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ABSTRACT

Micro/nanobubbles (MNBSs) refer to structures that have a core separated from the periphery and is composed of
gas. They are sized at the micro or nano level . The shell of an MNB distinguishes the external environment and
the core that includes gases or drugs therein . These bubbles not only serve as transporters that deliver gases or
drugs into the body but also act as contrast agents by contrasting vibration patterns of surrounding tissues with
blood vessels by ultrasound. nanobubbles are less affected by changes in volume concentration than
microbubbles . Cavitation, which is one of the characteristics of bubbles in an ultrasonic field, allows them to be
used as an ultrasonic contrast medium. The Present Review Focus The various advantages of Nano Bubbles

when utilised and Designed for Therapeutic Purposes.
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1. INTRODUCTION

Micro/nanobubbles (MNBs) refer to structures that
have a core separated from the periphery and is
composed of gas. They are sized at the micro [1] or
nano level [2]. The shell of an MNB distinguishes the
external environment and the core that includes gases
or drugs therein [3-5]. These bubbles not only serve
as transporters that deliver gases or drugs into the
body [6] but also act as contrast agents by contrasting
vibration patterns of surrounding tissues with blood
vessels by ultrasound [7]. Studies on the use of MNB
for doxorubicin and gemcitabine delivery and
transfection have been reported [8-10]. Advanced
solid tumors, particularly, are in a hypoxic state
compared to normal tissues owing to their
characteristics of high angiogenesis, intercellular
pressure, and frequent cell division, which are factors

that prevent the action of drugs on tumors [11].
Nanobubbles are small and can penetrate solid
tumors, which allows the infiltrating bubble to
damage the surrounding tumor tissue and trigger  an
immune response due to the bubble itself being
destroyed or the mechanism of releasing the drug and
gas within. It is also possible to target a specific
location in the body by changing the composition of
the surface material or contents by giving the bubble
an appropriate half-life or by binding functional
groups [12,13]. MNBs are also used as ultrasound
contrast agents. Unlike computed tomography (CT)
and magnetic resonance (MR) imaging agents, MNBs
are slow to be absorbed into the surrounding tissues
and therefore remain in the blood vessels for a long
time, facilitating the measurement of blood flow [14].
In particular, when diagnosing liver lesions, CT/MRI
contrast agents diffuse into hepatic tissues, while
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ultrasound contrast agents, such as Sonovue, exist and
act only in the arteries. This allows continuous real-
time blood vessel images to be obtained. Additionally,
when used as a contrast agent, the amount of gas in
the core is an important factor in confirming the
stability of the bubble. When evaluating the ultrasonic
activity in several studies, the volume of bubble gas
was identified as the main factor & determined the
half life . Even as the same amount of gas is
delivered.

Nanobubbles are less affected by changes in volume
concentration than microbubbles [15]. Cavitation,
which is one of the characteristics of bubbles in an
ultrasonic field, allows them to be used as an
ultrasonic  contrast medium. Changing several
elements of the bubble can affect the aspect of
cavitation, depending on the purpose [16]. For
example, when applying sonothrombolysis, a
technology that dissolves blood clots in blood vessels
by causing cavitation using ultrasound, the use of
MNB can lower the ultrasonic energy for cavitation.
This reduces the burden on the patient when
dissolving blood clots [17] and internal drugs can be
released using cavitation [18]. Additionally, the
combination of ultrasound (US) and bubble can
increase  drug permeability to BBB, with
delivering antisense to BBB using US and
bubble as an example [19]. Thus, there is a possibility
that it can be used to diagnose and treat various
brain diseases, such as brain tumors [20]. It is
important to secure high bubble stability to leverage
the above-described advantages of MNBs. For
example, high stability in vitro allows the contents of
the bubble to remain constant for a long period of
time, while high stability in vivo allows drug release
to be sustained for a longer period of time. The
high stability in the ultrasound field is the
basis for obtaining ultrasound images for a longer
period of time. Generally, bubble stability in the body
tends to be lower than bubble stability in vitro [21].
Securing high stability of the bubble not only
increases the ease of storage but also allows for a
longer clearer ultrasound image when used as a
contrast agent, and also serves as the basis for long-
term drug release from the body when used as a drug
transporter. The stability of these bubbles is
determined by various factors, such as the
composition of the shell and the type of central gas .
In this review article, the factors that affect the
stability of bubbles are first introduced, followed by a
brief description of how to increase their stability. The
relationship between the cavitation and stability of
bubbles occurring in the ultrasonic field is also
explained. Finally, the stability in vivo and techniques
to increase stability by introducing polyethylene
glycol (PEG) are discussed.

2. BUBBLE STRUCTURE SHELL
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The shell structure of the bubble is not an essential
element in the formation of bubbles [3,22]. However,
the lifetime and the ultrasonic reverberation of a
bubble with a shell is significantly higher than that of
a bubble without an envelope [23]. In particular, the
shell structure is essential to exhibit its performance
as a contrast agent [24]. The outer shell of the bubble
protects the inner material from the outside. It also
applies pressure in the form of surface tension to
prevent the material from spreading around. At the
same time, the shell blocks direct contact of the
bubble gas core with the external solvent.
Furthermore, the bubble can be used as a contrast
agent as the outer shell generates an ultrasonic echo
that is distinct from the surrounding tissues. In theory,
the life of a bubble is a few seconds [25]. However,
bubbles with a lifespan of up to several months have
been reported with a shell made of surfactants or
similar substances [26]. Proteins, lipids, and polymers
can also be used as the outer shell of the bubble
[21,27-29]. When using lipids, amphiphilic
substances, such as phospholipids, are used because
they are self-assembled in a solvent and easily formed
when creating bubbles [30]. Lipids mainly use
phosphocholine (PC) and phosphatidylethanolamine
(PE), the main components of the cell membrane, to
reduce the possibility of phase change when bubbles
are in physiological or storage conditions [31]. The
stability of MNB varies depending on the chain length
of the lipid and the degree of saturation/unsaturation.
As the chain length becomes longer, the shape of the
bubble becomes less spherical (therefore, shorter
chains lead to more spherical shapes). Additionally,
the bubble’s behavior varies according to the
saturation/unsaturation  state.DSPC, a longchain
saturated lipid, is often used [32,33]. For lipids that
are used as the outer shell of the bubble, ultrasonic
contrast agents, such as SonoVue®, are used. For
proteins, bovine serum albumin (BSA) is used. For
polymers, PEG and poloxamer can be used [34-36].
The function of the bubble can be changed by
controlling the physicochemical properties of the shell
material [37,38]. The outer shell of the bubble applies
pressure in the form of surface tension to the center
and affects the stability of the bubble [39]. As the
radius of the bubble decreases, the pressure difference
within and outside the bubble increases. Thus, the
surface tension also increases, which then decreases
the stability of the bubble. The issue of high surface
tension of the shell can be solved using suitable
additives, such as surfactants in the shell. It is notable
that the life of air bubbles in water is very short [40],
while nanobubbles that are naturally generated in the
sea have a lifespan of 20 h or more. Thus, it has been
reported that natwhile nanobubbles that are naturally
generated in the sea have a lifespan of 20 h or more.
Thus, it has been reported that natural surfactants in
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the sea have the potential to increase bubble stability
[41]. 2.2. Core Gas Bubble stability is affected not
only by the shell but also by the core gas. The central
gas affects the stability of the bubble because of its
interaction with the surrounding solvent [42]. If
several types of gases need to be used in the center of
the bubble, selecting a gas with a low partition
coefficient with the solvent to be stored is crucial for
the stability of the bubble. Fluorine compound gas is a
biologically inert gas that is safe for the human body.
Additionally, it has low solubility in water and high
solubility in oxygen [43]. Thus, it is widely used in
oxygen supply through intravenous injection [44], for
drug delivery [45], and in various medical studies
[46]. Additionally, as fluorine gas has low bioactivity,
it helps secure the biocompatibility of the MNB
created using fluorine compound [47]. Bubbles whose
centers are made of gas exert pressure in all directions
through diffusion, while the periphery applies
pressure on the gas. At this time, the pressure
difference between the gas and the surrounding area
changes the interface between the two into a curved
surface, as the higher pressure pushes the interface.
The interface changes into a curved surface,
increasing the free energy to a level higher than when
it was a flat surface, and pressure is applied to the gas
in the form of surface tension. When the forces
applied to both sides of the interface are in
equilibrium, the bubble is stable. The pressure
difference between both sides is expressed by the
Young-Laplace equation [48] given by

P-P0=2yR

where R is the radius of the bubble, v is the surface
tension, P is the pressure applied by the surroundings
outside the interface, and PO is the pressure applied by
the center inside the interface. If there is a change in
surface tension. When, radius, or pressure due to
changes applied to the system, the a change in one
element is not balanced by a change in another, the
bubble collapses. In one study, F-hexane, F-triglyme,
and F-diglyme were used as central gases, and the
stability of the bubbles coated with DMPC was
measured [47]. As a result of measuring the stability
of the bubble using attenuation coefficient analysis,
the sizes of the bubbles using the three gases were
found to remain almost constant over time. However,
the attenuation coefficient of the bubble using F-
triglyme was found to decrease faster than those using
the other two gases. The size, however, remained
constant due to the merging of the bubbles. Although
the number density of the bubbles decreased, the size
remained constant, which is likely due to merging
between bubbles. Additionally, in the experiment
observing the total volume of bubbles over time, the
bubbles using the above three gases tended to
decrease the total volume slower than the bubbles
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using only air. The decrease in volume was slighter in
the order of Ftriglyme, F-diglyme, and F-hexane

3. STOCKING CONDITION

Zeta Potential, Electrolyte If the surface tension of a
bubble shell is high, the bubble is easily destroyed,
even with a weak impact. Therefore, a surfactant is
added to lower the surface tension of the bubble. It
has been found that the addition of an electrolyte can
replace the addition of a surfactant, as it lowers the
critical micelle concentration of the surfactant [49].
The addition of the electrolyte affects the zeta
potential of the bubble. If a buffer containing an
electrolyte or salt is used, it is possible to stabilize
complexes, such as liposomes, and control the surface
charge by the electrolyte. The presence of an
electrolyte, such as NaCl, in a nonionic solution
enables surface charge regulation (SCR) of
complexes, such as liposomes. For example, in the
case of synthesizing a cationic liposome to deliver
pDNA, a stable cationic lipoplex can be obtained by
adding an appropriate amount of NaCl. This is
through accelerated membrane fusion [50]. However,
since cationic lipoplex easily interacts with
surrounding cells and may result in cytotoxicity, it is
advantageous to synthesize anionic liposome. In a
later study, an anionic pDNA was mixed with
protamine to make it cationic, and then a pDNA
delivery system was developed using anionic
liposome [51]. As suggested in the above study,
bubbles can be stably synthesized by adding an
appropriate amount of salt. The ionized solvent or
electrolyte, adsorbed around the charged colloidal
particles, forms an electric double layer (EDL). The
addition of the electrolyte changes the zeta potential
and the thickness of the EDL, which affects the
stability of the nanobubbles. The surface phenomenon
controls most of the behaviors of the bubbles in the
colloidal form. Bubbles with a neutral surface charge
are difficult to maintain in a stable colloidal state and
easily aggregated and lost. Bubbles with surface
charges are stabilized by the electrostatic repulsion
between bubbles. Zeta potential, which can indirectly
estimate the surface charge, is used as an index for
stability. The stability of colloidal particles varies
depending on the type, but it is generally classified as
stable when the absolute value of the zeta potential is
30 mV or more [52] (e.g., pH is one of the main
factors of the zeta potential). As the acidity under
storage conditions increases, the zeta potential
increases in the positive direction from the existing
value as the number of hydrogen ions in the solvent
increases. By contrast, under basic conditions, the
number of hydroxide ions tends to change in a
negative direction [53]. It is difficult to explain the
relationship between the concentration of the
electrolyte and the zeta potential consistently.
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However, a low concentration electrolyte is adsorbed
on the surface of the colloidal particles, increasing the
zeta potential. Additionally, stability can be improved
by forming an EDL to block the elution of the central
gas. However, a high concentration of the electrolyte
cancels the charge of the EDL and reduces bubble
stability [54]. It has been highlighted that oxygen
bubbles in an aqueous electrolyte solution have a
longer lifespan than bubbles in pure water because
ions form a thin layer around the bubbles [55]. MNBs
without a shell tend to be negatively charged in water
due to hydrated water Pharmaceutics 2020, 12, 1089 5
of 12 molecules [56]. If an electrolyte is present, ions
are collected around the surface of the charged
bubble, and a thin film (EDL) is formed to reduce the
elution of oxygen to the surrounding area. There is an
effect that prevents the bubbles from merging owing
to the presence of the same surface charge on the
bubbles. However, excessive ions may cancel the
surface charge and reduce the stability of the bubbles.
When the amount of charge of the added electrolyte is
high, even if the same number of ions gather around
the bubble and block the elution of the central gas, the
surface charge to be canceled increases, and thus the
surface charge is greatly reduced [57]. As the surface
charge approaches zero, the possibility of merging
bubbles increases. Thus, an electrolyte containing
monovalent ions is effective when adding an
electrolyte  for long-term  storage.  Pressure,
Temperature For a bubble to exist in a state that
maintains a certain shape, the pressure inside and
outside the bubble must be balanced. The internal
pressure is determined by the pressure exerted by the
center toward the interface. The external pressure
becomes the pressure applied by the solvent toward
the interface. If the pressure difference with height is
neglected during storage, this pressure is determined
by the pressure exerted by the atmosphere on the
solvent, i.e., atmospheric pressure. Increasing the
pressure, in turn, decreases the size of the bubble and
increases the solubility of the solvent in the gaseous
center. This promotes the elution of the center [27].
When the outer shell is composed of lipids and is
highly elastic, a wrinkling transition, described later
in the paper, occurs such that a certain degree of
resistance to the loss of the central gas may be
obtained. On the contrary, if the outer shell is
composed of protein, and the ambient pressure
increases, buckling occurs and deforms the structure.
At this time, the critical pressure is determined by the
thickness, Young’s modulus of the bubble shell, and
the diameter of the bubble [27]. A change in
temperature also affects the life of the bubble through
changes in internal and external pressure and
solubility in the center of the solvent. When the
temperature increases, the central gas expands
according to the ideal gas law. As the temperature of
the surrounding solution increases, the gas solubility
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in the solvent decreases, and the gaseous molecules
flow back into the bubble, causing the bubble to
expand. Thus, the elastic stress applied to the
membrane increases, and the viscoelasticity of the
stretched shell decreases [58]. Bubbles are stored
freeze-dried, and the ones used as contrast agents are
stored after being lyophilized and mixed with water in
many cases before use. It has been reported that it has
better storage stability when stored by lyophilization.
Studies have shown that lyophilization can be stored
for at least one year [59-61].

3.1 Initial Bubble Concentration

When storing bubbles, the initial concentration of the
solvent affects the life of the bubblellife of the
bubbles. The central part inside the bubble tends to
diffuse and escape owing to the difference in
concentration with the surrounding area. Therefore, if
the concentration of the solvent is higher than that of
the core, the bubble remains stable. If the initial
concentration of the bubble is high, the volume of the
center eluted per bubble decreases to saturate the
same volume of solvent, enabling the reduction of the
change in the bubble. This is called the diffusive
shielding effect [62].

Bubble Stability in the Ultrasonication Field It has
been found that bubbles vibrate when exposed to
ultrasonic waves . Additionally, the vibration of the
bubble appears differently based on the acoustic
pressure applied. The ultrasonic device is designed
with the ability to control the acoustic pressure by
adjusting the mechanical index (MI). This is done by
dividing the peak rare fractional pressure of the
ultrasonic wave by the square root of the ultrasonic
center frequency. Living tissues produce linear
vibrations under an ultrasonic field. When the Ml is
low, the bubble causes a linear vibration with a
similar degree of contraction and expansion. In a
slightly higher MI, they cause a nonlinear vibration,
where the microbubbles expand more than they
contract. This nonlinear vibration represents a signal
that is distinct from the linear vibration of the
surrounding tissue [24]. When the MI exceeds a
critical point, the bubble is destroyed, and for a short
duration, sends a signal that is distinct from the
surrounding tissues in the form of nonlinear vibration
[63]. State of the nanobubble in the ultrasonic field.
When the bubble enters the ultrasonic field, it
oscillates. If frequency overcomes the threshold,
cavitation occurs. Moreover, a stable cavitation occurs
when bubbles cause nonlinear vibration, while inertial
cavitation occurs when the bubbles are destroyed.
When cavitation occurs, a physical change in the
surrounding cell structure takes place. Additionally,
the gas inside the bubble is eluted, and a strong shock
wave, shear force, and micro-jet are generated [64].

1088



These changes include the transformation or
degradation of vesicles that can cause changes in lipid
cell membranes, even without inertial cavitation [65].
Additionally, some of the ultrasonic energy is
converted into thermal energy and absorbed by the
surrounding tissues and their temperature increases.
The tissues that absorb heat energy actively exchange
materials, thereby increasing the delivery efficiency
of gases or drugs inside the bubble. When a bubble is
exposed to ultrasonic waves to cause cavitation, the
occurrence of stable or inertial cavitation is influenced
by several factors, including the characteristics of the
ultrasonic wave, the size and composition of the
bubble, and the surrounding environment. Several
models have been developed to predict the
phenomenon of a single bubble. The Rayleigh—Plesset
equation, which expresses the bubble behavior in an
incompressible fluid, is often used to develop these.
Bubbles in the ultrasonic field can cause cavitation.
Cavitation is affected by the surrounding
environment, such as acoustic pressure, center
frequency, pulse length, and characteristics of the
medium. Acoustic pressure refers to the change in
pressure generated by sound waves passing through a
medium. Acoustic pressure takes the form of a sine
wave in a time—pressure relationship, and there are
peaks and lows. The lowest point of the acoustic
pressure is called the peak-rarefactional pressure, and
this is related to the fragmentation threshold since the
bubble expands. Mainly, the fragmentation threshold
means the minimum acoustic pressure for inertial
cavitation to occur. In addition, when applying
continuous ultrasound, the fragmentation threshold
increases as the frequency increases [66]. When
pulsed ultrasound is applied, the threshold decreases
as the ultrasound application time increases. This is
because bubbles stabilize during the off-time interval
of pulsed ultrasound [67]. Compared to a bubble
without a shell, a bubble with a shell is 20 times
harder at the interface. Thus, thfrequency of ultrasonic
waves for cavitation is also higher. Additionally, the
thicker the bubble shell, the higher the frequency of
ultrasonic  waves required for cavitation. The
frequency of the ultrasonic wave required also varies
according to the composition of the shell because the
movement of the bubble shell is influenced by the
surface tension and the volume viscosity coefficient .
State of the nanobubble in the ultrasonic field. When
the bubble enters the ultrasonic field, it oscillates. If
frequency overcomes the threshold, cavitation occurs.
Moreover, a stable cavitation occurs when bubbles
cause nonlinear vibration, while inertial cavitation
occurs when the bubbles are destroyed. When
cavitation occurs, a physical change in the
surrounding cell structure takes place. Additionally,
the gas inside the bubble is eluted, and a strong shock
wave, shear force, and micro-jet are generated [64].
These changes include the transformation or
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degradation of vesicles that can cause changes in lipid
cell membranes, even without inertial cavitation [65].
Additionally, some of the ultrasonic energy is
converted into thermal energy and absorbed by the
surrounding tissues and their temperature increases.
The tissues that absorb heat energy actively exchange
materials, thereby increasing the delivery efficiency
of gases or drugs inside the bubble. When a bubble is
exposed to ultrasonic waves to cause cavitation, the
occurrence of stable or inertial cavitation is influenced
by several factors, including the characteristics of the
ultrasonic wave, the size and composition of the
bubble, and the surrounding environment. Several
models have been developed to predict the
phenomenon of a single bubble. The Rayleigh—Plesset
equation, which expresses the bubble behavior in an
incompressible fluid, is often used to develop these.
Bubbles in the ultrasonic field can cause cavitation.
Cavitation is affected by the surrounding
environment, such as acoustic pressure, center
frequency, pulse length, and characteristics of the
medium. Acoustic pressure refers to the change in
pressure generated by sound waves passing through a
medium. Acoustic pressure takes the form of a sine
wave in a time—pressure relationship, and there are
peaks and lows. The lowest point of the acoustic
pressure is called the peak-rarefactional pressure, and
this is related to the fragmentation threshold since the
bubble expands. Mainly, the fragmentation threshold
means the minimum acoustic pressure for inertial
cavitation to occur. In addition, when applying
continuous ultrasound, the fragmentation threshold
increases as the frequency increases [66]. When
pulsed ultrasound is applied, the threshold decreases
as the ultrasound application time increases. This is
because bubbles stabilize during the off-time interval
of pulsed ultrasound [67]. Compared to a bubble
without a shell, a bubble with a shell is 20 times
harder at the interface. Thus, the frequency of
ultrasonic waves for cavitation is also higher.
Additionally, the thicker the bubble shell, the higher
the frequency of ultrasonic waves required for
cavitation. The frequency of the ultrasonic wave
required also varies according to the composition of
the shell because the movement of the bubble shell is
influenced by the surface tension and the volume
viscosity coefficient between the bubble and the
surrounding liquid. The higher the viscosity
coefficient of the outer shell, the higher the energy
required for vibration, and a higher frequency
ultrasonic wave must be applied. Additionally, the
image quality of the microbubbles is superior to that
of the nanobubbles in the same ultrasonic wave
because the nanobubbles are smaller and cause less
vibration even when the same ultrasonic wave is
applied. Research has shown that a larger volume of
microbubbles amplifies an image signal better [68].
Thus, microbubbles are more advantageous than
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nanobubbles in increasing the permeability of the
material emitted by the bubble into the blood vessel
because the degree of vibration of microbubbles in the
ultrasonic field is larger than that emitted by the
nanobubbles [69]. When a bubble is cavitating under
the influence of ultrasonic waves, a temporary hole is
created in the surrounding cell membrane, allowing
foreign substances to enter the cell. Thus, drugs can
be delivered into the solid tumor through cavitation. A
study shows that using focused ultrasound (FUS)
limits the cavitation area of the bubble and increases
the efficiency of drug delivery [50]. Recent studies
have shown that cavitation alters the permeability of
blood vessels and cell membranes through three
mechanisms [70]:

*1. The cell membrane potential changes favorably to
ensure the inclusion effect, while there is a regular
mechanical load exerted on the cell membrane by the
vibration of the bubble by stable cavitation.* 2. The
volume of the vibrating bubble changes as it changes
from its stable state to inertial cavitation.
Accordingly, the gap between the vascular endothelial
cells is temporarily increased, the cohesive force is
weakened, the diffusion of reactants is strengthened,
and absorption into the tissue is increased.* 3.
Temporary pores, based on ultrasonic treatment
caused by inertial cavitation, are created in vascular
endothelial cells, and the inclusion of large molecules
in the cell increases.

In vivo Application Currently, bubble stability has
been the most significant barrier to their application in
vivo. This is because, as the environment inside the
test tube and the organism differs, it is difficult to
expect that the performance of the bubble in the test
tube will be similar to that in vivo.

According to one study, the stability of the bubble in
vivo and in vitro showed the same tendency.
However, the stability in vivo was lower. An
ultrasonic contrast agent currently in use, has a
lifetime of approximately 3 to 5 min [71]. There are
two main reasons bubbles are destroyed in vivo:3# 1.
Destruction by phagocytosis by the body’s immune
system. #2. Central gas elution and destruction by
physical impact. Among these, bubble loss caused by
the body’s immune system is mainly due to the
phagocytic action of macrophages, liver, and spleen.
Reducing the resulting loss is possible through the
deformation of the bubble shell. PEGylation is an
example that will be discussed later. The elution of
the central gas and destruction due to physical shock
occurs when the central gas dissolves and escapes into
the surrounding blood that the bubble is in contact
with in vivo. Additionally, when bubbles exist in the
blood vessels, they may be physically destroyed due
to blood flow. However, it is difficult to reproduce the
conditions in which the blood vessel bubbles are
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physically destroyed in vitro. In the report by Borden
et al., wrinkling transition was mentioned as a method
to ensure the stability of a lipid bubble in vivo [71].
When the central gas of the bubble escapes, and when
the length of the acyl chain of the lipid is long (more
than 18 carbons), the bubble does not show only a
spherical shape, but a somewhat crushed shape and is
maintained. However, when the length of the acyl
chain is short (less than 16 carbons), the bubble
retains only a spherical shape and decreases in size
rapidly with the elution of the central gas. Therefore,
it is advantageous to use a core gas that exhibits low
solubility in the outer shell and surrounding
environment, which can exhibit wrinkling transition
to secure stability in vivo [71]. PEGylation is a widely
used surface modification method to increase the
duration [72] or stability [73] of various drugs.
Particularly, as the method has various advantages,
such as wide applicability and high biocompatibility,
it is applied in various fields to increase drug delivery
efficiency. The PEGylation of a bubble changes its
stability. When applied in vivo, PEGylation helps to
avoid various side effects caused by the immune
system, such as the reticuloendothelial system, to
increase its half-life and facilitate targeting by binding
various ligands. Additionally, applications, such as
timely drug delivery, in connection with ultrasound
are also possible. PEG on the bubble surface exists in
two forms: mushroom and brush [74]. This
morphology is affected by the mole fraction of the
PEG. This morphology is affected by the mole
fraction of the PEG and the density and length of the
chain. PEGylation enables the avoidance of the
immune reaction as PEG blocks access to various
proteins and enzymes around the bubble. It was
observed that as the concentration of PEG on the
bubble surface increased, the binding of avidin and
the  biotinylated membrane  decreased  [75].
Particularly, at a PEG concentration of 6 mol% or
more, PEG was present in the mushroom form, and
there was only a little binding of avidin. This binding
resistance is due to the repulsive force produced by
the PEG. For avidin to bind with biotin, the PEG
present on the membrane must be pushed aside, and
sufficient binding sites must be secured. This process
requires additional energy consumption. Therefore, it
blocks the access of other substances to the bubble
surface. It was confirmed that it had a similar effect
on lipids by blocking the fusion of excess lipids to the
existing bubbles. However, once the fused lipid was
dissociated, it showed a pattern that was independent
of the PEG concentration. Additionally, as the
concentration of PEG increases, the range and size of
the repulsive force increase accordingly. At low
pressure, the interlayer distance of the bubble tended
to increase to 8, 12, and 13.4 nm when the
concentration of PEG2000 was 1.5%, 5%, and 10%,
respectively. PEG in the form of a brush can be used
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as a spacer to position the antibody beyond the PEG
mushroom. This spacer binds to the hydrophilic site
of the phospholipid, and is located in the distal part of
the bubble and can bind to other receptors [76].
Combining these effects well can impart both immune
evasion and target specificity to the bubble.

4. FABRICATION OF NANOBUBBLES

Fixed-ratio mixtures of the phospholipids DSPE-PEG
(2000) and DPPC (7, 14, 21 or 28mg) were added to
25-ml rotary evaporation bottles and dissolved in 2 ml
of chloroform. A small amount of the fluorescent
membrane probe Dil (red fluorescence) was then
added. Rotary evaporation was performed for 10 min
at 55 °C and 120 rpm/min in a rotary evaporator (New
Brunswick Scientific, Enfield, CT, USA [77].

The SNBs and control MB suspension (50 pl, 1x10
particles/ ml) was applied to a microscope slide to
observe their morphology. A coverslip was used to
cover the sample before examining SNBs and control
MB morphology under a microscope (Olympus 1X71,
Japan). Size distribution and concentration of bubbles
were determined with an optical particle counter
(Accusizer 780; Particle Sizing Systems, Santa
Barbara, CA, USA). Particle size was measured by
using a Zetasizer NANO ZS system (Malvern, UK)
[78].

4.1 Nanobubbles Stability

The change in the nanobubble particle size and
concentration over time was measured using the ideal
nanobubbles. All samples used for stability
measurements were prepared under the same
conditions as those used for particle sizing [79]. The
particle size of 1 ml of diluted nanobubbles was
measured immediately after the completion of
fabrication at 25 °C and the remaining nanobubbles
were kept at 25 °C.

Ultrasound is a frequency of mechanical vibrations or
pressure waves which are equal or above that of
human hear (20 kHz) due to its compressional and
rarefactional pressure fluctuations. Nanoscale bubble
system within the range of (1- 500 nm) can
accumulate at the tumor endothelium. and deliver
diagnostic and therapeutic agents (drug/gene) for the
theranostic [80] assessment.

4.2 Nanobubbles Detection and

Characterisation

Although nanobubble solutions are much more stable
than expected, bubble size distribution, bubble
concentration, and average bubble size will all
probably change over time. Original solutions must be
used as dilution of nanobubble solutions has complex
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consequences and gives unreliable results with the
volumetric concentration of nanobubbles decreasing
and the average nanobubble size enlarging.

Interestingly, bulk nanobubbles are subject to
Brownian motion, so behave as though they have
solid shells like nanoparticles. Thus, (larger
concentrations of) nanobubbles can be determined
using dynamic light scattering (DLS) that uses the
fluctuations are due to the Brownian motion of the
particles with larger bubbles giving greater scattering
but slower fluctuations. The calculated diffusion
constants are used to determine the hydrodynamic
sphereequivalent radius, r, of the particles using the
Stokes-Einstein equation scattering of laser light
travelling through the sample solution .

Surface nanobubbles are present at most aqueous
surfaces with many more investigations made into
surface nanobubbles [81] than bulk nanobubbles .
These nanobubbles may be found in crevices (trapped
nanobubbles) or on flat surfaces (surface
nanobubbles). Stability theories for nanobubbles at
solid-liquid interfaces have been reviewed.

Surface nanobubbles may be formed by the solvent
exchange procedure whereby a hydrophobic surface is
first contacted with water which is then replaced by
ethanol or a similar solvent. At this stage, no nano-
bubbles can be observed but after the ethanol is
replaced by water, surface nanobubbles are found.
They vary considerably in dimensions but typically
they might have dimensions of r =50 nm - 6 um, rS =
25 - 1000 nm, h =5 - 20 nm (see right). They have
greater contact angles (6 = 135° - 175°) than expected
from macroscopic bubble studies on the same
hydrophobic surface. The excess internal pressure is
not great when the bubble radius is greater than about
a micron. Surface explain the increased liquid slip at
liquid-solid interfaces and the resulting lower drag.

5. APPLICATION OF NANOBUBBLES

5.1 Malaria Detection

Hemozoin is a product that is formed by digestion of
blood consumed by blood-sucking mosquitoes.This is
also referred to as "malaria pigment" in mosquitoes.
Formation and presence of hemozoin is extremely
critical for the survival of blood-sucking mosquitoes.
Therefore, hemozoin is seen as a target for the
development of new and upcoming drugs for malaria
treatment.Nanobubbles have been used to develop a
non-invasive method of malaria detection. Hemozoin
nanoparticles are subjected to "safe" levels of laser
pulse radiation, having near-infrared wavelength, for a
short duration of around apicosecond. This exposure
to radiation creates a bubble of hemozoin in vapour
form around the hemozoin nanoparticles. These
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vapour-covered hemozoin nanoparticles generate
acoustic signals, which when coming into contact
with the dermal tissue, detect the presence of malarial
infection as low as 0.00034% in animals. This novel
method of detection of malarial infection is extremely
rapid, simple, inexpensive, safe.

1. Nanobubbles can be used as an effective means
for gene delivery without the use of viruses.
When nanobubbles are subjected to ultrasound
treatment, they are able to oscillate and
resonate at various frequencies. This property
of resonance of nanobubbles can be applied in
the field of gene delivery. Owing to the small
size, nanobubbles carrying the gene of interest
can be subjected to extravasation from blood
vessels.  Extravasation [82] allows the
nanobubbles to freely enter the surrounding
tissue, and deliver the gene carried by them in
an extremely specific manner, without any
invasiveness.

2. Plasmonic nanobubbles are those nanobubbles
which are excited due to exposure to laser
pulse radiation. As a result, a thin layer of
vapourized liquid is formed on the cell surface.
Gold nanobubbles are used for the purpose of
drug  delivery  inside  cancer  cells.
Chemotherapeutic drugs are embedded inside
these nanobubbles [83]

3. When chemotherapeutic drugs are required to
be administered for cancer therapy, these
nanobubbles can be introduced inside the
tumour with the help of laser. The tumour
membranes open up, and these nanobubbles are
absorbed. The chemotherapeutic drugs are then

released inside the tumour of the normal
dosage.
4. -Patients suffering from  breathing or

respiratory problems or, those individuals who
suffer from low oxygen levels can be treated by
the use of oxygen nanobubbles which are
directly injected into the bloodstream. This
method of direct oxygen introduction bypasses
breathing, and can be administered in
emergency medical situations, such as stroke,
brain haemorrhage, or heart attack. It has been
found that patients who are administered
oxygen nanobubble therapy can be kept alive
and stable for a period of 15 minutes.

5. -The small size of nanobubbles would render
them extremely redundant to be used for
imaging purposes. However, lipid nanobubbles
have found to be passively involved for the
purpose of tumour tissue imaging through
ultrasound. Tumour tissues are highly
permeable. Therefore, the nanobubbles are able
to enter the tissue easily, and be retained for a
long time. The tumours can be stained using
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red fluorescence dyes, which indicates the
presence of lipid nanobubbles in that particular
area of the affected tissue .

6. Nanobubbles can be used as an effective
means to treat wastewater. Working of a
nanobubble wastewater plant -Wastewater is
introduced in a tank containing nanobubbles.
This mixture of wastewater [84] containing
nanobubbles is then introduced into the mixing
tank  which contains sludge rich in
microorganisms.Microorganisms present in the
sludge are activated by the nanobubbles, thus
beginning a three-stage treatment process
Biological treatment - Activated
microorganisms  present in the sludge
decompose the biological waste present in
wastewater. a. Chemical treatment - This
biologically-treated ~ wastewater is  then
subjected to oxidation reaction in the contact
oxidation tank. In the presence of hydroxyl
radicals (OH-), peroxide, ozone, etc., chemical
organic impurities, heavy metals, etc. are
broken down. The end product of this chemical
treatment is the formation of water. b. Physical
treatment - This chemically-treated wastewater
is introduced in an adsorption tank containing
charcoal which removes the remaining solid
impurities through the process of adsorption.

7. [85] Ozone nanobubbles can be used as a
means for virus removal from oysters.
Norovirus is a virus that infects oysters. It
releases a toxin which leads to discolouration,
foul odour, and makes oysters unsuitable for
consumption. Oysters infected by norovirus
can be soaked in ozone nanobubbles, and the
virus can be eliminated.

6. CONCLUSION

This review article briefly introduces the factors that
affect the stability of MNBs. MNBs are attracting
attention as drug transporters  with  high
biocompatibility, flexibility according to the purpose
of use, and versatility in application. Particularly,
MNBs are used as contrast agents for ultrasound
imaging and have already been commercialized. They
can be used not only for the delivery of drugs but also
for the delivery of oxygen or genetic material. If the
characteristics of MNBs can be maintained constant
for a long duration, the applicable range of MNBs will
expand significantly and aid the development of
diagnosis and treatment technology.
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