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Nano-sized shell-stabilized gas bubbles have applications in
various fields ranging from environmental science to biomedical
engineering. A resonant mass measurement (RMM) technique is
demonstrated here as a new and only method capable of simul-
taneously measuring the size and concentration of buoyant and
non-buoyant particles in a nanobubble sample used as a next-
generation ultrasound contrast agent.

Bulk nanobubbles have emerged as useful agents in various
fields of science and engineering, such as agricultural science,
environmental science, and biomedical engineering." The oxy-
genation of water with submicron bubbles has been shown to
promote the growth of plants, fish, and mice.”> Highly reactive
free radicals generated by sonicated bubbles have been found
to aid in water disinfection and catalyze chemical reactions for
water detoxification.>® More recently, shell-stabilized nano-
bubbles have gained interest as contrast agents for diagnostic
ultrasound and drug delivery vehicles because of their ability
to passively accumulate in tissues with highly permeable vas-
culature (such as some tumors).”"" Due to their size, nano-
bubbles can penetrate the tumor parenchyma via the
enhanced permeability and retention (EPR) effect due to the
leaky vasculature and poor lymphatic drainage present in many
tumors, and tissues exhibiting states of inflammation."” Little is
known about the physical and morphological properties of
nanobubbles, as their small size makes nanobubble characteriz-
ation challenging. Traditional characterization techniques such
as dynamic light scattering (DLS), electro-impedance volumetric
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zone sensing (Coulter counter), and nanoparticle tracking ana-
lysis are unable to differentiate between gas-filled nanobubbles
and similarly sized solid contaminates, leading to inaccurate/
misleading bubble concentrations and size measurements."**
Imaging techniques such as atomic force microscopy (AFM) or
electron microscopy (EM) are expensive, sample dependent, and
involve processing steps that inhibit them from directly visualiz-
ing fragile nanobubbles.'®*®

Here we demonstrate, for the first time, the use of a res-
onant mass measurement (RMM) technique to conduct a com-
prehensive physical property analysis of shell-stabilized nano-
bubble ultrasound contrast agents in solution.'”>' The RMM
technology utilizes a micro-electro-mechanical systems (MEMS)
resonator (Fig. 1a) with a microfluidic channel embedded in a
resonating cantilever under vacuum to detect, count, and
measure the buoyant mass of particles in a liquid passing
through the channel. As particles flow through a microfluidic
channel in a suspended cantilever, the resonant frequency of
the cantilever, which is associated with a change in the
buoyant mass, is altered (Fig. 1b). If the particle density (p},) is
lower than the fluid density (p¢), a resonant positive frequency
shift (Af;) is induced, indicating the presence of a positively
buoyant particle. A particle with a density higher than the
fluid density (negatively buoyant particles) will induce a nega-
tive shift. The size range measurable by the equipment is
determined by several factors. The width of the microfluidic
channel determines the largest detectable particle size limit.
The lower mass limit is a function of the system noise floor as
well as sample and fluid densities.

RMM is highly accurate with sub-femtogram sensitivity®"
and has the unique ability to discriminate and characterize
nanoparticle formulations with mixed populations of posi-
tively buoyant and negatively buoyant particles. In our
samples, which contain lipid-shelled nanobubbles (positively
buoyant with a density less than the surrounding fluid) and
lipid micelles/liposomes (negatively buoyant with a density
greater than the fluid), the RMM (Archimedes, Malvern
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Fig. 1 Principle of the resonant mass measurement system and the characterization of shell-stabilized nanobubbles. (a) Schematic diagram of the
resonating microfluidic cantilever. (b) When a particle travels through the microfluidic channel, the peak resonance frequency of the cantilever (Af,)
is altered. The mass of the particle can be determined by the peak frequency shift. (c) Representative size distribution plots for shell-stabilized nano-
bubbles. All positively buoyant particles were considered nanobubbles and had a mean diameter of ~290 nm. Negatively buoyant particles were also
detected and were assumed to be a combination of liposomes and large lipid aggregates that were not incorporated into the bubble shell. These
nanobubbles are small enough to move beyond the vasculature and into the tumor parenchyma potentially allowing for improved tumor detection
through multi-parametric ultrasound imaging. Mice bearing subcutaneous PC-3 prostate cancer tumors demonstrated better ultrasound signal dis-
tribution (Vevo 3100, FUJIFILM VisualSonics, 18 MHz) throughout a tumor cross-section with (d) nanobubbles compared to (e) clinically available

(Lumason®) microbubble contrast agents. The bright yellow-orange dots are ultrasound signals generated by the bubbles.

Instruments) simultaneously provides separate size distri-
butions for both particle types (Fig. 1c). Nanobubbles were
found to have a mean diameter of 290 nm with a typical range
between 100 and 600 nm. The negatively buoyant particles
detected were found to have a size ranging from 200 to 919 nm
in diameter. This size range is consistent with measurements
taken with DLS, which is limited compared to RMM due to its
inability to distinguish between buoyant and non-buoyant par-
ticles and it provides data on particle concentration.

Unlike clinically available shell-stabilized microbubbles
which are between 1 and 10 pm in diameter, nanobubbles are
small enough to extravasate from the highly permeable vascula-
ture regions in cancerous tumors. The ability to detect a subtle
difference in bubble distribution kinetics could potentially
allow for improved tumor detection through multi-parametric
ultrasound imaging. When injected intravenously into a sub-
cutaneous PC3 human prostate tumor-bearing mouse, nano-
bubbles (Fig. 1d, ESI Video 17) were found to have more detailed
and longer-lasting ultrasound signal distribution through the
tumor compared to the clinically available microbubble contrast
agent (Lumason®) (Fig. 1le, ESI video 27). This enhanced tumor
cross-section signal distribution improves the visualization of
the shape and extent of tumor parenchyma which could assist
in disease diagnosis, prognosis, and surgical planning.

The characterization of the physical properties of nanobub-
bles, such as concentration, size distribution, and stability, is
not only critical to ensure their clinical translation but also
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necessary to study how these parameters relate to their
response under ultrasound. Here, we used RMM to measure
the concentration of the buoyant population in our nanobub-
ble solution to study the effect of the concentration on contrast
enhancement. Ultrasound scans (Fig. 2a) were acquired at
various measured nanobubble concentrations using clinical
diagnostic ultrasound. The ultrasound contrast enhancement
(Fig. 2b) produced by these nanobubbles increased with their
concentration up to ~10° particles per mL. A further increase
in the nanobubble concentration resulted in a decrease of the
ultrasound signal due to acoustic shadowing (due to increased
ultrasound attenuation and/or nanobubble interactions).>>

In addition to their application as a diagnostic agent, there
is significant interest in the use of nanobubbles as chemother-
apeutic carrier vehicles due to their improved tumor distri-
bution and proximity to cancerous cells compared to micro-
bubbles (as microbubbles are intravascular contrast agents).
With strong interest in the use of bubbles as drug delivery
vehicles, their ultimate stability and in vivo kinetics are of
great importance. Nanobubble exposure to high power ultra-
sound disrupts the lipid shell membrane, leading to a loss of
gas and consequently a decrease in the ultrasound signal. We
have demonstrated that the remnant bubble shells reassemble
into lipid sheets, liposomes, and micelles.'® To investigate
these effects, we used RMM to characterize the structure of the
nanobubbles before and after their exposure to high-intensity
US. After exposure to high power ultrasound, a significant

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 In vitro characterization of signals from nanobubble under clinical ultrasound (AplioXG SSA-790A, Toshiba Medical Imaging Systems,

12 MHz). (a) Representative ultrasound images of nanobubbles at various concentrations with the topmost for gas-free PBS and the rest corre-
sponding to those in (b). (b) Quantitative ultrasound intensities (hormalized to gas free PBS) (n = 3) at concentrations diluted successively ten-fold in
between for each point from 7 x 10° to 7 x 10%°. Nanobubble disruption with high power ultrasound led to a decrease in their signal (c) as they were
destroyed. The average intensity (n = 5) before and after the application of high power ultrasound was quantified and shown in (d). The RMM of
bubbles (e) before and after the application of high power ultrasound indicated that 98% of bubbles were destroyed (n = 5).

decrease in the signal (Fig. 2c and d) was observed as the
nanobubbles were destroyed. RMM of the destroyed bubbles
(Fig. 2e) indicated a 98% decrease in the nanobubble concen-
tration. Nanobubble destruction with ultrasound also led to an
increase in the concentration (Fig. 2e and ESI Fig. S1}) of the
negatively buoyant particle population.

The small size and fragile nature of nanobubbles have
limited the characterization of their stability to correlations
with their loss of signals over time under ultrasound.
Ultrasound pulses, however, can induce a partial dissolution,
accelerating their dissolution process. To assess the passive
dissolution of nanobubbles, RMM was used to monitor the
change in the bubble concentration and size over time. The
in vitro US signal of the nanobubbles was measured every hour
for 5 hours to determine their stability over time (Fig. 3a). The
quantification of US signal enhancement showed a progress-
ively lower signal over time for the nanobubbles (Fig. 3b). The
corresponding RMM was also simultaneously performed to
determine changes in the diameter and concentration of
buoyant and non-buoyant particles in solution. Additional
representative outputs from the RMM including the frequency
shift and buoyant mass raw data are shown in ESI Fig. S2 and
S3,T respectively. A statistically significant decrease in the size
was observed 1 h after the nanobubbles were prepared and iso-
lated while no change in the size was observed after that
(Fig. 3c). The decrease in the size could be due to C3Fg gas
slowly diffusing out of the bubbles until a quasi-steady state
equilibrium is reached. A reduction in the bubble size due to a

This journal is © The Royal Society of Chemistry 2019

loss of gas could lead to a lower US signal enhancement. The
gradual decrease in the bubble size as a result of gas diffusion
(and not immediate total collapse/destruction) could likely be
the reason that no significant changes in the concentration of
buoyant and non-buoyant particles over time were detected fol-
lowing RMM (Fig. 3d). A likely reason for this could be that US
appears to be more sensitive to bubble concentration
especially for the larger sized bubbles, wherein gas dissipate
faster leading to bigger changes in the US signal over time.
Smaller sized bubbles, however, persist and may not be acti-
vated by US under low pressure conditions used in this study.
They are not acoustically active but still counted in the concen-
tration measurement using RMM. Thus, US signal enhance-
ment was statistically significant over time but the size (from
1-5 h) and concentration (from 0-5 h) were not.

In this study, we report the use of RMM for the characteriz-
ation of shell-stabilized bulk nanobubbles, which in our appli-
cation shows great potential as ultrasound contrast agents.
This technique presents the unique ability to rapidly detect,
count, and measure the buoyant mass of particles in the solu-
tion. In the case of lipid-stabilized nanobubbles, this tech-
nique can simultaneously measure the size and concentration,
and distinguish between buoyant particles (bubbles) and non-
buoyant particles (aggregated solids/lipids present in a
sample), which is critical in US contrast imaging where only
buoyant particles (bubbles) enhance the non-linear contrast
signal. One limitation of the RMM technique is the need to
know the density of the particle to determine its size.”?

Nanoscale, 2019, 11, 851-855 | 853
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Fig. 3 In vitro stability evaluation of nanobubble signal time decay under clinical ultrasound (AplioXG SSA-790A, Toshiba Medical Imaging Systems,

12 MHz). (a) Representative ultrasound images of nanobubbles at various time points (0-5 h). (b) Initial enhancement comparison of ultrasound
intensities at various time points (n = 3, p < 0.05). (c) Average size comparison for nanobubbles (buoyant and non-buoyant particles) at different time
points (n = 3, p < 0.01, NS means non-significant). (d) Comparison of the concentration of buoyant and non-buoyant particles at different time

points (n = 3, p < 0.05, NS means non-significant).

However, the density of the particle can be determined using a
RMM resonator by measuring the shifts in buoyant mass rela-
tive to the changes in the solution density.>*

In conclusion, the RMM technique is a revolutionary
technology that has fully addressed the inherent challenges
brought upon by the limitations of existing and established
methods used in bulk nanobubble characterization. It is an
innovative quantitative analytical tool capable of performing
comprehensive characterization of positively buoyant and
negatively buoyant particle samples, which overcomes prior
uncertainty regarding bulk nanobubble characterization, in
which the most significant of concerns is the ability to clearly
distinguish and quantify simultaneously the size and concen-
tration of buoyant and non-buoyant particles.
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