microvascular flow imaging, contrast enhanced
ultrasound is being evaluated for molecular imaging of the
vasculature. Here, microbubbles with targeting ligands attached
to their shells actively bind to molecular expressions of disease
states, specifically endothelial markers associated with diseases
such as cancer or atherosclerosis [10, 19]. Using specific pulsing
schemes, contrast images formed from bound, molecularly
targeted microbubbles may be used as an indicator of disease
progression (Figure 1B). Microbubble agent BR55 with targeting
specificity for vascular endothelial growth factor receptor
(VEGFR2) is currently in clinical trials for the assessment of
prostate cancer (NCT02142608), ovarian cancer (NCT03493464)
and pancreatic lesions (NCT03486327).

Beyond imaging, microbubbles have found tremendous
application in targeted and image-guided therapeutics. Under
specific acoustic conditions, microbubbles can elicit local and
reversible increases in the permeability of cell membranes and the
vasculature, generally termed sonoporation [20, 21]. Through co-
injection of a therapeutic or the attachment of therapeutic cargo
to the microbubble itself, ultrasound-triggered microbubbles
have shown promise for targeted treatment of various cancers
and cardiovascular diseases (Figure 1C) [22, 23]. Current clinical
trials using this technology are ongoing, for example, in the
treatment of glioblastoma [24] and Alzheimer’s disease [25].

Indeed, one of the strengths of microbubbles as a contrast
agent is that they remain intravascular due to their size, allowing
for diagnostic measurements that would be otherwise difficult
with diffusible tracers. However, there is a growing focus on
extending the utility of bubble-based ultrasound approaches
toward the extravascular compartment by developing submicron,
“nanoscale” ultrasound contrast agents. Numerous medicinal
solid and liquid-based nanoscale agents have been developed over
many decades, primarily to take advantage of their size-based in
vivo biological behaviour [26]. For example, nanoscale agents can
passively accumulate in tissue by extravasating from the blood
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FIGURE 1 | Potential impact of bubble size on acoustic and biological behaviour with microbubbles (A–C) and nanobubbles (D–F) in leaky vasculature (e.g., in

tumours). For the same gas volume, intravascular microbubbles are present in fewer number (A) in comparison to nanobubbles, which may also preferentially leak out

of pathological neovessels into the tumour interstitium (D). While microbubble-based molecular imaging is limited to vascular targets (B), nanobubbles can bind to

both intra- and extravascular biomarkers, in addition to providing a more direct correlation between bubble echo and molecular density (E). Ultrasound-facilitated

bubble cavitation of drug-loaded bubbles can induce sonoporation to permeabilize the cell membrane for enhanced transcellular transport of their released

therapeutic cargo. In comparison to microbubbles which can only directly perforate endothelial cells (C), nanobubbles can permeabilize both endothelial and cancer

cells, leading to enhanced therapeutic efficacy (F).

stream across pathological endothelial fenestrations, typically on
the order of 100–800 nm [27] or can be targeted to specific
extravascular biological cellular targets to prevent efflux of this
agent back to the bloodstream [28]. In the field of ultrasound
imaging and therapy, this is an exciting prospect that can unlock
the potential of extravascular-specific imaging, bubble-specific
association with extravascular targeted moieties, and enhanced
ultrasound-mediated therapeutics.

Submicron ultrasound contrast agents currently under
investigation include nanobubbles [29, 30], phase-shift
nanodroplets [31–33], gas vesicles [34, 35], echogenic liposomes

[36] and polymeric nanoparticles [37]. In this review, we will
focus on acoustically responsive nanobubbles, a term generally
used to describe gas-filled bubbles in the submicron size range,
typically on the order of several hundreds of nanometers in size,
which are stabilized with a pliable, lipid-based shell (e.g., DPPC,
DPSC, DSPC, DPPA and a PEGylated emulsifier) [11, 38].
In contrast to microbubbles that are typically confined to the
vasculature, nanobubbles may have the potential to extravasate
into interstitial spaces through defective endothelial junctions
(Figure 1D), and therefore have been proposed for extravascular
tumour imaging [29]. Moreover, compared to more sparsely
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distributed microbubbles, nanobubbles can achieve a higher
agent density in the vessel [39], providing more interaction
sites for cell-specific targeting (Figure 1E), and/or potentially
increase the payload capacity due to an increased surface area
to volume ratio for ultrasound-stimulated therapies. Owing to
the increased bubble concentration in situ, nanobubbles can also
be associated with enhanced tumour drug uptake [40] upon
ultrasound stimulation, leading to improved therapeutic efficacy
(Figure 1F).

Designing nanobubbles to specifically respond to ultrasound
at clinical frequencies and at pressures safe for normal tissue
requires additional considerations compared to the development
of more stable solid or liquid-phase nanoscale agents.
Nanobubbles are fundamentally different from conventional
nanoscale agents as their highly compressible gas cores and
pliable shells can be acoustically driven to vibrate, the primary
mechanism of interaction with ultrasound. Although the concept
of nanobubbles for medical ultrasound has been included as part
of wider ultrasound bubble-based contrast agent reviews in the
past [29, 41–43], the basic design considerations particular to
nanobubble formulations intended for clinical medical imaging
and therapy applications have yet to be addressed. Specifically, we
will first introduce the physics of bubble vibration and highlight
the potential advantages of scaling down from microbubbles to
nanobubbles, from both an imaging and therapeutic viewpoint.
Next, we will discuss development criteria of lipid-encapsulated
nanobubbles such that they can eventually meet clinically
meaningful endpoints; from agent synthesis and characterization
to in vivo considerations. Finally, our concluding remarks
discuss future opportunities of nanobubbles for new and
emerging applications in medicine.

IMPACT OF BUBBLE SIZE ON ACOUSTIC
AND BIOLOGICAL PROPERTIES

Nanobubble contrast agents require their physical properties,
including their size, to be concurrently optimized with their
acoustic and biological properties for successful imaging or
treatment. In this section, the fundamental impact of bubble
size in relation to ultrasound interactions will be briefly
introduced, followed by the implications arising from scaling
down bubble size to the nanoscale. For a more complete analysis
of acoustically-driven bubble dynamics, the reader is referred to
recent review articles [44, 45].

Size-Dependent Bubble Vibration Physics
Within an ultrasound field, a gas bubble of initial radius R0
exhibits a linear undamped resonance frequency f0 given by:

f0 =
1

2π

√

1

ρR20

(

3γP0 +
2σ0 (3γ − 1)

R0
+

4χ

R0

)

(1)

where ρ is the fluid density, γ is the polytropic index, P0 is
atmospheric pressure, σ0 is the initial surface tension at the gas-
liquid interface, and χ is the shell elasticity. As can be seen
from the above equation, there is an inverse relationship between

bubble size and resonance frequency. Using a typical value for
lipid shell elasticity (0.5 N/m [44]), microbubbles between 2 and
8 µm in diameter exhibit a resonant frequency f0 that falls within
1–10 MHz, commonly used in clinical imaging. Scaling down
bubble size toward the nanobubble range (diameters 0.2–0.8
µm) results in a drastic increase in resonance frequency (∼30–
250 MHz) which lies well-outside of the clinically employed
frequency range. Despite this, there have been recent studies
highlighting scattering from nanobubble formulations at off-
resonant (i.e., clinically relevant) frequencies (1–10 MHz; e.g.,
[46, 47]).

The observed strong acoustic response from nanobubbles at
clinical frequencies is unexpected from conventional cavitation
models, but may begin to be rationalized using several
explanations. For example, it is important to note that a decrease
in radius confers an increase in bubble density within a fixed
ultrasound focal volume. As the bubble radius decreases by a
factor of x, this results in an x3-fold increase in bubble density
which may offset the weaker scattered signal on a single bubble
basis. Second, it is essential to consider the complete non-
linear radial response—likely influenced by the encapsulation
rheology. In addition to other sources, the shell contributes
strongly to bubble vibration damping, scaling as 1

R30
and thus

plays an increasingly significant role as bubble size decreases.
The resulting damped resonance frequency fres, which is the
frequency at which there is a maximum radial response, diverges
significantly from f0 as R0 < 1µm. This results in much lower
resonance frequencies (fres < 50 MHz) or even an overdamped
system, whereby a local maximum in frequency response is lost.
Such vibrations and subsequent scattering from nanobubbles
at more clinically relevant frequencies may be made possible
due to the inherent non-linearities due to shell encapsulation
material physics. As has been shown for small microbubbles
(∼1–2µm), off-resonance bubbles can be made to exhibit strong
non-linear signal owing to the shear-thinning and/or strain-
softening rheology of the lipid encapsulation [48, 49] as well
as transmit-pressure dependent resonance characteristics [50].
Subharmonic and ultra-harmonic scattering can thus be initiated
at transmit frequencies well-below resonance (f∼ 0.2–0.5f0)
which lie closer to clinical frequencies. However, our current
understanding of nanobubble physics assumes nanoscale shell
rheology that is similar to that which has been quantified on the
micrometer-scale. Further elucidation of the mechanism behind
the strong non-linear acoustic response of nanobubbles will need
to be verified experimentally in future studies. This will include
comprehensive nanobubble encapsulation characterization and
the specific shear and strain-dependent relationships of the shell
under megahertz oscillations.

Advantages of Scaling From Microbubbles
to Nanobubbles in vivo
Increased Acoustic Response at Higher Frequencies

and/or Higher Agent Concentrations Due to Smaller

Bubble Size
Although nanobubbles have been shown to respond non-linearly
to ultrasound at relatively low frequencies (f ∼1–10 MHz),
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bubbles are still expected to have stronger acoustic responses
closer to their resonance frequencies (e.g., fres). Thus, perhaps
the most direct advantage of scaling down the size of bubbles
from the micrometer to nanometer range is their increased
echogenicity in high-frequency contrast applications (f > 15
MHz), including breast imaging [51] and small animal imaging
[52]. Another application may be in intravascular ultrasound
(IVUS; f ≈ 20 − 50 MHz), whereby a catheter incorporating
a miniature transducer is placed within blood vessels to acquire
cross-sectional images of arteries to assess lesion severity and
plaque morphology in patients with suspected coronary artery
disease [53, 54]. Contrast-enhanced IVUS has been shown as
a reliable approach to detect the vasa vasorum, a network
of small blood vessels that supply the larger vessel walls, the
pathological development of which has been linked with plaque
progression [55, 56]. Further, combining targeted bubbles with
IVUS holds considerable promise as a means to gain insight into
the molecular status of atherosclerotic plaques [57].

As the transmit frequency increases, the focal volume
decreases, thus limiting the available number of bubbles that
are sensitive to the acoustic beam. Scaling the bubble size
down to hundreds of nanometers can potentially increase image
quality beyond initiating bubble vibration closer to its natural
resonance. Indeed, for a fixed volume of gas, the number of
nanobubbles will be greater than the number of microbubbles.
Using clinically approvedmicrobubble agents as an example (e.g.,
SonoVueTM; dpeak ≈ 4− 5µm [58], SonazoidTM: dpeak ≈ 3µm

[59]), this represents a relative increase of approximately 103-
fold in number concentration for nanobubble agents (dpeak ≈

250 nm [41]). This increased number of acoustic sources in a
focal volume using nanobubbles compared to microbubbles can
result in a higher overall acoustic response.

In a similar fashion, an increased bubble number density
also has potential advantages in ultrasound-assisted drug/gene
delivery applications [23]. For such applications (e.g., cancer
[60], cardiovascular disease [61]), therapeutic payloads are often
conjugated to the surface of the bubble and thus exhibit a loading
capacity proportional to R2. Given that the surface area to gas
volume ratio increases with decreasing bubble size, so too does
the total drug loading capacity, potentially leading to increased
therapeutic efficacy.

Unique Biological Interactions Arising
From Size-Dependent Agent
Biodistribution and Accumulation in vivo
Imaging pathophysiological processes at their molecular level
can be used to detect disease at a very early stage, well-
before anatomical changes are observed. Molecular imaging
can also assess the spatial extent and severity of disease, as
well as guide therapeutic treatments. Through exploitation of
differential kinetics of bound vs. unbound, freely circulating
bubbles, techniques have been established to estimate contrast
signal due solely to targeted bubbles and therefore generate
disease-specific images [62]. While current approaches using
microbubbles have been shown to detect disease in preclinical
models, the comparatively large microbubble size relative to

its intended biomarker confounds the link between bound
bubble response and targeted molecular expression level. This
presents a limitation in quantifying biomarker expression, as
the resulting bubble echo is not necessarily linearly proportional
to molecular density. As the targeted bubble scales down to
the nanoscale, a bubble can represent a more direct surrogate
for molecular expression as it becomes closer in size to target
biomolecules. Further, under the assumption that agent dose is
limited by gas volume fraction [63], the increased nanobubble
concentration compared to its microbubble counterpart has the
potential to more finely spatially sample the diseased region
and provide more accurate estimates on spatial extent. Indeed,
there are ongoing preclinical investigations using intravascularly
targeted nanobubbles towardVEGFR2 [64, 65] and ICAM-1 [66].
Under pathological conditions, for example in cancerous sites
where tumour microvessels are known to be more permeable
[7], nanobubbles may have the unique opportunity to exit the
vasculature and thus extend the utility of ultrasound molecular
imaging to beyond the intravascular space. The feasibility of
molecular imaging of overexpressed extravascular cell targets has
been reported in preclinical models using nanobubbles targeted
to cancer antigen 125 (CA-125; [67]), HER2 [68], prostate specific
membrane antigen [69], G250 [70] as well as T-cell markers
CD25 [71] and CD3 [72] for clinical immune surveillance of
transplant rejection.

In addition to imaging newmolecular targets with ultrasound,
vibrating gas bubbles within the extravascular tumour
microenvironment may aid in anticancer drug distribution and
efficacy. The tumour microenvironment hinders intravascular
drug delivery due to a variety of factors, including large
distances between vessels in solid tumours, the extracellular
matrix composition, high interstitial fluid pressure, and lack of
convection (e.g., [73]). If nanobubbles can accumulate within
the extravascular compartment, they can leverage the well-
established ability of acoustically driven gas bubbles to modify
the fluid flow in their immediate vicinity (e.g., microstreaming
[74]) and, under specific acoustic conditions, generate high-
velocity fluid jets [75]. This local fluid mixing is hypothesized
to aid in drug penetration within solid tumours. Also, similarly
to microbubbles, nanobubbles can be decorated with drug or
molecular therapeutics on their lipid shell [76], but without the
requirement of the drug payload passing across the endoluminal
border to the diseased tissue. As nanobubbles can be in direct
contact with extravascular diseased cells, drug penetration
and intracellular access to these cells in therapeutically relevant
concentrationsmay be improved in comparison tomicrobubbles,
which can lead to improved drug efficacy [77].

DEVELOPMENT OF
LIPID-ENCAPSULATED NANOBUBBLES:
SYNTHESIS AND VALIDATION

Despite clear opportunities presented by nanobubbles and
recent advances in biomaterials engineering, new nanobubble
development is at a relatively early stage compared to the
development of their microbubble counterparts and other types
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of nanoscale agents (solid or liquid-based colloidal agents). A
variety of nanobubbles that range widely in size (∼200–800 nm),
shell material (e.g., polymer, phospholipids, protein) and core
gas (e.g., air, perfluorocarbon, sulfur hexafluoride) have been
demonstrated in basic science and preclinical literature [29, 30,
43, 78–85]. It is expected that, similar to microbubbles [38, 44,
86], the effect of nanobubble composition, size distribution, and
concentration will impact the agents’ in vivo performance in both
imaging and therapy, as well as their manufacturability, cost, and
eventual approval for clinical use [42]. Due to the compositional
similarity to approved microbubbles formulations, we focus on
overviewing fluorocarbon gas-filled, lipid-stabilized nanobubble
variants. These nanobubbles are considered as strong candidates
for translation into human patients, can more easily fit into
established clinical workflows and can be used with ultrasound
systems that are already commonplace [11, 42, 86]. In this
section, the main physical properties of nanobubbles and
methods used to characterize them will be introduced.

Nanobubble Synthesis Methods
Ultrasound contrast agents used in the clinic today are
commercially available microbubbles that primarily come in two
forms: (1) in a vial consisting of an aqueous solution containing
the shell material (e.g., phospholipids and excipients) that is
“activated” via a companion vial shaker, or (2) a vial composed
of a lyophilized phospholipid cake that is reconstituted with
saline. In both cases the headspace of the vial is filled with
a high-density gas, and the bubbles are activated on-site. The
on-site preparation of the bubble agent adds a minor barrier
to clinical implementation, but this permits more structurally
and acoustically consistent populations of bubbles to be injected
across different patients. To further reduce potential changes
in the bubbles that occur over time, the resulting polydisperse
bubbles are typically injected into a patient within several
hours post-activation. The polydispersity of commercial bubbles
permits their use over a wide range of frequencies and potentially
longer imaging times, as larger bubbles shrink into the size range
where they are resonant with the ultrasound field to backfill
resonant bubbles that fall out of the same size range. However,
the polydispersity of bubbles makes quantitative and longitudinal
imaging difficult, as extraction of similar sized bubbles from vial
to vial is strongly dependent on agent handling [87].

In the literature, nanobubbles are typically prepared
using a variety of methods. For example, researchers have
prepared nanobubbles by isolating the submicron population
of polydisperse microbubbles, either from post-activated
commercial microbubble products [47] or, for those with the
appropriate expertise and infrastructure, from microbubbles
prepared in-house using well-established sonication or agitation
procedures that have been extensively characterized in vivo
[86]. Isolation of the sub-micron population from polydisperse
microbubbles can be accomplished via centrifugation [88], or
floatation and filtration [87]. The advantages of these techniques
are 2-fold: firstly, the relatively simple procedures do not require
any modification of well-established bubble formulations.
Secondly, these nanobubbles are not expected to result in any
biocompatibility issues in vivo. Consideration must be given

to the fragile nature of the bubbles themselves: the isolation
procedure may alter the bubble properties—including bubble
collapse, coalescence, fragmentation, and liposome formation,
which can be bubble size-dependent [38]. Centrifugation speeds,
for example, must be carefully chosen to avoid these destructive
effects. In addition, the isolation procedure is time sensitive as
the bubbles may change as a function of time, notably when
native bubble solutions are diluted. This may lead to challenges
in bubble population reproducibility between different users
and labs.

Other researchers have attempted to synthesize nanobubbles
directly. One such example is the formation and hydration of
thin lipid films followed by agitation with fluorocarbon gas,
similar to the process used to form clinical lipid microbubbles
(e.g., DefinityTM). This approach, in combination with size and
stability controlling excipients [46, 67, 82] has the advantage
of synthesizing a starting population of bubbles with a size
distribution that is largely submicron. From this stage, these
nanobubbles can be further manipulated to select bubbles
with an even more narrow size distribution. From a clinical
standpoint, any requirement for atypical, user-dependent, on-
site processing of the nanobubbles has the potential to add
variability to the agent population, which may ultimately reduce
performance. An alternative option may be to lyophilize a pre-
isolated population of size-stratified nanobubbles to minimize
on-site bubble variability prior to clinical use [59]. It should be
noted that any new modification of the formulation either using
novel lipid mixtures or by changing the concentration of bubble
components will require revalidation of its in vivo stability and
performance, which can be an extensive undertaking.

Along with bubble size, bubble shell properties play a
large role in their vibration and scattering dynamics. It has
been demonstrated that microbubbles formed via the above
approaches, even when size and formulation-matched, can
exhibit heterogeneous acoustic responses on a single bubble
level [89], possibly due to the initial state of the phospholipid
encapsulation. An emerging technique of bubble synthesis using
micro/nanofluidic systems offers the potential for further bubble
size control and encapsulation homogeneity. However, early
work has resulted in the mixed production of both nanobubbles
and nanodroplets [90], and the concentration and yield using
current on-chip generation of nanobubbles is not yet sufficient
for patient use. Studies and technical developments to address
these barriers are ongoing [42].

Physical Characterization of Nanobubbles
Nanobubble formulations are typically characterized by their
size distribution and concentration over time (stability).
Microbubbles are designed to be rapidly broken down and
harmlessly cleared from the patient post-imaging, typically
within minutes post-injection. Nanobubbles need to be stable
enough to be imaged over the time required to reach the site of
interest, which can occur over time periods ranging fromminutes
(for blood pool imaging or to reach endothelial targets) or
many hours (to accumulate within tumours). Thus, the stability
of the agent, which is highly dependent on the nanobubble
formulation, is a critical parameter that must be engineered
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for its intended application. The combination of buoyancy
and instability of nanobubbles complicates the characterization
of this agent in comparison to other nanoscale agents (e.g.,
nanoparticles, liposomes or micelles).

Perhaps the most reliable, repeatable and widespread method
for physical characterization of microbubbles is resistive pulse
sensing (RPS), otherwise known as the Coulter Principle. This
technique measures both the size distribution and concentration
of bubbles based on the electrical response as they pass through
a sensing zone. Bubble buoyancy is less of an issue with this
approach due to the relatively short measurement duration and
forced flow. For scaling this approach toward characterizing
nanobubbles, a fundamental limitation is particle size sensitivity,
determined by the size of the measurement aperture. Recent
development of a 10µm aperture (Coulter Counter Multisizer
4e) allows for a minimum measurable nanobubble size of
∼200 nm, sufficient for early-stage nanobubble formulation
stability assessment. Dynamic light scattering (DLS), also known
as photon correlation spectroscopy, estimates population size
distribution from the fluctuations of scattered light and the
Stokes-Einstein relation. This technique can measure minimum
sizes of ∼1 nm but cannot quantify particle concentration.
Although DLS may be suitable for relatively monodisperse solid
or liquid nanoscale agents, the size-dependent buoyancy of
bubbles can lead to inaccurate measurements as larger bubbles
float faster out of the field of view of the DLS laser compared
to smaller bubbles. Nanoparticle tracking analysis (NTA), which
uses similar physics as the DLS principle to visually track the
Brownian motion of nanoparticles, has the added advantage
of being able to estimate particle concentration but suffers a
similar problem to DLS as the bubbles move in and out of the
imaging field. The use of optical microscopy in combination
with a hemocytometer for nanobubble concentration and size
measurements has been reported, but as many nanobubbles are
below optical resolution limits, these measurements skew toward
the assessment of larger bubbles. Electron microscopy has been
used to estimate nanobubble size, but since nanobubbles exist in
the form of an aqueous suspension, the sample must be dried
or frozen (e.g., for cryo-EM) prior to its characterization, which
can be technically challenging for fragile bubbles. While these
approaches have distinct advantages and disadvantages, they can
provide complementary information on physical nanobubble
characteristics and multiple approaches can be employed to
corroborate individual findings.

Synthesizing nanobubble agent can result in populations that
can be a mixture of nanobubbles, liposomes, and nanodroplets
[90, 91], and many of these measurement techniques cannot
differentiate these populations from each other. Resonant mass
measurement techniques (e.g., Archimedes, Malvern), whereby
a resonating cantilever device measures the relative size, mass,
and concentration of samples, has recently been proposed
as a means to separate buoyant (e.g., bubbles) from non-
buoyant particles. Aside from this technique, centrifugation
may be used to separate different nanoscale populations
with different densities, and bubble destructive techniques
(e.g., intentional inertial cavitation of the bubble population)
can be used to assess differences in pre- and post-burst

populations and thus validate nanobubble presence in the
initial population.

Given that the encapsulating shell plays a large role in non-
linear bubble vibrations [44], information on the composition
and molecular organization of the phospholipids and excipients
in the nanobubble shell is critical, yet not easily determined. Our
current understanding of nanobubble encapsulation has been
extrapolated from previous work on microbubbles, e.g., using
fluorescently labeled lipids and using fluorescence microscopy
[92], which cannot easily be performed on nanoscale agents.
Alternatively, isolation of nanobubbles from aqueous solution
in combination with NMR can potentially identify shell
components [93], but this technique will not reveal the spatial
arrangement of the lipids and individual bubble-to-bubble
consistency. The assessment of drug loading yield and targeting
potential can be conducted using techniques similar to those
used for microbubble assessment (e.g., ultraperformance liquid
chromatography and mass spectrometry, toxicity assays, and
cell targeting assays [42]), with the caveat that isolation and
identification of the nanobubbles from non-bubble structures
can be more challenging in comparison to larger, more
buoyant microbubbles.

Acoustic Assessment of Nanobubbles
The eventual utility of nanobubbles requires their acoustic
properties to be well-characterized in vitro and in vivo. By
design, nanobubbles are fragile to facilitate their in vivo clearance
and on-demand acoustic disruption. The techniques and salient
acoustic readouts for nanobubble populations are in principle
similar to those of microbubbles. Care must be taken, however,
to ensure that the population of nanobubbles does not contain
microbubble outliers, as these can significantly affect the acoustic
readouts. The scattered pressure Ps from a single bubble is
strongly size-dependent, the behaviour of which depends on
the transmit frequency f in relation to the value of the natural
resonance frequency f0 of the bubble. According to conventional
linear acoustic cavitation theory (Eq. 1), a nanobubble insonated
at clinical frequencies (f ≈ 1 − 10 MHz) is being driven well-

below its resonance frequency (
f
f0

≪ 1); namely the bubble is

much smaller than the resonant size for the given ultrasound
field. In this instance, the scattered pressure at a location r from
an individual unencapsulated bubble of size R0 tends toward the
following expression:

Ps → Pac
ρω2R30
3γ p0r

, (2)

where Pac is the transmit pressure amplitude, ω = 2πf, and p0 is
atmospheric pressure. In comparing, for example, the scattered
pressure from a nanobubble of size Rn and a microbubble of
size Rm = 10Rn, it can be readily shown that the microbubble
contribution is on the order of 103 times larger than that of the
nanobubble—under the assumption that the microbubble is also
driven below resonance (i.e., that Eq. 2 holds). However, it is well-
established that the resonance frequency of a typical microbubble
falls within the clinical frequency range. When driven near
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resonance
f
f0
∼= 1, the scattered pressure approximates to

Ps → Pac
ρωR30
4µlr

, (3)

where µl is the viscosity of the surrounding fluid. Under such
circumstances, where the microbubble is driven near resonance
(Eq. 3), the nanobubble will still be driven below resonance
(Eq. 2). It can easily be shown that with a factor of 10 in size
increase from nanobubble to microbubble, the scattered pressure
contribution from the “contaminating” microbubble can be on
the order of 104 times greater than its nanobubble counterpart.
Although this is a comparison between a single microbubble and
a single nanobubble, it is clearly important to make accurate
correlative measurements of nanobubble size and concentration
to interpret the corresponding acoustic evaluations.

Indeed, there are two main groups of acoustic bubble
population characterization experiments. Frequency-dependent
attenuation measurements consist of a substitution method,
whereby the echo from a planar reflector is recorded with
and without bubble populations within the beam path. Under
low amplitude driving conditions (to avoid bubble disruption
and minimize non-linear echoes) with dilute samples (to safely
ignore multiple scattering effects), the frequency at which peak
attenuation occurs corresponds to the low-pressure resonance
frequency of the bubble population [87]. In conjunction with
size distribution information, this dataset can also be used to
estimate linearized shell parameters (e.g., [94]), in furtherance
of encapsulated bubble modeling and design efforts. Scattering
experiments, conducted either within water-based, tissue-based
or tube-like phantoms to mimic the vasculature, are employed to
assess non-linear acoustics, including higher order harmonics (nf
where n = 2, 3, 4,. . . ), subharmonics (nf /2 where n = 1, 3, 5. . . ),
and wideband emissions, the latter of which is well-known to
correspond to bubble disruption. Assessment of the non-linear
scattering of bubbles is an essential feature of their acoustic
characterization since harmonic signal content is exploited to
generate bubble-specific contrast images, with specific emphasis
on subharmonic emissions as they do not suffer from non-linear
acoustic propagation artefacts. While bubble disruption can be
used for high-powered flash imaging protocols, it is also an
important feature in targeted drug-delivery applications where
it can potentially be used to release attached therapeutic cargo.
As such, these acoustic measurements are usually performed as a
function of frequency and transmit pressure to assess the range of
acoustic conditions able to initiate the desired acoustic activity.

Comprehensive optical microscopy, scattering and theoretical
modeling work has shed insight into the critical non-linear
behaviours of individual microbubbles, including “compression-
only” oscillations [95], shell surface rheology effects [96], non-
linear resonance [50], and the onset of vibration [48], all
of which have increased our understanding of contrast agent
design and optimization. However, comparable investigation
into the non-linear dynamics and associated scattering of
single nanobubbles remains a challenge due to their size. In-
vitro acoustic measurements using tone bursts on populations
of nanobubbles at clinical and high frequencies (up to 30

MHz) have recently provided evidence of non-linear scattering
[47, 97], and contrast imaging of nanobubble populations has
been demonstrated using clinical [41, 98–103] and pre-clinical
scanners [90, 104]. Collectively, these works have demonstrated
that, similar to their micron-sized counterparts, nanobubble
populations exhibit the capacity to initiate sustained non-
destructive harmonic and subharmonic scattering that is transmit
pressure-dependent, as well as undergo ultrasound-induced
bubble disruption at high driving amplitudes.

In vivo Considerations
Although there are significant limitations with preclinical
systems as accurate models of human disease, the use
of preclinical models is a critical step toward optimizing
and validating a nanobubble formulation for future clinical
translation. While early work has reported the feasibility of
nanobubble imaging and therapeutic approaches [64–70, 72,
78, 80, 82–85, 105–107] using in vivo models of disease, we
highlight here some critical factors that may affect nanobubble
characterizations in vivo and their interpretation.

It should be noted that agent handling can be a large source
of variability, as different techniques for bubble activation [94]
and withdrawal [87] can lead to alternative size distributions
and subsequent acoustic activity. Firstly, it is important to use
a secondary venting needle upon agent extraction [108], and
careful consideration should be given to proper bubble injection
techniques, including the size of the extraction needle and
injection rate, both of which have been shown to significantly
affect bubble stability in vivo in imaging [109] and therapeutic
contexts [110]. Secondly, differential floating of bubble solution
will modulate the resulting bubble concentration and size
distribution, and therefore bubble suspensions (e.g., in a syringe)
should be well-mixed prior to injection. Given the smaller
size as compared to microbubbles, nanobubble floatation is
expected to occur on much longer timescales and may be
a less important factor. It is also important to consider
physiological effects on bubble stability. The potential influence
of the choice of animal anesthesia has been shown to affect
bubble in vivo circulation times [111], and bubble behaviour
(e.g. scattering) is likely affected by ambient body temperature
[112]. Finally, since the nanobubble response depends on the
transmit ultrasound conditions, careful consideration should
be given to the ultrasound system and associated transducers
employed. Nanobubble imaging studies, including development
of novel pulse-sequences or disease-detection techniques, for
example, can be conducted with a preclinical scanner with the
understanding that the imaging signal may not be equivalent to
what will be achievable with a clinical scanner.

With respect to target nanobubble concentrations, it is
perhaps instructive to compare these agents with clinically
used microbubble agents. Activated DefinityTM, for example,
is characterized by a mean number-weighted microbubble size
of 1.1µm, a native concentration of ∼ 1010 bubbles/ml and
consists of 150 µL of perfluorocarbon gas per ml [113]. The
recommended maximum bolus dose of activated DefinityTM is
20 µL per kg, resulting in 3 µL of perfluorocarbon per kg. A
reasonable starting point for nanobubble dosing is to assume that
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the recommended injected gas volume remains constant between
microbubble and nanobubble formulations. Given a nanobubble
distribution characterized by an average bubble size of Rn = 150
nm, this constant gas volume can be approximately maintained
with a 20µL per kg injection of a native nanobubble solution that
is a factor of 103 times more concentrated than current clinical
microbubble agents (∼1012 − 1013 nanobubbles/mL). While in
principle an increased concentration yields a stronger acoustic
signal, the inter-bubble spacing (≈ 0.5 − 1 µm) at such high
concentrationsmay result inmultiple scattering [114] and bubble
coalescence effects [115] (i.e., fusing of smaller nanobubbles into
bigger micron-sized bubbles), which may partially negate the
intended benefit of nano-sized agents.

OUTLOOK

New and emerging applications of ultrasound have arisen from
exciting developments in application-specific devices and, in
parallel, from increasing clinical awareness of opportunities
that ultrasound technologies can bring to medical practice.
This growing integration between basic scientists, engineers
and medical practitioners has led to innovative technologies
designed to meet nuanced clinical needs for rapid translation to
patients, and similar approaches may lead to novel nanobubble
development. Several examples of potential opportunities in
nanobubble-assisted ultrasound applications are given below.

Ultrafast Plane Wave Imaging
A flourishing area is ultrafast ultrasound imaging [116], in
which up to 20 kHz frame rates (compared to 10–100Hz using
conventional scanners) can be achieved through advances in
hardware and software. This technology has opened up the
field to an array of contrast and non-contrast applications to
take advantage of the increased temporal resolution, including
ultrafast elastography [117], cardiac [118], and Doppler-
based applications [119]. In particular, ultrasound localization
microscopy (i.e., super-resolution imaging [120]) exploits the
localization of microbubbles to finely sample and image the
microcirculation beyond the diffraction limit; a technique that
has shown impressive results in the areas of oncology (e.g., [121])
and neurology (e.g., [122]). A nanobubble adapted version of
this technique could open further avenues other than vascular-
based imaging, including the observation and mapping of the
interstitial microenvironment and the temporal assessment of
nanoscale agent accumulation outside leaky vessels.

Ultrasound-Assisted Neuromodulation
Neuromodulation is the process of altering neural behaviour
through stimulation or suppression of nerve activity. Focused
ultrasound is an emerging non-invasive technique with
tremendous potential as a novel neuromodulation tool, with
advantages over current clinical approaches (e.g., deep brain
stimulation, transcranial electric/magnetic stimulation) that
include its non-invasiveness, site-specific targeting and the
ability to interrogate deep regions in the brain [123]. This
technique, generally performed under MRI-guidance, achieves
a focal region of acoustic pressure through constructive

interference at depth in the brain without affecting tissue
along its focal path closer to the transducer array, leading to
various bioeffects of differing physical origin. Depending on
the ultrasound parameters, focal tissue thermal ablation can
be induced and has application in brain cancers, as well as
tremors in order to improve symptoms and patient outcome
[123]. The closely-related field of ultrasound and microbubble
mediated transient opening of the blood-brain-barrier can be
achieved likely via mechanical mechanisms, where this increased
permeability provides a controllable and reversible opportunity
for targeted delivery of therapeutics [124]. Additionally, lower
intensity ultrasound alone can achieve direct neuromodulation
of neurons without therapeutics or contrast agents in both
animal and human models [123], the mechanisms of which
remain largely unexplored. Nanobubbles present an exciting new
opportunity to enhance and/or synergize ultrasound-assisted
neurology techniques. First, compared to ultrasound alone,
nanobubble cavitation is expected to increase local shear-stress
profiles and may offer a more spatially sensitive approach to
activation of mechanosensitive ion channels present within cell
membranes. Second, the increased loading capacity compared to
microbubbles may provide a more efficient means of therapeutic
delivery to the brain parenchyma—with or without necessitating
ultrasound-mediated blood-brain-barrier disruption depending
on the molecular size of the neuromodulating therapeutic.
Indeed, ultrasound-assisted neuromodulation using nanometer-
sized acoustically sensitive agents has been very recently
demonstrated [125, 126].

Ultrasound-Assisted Immunotherapy
Cancers can evade immunosurveillance and circumvent the
normal immune response through a variety of mechanisms,
including ineffective presentation of neoantigens on tumour
cell membranes, a lack of signaling to activate naïve T-
cells, and a physiologically hostile tumour milieu. In general,
cancer immunotherapy approaches aim to modulate immune
responses to further increase anti-cancer cell targeting and
killing, the main categories of which include immune checkpoint
inhibitors (CTLA-4 and PD-1/PD-L1 antibodies) and cellular
immunotherapies (e.g., chimeric-antigen receptor T cells) [127].
While met with initial success, the current limitations of
this approach include off-target side effects and sub-optimal
tumour penetration. Novel ultrasound-assisted immunotherapy
approaches are rapidly being developed to address this [23,
128]. Specifically, emerging research in microbubble-assisted
ultrasound approaches has demonstrated exciting potential to
improve anti-PD-1 antibody delivery [129], enhance lymphocyte
infiltration to the tumour interstitium [130], and promote
key interleukin secretion within the tumour microenvironment
[131]. Nanobubble agents may have a complementary role to
play in further promoting these effects due to their potential
to extravasate within tumour tissue; either passively or actively
through concurrent sonoporation techniques. The increased
proximity of nanobubbles to target cancer cells may improve
these immunomodulating techniques compared to their larger
microbubble counterparts.

Frontiers in Physics | www.frontiersin.org 9 May 2021 | Volume 9 | Article 654374

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Helfield et al. Acoustically-Stimulated Nanobubbles for Medical Ultrasound

Concluding Remarks
Beyond the applications described above, as more cutting-edge
ultrasound-focused developments and greater understanding
of disease biology occur, so too will the opportunities
for nanobubbles. New disease targets and applications for
nanobubbles are continually being reported (e.g., detecting
insulitis in type 1 diabetes [78]). Cavitation of nanobubbles
may result in a mixture of end products, including more stable
liposomes, micelles, and aggregates which may be therapeutically
advantageous [132]. In addition, there are numerous specialized
ultrasound imaging and therapy platforms that are typically not
used with contrast, yet can be adapted for contrast imaging
or for local therapeutic delivery. These include catheter-based
endobronchial ultrasound for thoracic imaging [133], external
MRI-guided focused ultrasound systems to treat bone metastases
and uterine fibroids [134, 135], and insertable ultrasound probes
for treatment of prostate cancer [136] or the heart [137]. Since
these systems can allow focused ultrasound to reach parts of
the body that are less accessible to standard ultrasound systems,
there is an opportunity to leverage this access to treat diseases
using new nanobubble constructs tailored to the technological
specifications of the ultrasound system. Although most bubble-
based agents have been focused on imaging or treating cancer,
inflammation or heart disease, applications of bubbles and
ultrasound have greatly expanded to include use ranging from
infection control [138, 139] to radiosensitization [140] and
non-invasive liquid biopsy [141, 142]. Nanobubbles have also
been proposed as a more acoustically responsive analogue
to nanodroplets, for thermal sensitization for radiofrequency
treatment [143], ameliorating hypoxia [144], and potentiating
photodynamic therapy [43]. Indeed, in principle, nanobubbles
possess certain advantages over nanodroplets, including native
echogenicity and lower cavitation thresholds.

It is clear that the recent development of nanobubble
agents has led to exciting possibilities and numerous emerging
opportunities for future exploration. The continued development

of new nanobubble variants, novel nanoscale synthesis methods,
improved nanoscale characterization, and more efficient
targeting methods is expected to considerably advance the
utility of contrast-assisted ultrasound imaging and therapeutics.
This will undoubtedly lead to new fundamental discoveries in
ultrasound physics, materials chemistry, and clinical medicine.
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