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ABSTRACT: Ultrasound-activated nanobubbles are being widely investigated as
contrast agents and therapeutic vehicles. Nanobubbles hold potential for accessing
the tumor extravascular compartment, though this relies on clinically debated passive
accumulation for which evidence to date is indirect. We recently reported
ultrasound-triggered conversion of high payload porphyrin-encapsulated micro-
bubbles to nanobubbles, with actively enhanced permeability for local delivery. This
platform holds implications for optical/ultrasound-based imaging and therapeutics.
While promising, it remains to be established how nanobubbles are generated and
whether they extravasate intact. Here, insights into the conversion process are
reported, complemented by novel simultaneous intravital and acoustic monitoring in
tumor-affected functional circulation. The first direct acoustic evidence of
extravascular intact nanobubbles are presented. These insights collectively advance this delivery platform and multimodal micro-
and nanobubbles, extending their utility for imaging and therapeutics within and beyond the vasculature.
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■ INTRODUCTION

Tumor microvascular abnormalities have afforded opportuni-
ties for nanomedicines, enabling permeation and retention in
the interstitium.1 Coupled with this passive targeting is the
ability to engineer a myriad of multifunctional nanoparticles
with improved pharmacokinetics over free drugs. However,
while widely applied in preclinical models, passive delivery as a
targeting strategy for nanomedicine is clinically disputed.2

A promising approach for enhancing spatially targeted
nanomedicine delivery is via ultrasound stimulation of
systemically injected microbubbles. Microbubbles are clinically
approved ultrasound contrast agents 1−8 μm in diameter and
are confined to the vasculature. Imaging contrast arises from
harnessing acoustic signals associated with nonlinear volu-
metric oscillations in response to ultrasound.3 For example, at
sufficiently high amplitudes, the resulting oscillations re-emit
energy coupled into frequency bands at integer multiples
(harmonics) of the driving frequency. Current biomedical
microbubbles are encapsulated for longevity by a compliant
shell which also influences their response. Fortuitously, when
ultrasound induces large oscillations of microbubbles in
vessels, a range of biological effects can be elicited4,5 such as
enhanced permeability. Microbubble oscillation-driven fluid
flow and acoustic radiation forces6 then assist in transport
across the permeabilized vessel wall into tissue.
Microbubble-mediated drug delivery is rapidly advancing

toward the clinic for a range of applications including transient
disruption of the blood-brain barrier7 and enhanced delivery to
tumors.8 The paradigm employed in clinical trials involves co-

injection of drugs with microbubbles, where ultrasound
stimulation of the microbubbles locally enhances microvascular
permeability. An alternative approach is direct drug-loading of
microbubbles,9 where ultrasound stimulation results in local
drug release from the bubble as well as vascular permeabiliza-
tion with limited off-target effects.10

We recently reported development of high payload
porphyrin photosensitizer-encapsulated microbubbles.11 Their
exposure to ultrasound resulted in the generation of porphyrin
nanostructures in situ with increased accumulation and
retention in targeted tumor tissue. At least a subset of these
nanostructures was qualitatively found in vitro to be nano-
bubbles, though this was not quantified nor verified in vivo.
This micro-to-nano platform represents a new paradigm for
nanomedicine delivery, and optical/ultrasound imaging and
therapeutics with the generation of nanobubbles that may
extravasate beyond the vascular confinement of their parent
microbubbles. From a therapeutic perspective, this presents an
opportunity for sonodynamic therapy, where photosensitizers
are activated by ultrasound to generate reactive oxygen species.
While bubble-mediated sonodynamic therapy studies again co-
inject free sonosensitizers with microbubbles, a recent study
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demonstrated enhanced cytotoxicity by attaching synthetic
Rose Bengal to bubbles.12 Here we have organic porphyrin
directly conjugated to microbubbles. The ultrasound-triggered
conversion of these porphyrin-coated microbubbles to nano-
bubbles and their subsequently enhanced extravasation would
put these sonosensitizing, acoustically active agents in closer
proximity to cancer cells. This therefore provides a platform by
which to access and treat deep-seated tumors in a minimally
invasive manner.
While promising, key questions remain: In particular,

quantification and insights into the extent and process of
how drug-loaded nanobubbles are generated, and crucially, if
they extravasate in an intact form. Nanobubbles have been of
increasing interest for their potential to extend ultrasound
bubble-mediated applications beyond the vasculature, but
verification that they remain intact in the extravascular space is
based on indirect evidence to date. Here we assess three
bubble types for broad mechanistic insights on payload release
and characteristics thereafter. To reflect in vivo complexity, we
then utilize intravital imaging which allows real-time in vivo
visualization of the acute reaction and delivery. This can
provide powerful spatiotemporal insights but has been
combined with ultrasound in only a handful of studies in
simplified models,13−15 in the absence of tumors,16−18 or
without recording acoustic response.16−19 Here, for the first
time, we integrate ultrasound transmitters and receivers into a
window chamber for intravital microscopy studies capable of
direct visual and acoustic monitoring of dynamic changes from
ultrasound-stimulated microbubbles in tumor-affected vascu-

lature. We then provide the first direct evidence of intact
nanobubbles in the extravascular space, with implications of
expanding the utility of bubble-mediated applications beyond
the vasculature.

■ RESULTS AND DISCUSSION

Benchtop Conversion and Characterization Studies.
Several acoustically driven changes may offer explanations of a
micro-to-nano conversion. At low pressures, microbubbles
undergo “stable”, spherically symmetric oscillations. One
phenomenon that can occur during stable cavitation is
shrinkage, where bubbles lose gas content with each cycle.20

Associated with this is buckling, which serves as a conduit for
expulsion of excess shell21,22 and may be accompanied by the
generation of submicron bubble fragments.23,24 Bubbles can
additionally enter shape oscillation modes,25 whereupon
bubbles pinch off into fragments upon reaching instability.
At sufficiently high pressures, bubbles expand and undergo
violent inertial collapse, which can result in fragmentation into
smaller bubbles. Notably, pronounced but stable oscillations
are associated with acoustic signatures such as harmonics,
whereas violent inertial cavitation is linked with broadband
emissions. The microvascular wall stresses arising from stable
and inertial cavitation are fortuitously also associated with
enhancing permeabilization and thus drug delivery, though
inertial cavitation can be linked to damage.26

We first performed controlled benchtop experiments to gain
insights into the conversion for three bubble types: in-house
formulations with porphyrin or Texas Red in the encapsulating

Figure 1. Bubbles and their population shifts with increasing ultrasound exposure. Schematics of (A) porphyrin, (B) Texas Red, and (C)
Definity bubbles. Multisizer 4e measurements (10 μm aperture) demonstrating (D) number per mL, (E) volume per mL (μm3/mL), and (F)
surface area per mL (μm2/mL) shifts for porphyrin, Texas Red, and Definity bubbles upon 0, 1, 3, and 10 bursts of conversion ultrasound (1 MHz,
300 kPa, 2 s pulse duration, every 5 s) exposure (mean of n = 3 trials per bubble type and exposure). In (G), total mean and standard deviation of
concentration above and below 0.5 μm (“micro” and “nano”) are plotted to demonstrate overall shifts. A cutoff of 0.5 μm was selected to more
accurately capture the size population capable of extravasating for the “nano” group.27
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layer, and clinical Definity. All bubble types were exposed to
ultrasound to induce conversion to nanostructures, and were
assessed in terms of number, volume, and surface area pre- and
post-ultrasound exposure. In the case of simple bubble
shrinkage, the number density of bubbles would remain
constant or decrease, while the volume and surface area
decrease. Conversely, processes of pinch-off and fragmentation
would result in a net increase in bubble concentration. For all
bubble types, the number distribution (Figure 1A, Table S1)
shifts indicating a net increase (2×, 1.2×, 0.8× for porphyrin,
Texas Red, and Definity bubbles, respectively), suggesting
fragmentation as opposed to shrinkage with the additional
benefit of increased concentration and thus bioavailability. An
overall decrease in volume (Figure 1B, Figure S1) indicates gas
loss during conversion, and reduction of surface area (Figure
1C, Figure S1) indicates shell shedding into solution.
Interestingly, porphyrin and Texas Red bubbles yielded a
higher number of nanostructures post-conversion (3.25×, 3.2×
increase of structures <0.5 μm) than Definity (1.3× increase).
This could be due to differences in the initial size distributions
or shell properties between bubble types and will be
investigated in future work. These events occurred during
stable cavitation (Figure S2), and in the absence of ultrasound,
all bubble types decrease in concentration, gas content, and
surface area over time without a corresponding increase in
metrics for submicron structures (Figure S3).
The preceding demonstrated the generation of nano-

particles; to investigate whether they are gas-filled, resonant
mass measurements were performed. These confirmed an
increase in not only generally nanostructures (vesicles,
micelles), but buoyant nanostructures (nanobubbles) following

ultrasound exposure (Figure 2A, Table S2, Figure S4).
Interestingly, though porphyrin bubbles resulted in the highest
increase in nanostructures, Texas Red and Definity bubbles
yielded a greater increase in nanobubbles (2.6× and 2.5×,
respectively) than porphyrin bubbles (1.1×). To gain further
insight in the context of porphyrin bubbles following exposure
utilizing their photophysical properties, optical measurements
were conducted (Figure 2B). The absorbance spectra show a
decrease in scattering (caused by a decrease in microbubbles),
increase in intensity, and a redshift from monomeric
porphyrin-lipid (due to ordered aggregation28). The fluo-
rescence spectra again exhibited decreased scattering from
large bubbles, and a redshift. The redshift and high quenching
indicate the formation of submicron supramolecular structures
rather than dissociation into monomers, indicating that the
daughter nanostructures maintain optical-based imaging and
therapeutic value. Beyond optical properties of porphyrin, the
presence of gas in the daughter nanostructures after exposure
of all three bubble types is particularly exciting, affording the
opportunity to extend ultrasound-based applications within
and beyond the vascular compartment.

Intravital Imaging and Ultrasound Exposure Studies.
In Situ Micro-to-Nano Conversion. To assess the micro-to-
nano delivery platform in a complex in vivo setting, we
integrated ultrasound transmitters and receivers into a window
chamber for direct acoustic and visual monitoring of dynamic
changes associated with conversion in tumor-affected micro-
circulation (Figure 3). This setup was designed to acoustically
and optically stimulate the daughter nanostructures in vivo.
Here the purpose is to assess visual changes and acoustic

Figure 2. Formation of nanoscale supramolecular structures. (A) Resonant mass measurements (mean of n = 3 trials per bubble type; measuring
strictly < 0.8 μm) of porphyrin, Texas Red, and Definity bubbles before and after 10 bursts of conversion ultrasound (1 MHz, 300 kPa, 2 s pulse
duration, every 5 s) exposure, indicating an increase in nanobubbles following conversion from microbubbles. Buoyant particles (bubbles) are
denoted by dashed lines, nonbuoyant liposome particles and debris are denoted by solid lines. (B) Optical measurements for porphyrin bubbles as
proxy of particle state:28 (i) Normalized absorbance spectra after ultrasound demonstrating a decrease in scattering and increase in absorbance peak
as a function of exposure. The absorbance peak of the agent is notably redshifted from the monomeric porphyrin-lipid. (ii) Normalized
fluorescence spectra after ultrasound demonstrating a decrease in scattering and redshift from monomeric porphyrin-lipid. The monomeric sample
was normalized to itself, as the bubble samples are highly self-quenched. (iii) Quenching efficiency with successive ultrasound bursts. The high
quenching efficiency and redshift indicate the formation of submicron supramolecular structures rather than dissociation into the monomeric form.
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emissions in vivo to monitor treatment and evaluate whether
generated nanobubbles extravasate intact.
Initial experiments utilized porphyrin bubbles to leverage

their inherent acoustic and optical properties. During two-
photon fluorescence monitoring over the course of sonication,
stimulation of porphyrin resulted in cell damage (Figure S5).
While the therapeutic potential of extravascular porphyrin
nanostructures is demonstrated, albeit in an unconventional
manner, development in the context of porphyrin bubbles
warrants investigation with a controlled laser setup. Further
intravital imaging experiments utilized Texas Red bubbles,
which exhibited conversion and are of similar formulation to
porphyrin bubbles, but do not induce photoeffects. Definity
was not studied in this context, being nonfluorescent.
The integrated acoustic and microscopy setup enabled real-

time visualization of ultrasound-triggered enhanced perme-
ability (Figure 4A). Two groups were assessed: a treatment
group (n = 26) where ultrasound was applied, and a control
group (n = 10) in the absence of ultrasound. Over the course
of sonication within the preselected imaging plane, extrava-
scular fluorescence intensity increased to approximately 2× its
initial state while controls remained constant (Figure 4B).
Over a longer time-span of 65 min within the entire volume
(Figure 4C), extravascular fluorescence in treated mice
increased to an average of 5× its initial intensity by 15 min
compared to the control group which rose to less than 1.3× its
initial state due to passive leakage. Intravascular fluorescence
increased in both cases after injection before gradually
decaying over the next hour.

The integrated receiver enabled acoustic activity to be
monitored to infer bubble behavior during treatment and
subsequently probe for the presence of nanobubbles. The
power spectra in Figure 4E−G show increased levels of
fundamental frequency and second and third harmonic peaks
without the presence of broadband noise. This indicates that
the micro-to-nano conversion and its associated bioeffects
occurred under stable cavitation conditions. This is critical, as
more violent inertial cavitation regimes are often accompanied
by hemorrhage and edema.29

Numerous in vivo studies have utilized ultrasound-stimulated
microbubbles for delivery. However, determining bubble
behavior in vivo and maximizing release is not straightforward:
This is reflected in the plethora of ultrasound parameters that
have been used, any one of which influences microbubble−cell
interactions.30 The pulsing scheme parameters utilized here are
within range of those that give rise to drug delivery and match
those used in the original micro-to-nano study.11 We do not
vary these to constrain scope, though an expanded parameter
set warrants investigation. Most studies utilize pulse repetition
periods of 0.1−1 s to enable agent replenishment, and a total
duration of a few minutes to enable a large enough fraction of
the agent to reach the target and be sonicated while stable in
circulation.30 Similarly, frequencies close to 1 MHz are
common as this allows deeper penetration and is fortuitously
close to the resonant frequency of most formulations.
However, acoustic pressures vary, ranging from tens to
thousands of kPa, as do pulse lengths which have ranged
from less than ten to thousands of cycles.30 Longer-term drug

Figure 3. Overview schematic of the integrated acoustic and dorsal-chamber microscopy setup and experimental timing diagram. (A)
Schematic of the two-photon microscopy light-path interfacing with the dorsal window chamber and acoustic transmit and receive transducers. (B)
Fluorescent microbubbles on a slide under multiphoton microscopy, to be injected via tail-vein catheter for intravital imaging. (C) Photograph of
the ring transducer held in the window chamber for simultaneous acoustic stimulation and imaging, with dimensions. (D) Sample two-photon
image of microbubbles (magenta) in vasculature within a tumor (green), surrounded by collagen (blue). (E) Photograph of the receiver for
detecting acoustic emissions, with dimensions. (F) Experimental timing diagram depicting the two-photon imaging and acoustic paradigm to
monitor extravasation and cavitation. In the treated group (+bubbles, +ultrasound), conversion sonication was initiated 30 s following injection and
a single plane was monitored over time. Periodic imaging and probing pulses were then employed in 10 min intervals from 5 to 65 min after
injection. Probes utilized 700 kPa with a short pulse length of 100 μs, sent every 4 s (to enable possible reperfusion if bubbles are in the
vasculature) for 10−50 total pulses (to determine if signal decreases between pulses, indicative of bubble destruction). In the control group, no
conversion sonication was initiated (+bubbles, −ultrasound).
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delivery via endocytosis can be induced with lower pressures
over long pulses.5 High pressures over short pulses can induce
sonoporation,10 though this can also be achieved in the stable
cavitation regime at lower pressures when microbubbles are in
close contact with cells.31

Sonoporation and endocytosis are often discussed in the
context of microbubbles coinjected with drugs to enhance
delivery. For microbubbles depositing directly incorporated
nanoparticles onto cell membranes (“sonoprinting”), moderate
acoustic pressures (>300 kPa) and longer pulses (>100 cycles)
are more effective.32 Here we posit that several events are
occurring, informed by acoustic (Figure 4E−G) and visual
(Figure S6) feedback. The microbubbles here contain the
payload directly in their shell. Sonication can induce
sonoprinting on endothelial cells in the vessel walls (Figure
S6A) and conversion into a larger number of nanostructures
(Figure 1, Figure 2). Many of these nanostructures are driven
out of the vessels over the course of the exposure (Figure 4B),
likely due to microstreaming from the stably cavitating (Figure
4E−G) parent microbubbles, acoustic radiation forces, and
enhanced vascular permeability. Following sonication, nano-
structure extravasation continues indicating longer time scale

permeabilization (Figure 4C), stemming from earlier con-
verted nanostructures still circulating as well as passive
dissolution of microbubbles. Further investigation to promote
conversion to the highest concentration of nanostructures
concurrently with the greatest in vivo permeabilization will
advance this micro-to-nano paradigm.

Spatiotemporal Monitoring of Delivery. The spatiotem-
poral extravasation of in situ generated nanostructures was
optically tracked and acoustically probed for the presence of
nanobubbles (Figure 5). In the treatment group, extravasation
rapidly increased during and after ultrasound before approach-
ing a plateau at 25 min, and extravasated at least 18 μm from
the nearest vessel (Figure 5A). The control group, however,
demonstrated only a slight extravascular signal increase over
time due to passive leakage, presumably of an inherent small
subpopulation of nanostructures (Figure 5B). Acoustic probes
were then employed to determine if the extravascular
fluorescence was associated with intact nanobubbles. As
cavitation can arise from bubbles both within and outside
vessels, probing was done on a delay to ensure dissolution of
bubbles in the vascular compartment. Probes comprised a
series of high pressure (700 kPa) pulses sent every 4 s. The

Figure 4. Visual and acoustic monitoring of ultrasound-induced vascular permeabilization. (A) Demonstration of rapid leakage from disrupted
tortuous tumor vasculature, with initial and 5 min post-sonication images at the same depth. (B) Average and standard deviation of intra- and
extravascular compartment fluorescence during and immediately following 2 min sonications in a pre-selected imaging plane in treated mice
(+bubbles, +ultrasound; captured in n = 6 mice), compared to sham treatments (+bubbles, −ultrasound; control mice, n = 10). (C) Total
fluorescence (mean and standard deviation) in each compartment with respect to segmented compartment volume as a function of time,
normalized to baseline for treated mice (n = 26) and control mice (n = 10). Extravasation of agent up to an average of 5× its concentration at
baseline is demonstrated in the treated mice. (D) Comparison of AUC sum measurements in the control and treatment groups (mean and standard
deviation), demonstrating a significant increase in extravascular drug bioavailability after ultrasound treatment compared to control. Significance
was evaluated by a one-way analysis of variance (ANOVA) and a multiple comparison test in MATLAB. (**) p < 0.005. (E) Sample power spectra
during treatment of ultrasound sonication in vivo (300 kPa, 2.5 ms pulses, 4 s PRP for 2 min; n = 26 mice), showing the first and last bursts
superimposed with baseline pre-injection acquisitions. (F) A broader sample view of pre- and post-injection. (G) Acoustic signal power as a
function of frequency and burst number.
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pressure was chosen based on our prior study of nanobubble
acoustic scattering.33 The 4 s interval permits reperfusion to
further ensure bubbles were not present within the vasculature.
In Figure 5D, control probes have no signals at 25 min and
beyond, indicating the absence of bubbles within the
vasculature consistent with established literature.34−36 In
contrast, significant cavitation occurred in the treatment
group at the first probe (35 min), which decayed with
subsequent pulses. That is, bubbles were initially present and
destroyed throughout the sequence. This would be the case
with stationary bubbles (extravascular), as perfusing bubbles
would replenish, resulting in signal that does not decay.
Subsequent probes in 10 min intervals further did not yield
cavitation, consistent with the first probe sequence destroying
bubbles. We further note that in the control case, probing
pulses did not result in cavitation above baseline at any time,
suggesting that the initial conversion is necessary to both
generate nanobubbles and promote their extravasation. Finally,
in two of the treated mice, leakage did not occur, and probes
did not detect cavitation above baseline; and conversely, in one
control mouse, leakage did occur, and the probe did detect
cavitation. This is the first direct acoustic evidence of intact
nanobubbles in the extravascular space.
The presence of extravascular gas-containing nanostructures

in vivo is exciting, with the potential to extend bubble-mediated
imaging and therapy beyond the vasculature. Indeed, this
prospect has recently been of considerable interest, bringing
developments in submicron ultrasound contrast agents
including nanobubbles,37−39 nanocups and cavitation seeds,40

gas vesicles,41 nanodroplets,42 and echogenic liposomes.26

While there is evidence of the penetrating capability of some of
these agents in phantoms,43 verifying that they remain
structurally intact with gas contained in the extravascular
space in vivo is based on indirect evidence.44 Further,
regardless of evidence of presence in the extravascular space,
many of these platforms regress to the classic delivery problem
by relying on the enhanced permeability and retention effect,1

facing a similar translational bottleneck as nanomedicine.2

Here, we have demonstrated enhanced delivery of in situ
generated nanostructures with visual spatiotemporal delivery
profiles of shell material, and the first direct acoustic evidence
of intact extravascular nanobubbles. However, while nano-
bubble studies to date are encouraging, there has been only
one study that directly examined their acoustic signatures,33

and none that have systematically developed imaging or
therapeutic strategies based on physical behavior. Thus, this
approach remains to be expanded. One method is to revert to
the microscale after delivery, which was demonstrated by
exposure of the nanoparticulates from microbubble destruction
to high intensity focused ultrasound.24 Alternatively, new
strategies for the utilization of nanobubbles at lower intensities
and frequencies must be developed (similar to imaging of
cavitation seeds40,45,46), such that conventional systems can be
used. The latter path holds the potential to not only extend
bubble-mediated theranostics beyond the vasculature but also
render ultrasound a molecular imaging tool. This would
expand the utility of current commercial microbubbles (for
example, Definity), which have a large subpopulation of
submicron bubbles.

Outlook. The present study has sought to gain insights into
the conversion of microbubbles to nanostructures, which holds
significant implications for nanomedicine delivery, optical/
ultrasound imaging, as well as photo/sonodynamic therapeutic
applications. By monitoring population shifts as a function of
ultrasound exposure, we showed that the conversion is a
complex process involving gas loss and shell shedding (Figure
1) during stable oscillations (Figure 4E−G) to form a higher
concentration of nanoscale supramolecular structures with a
gas core (Figure 2). Through investigation of three different
microbubble formulations, we additionally demonstrate broad
relevance to delivery platforms incorporating therapeutic
payloads directly within the shell. These results are
complemented by the first study with direct visual and
acoustic monitoring (Figure 3) of dynamic changes from
ultrasound-stimulated bubbles in tumor-affected microcircula-
tion (Figure 4, Figure S6). Importantly, acoustic monitoring

Figure 5. Extravasation of in situ generated acoustic nanostructures. (A) Extravasation distance surface plot from the nearest vessel as a function
of time in treated mice (mean of n = 26) and (B) control mice (mean of n = 10). (C) Sample power spectra at the 35 min time point probe (700
kPa, 0.1 ms pulses, sent every 4 s for 10−50 times) in a treated mouse that exhibited leakage, displaying the temporal signal decay compared to
baseline. (D) Average and standard deviation of integrated signal strength in the fundamental and second harmonic frequency bands at each
probed time-point for treated (n = 9; exclusion of two mice where no leakage occurred) and control (n = 5) mice. Each data point is averaged for
the first 5 ultrasound bursts, normalized to the maximum power recorded for each mouse, and averaged across the number of mice in the group.
The control group indicates no acoustic cavitation above baseline, while the treated group resulted in agent leakage and detectable second
harmonic power above baseline at 35 min (p = 0.032), after which signal decayed back to the baseline. Note that the control group included an
extra probe at 25 min. (*) p < 0.05.
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demonstrated safety with stable cavitation during conversion in
vivo (Figure 4E−G), and additionally provided the first direct
evidence of intact nanobubbles in the extravascular space
(Figure 5)which have the potential to be exploited for
therapeutics in closer proximity to tumor cells. These insights
contribute to an improved understanding of this delivery
platform, and further progress toward the utility of multimodal
nanobubbles both within and beyond the vasculature.
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