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Stimuli-responsive nanobubbles have received increased attention for their application in spatial and temporal resolution
of diagnostic techniques and therapies, particularly in multiple imaging methods, and they thus have significant potential
for applications in the field of biomedicine. This review presents an overview of the recent advances in the development of
stimuli-responsive nanobubbles and their novel applications. Properties of both internal- and external-stimuli responsive
nanobubbles are highlighted and discussed considering the potential features required for biomedical applications.
Furthermore, the methods used for synthesis and characterization of nanobubbles are outlined. Finally, novel biomedical

applications are proposed alongside the advantages and shortcomings inherent to stimuli-responsive nanobubbles.

1. Introduction biomedical diagnosis and therapy, especially NBs that are

responsive to light or ultrasound triggers.’> 16 NBs have
Nanobubbles (NBs) are typically considered a volume of gas or

attracted such considerable attention due to their excellent and
vapor surrounded by a liquid with a size similar to that of

unique properties such as small size, high surface-to-volume
nanoparticles (<1000 nm).1 NBs are often encountered in daily

ratio, longevity, electrostatic charge properties, surface
life, for example, as the tiny gas bubbles formed by mixing air in

adsorption, and acoustic properties.? Given the increasing
cold tap water.2* The concept of NBs can be traced back to the

interest in NB technology, its theory, synthesis, and applications
first discovery of aerogels in the 1930s.> Since then NBs have

have been discussed in previous reviews.1 18-22
been used for the removal of pollution from water by flotation,

With regard to the biomedical applications, NBs exhibit
8 for supplying oxygen-rich water to accelerate growth in

particularly interesting stimuli-responsive properties to
agriculture,? 10 for improving fuel combustion efficiency,! and

environmental or external triggers, such as ultrasound waves,
for saving energy by reducing flow resistance.12-14 Furthermore,

light, or changes in pH. These unique properties enable a variety
especially in the last decade, NBs have found application in

of biomedical applications, such as ultrasound imaging, drug

delivery, and therapy. While previous reviews have summarized

aAddress here. the theory, synthesis, and applications of NBs, they do not
b.Address here.
c Address here. reflect the current state of the art in NB research. An updated

t Footnotes relating to the title and/or authors should appear here.
Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x
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review is needed since a vast number of new research findings
in this field have been reported in the past 4 to 5 years (Fig. 1).
In this review, we begin with an introduction of the history of
both long-living and transient NBs. Next, we introduce the
properties of stimuli-responsive NBs which are closely
associated with the emerging biomedical applications. We also
discuss stimuli-responsive NBs that are triggered by externally
applied stimuli (e.g., ultrasound waves, light stimuli, mechanical
forces, temperature changes, and electric and magnetic fields),
endogenous stimuli such as pH, or multimodal stimuli. We
further review the methods for synthesis and characterization
of stimuli-responsive NBs and discuss various biomedical
applications where stimuli-responsive NBs are used. Finally, the

we discuss future perspectives and research directions in NB

technology.

2. History of NBs

The term “nanobubbles” was first used 20 years ago in the scientific
literature and patents (Fig. 1). Our literature search based on the ISI
Web of Knowledge identified only two articles relevant to
‘nanobubbles’ published in 1999. Our patent search of Espacenet
identified the first patent citing the keyword ‘nanobubble’ was
published in 2003. Although an identifiable community of
researchers working on NBs has been active only over a relative short
period, this research field has steadily attracted increasing interest in
the recent years, with more than 50% of the relevant papers and
patents published in the last 5 years alone (from 2015 to 2019). The
recent boom in research publications in the field of NBs is likely
attributed to the achievement of several major milestones in the
field, such as the first direct recording of NB images by atomic force
microscopy (AFM) in the year 2000.23 24 Importantly, in the titles of
the latter two articles, the bubble is explicitly described in nanoscale,
and the term ‘nanobubble’ was used for the first time, although
previous researchers hypothesized that a submicroscopic bubble
could exist. Subsequently, NBs were first explored as ultrasound
contrast agents in 2003 and 2004.2> 26 These initial milestone
publications likely convinced researchers that NBs actually existed
and had the potential for unique applications, which in turn

stimulated more and more interest in this field and resulted in a

significant increase in publication of articles and patents (Fig. 1).

2| J. Name., 2012, 00, 1-3

In this review, NBs are divided into long-living NBs and transient NBs
based on their life-span. Typically, long-living NBs are metastable and
are able to last for a few minutes to even a few months. Transient
lifetime between tens of

NBs are, instead, unstable with a

nanoseconds to a few seconds, depending on the external triggering

energy.
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Fig. 1. The annual number of published articles (a) and patents (b) on nanobubbles over

the last 20 years, according to the IS| Web of Knowledge and Espacenet, respectively.

As suggested by Seddon et al., long-living NBs could be classified into
surface NBs and bulk NBs in accordance with their properties and
synthetic processes (Fig. 2).18 Surface NBs are described as gas-filled
pockets on a surface in the form of a spherical cap (left panel in Fig.
2). The height of the nanobubbles is generally between 10 and 100
nm. Conversely, bulk NBs are stable spherical packages of gas within

a liquid with a diameter of less than 1000 nm (middle panel in Fig. 2).

Bulk NBs Transient NBs

Surface NBs

Fig. 2. Three categories of NBs.

Apart from long-living NBs, transient NBs also exist, and are
especially relevant for biomedical applications.27-30 Typically,
transient NBs can be generated by the local deposition of energy in
a short time by applying electric, acoustic, or laser pulses in a liquid
medium (right panel in Fig. 2) leading to cavitation or boiling.31-34 The
rapid growth and sudden collapse of transient NBs may result in the
quick build-up of high-energy density, high local temperature, or high
local pressure. Nonetheless, the overall liquid medium environment
remains constant at ambient conditions given the abrupt change
induced by the NBs is a very localized effect. This unique property of
transient NBs has attracted considerable attention for different

applications. For example, these NBs can be used to enhance the

This journal is © The Royal Society of Chemistry 20xx



chemical reactions within liquids or to propagate the generation of
free radicals due to dissociation of molecules trapped in the
bubbles.3> The generation of highly localized mechanical forces by
NBs triggered by pulsed laser light has also found biomedical
application, such as for local ablation of biological tissues or removal

of bacteria.36 37

2.1 History of long-living NBs

Two types of stable NBs have been discovered which have a long
lifetime. The first type of such long-living NBs are surface NBs, first
discovered in the 1980s when strong attraction forces between
hydrophobic surfaces immersed in water were observed over a range
longer than what could be explained by classical van der Waals
forces. In further studies it was found that this was due to
submicroscopic bubbles which bridged the hydrophobic surfaces.?*
24 These early findings marked the onset of research on NBs, as can
be seen from the rapid increase in the number of relevant
publications from then on (Fig. 1). To date, several research areas on
surface NBs exist, which can be summarized as follows: (1)
fundamental characterization of surface NBs, including measuring
physical characteristics of surface NBs, such as surface tension, and
examining stability in the presence of electrolytes and surfactants;
(2) technological development for generating surface NBs, including
direct immersion of a hydrophobic substrate into water,
temperature increase or pressure reduction at the surface of the
substrate, photochemical or electrochemical reactions, and
frequently used solvent exchange techniques; (3) development of
theories for describing surface NBs, including contamination theory,
dynamic equilibrium theory, and diffusive dynamics of pinned
surface NBs; and (4) applications of surface NBs, such as solvent
exchange for effective cleaning of silicon wafers in the electronics
industry. We kindly refer the interested reader to previous review

articles on surface NBs for more details on this particular topic.1? 22

38-41

Apart from surface NBs, research on bulk NBs has happened in
parallel, which could be divided into the following phases: (1) early
discoveries on bulk NBs since the 1960s; (2) a rapid increase in the
number of reports on their production and characterization since
2000; and (3) a rapid increase in the number of applications in the
past decade. Recently, many bulk NB applications have emerged in
various fields. First of all, because of their long lifetime and

compressibility, numerous publications have reported applications

This journal is © The Royal Society of Chemistry 20xx

related to ultrasonic imaging and treatment. Second, due to their

unique  physicochemical properties such as having an
electrostatically charged surface or allowing efficient surface
adsorption, bulk NBs have also been widely used for flotation in
mineral particle separation, waste-water treatment, oil separation,
or surface cleaning.*244 Third, the high pressure inside the bulk NBs
allows extremely high gas solubility, which has proven to be
beneficial for plants and animals in agriculture to supply oxygen and
air NBs to water.® The same NBs have proven beneficial for highly
efficient combustion of fuels, resulting in energy savings and reduced
generation of harmful gases.11 45 More recently stimuli-responsive
bulk NBs have also emerged, especially in connection with
biomedical applications that will be described in more detail in

Section 3.

2.2 History of transient NBs

Apart from long-living NBs, there exist transient NBs which have a
short lifetime. Research on transient bubbles and their dynamics has
a long history. Studies can be traced back to early research on
cavitation in the first half of the last century. But since the 1970s,
there have been numerous publications on the generation of
transient bubbles using focused pulsed laser light, electrical
discharge, high-powered ultrasound, or hydrodynamic cavitation,
which occurs in a flowing liquid as a result of a decrease and
subsequent increase in local pressure. However, most transient
bubbles are generated in a size range of micrometers to even
millimetres,*6-48 least in because the

probably at part

characterization methods have a limited spatiotemporal resolution.

Nevertheless it has been found that transient bubbles can also be
formed at nanoscale sizes. Although there are very rare reports on
transient NBs formed by pulsed lasers directly irradiating a liquid or
solution,*® many authors have reported that transient NBs can be
generated by a pulsed laser (typically in a pulse duration of nano-,
pisco-, or femto-seconds) in combination with photothermal NPs
such as gold NPs (AuNPs), or other photothermal nanomaterials such
as titanium nanostructures or carbon based nanomaterials, or even
organic molecules like hemoglobin.5% 51 Recently, it has been
reported that ultrasonication of electrolytes can also create transient
NBs, which are generated from the fragmentation of larger bubbles
near a glass surface by an acoustic field.52 The generation of transient
bubbles can also occur as a result of a decrease and subsequent

increase in the hydrostatic pressure that can be achieved by passing

J. Name., 2013, 00, 1-3 | 3



a liquid through a constricted zone at a suitable velocity. Reports on
transient bubbles generated by the so-called “hydrodynamic
cavitation” are traceable to approximately 10 years ago. Goedon et
al. reported a flow-through apparatus designed as a chamber-in-
chamber device for nanocavitation,%3 54 which further developed
into an industrial application of neutralization of oil at the nanoscale
(Nano Neutralisation™),35

Electrical discharges can also be used to generate transient NBs.
Svetovoy et al. described transient hydrogen or oxygen NBs, with
diameters smaller than ~150 nm and a lifetime shorter than 150 pus,
produced by water electrolysis using microsecond voltage pulses.33
Aogaki et al. reported that transient NBs could also be generated in
aqueous electrolyte solutions by an electric field with the assistance
of a magnetic field.5¢ In contrast to NBs produced by water
electrolysis, the authors suggested that NBs are created by a
magnetic field that induces the collision of ionic vacancies, which are

initialized by an electrode reaction in the electric field.

3. Stimuli-responsive NBs

When directed at biomedical applications, both long-living and
transient NBs have been developed that are generated by or respond
to a specific stimulus to produce a certain action or signal. Stimuli can
be external to the biological system to which the NBs are applied,
such as the application of ultrasound, light, mechanical forces,
temperature changes, electric fields, or magnetic fields.
Alternatively, stimuli can be internal to the biological system of
interest, such as a local change in pH. In this review we will divide
stimuli-responsive NBs into two classes: directly responsive NBs and
indirectly responsive NBs. Directly responsive NBs are pre-existing
(long-living) NBs whose size, shape, and other physicochemical
properties can be altered due to an energy input from the stimulus.
Indirectly-responsive NBs are instead formed by the stimulus itself,
which first triggers the nucleation of NB and further stimulates NB
growth and/or collapse in a liquid, subsequently inducing high local
mechanical forces or chemical reactions. Below, we will overview
both direct and indirect NB responses triggered by exogenous and

endogenous stimuli.

3.1 Ultrasound

Ultrasound sound waves have frequencies higher than that of human
hearing, ranging from 20 kHz to several GHz and have been

extensively studied and applied in stimuli-responsive microbubbles

4| J. Name., 2012, 00, 1-3

(MBs).>” These MBs act as echo-enhancers since high acoustic
impedance differences between gases and the surrounding medium
enables them to resonate at frequencies used in clinical ultrasound
imaging. When a bubble is stimulated by an ultrasound wave, the
core gas can be expanded and compressed with the applied

pressure’s rarefaction and compression, respectively (Fig. 3).

At low acoustic power, corresponding to a low mechanical index (Ml)
(the Ml is a unitless number that is defined as the peak rarefaction
pressure of the ultrasound wave divided by the center frequency of
the ultrasound wave), bubbles are symmetrically oscillating (Fig. 3a),
which is also known as non-inertial cavitation. At intermediate
acoustic power, bubbles present a uniform oscillation rate where
expansion and contraction phases become unequal as the MBs resist
compression more than expansion (Fig. 3b). This causes the return
signal to contain multiple echoes called harmonics. In comparison,
tissue has a relatively linear behavior due to its lower compressibility.
This enables a unique opportunity to fine-tune signal processing and
improve detection of the bubbles. At even higher acoustic power, the
oscillation amplitude of the bubbles can grow rapidly during the low
pressure phase, until the bubbles collapse due to the inertia of the
inrushing fluid, inducing high local temperatures and mechanical
forces generated by shockwaves or microjets (Fig. 3c).>® >° This

process is also known as inertial cavitation.
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Fig. 3. MB dynamics under ultrasound stimulation. (a) MB linear oscillation with a low

acoustic power for a low mechanical index (Ml); (b) MB nonlinear oscillation with a
medium acoustic power for a medium Ml; (c) MB collapse under a high acoustic power

for a high MI.

3.1.1 Ultrasound-direct-responsive NBs

Long-living NBs are well-known to respond to ultrasound stimuli. In
order to maintain the bubble in a stable state for prolonged periods

under ultrasound stimulation, the NB is structured as a core gas with

This journal is © The Royal Society of Chemistry 20xx
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a shell. A NB in solution (bulk NB) with a much smaller radius of
curvature presents a very high internal (Laplace) pressure which will
cause a rapid dissolution of the NBs. The presence of adsorbed
material at the gas/water interface (the shell) can reduce or oppose
the surface tension and thereby reduce or remove the driving force
for dissolution and maintain the stability and long-life of the NBs.%%
61 The shell typically includes surfactants, phospholipids, polymers,
or proteins.%267 |n addition, polyethylene glycol (PEG) can be
integrated to improve their stability, biocompatibility, and extend

the circulation time in the body.%8

Although many studies have reported numerous coating strategies
that can be used to stabilize NBs under ultrasound stimulation, the
mechanisms underlying ultrasound interaction with NBs are still
under investigation. Recently, Hernandez et al. reported the effects
of surface tension on the stability of NBs coated with phospholipids
under ultrasound stimulation and found the shell composition had a
substantial impact on membrane equilibrium surface tension.®®
Results from this study show a significant decrease in the NB
equilibrium surface tension through the incorporation of the
surfactant Pluronic L10. In addition, the selection of the type of gas
coreina NB s also critical to its stability. The use of a perfluorocarbon
(PFC) gas core rather than air, nitrogen, or sulfur hexafluoride (all
commonly used gasses in microbubble formulations) decreases
bubble dissolution time due to its low solubility in fluids like blood.
In Sections 4 and 5, we will introduce the techniques used for the
generation of these coated NBs and their biomedical applications like

biomedical imaging and drug delivery.

3.1.2 Ultrasound-indirect-responsive NBs

When ultrasound is used to irradiate bulk water solutions or
hydrated tissue, tiny vapor/gas bubbles can emerge from pulsed
ultrasound vibration. These types of indirect responsive MBs/NBs are

preferentially formed at low frequencies and high intensities.% 70,71

A type of ultrasound-indirect-responsive NBs is one in which
ultrasound stimulates the air filled gas core capped in nanopores in
a mesoporous nanostructure (Fig. 4).727> One of the most interesting
aspects in their biomedical application is that these NBs can be
stimulated by ultrasound at a very low intensity and can undergo
repeated nucleating cavitation reactions hundreds of times. As an
example, lJin et al. showed bubbles generated from
superhydrophobic mesoporous silica NPs with large surface areas

which could be sustained for at least 30 min at a Ml of 1.0, while lipid

This journal is © The Royal Society of Chemistry 20xx
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microbubbles only lasted for about 5 min at the same settings.”®
Sviridov et al. demonstrated repeated ultrasound- stimulation of NBs
from mesoporous silicon NPs leading to bubble collapse and energy

release in the NP’s vicinity.””

Airfilled gas core

US-repsonsive
in capped nanopores

\

/7

)

Mesoporous nanoprticle

Fig. 4. Ultrasound-responsive indirect NBs generated by ultrasound which stimulate the
gas trapped in the nanopores of a mesoporous silica nanoparticle.

Another approach of ultrasound-indirect-responsive NBs involves
the ultrasound-stimulated phase-change of nanodroplets to micro-
or nano-bubbles. To date, Perfluorocarbons (PFCs) used most
commonly in NBs are dodecafluoropentane (DDFP) or
perfluorohexane (PFH), which are liquids at room temperature.
When coated with a lipid or polymer shell, nano-emulsions of DDFP
and PFH are able to remain in solution at body temperature. When
the droplet cores are heated by ultrasound energy and the
temperature is higher than their boiling points (for DDFP [CsFi2],
boiling point 29°C), they vaporize and form MBs/NBs.”® However,
due to the Laplace pressure associated with the nanoscale size, quite
high ultrasound energies are needed, which possibly leads to
unwanted bioeffects.”?81 Although low-boiling-point PFC’s have
been proposed to lower the ultrasound threshold to about 4 MPa,82
remains a trade-off between

there lowering the acoustic

vaporization threshold and colloidal stability of the NBs.

3.13 Synthesis, characterization and biomedical applications

of ultrasound-responsive NBs

Ultrasound-direct-responsive NBs can be produced by both physical
and chemical methods, although chemical approaches are mostly
used for stabilization of shelled NBs. Examples of this include
application of a lipid shell by hydration of a thin lipid film or coating
with a polymer shell by emulsification. This is discussed in more
detail in sections §4.2.1 Hydration of a thin lipid film and §4.2.2
Polymer emulsification. Characterization of NBs is possible by light
microscopy techniques, electron microscopy or low resolution

methods like dynamic light scattering (DLS), as is discussed in greater

J. Name., 2013, 00, 1-3 | 5
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detail in sections §4.3.1 Light microscopy techniques, §4.3.2
Techniques with high spatial resolution, §4.3.3 Techniques with low
spatial resolution. When it comes to biomedical applications,
ultrasound-responsive NBs have been used the most by far. They
have been applied in bio-imaging including ultrasound imaging,
molecular imaging, multimodal imaging (§5.1.1 Ultrasound imaging,
§5.1.2 Molecular imaging, §5.1.4 Multimodal imaging), drug delivery
including anticancer drug targeted delivery, nucleic acid and
antibiotic delivery, delivery of therapeutic gases (§5.2.1 Anticancer
drug targeted delivery, §5.2.2 Nucleic acid delivery, §5.2.3 Antibiotic
delivery, §5.2.4 Delivery of therapeutic gases) and ablation of tumor
cells or biological tissues in section §5.3 Ablation of tumor cells or

biological tissues.

3.2 Light

Light is electromagnetic radiation. The electromagnetic spectrum of
light used as stimulus of NBs usually derives from UV to near infrared
wavelengths. The main light sources for optical stimulation of NBs

are continuous-wave (CW) or pulsed lasers.

3.21 Light-direct-responsive NBs

When pre-existing NBs are illuminated with light, they can produce
strong light scattering due to the refractive index difference at the
interface between gas and liquid (Fig. 5). This property has been
widely used to characterize long-living NBs or to detect the
generation of transient NBs. Many publications have reported that
long-living NBs can be detected by DLS to characterize their size.
Recently, nanoparticle tracking analysis (NTA) was proposed to
characterize the size and concentration of NB dispersions. NTA
extracts this information based on images of the diffusional motion
of individual NB which are visible through their scattered light.
Further, light scattering by NBs (targeted to cancer cells) has been
proposed to image cancer cells in vitro diagnostics. Bhandari et al.
reported that single oxygen NBs in single cells can be precisely

localized and tracked with dark field microscopy.83

3.2.2 Indirect-responsive NBs stimulated by CW light

CW light has been used to irradiate photothermal NPs such as
metallic NPs dispersed in liquids to generate transient vapor NBs that
emerge from the heated NPs. When the NPs are excited by a CW
laser at the resonance frequency of surface plasmons (i.e., the
collective oscillations of delocalized conduction electrons) with

sufficient power, it can result in a rapid rise in temperature at the

6 | J. Name., 2012, 00, 1-3

nanometer-scale in the vicinity of the particle surface, resulting in the
formation of a vapor layer at the particle-liquid interface that can
grow into so-called vapor NBs. Under continued illumination, the
vapor volume increases and may potentially coalesce with other NBs,
and eventually move to the liquid-air interface where the generated
vapor is released and the NPs revert back to the solution to repeat

the vaporization process.34 84 85

Fig. 5. A laser beam passing through a cuvette (a) without and (b) with NBs, showing

enhanced scattering when NBs are present. The figure is adapted from reference?®.

Recently, numerous studies have reported on the underlying process
of vapor NB formation from NP heated with a CW laser. Hou et al.,
for instance, did this for AuNPs.87 Based on (time-resolved) acoustic
measurements the authors found a clear echo signature could be
observed upon the formation of vapor NBs. To better understand
vapor NB generation, Fang et al. quantified the precise properties of
the liquid-vapor phase transition at the NP surface, such as
temperature, internal pressure, and size of the vapor NB formed
upon resonant CW laser excitation of AuNP. They did this by
combining dark-field scattering measurements of localized surface
plasmon resonance (LSPR) shifts with surface-enhanced Raman
scattering (SERS)-based temperature measurements.®* The authors
demonstrated that the temperature on the AuNP surface showed a
dramatic drop due to the formation of a nanoscale vapor layer which
thermally decouples the NP from the surrounding liquid. Conversely,
using molecular dynamics simulations, Lohse et al. demonstrated
that dissolved gas was one of the conditions required for nucleation
of a NB and investigated its impact on the NP growth dynamics.8 The
authors found that dissolved gas above a certain threshold
concentration could dramatically facilitate vapor NB nucleation due

to the formation of gaseous weak spots in the surrounding liquid.

3.23 Indirect-responsive NBs stimulated by pulsed light

This journal is © The Royal Society of Chemistry 20xx



When using intense short laser pulses (typically less than 10
nanoseconds), very high temperatures of NPs can be achieved before
heat can diffuse from the NP into the environment. Thus, the NPs
temperature can rapidly increase to several hundred or even
thousand degrees in less than a nanosecond, leading to the almost
instantaneous evaporation of the liquid layer surrounding the NPs
and resulting in the formation of transient vapor NBs. The vapor NBs
first expand and then collapse after having reached their maximal
size, causing a strong local mechanical effects like high-pressure

shockwaves or liquid jets (left panel in Fig. 6).50.89,90

The threshold fluence of a laser pulse to generate NBs is mainly
determined by the pulse duration and the characteristics of the NPs
including their size and shape. The laser fluence threshold for NB has
been discussed in several published reports experimentally and
quantitatively.?1-93 The most interesting finding was that the laser
fluence threshold is a function of the gold nanosphere’s diameter.
Metwally et al. used numerical simulations to study the physics of
bubble nucleation around gold nanospheres to provide a possible
explanation of the above findings.?* They found that the minimum
threshold for NB generation is achieved for gold nanospheres with a
diameter of approximately 60 nm. They further explained that higher
fluences are needed for smaller NPs due to rapid energy dissipation
to the surroundings (due to the high surface to volume ratio), and
the required fluence is also larger for larger NPs (>60 nm) due to the
nonlinearity of the absorption cross-section with particle size.
Lapotko et al. explored 10 nanosecond, 500 picosecond, or 70
picosecond pulsed laser light to irradiate gold nanospheres, gold
nanorods, or gold nanoshells.?>%7 They found that the threshold for
the formation of NBs significantly depended on the laser pulse
duration and the type of NPs used. The laser intensity threshold of a
10-nanosecond pulsed laser light was more than 10-fold higher than
for 500 picosecond pulses. This was due to the fact that thermal
equilibration and the onset of heat diffusion in the environment
occurred at the 100 picosecond timepoint. A large part of
nanosecond laser pulses, therefore, do not contribute to the sudden
rise in temperature that is needed for NB formation. The authors also
found that gold nano-shells often required much lower laser energy
than spherical AuNPs. Recently, Fales et al. further confirmed the
above findings and found that the threshold laser intensity for nano-
shells was the lowest and also pointed out that silica coated gold

nanorods could significantly reduce the NB formation threshold.>¢ By

This journal is © The Royal Society of Chemistry 20xx

incorporating low boiling point of PFC into the hollow gold nano-shell
interior cavity, the threshold laser intensity for the generation of NBs

can be further reduced by more than half.?8 %3

Recently, some studies have also reported on the dynamic response
of pulsed laser induced vapor NB around photothermal NPs.
Lombard et al. found that the temporal evolution of the NB is
asymmetrical with adiabatic expansion, while the collapse is an
isothermal evolution.1%0 A recent study reported that the NB dynamic
collapse occurs via two different mechanisms: a rapid partial bubble
collapse governed by vapor condensation or a slow diffusion-
controlled bubble dissolution.®! The authors found that a higher
laser fluence could lead to the generation of NBs containing more
water vapor

and whose collapse is dominated by vapor

condensation. Instead, longer pulses and more dissolved air
concentrations in the liquid can generate bubbles containing more
gas whose collapse is more greatly affected by diffusion-controlled
dissolution. Nonetheless, these studies focused on NB dynamics
around single individual NPs. Nakajima et al. showed that NP
concentration had an effect on NB dynamics stimulated by a pulsed
laser.192 Indeed, the pressure waves arising from NPs, even when the
inter-particle distance among NPs is as far as 30 um, can still

influence NB formation from neighboring NPs when irradiated at a

high laser fluence.

Laser pulse Near-field amplification

Nanoparticle heating

| l

Heat transfer Plasma recombination

N /
\& NB formation

Nanoplasma formation

Fig. 6. Light-responsive NB formation by heat transfer or plasma recombination under

pulsed laser irradiation. The figure is adapted from reference03.

When optical stimulation is achieved using a femtosecond laser
pulse, localized surface plasmon resonance could also induce a near
field enhancement of the NP. In these regions, plasma recombination
may occur from multiphoton ionization of the medium. The plasma

cools down by collision and recombination with water molecules,

J. Name., 2013, 00, 1-3 | 7



hence producing a quick temperature rise and pressure increase of
the water, which leads to the generation of a water vapor NB around
the irradiated NP (right panel in Fig. 6). The use of plasma-mediated
NBs was first reported by Meunier et al., who performed
femtosecond-pulsed laser (45 fs) irradiation of 100 nm gold
nanospheres.194106 Under these conditions they found that the
threshold of plasma-mediated NB formation is similar as thermal
induced NBs. Recently, the same group reported a multiscale
modeling computational approach to describe the generation and
dynamics of NBs induced using both heat transfer and plasmon de-
excitation mechanisms.193 Based on time-resolved imaging and
spectroscopy data, they demonstrated that the bubble size,
dynamics, and formation threshold can be quantitatively predicted

with acceptable error.

Of note, indirect-responsive NB can also be generated from a liquid
without photothermal NPs when strong laser pulses are used. When
using nanoseconds or picosecond laser pulses of sufficient fluence,
they can induce optical breakdown in the liquid resulting in bubble
formation, due to heating and subsequent local evaporation of the
water, and expansion. However, the size of these bubbles ranges

typically from tens to hundreds of micrometers.107, 108

Such bubbles can also be formed by femtosecond laser pulses which
induce plasma formation following a multi-photon absorption
process. Free electrons in the plasma thermalize within tens of
picoseconds. As this is much shorter than the characteristic time for
acoustic wave propagation out of the focal volume, the
thermoelastic stress caused by the temperature rise will be confined
to the focal volume. Subsequent propagation of the pressure wave
causes substantial tensile stress in the center of the focal volume. If
the tensile strength of the water is exceeded, a nucleation bubble
will be formed.*® Vogel et al. measured the maximal bubble size
growth caused by a femtosecond pulse laser at 347, 520, and 1040
nm irradiation in water and found the maximal radius ranged from

190 nm to 320 nm, which is much smaller than those generated by

pico- or nanosecond laser pulses.10?

3.24 Synthesis, characterizations and biomedical applications

of light-responsive NBs

Light-direct-responsiveness is an intrinsic feature of any NB.
Therefore, all synthesis methods reported sections §4.1 Physical

methods, §4.2 Chemical formulations are of relevance in this regard.
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Characterization of light-direct-responsive NBs is mostly performed
by light microscopy, electron microscopy or DLS (§4.3.1 Light
microscopy techniques, §4.3.2 Techniques with high spatial
resolution, §4.3.3 Techniques with low spatial resolution). However,
characterization of light-indirect responsive-NBs is mostly done by
low spatial resolution methods like light scattering for which their
short lifetime is less of an issue (see details in section §4.3.3
Techniques with low spatial resolution). Both light-direct- and
indirect-responsive NBs have been widely used in biomedical
applications, such as bio-imaging for diagnosis of diseases, drug
delivery, or tissue ablation for therapy. This is further elaborated in

sections §5.1 Biomedical applications, §5.2 Drug delivery, §5.3

Ablation of tumor cells or biological tissues).

3.3 Mechanical forces

Herein, mechanical forces are referred to as the application of a load,

shock waves, or hydrodynamic pressure.

3.3.1 Mechanical force-direct-responsive NBs stimulated by a

load

Several studies have reported responses induced by surface NBs
when stimulated by applying a load with an AFM tip. It was observed
that the NB gas-liquid (water) interface behaved like a Hook spring
with a stiffness between 60 and 120 pN/nm, close to the surface
tension of the air-water interface (~72 pN/nm).110-112 | arger NBs
were slightly softer than the smaller ones possibly due to a smaller

Laplace pressure.

nanobubble

Height (nm)

300

400
b Width (nm)

500 600

Fig. 7. AFM height images of a nanobubble in Peak Force (Fp) mode. (a) Successive AFM
images captured for peak forces Fp = 0.5, 3.0, 5.0 nN. A final scan was taken at Fp = 0.5
nN, showing that the objects were not destroyed by the scanning. (b) Cross-sectional
profiles of the nanobubble as indicated top left panel (a). The figures are adapted from

referencel!?,

Through a combination of a tapping, lift, and force volume mode
AFM study, Walczyk et al. found that the strength and the magnitude
of the bubble deformation were not the same over the entire surface
of the NBs, but rather depended on the position of the tip on the

bubble surface, and also determined that the effective surface
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tension of the NB was not uniform.114 They also reported that NBs
deformation occurred more severely with hydrophobic AFM tips
than with hydrophilic tips. Recently, using AFM in peak force mode,
An et al. found NBs were completely pushed against the surface
which resulted in a complete disappearance of the height profiles at
Fp = 5.0 nN, even though they were not physically moved or

destroyed (Fig. 7).113

3.3.2 Mechanical force-direct-responsive NBs stimulated by

shock waves

A shock wave-induced collapse of a pre-existing gas or vapor NB in
water was reported by several publications mostly by using
molecular dynamics simulations. Vedadi et al. observed a focused jet
at the onset of bubble shrinkage and a secondary shock wave upon
bubble collapse.!’> The jet length scaled linearly with the NB radius,
as observed in experiments with micro- to millimeter sized bubbles.
Subsequently, the same group reported a shock wave-induced
collapse of NBs near an amorphous silica surface and found the
surface to be pitted by the water jet, which produced pits of similar
size as the bubble.11® The authors further pointed out that gas filled
NBs did not collapse completely and induced much less damage to

the silica surface as the nanojets were much weaker than those

resulting from the collapse of empty NBs.

) H

b Shock wave

Blood-Brain Barrier

Fig. 8. (a) Shock wave induced NB collapse interacting with a cell membrane. Two-
dimensional water density maps showing the collapse of a NB after the shock wave
passage. (b) Shock wave induced NB collapse interacting with a blood-brain barrier tight

junction. The figures are adapted from references.t7. 118

Berkowitz et al. performed molecular dynamics simulations of cell
membrane poration following shock wave-induced NB collapse.11?
They found that the shock wave first hit the cell membrane, which
was followed by the generation of a nanojet leading to the poration

of the membrane (Fig. 8a). However, in the absence of the NB, a

This journal is © The Royal Society of Chemistry 20xx
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shock wave alone, even with an impulse as high as 18 mPa, could not
create a pore in the membrane. The same group also reported that
based on their simulations, a shock wave-induced NB collapse could

also open a blood-brain barrier tight junction (Fig. 8b).118

Recently, Zhang and Joshi extended these studies to multiple NBs.
They found that the collapse of multiple NBs not only led to the
creation of larger pores, but also increased the pores density on the

cell membrane.119

333 Mechanical force-indirect-responsive NBs stimulated by

hydrodynamic pressure

The variation of hydrodynamic pressure through a constriction
channel (i.e., a Venturi orifice) can also stimulate the generation of
cavitation bubbles and is typically known as hydrodynamic
cavitation.’2 When hydrodynamic cavitation is nucleated in the
channel, the response of the bubble can be inertial or non-inertial

cavitation upon stimulation by ultrasound.

334 Synthesis, characterizations and biomedical applications

of mechanical force-responsive NBs

The mechanical force-direct-responsive NBs are mostly fabricated by
physical methods like the straight-forward solvent exchange
methods (see details in section §4.1.6 Solvent exchange). Most of the
methods reported in section 4 are well-suited to characterize this
type of responsive NBs. Mechanical force-responsive NBs have been
used in biomedicine, for instance for the ablation of biological tissue.
One example is that of indirect-responsive NBs which are induced by

the hydrodynamic pressure that is applied for destroying kidney

stones (§5.3 Ablation of tumor cells or biological tissues).

3.4 Temperature changes

NBs have been reported to respond to temperature changes of the

bulk solution liquid of the NBs dispersion.

34.1 Temperature-responsive NBs stimulated by temperature

changes above the freezing point

Several studies have described the influence of temperature on
surface NBs. When the bulk water temperature increased from 20 to
50°C, there was a significant increase in the surface density of NBs in
the temperature range of 30 to 35°C. The bubble size was found to
be maximal between 35-40°C.12L 122 Thjs is probably due to the
minimal solubility of air in water at this temperature range resulting

in the largest saturation level.122 When the bulk water temperature
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returned to ambient conditions (20—-25°C), the formed NBs retained

their structure.

A similar result was also observed for bulk NBs. Ahmadi and Darban
reported that the size of NBs created by hydrodynamic pressure in
Venturi tubes increased from 200 nm to approximately 350 nm, and

was associated with a temperature increase from 20 to 40°C.124

3.4.2 Temperature-responsive NBs stimulated by changes in

temperature below the freezing point

While most publications have evaluated temperature changes above
the freezing point, recently Nirmalkar et al. observed that bulk NBs
in a pure water suspension, which were produced by an acoustic
cavitation technique at room temperature of 20°C, disappeared after
freezing to -18°C and thawing of the suspension (Fig. 9).12°> A possible
explanation is that NBs are forced to move and coalesce or
agglomerate in the growing presence of ice crystals, leading
eventually to the rupture of the NB interface. Indeed, when a
sufficient amount of surface-active agent is added to the NB
suspensions in pure water before freezing, the NBs were shielded
against the effects of freezing and thawing and could prevent the
collapse of NBs, which are entirely preserved by the surface-active
agent. As this property of NBs disappearing after freezing and
thawing of the suspension is considered an intrinsic feature of NBs,
it has also been applied to distinguish NBs from contaminants such

as solid NPs or nanodroplets.126
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Fig. 9. Response of NBs by temperature changes below the freezing point. (a) A typical
image showing the freezing and thawing of bulk NBs and (b) the quantified concentration
of NBs suspensions generated in pure water at different sonication times. The figures are

adapted from reference.?®
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3.43 Synthesis, characterizations and biomedical applications

of temperature-responsive NBs

The temperature-responsive NBs are typically made by physical
methods (see section §4.1 Physical methods ). Typically, light
microscopy techniques and DLS are used to characterized to these
NBs (see sections §4.3.1 Light microscopy techniques, §4.3.3
Techniques with low spatial resolution). Temperature-responsive

NBs have not been used in biomedicine so far.

3.5 Electric fields

Electric field-responsiveness of NBs is another intrinsic feature of

long-living NBs that often have a certain surface charge.

3.5.1 Electric field-direct-responsive NBs

Long-living NBs often have a negative charge, although their surface
charge is determined by the pH of the solution, salt concentrations
in the solution, or by their surface coating. Surface charges cause
bulk NBs to move in the liquid in response to an electric field, for

instance allowing to determine the NB’s zeta potential.
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Fig. 10. Response of surface NBs to an external electric field in terms of size and
concentration. AFM height images and corresponding histograms of the size distribution
of surface NBs on a polystyrene surface as a function of an applied electric field of (a) 0
Vand (b) 40 V in distilled (DI) water; and (c) geometrical distribution of NBs as a function
of the applied electric field on the PS surface in DI water. The figures are adapted from
reference.1?’

Conversely, external electric fields could also have an effect on
surface NBs. For instance, Bhushan et al. characterized the electric
field effect (0—60 V) on the responses of surface NBs generated on
hydrophobic polystyrene (PS) films immersed in distilled water using
AFM.127 As the positive voltage increased, the average diameter of
the resultant NBs increased while the total count of the NBs
decreased. The possible reason is that the applied electric field pulls
the negatively charged surface NBs towards the surface and results

in aggregation leading to an increase in the size of NBs and a decrease
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in the total count, despite the almost constant total area covered by

NBs (Fig. 10).

In contrast, Wu et al. recently simulated the effects of an external
electric field on carbon dioxide (CO,) NBs at the surface of
hydrophobic particles using molecular dynamics simulations and
found that the external electric field can reduce the size of NBs.128
They proposed it was possible because the active gas molecules
stimulated by the external electric field can escape from the bubbles
to the water, which results in a decrease in size. While this seems to
contradict the experimental findings by Bhushan et al., the studies
are based on different experimental conditions. For example, the size
of NBs are tens of nanometers in diameter in the Bhushan et al.
experiments, which are more than ten-fold larger than the NBs
simulated by Wu et al. In addition, Wu et al. only simulated single

NBs and did not consider interactions of NBs with each other.

3.5.2 Electric field-indirect-responsive NBs stimulated by

electrolysis

Under an electric field, a large quantity of gas molecules can be
generated in electrochemical reactions and produce either surface
or bulk NBs through electrolysis due to the substantial gas

supersaturation near the electrode’s surface.

Zhang et al. reported the earliest direct experimental observation of
surface NBs produced by electrochemical reactions using a
combination of an electrochemical reaction cell and in situ AFM in
the tapping mode.’?® The study showed that the formation and
growth of surface NBs on highly oriented pyrolytic graphite (HOPG)
could be controlled by the applied DC voltage (-1.4 to -2 V). A
greater number and larger bubbles formed after a longer reaction
time for a given applied potential and likewise under a higher
potential for a given reaction time. In order to overcome the larger
surface area of the working electrode and induce the distribution of
a highly nonuniform electric field over the HOPG surface, which
would adversely affect the control of gas saturation and thus
eventual NBs nucleation, nanoscale electrodes were developed to
generate single NBs of hydrogen (H;), oxygen, and nitrogen of radii

ranging from 2.5 to 90 nm on nanoelectrodes.129-133

However, these experiments lacked the spatial resolution to explain
the process of nucleation and formation of NBs and their shape.
Recently, Sirkin et al. studied the process of nucleation of NBs on
simulations.’3*  The results

nanoelectrodes using molecular

This journal is © The Royal Society of Chemistry 20xx

confirmed that the surface or bulk NBs nucleate through the classical
mechanism of gas molecule supersaturation (Fig. 11a). Competition
between binding of water and gas to the electrode determined

whether it resulted in a bulk NB or surface NB (Fig. 11b).

2.Nucleation

1.Induction
and growth

> 3. Stationary
stage

state

Bulk NB Surface NB

..

b

Fig. 11. (a) Snapshots of three different stages of formation of a surface NB: induction,
nucleation and growth, and the stationary state. (b) A solution nucleates homogeneously
close to the electrode and does not bind to the surface or block the electrochemical
reaction (left panel); NBs nucleated at the electrode in heterogeneous remains attached
to the electrode, blocking the electrochemical reaction (right panel). The figures are

adapted from the reference!.

Ghaani et al. recently reported a method for massive generation of
metastable bulk NBs in water using static electric fields (~12 kV/m),
which has great potential for applications in biomedicine for the
production of oxygen NBs for oxygen delivery.13> They claimed that:
1) this method has a much lower energy expenditure of as low as 0.3
W h/m3 in comparison with other available advanced systems
requiring typically ~40 W h/m3; and 2) much a higher throughput of
NBs is generated achieving ~25-35 mg/L of dissolved oxygen at
standard temperature and pressure, which is much higher compared

with typical levels of no more than 2 mg/L.

The above studies focused on the use of a constant DC electric field
to trigger NB nucleation and growth. Instead, DC or AC electric fields
with frequencies between 20 and 100 kHz can also be used for
electrolysis and thus are able to electrochemically generate transient
NBs with H,, oxygen, or their mixture, to densely cover the
electrodes.136-139 |t has also been shown that the resulting violent

implosions of NBs/MBs can damage platinum electrodes.

3.5.3 Synthesis, characterization and biomedical applications

of electric field-responsive NBs

Since electric field-responsiveness of NBs is an intrinsic feature of
long-living NBs, all of the synthesis method reported in section 4 are
suited to fabricated this responsive NBs. Also all of the
characterization methods reported in section 4 are suitable to
characterize these responsive NBs. This responsiveness to electric
fields has been widely used to characterize NBs in terms of size or

zeta potential, which are two of the most important features of NBs
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designed for biomedical applications (see section §5. Biomedical
applications). Conversely, indirect-responsive NBs generated by
electric fields are reported to be a promising method for high
throughput generation of NBs that can be used in biomedical

applications (see section §5. Biomedical applications).

3.6 Magnetic fields

Typically, pre-existing gaseous NBs are required to be further
modified to become responsive to a magnetic-field. Conversely,
indirect-responsive NBs generated by a magnetic field have also

been produced.

3.6.1 Magnetic field-direct-responsive NBs

In order to render pre-existing NBs responsive to magnetic fields,

they normally require coating with magnetic materials like

iron oxide or gadolinium, which can be

ﬁ

superparamagnetic

embedded in the NB shells.140-142
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Fig. 12. (a) Transmission electron microscope images of NBs prepared with different
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amounts of ultrasmall superparamagnetic iron oxide (0, 0.4, and 1.6 mg) from left to
right. (b) The magnetic properties of paclitaxel-ultrasmall superparamagnetic iron oxide-
embedded NBs. The figures are adapted from reference*..

NBs modified with such magnetic elements can be moved and guided
to a specific location by an external magnetic field, e.g. for drug
delivery. For example, Huang et al. guided NBs coated with
superparamagnetic iron oxide NPs embedded in a silica shell to a
specific brain area of mice by applying a magnetic field in vivo. The
local accumulation of NBs in the vasculature caused a targeted
disruption of the blood-brain barrier and achieved drug delivery in
the brain.1#% Conversely, NBs modified to be magnetic-responsive
can also be used as contrast agents for MRI. Song et al. described
ultra-small superparamagnetic iron oxide embedded NBs (Fig. 12a);
a lack of hysteresis confirmed their superparamagnetic nature (Fig.
12b).141 These results showed that NBs with magnetic-responsive
properties had a coercivity value of 7.48 Oe, which suggested that
these magnetic NBs exhibited superparamagnetic and a
monodomain behavior, indicating that, when the magnetic field is

removed, they will exhibit nonpermanent magnetization for T2-

12 | J. Name., 2012, 00, 1-3

weighted MRI. Finally, as NBs are intrinsically responsive to
ultrasound, the magnetic-responsive NBs can be used as multimodal

imaging contrast agents.142

3.6.2 Magnetic field-indirect-responsive NBs

While the formation of NBs by the application of a magnetic field
alone has not been reported so far, they can be formed in a
combined electro-magnetic field, as induced by a solenoid coil.143 144
Although the exact mechanism involved in the nucleation of NBs
under electromagnetic fields is not well known, Vallee et al.
proposed that the external electromagnetic field can enhance the
adsorption of ions at the gas-liquid interface and can induce the
generation of a shell of counterions that further induce the

formation of NBs and improve their stability.143

3.6.3 Synthesis, characterization and biomedical applications

of magnetic field-responsive NBs

Magnetic field-direct-responsive NBs are typically fabricated by
chemical means because magnetic materials like superparamagnetic
iron oxide or gadolinium should be incorporated into the NB’s shell
(see section §4.2 Chemical formulations). This type of NBs are often
characterized by electron microscopy to visualize the embedded
magnetic materials in the shell or by DLS to measure their size (see
section §4.3.2 Techniques with high spatial resolution). Such
magnetic field-responsive NBs have been reported to be useful for
biomedical applications including magnetic resonance imaging (MRI)
imaging or magnetic-guided drug delivery (see details in sections

§5.1.4 Multimodal imaging, §5.2.4 Delivery of therapeutic gases).

3.7 pH changes

The response of a NB to a change in pH is an intrinsic feature, as will

be explained in this section.

3.7.1 pH-direct-responsive NBs

Uncoated MBs/NBs in aqueous media typically have negative
charges on their surfaces, because the cations are more likely
hydrated and thereby have a tendency to stay in the aqueous
medium, while the smaller less hydrated and more polarized anions
trend to be adsorbed on the bubble surface.145-148 The zeta potential
of uncoated NBs in an aqueous solution is greatly affected by the pH
of water and tends to decrease (more negative) with increasing pH
values (Fig. 13). Considering the study by Calgaroto et al. as an

example (square dots in Fig. 13a), the zeta potential of gaseous NBs
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is about -10.0 mV at pH=6.5. At such a pH value, the concentration
of the OH™ ion is equal to that of H*. However, the positive ions (H*)
preferentially remain in the bulk aqueous phase leaving space at the
gas-liquid interface of the NB for negative ions, a phenomenon called
“negative adsorption” or “proton exclusion”.14® When the pH value
is decreased, the concentration of OH™ exponentially decreases,
while the H* concentration greatly significantly increases, resulting in
a decrease of the negative charge density at the NB surface, which
may even reverse the net NB surface charge. Thus, as a result, the
zeta potential of NBs exhibits a positive value in very strong acid
solutions. The opposite happens when the pH of the solution

increases above 7, leading to highly negatively charged NBs.

However, when a solution contains surfactant molecules such as the
anionic surfactant sodium dodecyl sulphate (SDS), the tendency of
the NB’s zeta potential to decrease with increasing pH becomes
much less significant (Fig. 13b). The reason is probably that SDS
surfactants with their negative hydrophilic head become adsorbed
through electrostatic forces with the polar head towards the bubble
(which has a positive charge at low pH), causing a change in the NB’s

zeta potential.**
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Fig. 13. (a) Zeta potentials of MBs/NBs as a function of pH. (b) Zeta potential of bubbles
as a function of pH in the presence of sodium dodecyl sulphate (SDS). The different
symbols show results from different independent studies. The figures are adapted from

reference®.

Some studies have reported on the influence of pH on the size of NBs.
Calgaroto et al. determined that the size of long-living bulk NBs
increased with pH, growing from an initial size of 150 nm at a pH of
2 to a maximum of 720 nm at a pH of approximately 4.5, where NBs
are almost uncharged (5 mV). Their study showed that the higher
charge of the NBs, the smaller their size, especially at low pH
values.*4 However, Cho et al. observed that the size of NBs did not
depend on the pH.13 Nirmalkar et al. found that above pH 4, the
bubble size is more or less unaffected by pH changes, but when pH is
below 4, the bubble diameter increases significantly as the pH
decreases further.126 The reason for these seemingly contradicting

results is probably because different methods of NB formation were

This journal is © The Royal Society of Chemistry 20xx
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used: depressurization of saturated air water, ultrasonication, and

hydrodynamic cavitation.

The pH-dependent response of NBs can be modified depending on
the coating that is applied. It has been reported that pH-responsive
NBs are made by coating with acetalated dextran with acetal
moieties, which consist of a pH-sensitive polymer that respond to
minor changes in pH (Fig. 14).151-13 |ts pH-responsive property
enables the release of oxygen to overcome the hypoxic conditions in
the tumor microenvironment, by taking advantage of the slight
difference in pH between healthy tissues (~7.4) and the acidic

extracellular environment of solid tumors (6.0-6.5).
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Fig. 14. (a) Oxygen NBs enclosed by the acetalated dextran polymer shells in response to
a drop in pH. (b) In vitro oxygen release kinetics of the oxygen NBs incubated at pH 6.5
and 7.4. (*p <0.05). (c) Optical images of the oxygen NBs stored in a neutral solution (pH

7.4) and an acidic solution (pH 6.5) for 3 h. The figures are adapted from reference!s3.

Conversely, Li et al. described NBs coated with a shell composed of a
mixture of poly(lactic-co-glycolic acid) (PLGA) and oleylamine.142
When the pH of the environment changed from 7.4 to 5.0, the zeta
potential of NBs changed from -11.6 mV (pH 7.4) to 6.2 mV (pH 6.4)
and 13.7 mV (pH 5.0). These results indicated that the NBs presented
pH-dependent charge-switchable behavior. The authors further
presented the cumulative release of the drug fluorouracil (5-FU)
from the NBs, which reached 9.3% (pH 7.4), 27.3% (pH 6.5), and
42.3% (pH 5.0) in 48 h. The NBs having a pH-dependent drug-release
capacity presented greater 5-FU release at lower pH values, probably
because the surface of the NBs underwent greater protonation at
more acidic pH values, which in turn triggered greater 5-FU release

in the acidic environment.

3.7.2 pH-indirect-responsive NBs
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pH changes can also be used to generate NBs in combination with
gas-generating agents like sodium bicarbonate (NaHCO;) or
ammonium bicarbonate (NH4HCOs3).154 155 Using a water-in-oil-in-
water (W/O/W) double emulsion method, the PLGA shelled
nanoparticles were created with an aqueous core compartment
containing drugs and NaHCO3 or NH4HCOs, which serves as the gas-
generating agent (Fig. 15). When these nanostructures are present
in acidic conditions, the H* ions infiltrate into the nanostructure and
induce the formation of gas NBs due to the reaction with NaHCO3 or

NH4HCO;3 to form CO,, which finally causes the rupture of the shells

and triggers the release of the encapsulated drug.
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Fig. 15. (a) Schematic illustration of the structure of pH-responsive PLGA nanoparticles
and indirect NBs generated in the acid solution. (b) SEM and TEM images of pH-
responsive PLGA nanoparticles. (c) pH-responsive PLGA nanoparticles incubated in test

media with different pH values at 37°C. The figures are adapted from reference?*.

3.7.3 Synthesis, characterizations and biomedical applications

of pH-responsive NBs

As the response of a NB to a change in pH is an intrinsic feature, pH-
responsive NBs could be made by both physical and chemical
methods. However, chemical methods are used the most to apply a
suitable shell to the NBs for obtaining a specific pH-response and to
provide stability for biomedical applications (see details in section
§4.2 Chemical formulations). Electron microscopy is typically used to
this visualize such shelled pH-responsive NBs, while DLS is used to
measure their size (see sections § 4.3.2 Techniques with high spatial
resolution, § 4.3.3 Techniques with low spatial resolution ). Both
directly and indirectly pH-responsive NBs have been used for
biomedical applications. For example, direct pH-responsive NBs have
been applied for delivery of therapeutic gases, such as oxygen
delivery for cancer therapy (section §5.2.4 Delivery of therapeutic

gases). Indirect pH-responsive NBs have also been described for
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applications involving the controlled-release of drugs (see section

§5.2.1 Anticancer drug targeted delivery).

3.8 Multimodal stimuli-responsive NBs

Generally speaking, NBs are intrinsically endowed with bimodal
responsiveness: they scatter light and have acoustic properties. As
an example, transient NBs generated by a laser pulse irradiating
hemozoin nanocrystals produce both optic and acoustic responses
(Fig. 16): a bright flash in a time-resolved optical scattering image and
an acoustic response, both of which can be detected in a time-

resolved manner.156
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Fig. 16. (a) (left) Bright field image showing a cell before laser irradiation and (right) a
darkfield image showing localized scattering from a laser-induced NB; the cell boundary
is indicated in red. (b) Time-resolved optical signal of the laser-induced NB and (c) the

resulting acoustic traces. The figures are adapted from reference®s®.

In addition, NBs can be further modified to achieve additional multi-
modal responses. For example, Huang et al. embedded
superparamagnetic iron oxide nanoparticles (SPIONs) in the shell of
NBs to create a magnetic and ultrasound dual-responsive NB for
multimodal imaging by ultrasound and MRIL.10 Recently, similar
NBs have also been

multifunctional reported by others.157

Furthermore, some studies have even developed NBs with
quadruple-mode responsiveness.142 158 159 Both Luo et al. and Li et
al. reported the development of ultrasound-, magnetic-, and
fluorescence-responsive NBs for multimodal imaging. The NBs were
coated with PLGA to which a fluorescence dye and the magnetic-

responsive materials, such as SPIONs, were directly conjugated; or

alternatively these compounds can be encapsulated in the NBs.

4. Synthesis and characterization of stimuli-

responsive NBs
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In this section, we will first overview the methods used for synthesis
of stimuli-responsive NBs and then describe the techniques applied
for their characterization. Considering that the methods for
formation of indirect responsive NBs have already been discussed in
the previous section, we will only focus on methods used for the
synthesis of direct-responsive NBs in bulk solutions. We have divided

these methods into physical production and chemical formulations.

4.1 Physical methods

4.1.1 Ultrasonication

Bulk MBs/NBs can be generated by ultrasound by directly irradiating
pure water solutions or aqueous solutions of surfactants. As shown
in Fig. 17, the typical protocol for the generation of NBs by
ultrasonication is as follows:14% 150, 160, 161 (1) gqueous samples are
first filtered to remove any dust or particles in the solution; (2) the
solution is irradiated by ultrasonication in a frequency range of 10—
1000 kHz and an output power ranging from a few tens to hundreds
of Watts; and (3) after sonication, the NBs are further selected from
the bubble mixture either by centrifugation or are simply left to stand
for a few hours to remove MBs, which rise more rapidly to the

solution surface.

NBs : ’
generation 1230

® 22kHz| Ultrapure water, 15 W
B 43kHz
A 129kHz
V¥ 488 kHz|
4 1 MHz

NBs concentration (mL")
- )
>

Ultrasonic
a transducer b

Irradiation time (min)

Fig. 17. (a) Schematic illustration of NBs generated by ultrasonication; (b) The effect of
ultrasonic frequency on NB generation in ultrapure water at 15 W. The figures are
adapted from reference®?,

NBs with diameters of tens to hundreds of nanometers can be
generated using this method. The ultrasonic power and frequency
exert a substantial effect on the NBs concentration and diameter.
Yasuda et al. found that the NBs concentration increased with
increasing ultrasonic power and decreasing frequency, while the
concentration of NBs also increased with irradiation time and

gradually approached an equilibrium value of ~1.5 x109/mL. 161

Furthermore, bulk NBs can be generated by applying ultrasonic

irradiation to previously formed MBs in liquid by inducing the

This journal is © The Royal Society of Chemistry 20xx
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collapse of MB, which results in the formation of smaller NB.162, 163
Regardless of which of the above-mentioned methods is used, NBs
always need to be separated from a mixture of MBs and NBs; but

even then, the selected NBs still retain a multimodal size distribution.

4.1.2 Pressure-based methods

Based on the principles of Henry’s Law, whereby the amount of
dissolved gas in a liquid is proportional to its partial pressure above
the liquid, pressure-derived methods can be developed to generate

NBs having different types of gas cores in a liquid.

Gas flow
2]
3o meter
-}
232
=2
SE S
52 5 Pressure
Ng tank
z

Fig. 18. Schematic illustration of NBs generated using the pressure-based method. The

figure is adapted from reference.164

NB production occurs as follows (Fig. 18): (1) a gas such as oxygen,
nitrogen or air is introduced and mixed with water by a pump; (2) the
water and gas mixture is subjected to high pressure (typically in 0.2—
0.4 MPa) in a pressurized tank in order to increase the dissolution of
gas in the water; (3) the supersaturated gas solution is depressurized
under atmospheric pressure leading to the nucleation of the bubbles;
(4) NBs are generated which are then expelled through a nozzle or a
porous ceramic tube at the outlet; and (5) the above procedures are
repeated until the desired concentration of NBs in the water is
achieved. This method can produce a high concentration of NBs in
large scale and has been introduced as a method of industrial
generation of NBs by Iwaki Co. Ltd., Japan and by AS ONE

Corporation, Osaka, Japan.

Alternatively, the pressurized gas-liquid mixing step can be omitted
by simply starting from an unsaturated gas-aqueous solution at
normal temperature and pressure. Upon lowering the pressure
below atmospheric conditions, the solution eventually becomes a
supersaturated gas solution, and extra gas molecules might be
released and aggregate into bubbles.165 With this method it was
found that the concentration of the NBs first increased and then
decreased as a function of the decompression time, while the size of

the NBs increased during this decompression process.
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Recently, there have been a few reports describing repeated
compression-decompression to control the production of NBs.86 166,
167 Bulk NBs are produced by repeatedly pressurizing gas into the
solution followed by depressurization. Jin et al. suggested that MBs
of about 10-50 pum in size formed during the first decompression
step and then decreased to become nanoscale-sized during
compression.1®6 Wang et al. further pointed out that the size of the
formed NBs decreased over time if a constant frequency of
compression-decompression cycles are applied, so that size-

adjustable NBs can be formed by controlling the operating time.86

413 Hydrodynamic cavitation

A method of hydrodynamic cavitation has also been proposed to
produce bulk NBs in high concentrations and of uniform size.126, 168-
172 Hydrodynamic cavitation can occur inside a chamber tube (as
shown in Fig. 19) when a gas-water solution passes through a
constricted region into a region with lower pressure, leading to the
nucleation of bulk NBs. According to Bernoulli’s principle, an increase
in the velocity of a liquid flow due to a reduction in the area leads to
a decrease in liquid static pressure. When the local pressure falls

below the vapor pressure of the liquid, tiny bubbles nucleate in the

liquid.
Pressure Cavi Bubb
drop d lap
[ —
P, P,

Pressure

Flow direction

Fig. 19. Schematic of the flow and pressure distribution in a hydrodynamic cavitation
device.

Based on a hydrodynamic cavitation method, Maeda et al. developed
an ultrafine bubble generating system in which bubbles are
generated from a gas-liquid mixture that passes through a pipe with
changing cross-sectional area.1%8 Michailidi et al. in turn generated
air and oxygen bulk NBs with a narrow-size distribution using a
counterflow hydrodynamics approach.72 Pourkarimi et al. studied
the effects of various factors such as gas flow, changes in pressure in
the cavitation nozzle, gas types, and changes in the Venturi tube
internal diameter on the concentration of NBs and the resulting

diameters.1%%. 170 The authors found that the inlet pressure to the
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Venturi tube has a significant effect on the mean bubble diameter
within a certain pressure range. However, Nirmalkar et al. found that
the bubble size distribution is more or less unaffected by the inlet
pressure and the mean bubble diameter remains constant at ~130
nm, but the bubble number density increases considerably with
changes in operating pressure, or by using hydrodynamic cavitation
with a high-pressure microfluidic device.12¢ The difference is likely

caused by the different configurations of the Venturi tube.

4.1.4 Mixing or shearing methods

Bulk NBs can also be generated by mixing or shearing of the flow of
a gas-liquid mixture.173-17> Based on Bernoulli’s principle, and similar
to the NBs generated by hydrodynamic cavitation, mixing or shearing
of a fluid causes an increase in the speed of the fluid and a
concomitant decrease in pressure, inducing nucleation and
generation of NBs. Wu et al. reported the generation of CO; NBs by
high intensity agitation and found that the size of NBs was largely
dependent on the agitation speed of the impeller, but was not very
dependent on the duration of the agitation step.l’® NBs are
generated using a blade positioned within a chamber, which cuts
macro-bubbles entrained in the liquid to MBs/NBs.177:178 |n order to
avoid the use of impellers or blades that may be a source of
contamination, an agitation-free mixing method was developed by
directly mixing CO, gas with distilled water through an up-and-down
movement using a specially designed actuator.’* Furthermore, the
spontaneous generation of NBs was reported to occur by mixing
warm water with cold gas-aqueous solution forming a turbulent jet
flow.17> The micro/sub-micro-vortices are caused by high energy
dissipation rates by discharging warm water into the cold gas
aqueous solution, inducing shear stresses in these domains, and local

gas supersaturation, which in turn lead to the formation of high

concentrations of bulk NBs (~10%/mL).

4.1.5 Porous membrane or medium based methods

Another method of forming NBs is by pumping gas into a liquid which
flows through a porous membrane or a porous material.179-182
Kukizaki et al. reported that monodispersed NBs with a mean bubble
diameter in the range of 360—720 nm can be stably produced using
Shirasu-porous-glass membranes with a mean pore diameter ranging
from 43-85 nm.179 It has been suggested that NB formation using a
pore mainly consists of bubble expansion and bubble detachment

(Fig. 20). The air-water surface tension of NBs acts as a force

This journal is © The Royal Society of Chemistry 20xx
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retaining the NB at the pore opening. However, the drag force caused
by the water flow acts as a force to detach the NB from the pore.
When the NB grows, the detaching force becomes larger than the
holding force, resulting in NB detachment from the pore. Therefore,
monodispersed NBs with a diameter larger than the pore diameter

are released from the membrane.

Instead of Shirasu-porous-glass membranes, Kerfoot et al. developed
a NB generator device based on pressurized flow through porous
beads.181 Ryu et al. used a bamboo fibrous layer as a membrane
made of a natural material and passed pressurized gas through the
bamboo membrane at a pressure above that of atmospheric
pressure, allowing the gas to permeate from inside the bamboo

fibrous layer to the outside, thus generating the NBs.180

NB growing NB detaching

Liquid Water

Fig. 20. Schematic illustration of NB formation process from a pore in a water flow. The

figure is adapted from reference'”.

4.1.6 Solvent exchange

Due to its simple procedure, ethanol-water solvent exchange is the
most commonly used protocol to produce surface NBs. However, the
solvent exchange method was recently extended to generate bulk
NBs as well.183. 184 The typical steps of the solvent-exchange process
are as follows (Fig. 21): (1) injection of a solvent with high gas
solubility like ethanol into a fluid container, (2) injection of water
(with low gas solubility) into the solvent, which results in (3) the
formation of NBs in the fluid during the injection of water. The
mechanism involved in the generation of NBs by solvent exchange is
likely due to the fluid being locally saturated or even supersaturated
with gas that is generated by the solvent exchange.

Qiu et al. reported that the concentration of bulk NBs produced by
this method is about five times higher than when using degassed
water alone, confirming the formation of extra bulk NBs during the
ethanol-water exchange process.183 Different ratios of ethanol to

water in solution can result in different gas solubilities and could

This journal is © The Royal Society of Chemistry 20xx
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further induce the generation of different concentrations of NBs.
Indeed, when the ratio of ethanol to water increases from 1:1 to
1:12, the concentration of NBs gradually increases. However, further
increasing the ratio to 1:20 does not increase the formation of NBs
but it is decreased probably due to nitrogen saturation which first
increases and then decreases upon changes in the molar fraction of
water.

Similar to the concept of solvent exchange for the generation of NBs,
bulk NB can also be produced by the exchange of cold water with
warm water due to the temperature-dependent solubility of gas.?
For instance, air solubility in water decreases from ~31 mg/L at 23°C
to ~24 mg/L at 8°C. The advantage of this method is that does not
require organic solvents, which thus avoids any potential

contamination.

Step 1

Step 2

Step 3

outlet

Fig. 21. Schematic illustration of the NBs generated by the ethanol-water exchange
process. Step 1: injection of ethanol into a fluid container; Step 2: injection of water into
ethanol; Step 3: production of NBs in the bulk fluid upon injection of water. The figure is

adapted from reference?®,

4.2 Chemical formulations

Typically, bulk generation of NBs achieved by the physical methods
described above are produced without specifically coated shells,
although surfactant molecules may be added to the solution in some
cases and forms shells that stabilize the formation of the NBs. In this
section, we will focus on methods using chemical formulations to
generate NBs that are typically coated with shells to achieve
stabilization and allow further modifications. The key features of the
NBs formulation are the core gas and the different shell materials
used as they can affect both structural and functional behaviors.
Typically, gaseous cores having minimal solubility in water, such as
PFCs, are used to reduce the gas dissolution from the core into the
surrounding liquid environment, which can increase the life of NBs,

for instance after injection in the blood stream. Conversely, the shell
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acts as a barrier between the core gas and external aqueous medium,
which further prevents gas dissipation and improves the NBs
stability. Various materials have been used for the shell, such as
phospholipids, polymers (i.e. PLGA, polysaccharides), or proteins (i.e.
albumin). The selection of shell materials is generally based on the
desired physicochemical properties like charge and lipophilicity, but
as well on the desired shell functionalization with specific target

ligands, for instance to achieve targeted drug delivery.

4.2.1 Hydration of a thin lipid film

Hydration of a thin lipid film is one of the most widely used methods
to fabricate shell-coated NBs.'8> The thin-film hydration method
typically involves the following steps (Fig. 22): (1) a phospholipid
mixture (normally in different ratios of DPPA, DPPC, DPPE, DSPC,
DSPE, or DSPE-PEG;

respectively, 1,2-dipalmitoyl-sn-glycero-3-

phosphate;  1,2-dipalmitoyl-sn-glycero-3-phosphocholine;  1,2-

Bis(diphenylphosphino)ethane; 1,2-distearoyl-sn-glycero-3-
phosphocholine; 1,2-distearoyl-sn-glycero-3-

phosphorylethanolamine; and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamineN-[biotinyl(polyethylene glycol)]) are
dissolved in an organic solvent, typically chloroform; (2) the solvent
is then removed by evaporation to obtain a dried thin-film mixture
of lipids that are then hydrated in aqueous solution (such as glycerol,
PBS, or saline solution) to prepare a liposomal suspension; and (3)
the liposomal dispersion is finally filled with suitable gas to form
bubble cores by mechanical agitation in a shaking machine or by

sonication.

To improve the fabrication yield of NBs with good stability, the
addition of polymers is required to form lipid/polymer hybrid shells.
For instance, to reduce bubble size, Krupka et al. reported a
formulation incorporating the surfactant Pluronic into the NBs lipid
shell that leads to a significantly reduced bubble size.13¢ Liu et al.
reported a method of incorporating silicon hybrid lipids into the
normal lipid shell of NBs to control the NBs size and found the size of
the NBs could be adjusted from ~500 nm to ~850 nm by modulating
the ratio of silicon hybrid lipids in the NBs shell.187 Hernandez et al.
described a method of forming a shell with a double-layer (i.e., the
inner layer formed by a crosslinked polymer mesh and the outer
layer formed by pluronic/phospholipid) to increase the stability of
NBs.188

In this typical protocol of thin-film hydration, post-processing is

always required to separate NBs from a mixture of MBs using
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centrifugation, gravitational forces, physical filtration, or
floatation.18% 19 For instance, in the centrifugation processing, low-
speed centrifugation is used to separate large bubbles from the
suspension followed by high-speed centrifugation after the
suspension is transferred to remove phospholipid fragments or
liposomes.1?1. 192 Conversely, Cai et al. optimized the thickness of the
phospholipid film to directly produce uniformly sized NBs with no
further need for post-processing purification or addition of

amphiphilic surfactants.1%0

Microfluidics is well-known to be suitable for the fabrication of lipid
coated MBs of uniform size and has been explored to fabricate lipid
coated NBs. Peyman et al. described a microfluidic method for the
generation of NBs with coated lipid shells and a perfluorobutane
(PFB) gaseous core.’®® NBs with an average diameter of
approximately 100-200 nm are produced in an atomization-like flow
regime at high production rates (>106 bubbles per second) and at

high concentration (>1011 bubbles per mL).
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Fig. 22. Schematic presentation of the procedure of formation of NB by the thin lipid film

hydration method. The figure is adapted from reference!.

In order to achieve multimodality, NBs can be loaded or

functionalized with other materials post-formulation.’®* For
instance, to load drugs onto the NBs for therapeutic applications, a
hydrophobic drug can be incorporated directly into the lipid-shell, or
charged components, such as doxorubicin or nucleic acids, can be
easily coupled electrostatically with anionic/cationic lipids of the
bubble shell.1%5 In addition, molecules can also be chemically
attached onto the NBs.157 As an example, Wang et al. synthesized
targeted paclitaxel (PTX) containing NBs by attaching PTX to the lipid
shell and conjugating an anti-ProGRP monoclonal antibody to the
lipid surface.1?® In another approach, the drug-containing liposomes

were conjugated to lipid shell coated NBs for ultrasound-mediated

drug targeted delivery of liposomes to cancer cells.1%7

4.2.2 Polymer emulsification

This journal is © The Royal Society of Chemistry 20xx



Polymer emulsification is also widely used to fabricate polymer shell

coated NBs. A modified double-emulsion (water/oil/water)
evaporation process has been suggested for organic solvent
dissolving polymers like PLGA-coated NBs.141, 142, 198-200 The typical
process is as follows (Fig. 23): (1) aqueous solution is added to the
polymer dissolved in organic solution and the mixture is emulsified
typically by ultrasonic treatment to form the first emulsion; (2) the
emulsified solution is added to an aqueous solution with a polymer
such as poly(vinyl alcohol) (PVA) and emulsified by a homogenizer to
produce a second emulsion; and (3) after extracting the organic
solvent and purification, the solution undergoes a freeze-drying step

to remove any aqueous solvent; the remaining emulsion matrix is

filled with the suitable bubble core gas and the formed NBs are ready

for use.
Aqueous First
solution emulsion
Ultrasonic
treatment Polymer
—> e aqueous
solution
Polymer dissolved First
in organic solution emulsion Homogenization
Freeze-
drying
The polymer shelled ¢ Second
NBs in a solution emulsion

Fig. 23. Schematic presentation of shelled NBs prepared by the polymer emulsification

method.

In addition, a method without the freeze-drying step was developed
to obtain NBs coated with aqueous dissolvable polymers.201-207
Briefly, a pre-emulsion is prepared by mixing an ethanol solution of
surfactant and co-surfactant, water, and generally PFC (liquid phase
at room temperature) using a high shear homogenizer. Next, an
aqueous solution of a polymer, generally a polysaccharide, is added
in drops during stirring to form polymer-shelled nanodroplets.
Finally, to generate the NBs, the nanodroplets are irradiated by

ultrasound to trigger a phase-shift by increasing the temperature.

Recently, Song et al. reported a method combining hydration with an
emulsification process to formulate acetalated-dextran polymer
shelled oxygen NBs.133 Initially, a thin lipid film and lipid solution are
formed using the method described above. Next, the emulsions are
produced by mixing the organic solution prepared using an organic

solvent in which the acetalated dextran is dissolved in the lipid

This journal is © The Royal Society of Chemistry 20xx

solution using ultrasound. Following purification, the solution is
frozen in liquid nitrogen and is further freeze-dried to remove water.
The lyophilized matrix is thus set in an environment of oxygen gas to

obtain the oxygen NBs.

4.2.3 Dissolution of the nanoparticle core

Another technique used for the preparation of shell-coated NBs
involves growing the shell materials on the surface of a NP which acts
as nucleus that is subsequently removed by dissolution and is
replaced with a gas core. As an example, Huang et al. reported a
method used to grow a silica shell onto polystyrene (PS) NPs.208 The
PS core is dissolved overnight in the presence of tetrahydrofuran
(THF) and the NBs are generated by drying for 24 h under vacuum

and filling the cores with air.

4.3 Methods for characterizing size, concentration, morphology,
composition, surface charge, or lifetime of NBs

Due to their distinct properties, different techniques have been used
to characterize bulk and surface NBs. For instance, AFM is the most
used technique for the measurement of surface NBs, but it is not
suitable for the characterization of bulk NBs as they are suspended
in the bulk medium. Another example is DLS, which is rather suited
to characterize bulk NBs. Herein, we will overview the main methods
used for characterization of direct- or indirect-responsive bulk NBs
(hereinafter simply referred to as direct or indirect NBs), considering
the methods for characterization of surface NBs having been

overviewed by others in recent reviews.1? 22

A growing number of techniques are available for investigating direct
and indirect NBs, some of which provide a high spatial resolution like
transmission electronic microscopy (TEM) or scanning electronic
microscopy (SEM). With a resolution down to ~0.1 nm, electron
microscopy (EM) indeed has the spatial resolution to resolve NBs of
tens to hundreds of nanometers in great detail. Other methods lack
such high spatial resolution but are rather sensitive to the chemical
properties of the NB, such as attenuated total reflection infrared
spectroscopy. A particular challenge is how to achieve high spatial
resolution and at the same time good temporal resolution. It is often
required to combine two or more techniques to obtain a complete
picture. Here, we will not delve into the technical details, but we will

focus on the strengths and limitations of the techniques.

43.1 Light microscopy techniques
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Several light microscope techniques have been used to study direct
or indirect NBs, including light transmission, light scattering, or
fluorescence microscopy. These techniques are nonintrusive, fast,

and do not require extensive preparation of samples.

One of the easiest and most straightforward light microscope
techniques is transmitted light microscopy.137. 175, 187, 189, 205, 210 The
NBs appear dark against a bright background because of absorption
and/or refraction of the transmitted light (Fig. 24). Although light
transmission in bright-field imaging may provide a simple and easy
method of visualization of bulk NBs, it is not suited to resolve sub-
micron bubbles clearly due to the resolution limit of optical

microscopes.

o °
a b. & ° °
° o g > ® e
0
: : ° P b °;
. ° ..°° °
o 5 LY " °e ° . Y
N o
°© o ¥
. Py g ° °
5 20 um’ Gty 2 “% 20pum
°
? °
C° “° o *6 ° e ©O0g
° ° - ¢°. °. a ° ) .
o . s 0 . o a °
5 040G S8 L ° O: . *o
. °
: 2% BTN S e © e © e
§ AT @ o o '° |
o © 0 ® ° ° .
° . ° Qi ° Qo o |
o o ° F-) °
° ° 5 . e 2 °
RIS . ° L) o o%. ~
I SR 20 pm g e ol 20 ym
° ° = § - @ -

Fig. 24. Bright-field images of NBs with a size of (a) 523 + 46 nm, (b) 610 £ 53 nm, (c) 857
+ 83 nm, and (d) control MBs of 1317 + 37 nm, respectively. The images are adapted

from reference?®”.

A light scattering technique like dark-field microscopy is widely used
to visualize both direct and indirect NBs. Here the NBs appear bright
against a dark background (Fig. 25a). While still limited by optical
resolution, the excellent contrast of dark-field imaging enables
imaging the Brownian motion of individual bulk NBs for
quantification of their size distribution even below the optical
resolution. In the scientific literature, this is referred to as single
particle tracking, but is dubbed NTA in its most frequently used
commercial variant (Fig. 25b). Recently, a holographic nanoparticle
tracking analysis (HNTA) has been proposed that takes into account
the phase shift of the scattered light. HNTA is reported to be a
powerful new method to detect NBs both in terms of size and
refractive index to differentiate them from solid particles or oil

droplets in the same solution.2!! This technique is not only used to

directly visualize bulk NBs, but it is also used to detect indirect NBs.
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Many studies have reported visualization of short-lived indirect NBs
(lifetime <1 us) generated from photothermal NPs irradiated by
pulsed laser light, which can be detected by dark-field microscopy
through carefully timed image acquisition with respect to the laser
pulse. While this allows acquiring a single image that confirms the
formation of NBs, it does not allow capturing of NB dynamics
because they typically have already disappeared by the time that a
second image can be acquired. For time-resolved measurements of
NBs, e.g. to measure their lifetime, instead a fast point detector is
used that captures the scattered light of a single NB as a function of

time.212
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Fig. 25. NBs size measured by nanoparticle tracking analysis based on analyzing NB
Brownian motion in light scattering movies. (a) An exemplary image of NBs which are
visible by light scattering; (b) Size distribution of NBs, showing a single narrow peak and
average and a mean size of 89 + 10 nm. The figures are adapted from reference?4.

Fluorescence microscopy is typically used to confirm the presence of
a shell surrounding shell-coated NBs. For instance, Yin et al. reported
the use of the fluorescent probe Dil to label the phospholipid shell of
NBs and used confocal laser scanning microscopy (CLSM) to
determine the location of red fluorescently dyed NBs following
uptake by cells (Fig. 26).1°1 Bessone et al. reported that
curcuminoids-loaded in NBs could be detected by fluorescence
microscopy using curcuminoids as a bi-functional fluorescent probe

and therapeutic drug.29”

Merge

Nucleus Dil

Fig. 26. Confocal laser-scanning microscopy images of tumor cells with uptake of lipid

shelled NBs labeled with Dil. The images are adapted from reference!?!.

4.3.2 Techniques with high spatial resolution

Both TEM and SEM have been widely applied to visualize the

structure and morphology of NBs with high spatial resolution.
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However, this is limited to very stable NBs that can withstand EM
sample processing. For instance, using SEM, Huang et al. clearly
visualized thin silica shelled NBs with small NP super-paramagnetic
iron oxide (SPI0) attached on the shell surface (Fig. 27).208 Li et al.
observed the morphology of NBs by TEM and found that NBs clearly
presented a spherical shape with a distinct hollow structure and a

shell thickness of approximately 10 nm (Fig. 27).142

Cryo- or freeze-fracture EM offers the advantage of being able to
visualize a specimen in a nearly native state. This feature allows to
examine the structure and morphology of intact NBs with high spatial
resolution. Hernandez et al. demonstrated that Cryo-EM could be
used to image nanoscale lipids and polymer-stabilized PFC gas NBs
before and after their destruction with high intensity ultrasound.188
Furthermore, using a cryo-TEM, lijima et al. examined the
morphology of uncoated oxygen NBs suspended in water.213 Using
freeze-fracture TEM, Wang et al. reported the existence of nitrogen,
oxygen, and CO; NBs without shell coating produced using a periodic

pressure change.8¢
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Fig. 27. (a-c) SEM images of silica-shelled NBs with diameters of (a) 200, (b) 500, and (c)

1000 nm. (d-f) TEM images of PLGA-shelled NBs at different magnifications (d) and (e)
and (f) hydrodynamic size of NBs measured by DLS. The figures are adapted from

references.?!4

Due to its limited speed, EM imaging is only suitable for a limited
number of samples which may not be sufficient to obtain a decent
statistical analysis of the total population. Typically, electronic
microscopy techniques are always combined with other techniques
such as DLS (see next section) or NTA to quantify the size distribution

of large numbers of NBs (Fig. 27f).

X-ray scattering has been applied to characterize the morphology of
NBs with high spatial resolution as well. Hirai et al. explored small-
and wide-angle X-ray scattering (SAXS, WAXS, respectively) to

investigate the structure of NBs with air, oxygen, or nitrogen as the
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gas core.?15 Based on X-ray scattering and modelling, they found that
NBs present a dynamic diffusive boundary (interface) due to the
continuous release and absorption of gas (Fig. 28). Furthermore, X-
ray scattering was also employed to characterize the dynamics of
indirect NBs. Plech et al. developed time-resolved X-ray scattering to
explore the formation of indirect laser-induced NBs from AuNP, and
determined their formation was caused by a spinodal decomposition
at the particle-liquid interface.%0 216 |n addition, based on absorption
X-ray spectra, not only can the NB morphology be determined, but
also its gas core composition. Recently, Zhou et al. used synchrotron-
based scanning transmission X-ray microscopy (STXM) to provide

evidence of highly condensed oxygen gas molecules trapped in the

NBs.217
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Fig. 28. (a) Schematic representation of the structure of the NB model with a diffusive
boundary due to continuous release and absorption of gas at the gas—liquid interface;
(b) radial distribution function of the electron density of NBs in aqueous solution; and (c)

contrast (average excess electron density) profile of the NBs215,

433 Techniques with low spatial resolution

Other techniques are available that lack spatial resolution, but
instead provide physicochemical information regarding the NBs. One
of the most used techniques is DLS, which analyzes Brownian motion
to determine the size distribution of NBs in solution. In addition, in
combination with an oscillating electric field, the zeta potential of
NBs can also be calculated. However, being based on light scattering
alone, DLS is sensitive to nano-sized contaminants which may skew
the obtained results. Therefore, in order to confirm that the
measured NPs are actual NBs, this method needs to be combined
with other methods like acoustic based methods. Recently, Gnyawali

et al. developed an acoustic based flow cytometry to detect single
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NBs.218 They found that the amplitude of the detected ultrasound
backscatter signal is dependent on the NBs size, indicating that the
acoustic flow cytometer has the potential to determine the size of
individual NBs. In addition, this technique can also be applied to
detect the formation of indirect NBs based on the acoustical time-

response obtained with an ultrasound detector.

Coulter counting, an analytical electrochemical technique, is also
suitable for the detection of both direct and indirect NBs.>2 219 This
technique works by applying a voltage between two electrodes on
either side of a cylindrical pore through which the NBs can flow. As a
NB enters the pore, it displaces the electrolyte buffer and therefore
increases the resistance of the pore momentarily, which is witnessed
by recording the current passing of the NB through the pore. The NBs
size or concentration can be derived from the change in electrical

current.

The resonant mass measurement (RMM) technique has also been
proposed to characterize the size and concentration of NBs.220 This
technique can further distinguish gas-filled NBs and similarly sized
solid contaminates or droplets, based on the measurement of the
buoyant mass of particles in a liquid passing through the channel. In
comparison with other sizing techniques as mentioned above,
including DLS or NTA, RMM may provide a more accurate size

distribution or concentration of NBs in a bulk solution.
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Fig. 29. ATR-FTIR spectra of (i) NBs in water, (ii) CO,-saturated water, and (iii) high-

resolution (0.125 cm-1) spectrum of NBs. The figure is adapted from reference’4.

As an additional characterization method, attenuated total
reflection-frustrated total internal reflection (ATR-FTIR) can be used
to identify the gas core composition. To detect NBs in solution by
ATR-FTIR spectroscopy, the gas inside the NBs must be IR-active.
Many gases, such as CO, or water vapor, can strongly absorb energy
from infrared radiation. CO; is particularly suited for IR techniques
because gaseous CO, and dissolved CO; have very different IR

spectra (Fig. 29).174 Conversely, gas chromatography is also suitable
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for the quantification of gas in NBs.22! For a chromatography
measurement, the NBs should first be disrupted in capped vials and

then subjected to chromatography analysis.

5. Biomedical applications

Responsive NBs, like those that can be stimulated by ultrasound,
have received increasing interest as they might be more promising
for biomedical applications than MBs. As an example, NBs might be
considered drug carriers for intravenous injections, as these small
bubbles might diffuse from the blood vessels into surrounding
tissues more readily; while, accumulation into tissues could possibly
be further aided by antibody functionalization of the bubble surface

facilitating the binding of the NB to the cell target.222-224

In this section, we will overview the application of direct- and
indirect-responsive NBs in biomedicine. Specifically, we will first
review bio-imaging applications including ultrasound, molecularly-
targeted, and photoacoustic imaging approaches. Next, we will
overview the use of direct- or indirect-responsive NBs for targeted
drug delivery with special attention for the delivery of anticancer
drugs and nucleic acids. Finally, we will discuss the use of direct- or

indirect-responsive NBs to destroy or ablate biological tissues.

5.1 Bio-imaging

5.1.1 Ultrasound imaging

Ultrasound imaging enables cheap, non-invasive imaging in real-time
with a high soft tissue contrast and without exposing the patient to
harmful radiation. While in many cases additional contrast agents
(CAs) like MBs or NBs are not required for poorly vascularized tumors
or regions with many small vessels with limited blood flow, Doppler
ultrasound by itself is not sufficient. Hence, ultrasound contrast
agents (UCAs) are needed to further improve cancer detection and

tumor characterization.225 226

The majority of MBs used as UCA have diameters ranging between 1
and 10 um. However, due to their large size, such MBs are unable to
leave the vasculature, even in solid tumors which often have leaky
vasculature. For this reason, NBs smaller than 1 um have attracted
increasing attention as they are able to extravasate into the tumor
tissue. In the first study on NBs used as UCA, Wheatley et al.
fabricated Span 60 and Tween 80 surfactant-stabilized NBs with a gas
core consisting of PFC and found that NBs were able to produce an
maximum enhancement of

enhanced backscatter with a
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approximately 20-25 dB in vitro.?> 26 Subsequently, Fan et al.
compared ultrasound contrast effects of NBs and MBs in vitro and in
gastric cancer xenografts.223 While the NBs showed similar mean
signal intensities as MBs in vitro, due to the strong ability to
penetrate the tumor tissue, the NBs provided superior contrast of
the xenografted tumor for a longer time compared with the MBs (Fig.
30). Recently, similar results were reported by Zhang et al. who
performed both an in vitro study and in vivo tumor imaging study
using nude rats transplanted with breast cancer cells.??” The in vitro
studies suggested that both the NBs and SonoVue (a commercial MB)
had a similar image enhancement capability. However, the in vivo
studies revealed that NBs provided an enhanced tumor intensity

compared to MBs.
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Fig. 30. Ultrasound contrast-enhanced images with the SonoVue MBs and NBs in the
same gastric cancer xenograft. Panels (a)—(f) and (g)—(l) represent ultrasound contrast
images of SonoVue MBs and NBs at 10, 30, 60, 180, 300, and 900 s after injection,
respectively. The red regions indicate transplanted tumor. The images are adapted from

reference??.

Similar to the strategy used to stabilize MBs, both soft-shell and hard-
shell NBs were developed with enhanced stability and circulation
duration in vivo.?28 Typically, soft-shells are not based on covalent
bonds, but rather on hydrophobic interactions. Common soft shell
materials include surfactant molecules or phospholipids.22® Hard-
shells instead mainly consist of polymers (like PLGA, PVA, or
polysaccharides) or denatured proteins (like albumin), as well as
silica materials. Generally, the hard-shell NBs exhibit better stability
and are preferred CAs for higher-intensity ultrasound applications,
where they provide a higher echogenicity than soft-shell NBs which
might rupture. Although most shelled NBs show extended stability in
vitro, they do not perform as well when continuously irradiated with
ultrasound or used in vivo because UCAs undergo fast and extreme
oscillations in which gas leaks out during expansion and shell

materials are shed during compression.222 230

In order to increase circulation half-lives of NBs in vivo, several
strategies have been developed. First, phase-change nanodroplets

have been proposed as a solution designed to enhance the
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metastability of the nanodroplet; the core is in the liquid state upon
injection until it is activated by ultrasound energy to vaporize and
expand, resulting in nanoscale or microscale gas bubbles.231 232
When designed properly, these nanodroplets can exhibit greater
stability in the circulation.82 233, 234 Second, solid cavitation agents
such as nanocups, nanocones, and porous structures are capable of
trapping gaseous bubbles on the surface of the hydrophobic
nanostructure.’”> For example, silica based porous NPs have
hydrophobic inner pores with a hydrophilic outer surface.23> In order
to improve biocompatibility and reduce particle aggregation, the
outer surface of the porous NPs was PEGylated, 236 which resulted in
particles with diameters of approximately 150 nm and a pore size of
12 nm. The hydrophobic pores trapping the gas for the cavitation
nucleation step reduced the cavitation threshold acoustic pressure
amplitudes, and thus allowed the nucleating cavitation step to be
repeated hundreds of times, which is superior to polymer or lipid
shelled NBs. Finally, as has been astutely suggested ultra-stable NBs
can be designed by engineering the bubble membrane shell to be
able to withstand deformations induced by ultrasound irradiation
and flow shear forces in vivo. Leon et al. reported that a specific
membrane bilayer architecture with contrasting elastic properties
can redistribute stress, dissipate excess energy, and deform with no
resulting irreversible damage, minimal gas leakage, or membrane
shedding during insonation, and therefore may provide better

persistence as it circulates within the body.237

5.1.2 Molecular imaging

Molecularly-targeted NBs offer the opportunity to improve the
ability of ultrasound imaging to distinguish pathological tissue from
healthy tissue. The surface of targeted NBs requires functionalization
with aptamers or other ligands, which can selectively and actively
target disease antigens and provide new opportunities to improve

the diagnostic capabilities of ultrasound imaging.238-240

Such molecularly-targeted NBs have been applied to detect cancer

cells overexpressing a specific antigen. For instance, two
independent studies have reported prostate specific membrane
antigen (PSMA, overexpressed in prostate cancer)-targeted-NBs as a
novel ultrasound contrast agent for the diagnosis of prostate
cancer.241, 242 As another example, Yu et al. developed targeted NBs
by coupling anti-G250 nanobodies to lipid-shell NBs to target renal
cell carcinoma cells for ultrasound molecular imaging and diagnosis

of renal tumors.2*3 Yang et al. conjugated NBs with Affibody
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molecules with specific affinity to HER2-overexpressing tumors.24
Affibody-conjugated NBs showed good ultrasound enhancement,
and demonstrated a peak intensity of 104.5 + 2.1 dB under
ultrasound contrast scanning. Zhang et al. demonstrated that PLGA-
shelled NBs conjugated with tumor-targeting monoclonal anti-HLA-

G antibodies enhance the ultrasound imaging of the targeted JEG-3

cells overexpressing human leukocyte antigen G (HLA-G).200

Apart from tumor targeting, molecularly-targeted NBs have also
been reported for the diagnosis of inflammatory diseases. Zhang et
al. conjugated lipid shell-NBs with anti-vascular endothelial growth
factor (VEGFR)-2 ligands via the noncovalent biotin-avidin linker
method for in vivo ultrasound imaging to detect rabbit abdominal
aorta atherosclerotic plaques.?*> The authors found that anti-VEGFR-
2 ligands- conjugated NBs could facilitate site-specific recognition of
atherosclerosis and provided unique advantages

in targeted

ultrasound molecular imaging.

5.1.3 Photoacoustic imaging

Photoacoustic (PA) imaging is an emerging biomedical imaging
modality, which allows imaging optical absorbers of tissue using
acoustic detectors. Such a technique has immense potential for
clinical translation since it allows high resolution, sufficient imaging
depth, accommodates diverse endogenous and exogenous contrast
agents, and is free from ionizing radiation.2¢ The contrast achieved
is based on the absorption of light, which induces pressure or heat to
generate PA signals. PA imaging produces a map of the initial acoustic
pressure distribution, or absorbed energy density, in tissue that is
irradiated by a short laser pulse. The technique enables to quantify
the concentrations of specific contrast agents that attach to the
pathological site. Light-absorbing PA contrast agents have been
extensively explored to boost the detection sensitivity or the

targeting specificity of molecular PA imaging.24’

Pre-existing direct-responsive NBs have been explored to improve PA
imaging resolution and sensitivity. Kim et al. fabricated PLGA-shelled
NBs encapsulating optical absorbing agents such as India ink via a
modified double emulsion process to amplify PA imaging.2*8 India ink
NBs embedded in a gelatin phantom are clearly visible in a
concentration-dependent  manner using a  photoacoustic
macroscope even when a piece of 18-mm thick chicken breast tissue
is placed on the top of the phantom (Fig. 31). Recently, Bodera et al.
reported Sudan Black B stained NBs modified with antibodies

directed against Herceptin for the photoacoustic imaging of BT-474
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breast cancer cells.2*® The results showed PA signals were only
detected from cells when targeted NBs were used, but not the

control group without targeting ligands.
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Fig. 31. Photoacoustic of image of India ink NBs. (a) Photograph of a phantom containing
MBs and NBs at various concentrations. 1 through 4: MBs at concentrations of 2.5, 5.0,
10, and 15 mg/mlL, respectively. 5 through 8: NBs at concentrations of 2.5, 5.0, 10, and
15 mg/mL, respectively. (b) The corresponding photoacoustic image of the phantom
underneath 8-mm chicken breast tissue. (c) The corresponding photoacoustic image of
the phantom covered by 18-mm chicken breast tissue. The images are adapted from

reference?.

Transient indirect-responsive NBs have also been reported to be
good amplifiers of photoacoustic imaging signals since the dynamics
of transient NBs are able to induce significant nonlinearly-enhanced
PA signals.250-252 Transient NBs have been shown to improve
detection limits and imaging contrast of quantum dots,2°3 circulating
melanoma cells in blood,?* carbon nanotubes in the lymph,?>5
bacteria with intrinsic pigment (carotenoids), and of silica-magnetic
NPs in the blood,?%¢ and carbon nanotubes in plants.25’ Zharov et al.
reported nonlinearly amplified PA signals obtained from transient

NBs generated by overheating melanin nanoclusters in melanoma

cells. 251
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Fig. 32. (a) A probe for the generation and detection of NBs from hemozoin crystals in
blood vessels (FP, fiber probe; UT, ultrasound transducer). (b) The probe placed on a
mouse ear. (c) PA traces obtained for uninfected whole blood (black) and blood—
hemozoin mixture (red). (d) Histograms of the maximal amplitude of PA traces obtained
for uninfected whole blood (black) and whole blood-hemozoin (red) samples. (e) The
hemozoin index as a function of the hemozoin-equivalent parasitemia level for

hemozoin-whole blood samples. The figures are adapted from reference?®:
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Conversely, Lapotko et al. described PA signals generated from
transient NBs surrounding hemozoin crystals in response to short
near-infrared picosecond laser pulses.’>6 The acoustic signals of
these malaria-specific crystals provided a transdermal, non-invasive,
and rapid detection method for malaria infection in animals without

using any reagents or drawing blood (Fig. 32).

5.1.4 Multimodal imaging

By proper modification of the shell or core, multimodal NBs can be
generated for use in a wide range of imaging techniques such as
fluorescence imaging, PA imaging, or MRI. Multimodal imaging
allows acquisition of additional biological information, thus
increasing the precision and accuracy of disease diagnosis and

prognosis.258-260

Xu et al. developed a NB contrast agent for cancer targeting and dual-
mode imaging using optical and ultrasound modalities.’®® The
authors fabricated a NB contrast agent by encapsulating the Texas
Red dye in PLGA-shelled NBs and conjugated NBs with cancer-
targeting ligands. Simultaneous fluorescence and ultrasound images
could be recorded with a linear intensity response over a large range
of NB concentrations (Fig. 33). Conversely, Li et al. developed NBs
with embedded SPIONs for dual mode ultrasound and MRI of neural

stem cells for regenerative applications.261
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Fig. 33. (a) A tumor with embedded Texas Red labelled NBs imaged by optical
photography (top panel), fluorescence (middle panel), and ultrasound (bottom panel).
(b) Fluorescence intensities (red triangle) and ultrasound intensities (blue circle)
measured on tumors using Texas Red NBs at different concentrations. Linear correlation
is observed between the fluorescence intensity and the NB concentration ranging from
1 mg/mL to 14.5 mg/mL. The ultrasound intensity is linearly correlated with a NB
concentration above the threshold concentration of 5.4 mg/mL. The figures are adapted

from reference?®s.
Further, a few studies have also reported triple-mode imaging with
multimodal NBs. For example, Luo et al. developed NBs with the

fluorescence dye DiR and SPIONs embedded in the PEG-PLGA shell
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for ultrasound/MRI/fluorescence imaging.1%8 Li et al. in turn reported
a multimodal PLGA-shell NB for combined NIR/MRI/ultrasound
imaging of tumors by electrostatic absorption of oleylamine-/IR-780-
loaded hollow structures and the GADTPA-BSA@5-FU complex to the
NB shell together with folate as a targeting ligand.142 Wang et al.
demonstrated the use of indocyanine green-loaded NBs for
ultrasound, PA, and fluorescence multimodal imaging of prostate
cancer.’® The ultrasound, PA and fluorescence signal strength
correlated positively with the NB concentration in vitro. Ultrasound
and PA imaging significantly enhanced the detection of tumor

xenografts in vivo.

5.2 Drug delivery

5.2.1 Anticancer drug targeted delivery

Both direct- and indirect-responsive NBs have been explored for
anticancer drug delivery to improve the chemotherapeutic effect.
For example, Nittayacharn et al. studied doxorubicin (Dox)-loaded
direct-responsive NBs in combination with low-frequency, high-
energy ultrasound-stimulation as antitumor therapy.2%2 The authors
found that drug-loaded ultrasound-responsive NBs exhibit
significantly higher intracellular uptake and therapeutic efficacy
compared to the free drug in vitro, and showed significantly higher
accumulation and better distribution of Dox in tumors in vivo. Similar
results were also obtained by other groups.263.264 In order to further
improve the cellular uptake of anticancer drugs and achieve an
enhanced chemotherapeutic effect, Li et al. developed Dox
conjugated with cell-permeable peptides (CPP), which were
entrapped in shelled NBs.265 Under ultrasound stimulation, CPP-Dox
was released from NBs and penetrated into cancer cells. The authors
found this system could powerfully inhibit tumor activity both in vitro
and in vivo. A similar result and concept was also reported by Xie et
al., but using CPP-conjugated camptothecin (CPT).2%¢ Thakur et al.
reported that ultrasound-direct-responsive NBs could also be applied
to enhance intravitreal drug migration.26’ The authors fabricated
lipid-shelled direct-responsive NBs labelled by rhodamine, which was
injected into bovine and porcine eyes ex vivo. The ultrasound-
triggered administration enhanced the directional migration of NBs
in both ex vivo models, with multiple corneal ultrasound cycles
promoting greater migration of NBs to the posterior regions of the

vitreous body.
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Shelled ultrasound-direct-responsive NBs have also been explored
for molecularly-targeted anticancer drug delivery. Zhang et al.
explored PLGA-shelled direct-responsive NBs as a targeted drug
carrier. They formulated methotrexate (MTX)-loaded NBs filled with
a PFC gas core using a double-emulsion evaporation method.2® To
target the cancer cells, the active tumor-targeting monoclonal anti-
HLA-G antibodies (mAbHLA-G) were further conjugated onto the
surface of the NBs. The authors found that the modified direct-
responsive NBs could be targeted toward tumor tissues, both in vitro
and in vivo, achieving enhanced targeted therapy with on-demand
release of MTX triggered by ultrasound. Recently, Zhong et al.
reported PTX-loaded ultrasound-direct-responsive NBs covalently
conjugated with an anti-HER2 monoclonal antibody on the surface as
a targeting moiety.28 These NBs significantly improved the cell
targeting capability in vitro. Under ultrasound stimulation, PTX
release was facilitated as was the uptake and induction of cell
apoptosis in vitro. Applied in vivo, these modified NBs enhanced PTX
targeting and accumulation in breast cancers, while reducing the

distribution of PTX to healthy organs.

Further, light-indirect-responsive NBs have also been extensively
explored. Lukianova-Hleb et al. reported an indirect-responsive NB
generated from antibody conjugated AuNPs using a short near-IR
laser pulse excitation to selectively permeabilize the cancer cells in
and enhance intracellular delivery of a co-administered anticancer
drug in vitro.2%® The same group reported that anticancer drugs can
be directly and selectively delivered into the cancer cell’s cytosol
using this light-indirect-responsive NB approach to significantly

enhance the effect of chemoradiation in vivo.270

5.2.2 Nucleic acid delivery

Intracellular delivery of nucleic acids like plasmid DNA (pDNA),
messenger RNA (mRNA), and small interfering RNA (siRNA) into the
cell’s cytosol is an essential step for these agents to exert their

biological effects.

Direct-responsive NBs have been proposed to efficiently deliver
nucleic acids to the cell’s cytoplasm, especially in combination with
ultrasound. Suzuki et al. have reported that gene uptake was limited
to the area exposed to the ultrasound, indicating that ultrasound-
direct-responsive NBs could be used to increase DNA transduction at
the selected site.?’! Horie et al. reported that pDNA encoding TNF-a,
lipid-shelled direct-responsive NBs with an

encapsulated in

octafluoropropane (CsFs) gas core, can be transfected into tumor
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cells by ultrasound stimulation.272 In another study, Abdalkader et al.

revealed that pDNA-loaded onto direct-responsive NBs in
combination with ultrasound irradiation showed significantly higher
transfection efficacy in colon C26 cells in vitro.2%° Furthermore, in
vivo gene transfection in the left limb muscles of mice, revealed

notable local transfection following ultrasound irradiation.

siRNA-loaded into direct-responsive NBs with ultrasound stimulation
has been widely explored in gene silencing to enhance therapy
efficiency. Yin et al. reported ultrasound- direct-responsive NBs
bearing siRNA as tumor therapy by targeting the anti-apoptosis gene
SIRT2. The authors found that siRNA-loaded NBs with ultrasound
stimulation enhanced the gene silencing effect both in vitro and in
vivo, resulting in a remarkable increase in cancer cell apoptosis.?’3
Subsequently, they further reported ultrasound-direct-responsive
NBs composed of encapsulated chemotherapeutic agent PTX and
siRNA targeting the BCL2 gene (BCL2 siRNA) for the treatment of
hepatocellular carcinoma.?’ Wang et al. reported androgen
receptor-loaded siRNA NBs for the treatment of androgen-
independent prostate cancer.?’> Further, Wu et al. presented anti-
tumor targeted FoxM1 siRNA-loaded direct-responsive NBs for
therapy of prostate cancer.2’6 Overall, siRNA-loaded direct-
responsive NBs combined with ultrasound stimulation significantly

inhibited the expression of the targeted protein and achieved

promising therapeutic results.

In addition, light-indirect-responsive NBs have also been well
explored to directly deliver nucleic acids to the cell cytosol. Meunier
et al. explored light-indirect-responsive NBs for the delivery of pDNA
into human cancer cells by femtosecond laser activation of AuNPs
and found much higher transfection efficiency accompanied by very
low toxicity compared to conventional lipofection.2’7 Similarly,
Lukianova-Hleb et al. used a picosecond laser for high-throughput
transfection of ‘hard-to-transfect’ T-cells with pDNA encoding green
fluorescence protein.2’8 Xiong et al. compared the transfection
efficiency of thermal induced cell membrane pores versus pores
created by light-indirect-responsive NBs and found that NB-
mediated poration allowed more efficient entry of siRNA into cells.212
Recently, our group also explored light-indirect-responsive NBs for
the intracellular delivery of siRNA and mRNA to human T cells for cell-
based therapy.?’? 280 |n conclusion, light-indirect-responsive NBs
may represent a promising method for the direct delivery of nucleic

acids into the cell cytosol considering their high throughput, high
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efficacy and low cytotoxicity, although the above studies have mainly

focused on in vitro or ex vivo-experimental models.

5.2.3 Antibiotic delivery

Direct- or indirect-responsive NBs have also been proposed as a
promising strategy to overcome the current challenges related to
increasing antibiotic resistance. The ultrasound-direct-responsive
NBs loaded with the antibiotic vancomycin was reported by
Argenziano et al. to be active against metbhicillin-resistant
Staphylococcus aureus (MRSA) infections with improved oral
bioavailability and formulation stability.2% The NBs presented good
performance for prolonging antibiotic-release kinetics and inducing
antibacterial activity, which was more sustained over time and more
effective than vancomycin treatment alone in MRSA killing. Most
importantly, the directly responsive NBs associated with ultrasound

stimulation could promote antibiotic delivery in an in vitro model of

porcine skin and improved antibacterial killing activity.

Light-indirect-responsive NBs have also been explored to improve
penetration of antimicrobial agents through biofilms and to reduce
antibiotic tolerance.?81-283 As shown in Fig. 34, the proposed
approach makes use of light-indirect-responsive NBs to locally
disturb the integrity of the biofilm, potentiating antibiotic

penetration, and substantially increasing its effectiveness.
Specifically, biofilms are first treated with a suspension of AuNPs,
which can gradually penetrate between sessile cells. A short (<10
nanoseconds) high-intensity laser pulse is used to irradiate such
AuNPs in the biofilm to induce the indirect-responsive NBs (transient
vapor NBs). The localized mechanical force caused by indirect-
responsive NBs increases the space between cells, allowing
antibiotics to easily reach the target cells, even those located deeply
within the dense cell clusters. In addition, due to the fine control of
laser light and localized action of indirect-responsive NBs, the biofilm
disturbing effect can be very precisely controlled in space. The results
showed that these light-indirect-responsive NBs lead to substantial
local disruptions of biofilms in both Gram-negative (Burkholderia
multivorans, Pseudomonas aeruginosa) and Gram-positive
(Staphylococcus aureus) bacteria, and increases tobramycin efficacy
by up to 1-3 orders of magnitude depending on the organism and

treatment conditions.

5.2.4 Delivery of therapeutic gases
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Administration of therapeutic gases like nitric oxide, hydrogen
sulfide, carbon monoxide, and oxygen has attracted increasing
interest as these gaseous molecules mediate numerous cell signaling
pathways and exert important physiological roles, and have also
been shown to evoke biological responses.28* Oxygen delivery is
particularly interesting since many medical conditions, such as
diabetes, burns, bedsores and other wounds, are associated with

insufficient oxygen supply to tissues.28>

The ultrasound-direct or indirect-responsive NBs have been
proposed as a promising strategy for oxygen delivery. The
ultrasound-direct-responsive NBs show good capacity to safely
encapsulate and store oxygen. At the same time they do not cause
hemolytic activity or toxic effects in cells.202 286 Bhandari et al.
showed that oxygen loaded NBs stimulated by ultrasound were
efficacious for enhanced bladder cancer therapy.2®’ Ficiara et al.
demonstrated by MRl imaging that oxygen-loaded NBs labelled with
SPIONs could cross the blood-brain-barrier upon ultrasound
stimulation and could migrate to the central nervous system (CNS) to
deliver and release oxygen.28 Recently, Song et al. reported a pH-
direct-responsive NBs formulation loaded with oxygen used for
spontaneous oxygen delivery in hypoxic tumors.1%3 They synthesized
oxygen-loaded pH-responsive NBs shelled by acetalated dextran
polymer to deliver spontaneous oxygenation in response to a minor
pH drop in the tumor microenvironment. The oxygen delivery by
these pH-responsive NBs was evaluated in CNE2 tumor-bearing mice,
and the intra-tumoral oxygen level increased by 6-fold after the
administration of the oxygen NBs without the need for any external

triggering.

Conversely, ultrasound-indirect-responsive NBs have also been
explored for oxygen delivery.28 Specifically, oxygen is loaded in
chitosan-shelled nanodroplets composed of DFP. In solution, the gel-
like polymer structure can decrease gas diffusion, thus offering good
oxygen carrying capacity, with no toxic effects on human
keratinocytes. Upon applying an ultrasound trigger for NB formation
from the nanodroplets a significant and time-sustained oxygen
release in vivo can be achieved. Furthermore, the same group
applied a similar system to deliver oxygen for treatment of skin
infections. Oxygen was efficiently released by ultrasound stimulated
nanodroplets to form indirect-responsive NBs, and displayed
cytostatic activity against MRSA or Candida albicans but was not

toxic to keratinocytes.2%0
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5.3 Ablation of tumor cells or biological tissues

Ultrasound-direct-responsive NBs have been exploited for efficient
ablation of tumor cells or biological tissues. Zhang et al. reported the
synthesis of ultrasound-direct-responsive NBs for enhanced removal
of residual tumor cells.2%° They synthesized PLGA-shelled NBs to
target tumor cells by conjugating monoclonal anti-HLA-G antibodies
onto the surface of NBs. The results showed that the targeted NBs
with high-intensity focused ultrasound (HIFU) stimulation
significantly improved the efficiency of residual tumor cell ablation.
Huang et al. used ultrasound-direct-responsive NBs to generate local
and reversible blood-brain barrier disruption to deliver the
therapeutic agents to the diseased areas of the brain for the
treatment of brain tumors or diseases of the central CNS.2% Recently,

similar results were also confirmed by another research group.2°!
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Fig. 34. Schematic overview of light-indirect-responsive NBs to improve penetration of
antibiotics through biofilms for more effective biofilm eradication and reduction of
antibiotic resistance. (a) Formation of a 24-h bacterial biofilm in vitro on a glass surface.
(b) Penetration of AuNPs through the biofilm. (c) After absorption of an intense
nanosecond laser pulse, NBs emerge around the AuNP. (d) The mechanical force of NBs
creates more space between the cells allowing better penetration of subsequently

administered antimicrobial agents. The figure is adapted from reference?s..

Conversely, light-indirect-responsive NBs have also been used to
eliminate residual tumor cells during surgery.2®2 In mouse models,
residual cancer cells were completely removed and local recurrence
was prevented. The light-indirect-responsive NBs were also used for
efficient and safe ablation of floaters, which are formed by collagen
aggregation upon aging in the vitreous body of the human eye, or by
acute posterior vitreous detachment. The vitreous floaters can
severely disturb vision due to light scattering by the dense collagen
matrix. Recently, light-indirect-responsive NBs were generated by

pulsed-laser illumination of AuNPs to ablate vitreous floaters.2%3

28 | J. Name., 2012, 00, 1-3

After binding of the AuNPs to the collagen aggregates, the collagen
aggregates were efficiently destroyed using approximately 1000
times less light energy than that typically used in neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser therapy, which substantially

increases the safety of the procedure.

Kosar et al. found that hydrodynamic-responsive NBs could induce
damage on leukemia/lymphoma cells, kill prostate cells, and ablate
benign prostatic hyperplasia tissue.??* 2% The same group also
demonstrated the potential of these collapsible bubbles for use in
kidney stone treatment in vitro and found that they could
successfully erode stones with an erosion rate of 0.31 mg/min.2%
Subsequently, they also developed a biomedical device prototype
based on microscale hydrodynamic cavitation to demonstrate the
feasibility of an alternative treatment for urinary stone therapy and

abnormal tissue ablation.27

Conclusions and future perspectives

NBs offer many advantages for a wide range of applicationsin a

variety of fields, including biomedicine, environmental
applications, and agriculture. The advantages of NBs include
their excellent and unique properties like small size, high
surface-to- volume ratio, and high surface adsorption capacity.
In particular, stimuli-responsive NBs are of considerable interest
in biomedical applications as they can be activated in a spatio-
temporally resolved manner in response to external or internal
stimuli. Quite advanced biomedical applications are possible,
such as multimodal imaging, molecularly-targeted imaging, or
targeted drug delivery.

In our opinion, the following research directions should be

further explored in the future.

(@) There are numerous reports on the theory of NBs,
especially related to their surface properties. However,
additional theoretical research is needed on the

mechanisms involved in the response of NBs to external

triggers. Inspiration may be found in related research on
macro- and microbubbles, the biophysics of which has
already been studies thoroughly.2?8 In future research it
will be of interest to validate to which extent these theories
are suited or need adaptations to describe the behavior of
stimuli responsive NBs. Such fundamental knowledge will

improve our insights into the behavior of NBs under

This journal is © The Royal Society of Chemistry 20xx



triggering stimuli and may further improve the design of
stimuli-responsive NBs for specific applications.

(b) Currently, most research on stimuli-responsive NBs have
focused on exogenous stimuli, especially ultrasound and
light. Instead, only a few publications have described pH-
responsive NBs as a form of endogenous stimuli-responsive
NBs. Thus, there is ample room for developing additional
types of endogenous stimuli-responsive NBs to expand
their application in biomedicine. An interesting
endogenous stimulus to be exploited is enzymatic activity,
for instance to achieve controlled drug delivery to the
microenvironment of tumors or biofilms, which display
differential expression of specific enzymes compared to
normal tissues.??®

(c) Physical or chemical methods have been used extensively
to synthesize stimuli-responsive NBs. However, studies
evaluating biological methods for the generation of stimuli-
responsive NBs are limited. Indeed, only a few reports on a
type of gas vesicles have been published recently.300-302
These vesicles are gas-filled protein-shelled compartments
in cylindrical or biconical shapes with typical widths of 45—
250 nm and lengths of 100—600 nm that exclude water and
are permeable to gas. They are generated by genetically
encoded gas nanostructures formed by certain bacteria
and archaea as a means to control buoyancy for optimal
access to light and nutrients. Most importantly, preliminary
results have already demonstrated these gas vesicles share
the wunique intrinsic properties of NBs, such as
responsiveness to ultrasound stimuli. Unlike NBs formed by
physical or chemical methods, the protein shells of gas
vesicles exclude water but are freely permeable to gases in
the surrounding media.303

In conclusion, stimuli-responsive NBs have become interesting

and promising biomedical nanotools, which may introduce a

new era of scientific advancement to the service of humans due

to their excellent and unique features and the vast array of

potential applications.
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