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Abstract  

Nanobubble is a long-lasting gas-containing cavity in the aqueous solution and this 

unique property could be explained by the low internal pressure and surface tension, which 

may be due to the charged gas/liquid interface. The bubble stability decides the rate of bubble 

dissolution, so the dominant approach to understanding this is discussed. This paper also 

encompasses different methods for the production and characterization of nanobubbles, and 

theories for their stability. It also covers various applications of nanobubbles in different fields.   

Keywords: Nanobubble, bubbles, dissolution, Microbubbles 

Introduction 

Generally, nanobubbles are considered as gaseous cavities of size less than a micron. 

As per  ISO/TS 27687:2008, the term nano is associated with particles with lesser than 100 nm. 

Considering this fact, the particles of size less than 100 µm should be called ‘fine’ bubbles and 

sub-micron bubbles should be called ‘ultrafine’ bubbles. Bulk nanobubbles are highly stable 

gas containing bubbles (Seo et al., 2015) formed in aqueous solution. The first report regarding 

thepresence of nanobubbles was reported in by Thorpe et al. (1982). In the study conducted by 

Ultawoski et al. (2019), nanobubbles stable over weeks has been observed in distilled water 

and in open solution. These nanobubbles have negative zeta potential in the range of -25 to -

40 mV.  

The presence of nanobubbles in water is attributed long before to the discrepancy 

between the theortical and experimental cavitation threshold (it is the tensile strength of water, 

1000 atm) of water. The experimentally determined cavitation threshold is more than one order 

of magnitude lower than the theoretical tensile strength of pure water. This huge difference can 

be due to the cavitation nuclei present, solid impurities and tiny gas bubbles. The cavitation 

threshold in air saturated water is about 1 atm. As the gas concentration in the bubble increases 

the cavitation threshold decreases. Fox and Herzfeld. (1954), suggested that the size of gas 
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bubbles to be ranging from 100 nm to 10 μm. The long-range attraction between the 

hydrophobic surface is also attributed to the presence of nanobubbles. The study conducted by 

Attard. (1996) proposes that the long-range attraction between hydrophobic surfaces act 

through nanobubbles present. Due to its salient features nanobubbles are applied in various 

fields and new application methods are being developed for the efficient use of nanobubbles. 

Stability of Nanobubbles 

The stability of nanobubbles is explained using various models like skin model, Particle 

crevice model, electrostatic repulsion model and hydrodynamic model. Skin model suggested 

by (Fox and Herzfeld, 1954; Yount, 1979) explains that the shrinkage of bubble due to the 

dissolution of gas is prevented by the organic material or surfactant covering at the surface of 

the bubble.  Particle crevice model (Atchely and Prosperetti, 1989) suggests that the gas bubble 

is trapped inside the crevice of a solid impurity present and since the interface of the trapped 

gas bubble is concave, the surface tension makes the internal pressure lower than the liquid 

pressure thus stabilizing the bubble. But this model is in contradiction with the resonant mass 

measurement experiment results. As per the Electrostatic repulsion model, the bulk nanobubble 

is negatively charged (Takahashi, 2005) in pure water pH ∼7. The theory states that the 

electrostatic repulsion of the bubble surface may balance with the Laplace pressure preventing 

gas diffusion. However, the repulsive pressure is more than one order of magnitude smaller 

than that of the Laplace pressure (Yasui, 2018). 

“Many body model” suggests that the liquid surrounding the nanobubble is 

supersaturated with gas preventing gas dissolution. This can be achieved if the concentration 

of nanobubbles is high such that the liquid is supersaturated with gas. This theory fails to 

explain the stability of nanobubbles at low concentrations. Hydrodynamic model is a more 

plausible theory in elucidating the stability of bulk nanobubble. As per the theory first proposed 

for a surface nanobubble on a hydrophobic surface by (Brenner and Lohse, 2008). Due to the 

water repulsion properties of hydrophobic substance, a depletion layer of thickness 0.2–5 nm 

is formed. In this depletion layer the density of liquid water reduces to 44-94% (Steitz et al., 

2003) and the gas dissolved in the liquid water will be in trapped condition (Peng et al., 2013). 

The gas concentration in liquid water at hydrophobic surface is higher, hence the gas will 

diffuse into the bubble at the surface of hydrophobic material (Yasui, 2016). The dissolution 

of gas will be stopped when an equilibrium stage is reached between the gas influx at the 
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surface of hydrophobic material and gas outflux from the uncovered part. However, it has been 

found that the size of nanobubbles stabilized by the hydrophobic material should be smaller 

than the experimentally determined size. This points out that the actual potential of 

hydrophobic attraction is lower than assumed. Also, the surface coverage of hydrophobic 

material should be more than 50% for the bubble to be stable (Yazui et al., 2018). In the study 

conducted by Sugano, Miyoshi, and Inazato, (2017) TEM image of nanobubbles were taken. 

Based on the analysis of the image it was found that the bubbles were stabilised by the partial 

coverage of the hydrophobic material. However, the surface coverage of the hydrophobic 

material was unclear. 

 Mechanism of dissolution of air from the nanobubble 

The dissolution of a bubble of 100 nm takes around 75.36 μs. The temperature and 

pressure can increase upto 3000 K and 5 GPa, respectively at the final moment of the bubble 

dissolution. This increase in the temperature can be attributed to the pV work done by the 

surrounding fluid on the bubble. Due to this the temperature at the bubble surface can increase 

upto 85°C at the final moment of dissolution. This rise in temperature is not sufficient for 

thermal dissociation of water molecules and OH radical formation. Towards the end of 

dissolution only Nitrogen gas will be present in the bubble as the solubility of nitrogen gas is 

less. However, no nitrogen radicals will not be formed as the amount of N atom production 

inside a bubble is only in the order of 10−15 and is completely negligible (Yasui, 2016). 

Manufacturing of nanobubbles 

Bulk nanobubbles (ultrafine bubbles) are often produced using hydrodynamic 

cavitation by using Venturi-tube, swirling flow, injection of pressurized water containing gas, 

etc. In the initial phase due to production of microbubbles the water will turn milky, the 

microbubbles as result of buoyant force will move upwards gradually and disappear and the 

water will once again become transparent. When analysed with dynamic light scattering, laser 

diffraction scattering, and particle tracking analysis, bubbles of size range of 100–200 nm in 

diameter were found. These bubbles were stable for more than a month (Suagno et al., 2017; 

Maeda et al., 2014; Oh et al., 2015). Nanobubbles are developed using high speed agitation 

device, a tissue homogenizer, that can provide a three-dimensional multi directional motion. 

The gas (perfluoro-propane) and fluid is filled inside a container and is tightly sealed. The 

container tubes were shaken in a homogenizer at 6500 rpm for 60 seconds on ice with a 5-
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minute pause between each shaking phase. The samples were incubated at room temperature 

for one hour. The container was centrifuged (100 g for 10 minutes to extract same sized 

nanobubbles from microbubbles. The solution was preserved at 4°C (Lafond et al., 2018). 

Bubble liposomes are developed by taking 2 mL of prepared liposome in a 5mL sterilized vial 

followed by supercharging with 7.5 mL perfluoro-propane gas. It is then sonicated in a bath 

type sonicator for 5 minutes. The approximate size of liposomes was 500 nm (Suzuki et al., 

2016). 

Evaluation of nanobubble characteristics 

Different methods are used with varied applicability to measure the size of the 

nanobubbles produced. Nanoparticle tracking analysis is a technique used for measuring the 

size of nanobubbles. Nanoparticle movement due to Brownian motion is used to analysis the 

size. Stokes-Einstein equation is used to calculate the size of nanobubbles. the suspension of 

nanobubbles is illuminated by using a 638 nm red laser and the particle movement is expressed 

as light scattering. This method can be used to in a size range of 10 to 1000 nm (Lofand et al., 

2018). Dynamic light scattering is also used for calculating the size of nanobubbles. here also 

the light scattering caused by the Brownian motion of the bubbles is used. In this method the 

overall size distribution of the particles is analysed. In this method for an accurate calculation 

of the size distribution, the bubble concentration should be more than one billion nanobubbles 

per mL (Lofand et al.,2018). The number of nanobubbles generated can be estimated by flow 

cytometric analysis. Nanoparticles are detected by measuring the side scattering from 

ultraviolet laser. The signals are analysed to determine the number of nano particles. This 

method is also used for evaluating the stability of nanobubbles (Lofand et al., 2018). 

Freeze fracture transmission electron microscopy was used for studying the structural 

and functional features of nanobubbles. This method is generally used for analysing the 

biological components. Initially the samples are fractured and a replica of the fracture plane is 

created by the vacuum deposition of platinum-carbon. The replica is then examined by TEM. 

In the study conducted by Uchida et al. (2011), 10 to 20 mm3 of sample was taken in Au-coated 

Cu sample holder and rapid freezing was done using liquid nitrogen. The sample was fractured 

by applying vacuum of 10-4 to 10-5 Pa at 100 K. The replica was created by evaporating 

platinum-carbon. The replica thus developed was analysed using a field emission gun type 

TEM. Resonant mass measurement is used for the characterisation of nanobubbles based on its 
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size. This consists of a cantilever with an embedded microfluidic channel. The change in the 

resonance frequency of the cantilever beam when the particles are passed through the 

microfluidic channel is measured. The passage of smaller density (less than density of water) 

particles will increase the resonance frequency while passage of larger density particles will 

decrease the resonance frequency. By measuring the change in the resonance frequency, mass 

of the particles is calculated. If the density of the particles, the volume (diameter of the particles 

is determined (Alheshibri and Craig, 2019). 

The rheological parameters of nanobubbles can be investigated by applying bubble 

oscillation simulations using the information on cavitation thresholds. The surface tension and 

the corresponding dilatational viscosity are the key parameters calculated for developing a 

rheological model. The modelling was done using Rayleigh-Plesset-type equation. Using the 

rheological models’ simulations of nanobubble behaviour can be developed and these 

simulations can be used to confirm the structure of the nanobubbles and activity of nanobubble. 

In the study conducted on the albumin nanobubbles, the simulated rheological models 

confirmed that albumin acts as a surfactant and the nanobubble behaves like an extremely soft-

shelled bubble. This also points the possibility that a viscous surfactant can also be used for 

developing stable nanobubbles (Lofand et al., 2018).  The dilatational viscosity of albumin 

nanobubbles are in the range 5.10−10 Ns/m to 1.10−9 Ns/m, which is much lesser than that of 

microbubbles. This lower dilatational viscosity of albumin nanobubbles explains the longer 

stability of nanobubbles along with its high sensitivity to ultrasound. This improves the 

applicability of nanobubbles in imaging and therapy applications (Lofand et al., 2018). 

The mechanical effect generated and used in drug delivery, tumour treatment and gene 

transfection is the cavitation effect. Bubbles are used to reduce the large pressure levels 

required for the generation of desired cavitation effect as large pressure levels can cause safety 

concerns. Bubbles can act as the cavitation nuclei thereby inducing desired cavitation effect at 

lower pressure levels.  The cavitation index is measured using an ultrasound emitter and an 

aligned in house PCD to receive the signal. The cavitation index of nanobubble and 

microbubble was calculated and was found that albumin nanobubbles can be used as an 

effective cavitation nucleus as the inertial cavitation threshold is under 2 MPa (Lafond et al., 

2018). 

Armoured nanobubbles 
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Armoured nanobubbles is used to refer to coated bubbles of diameter less than 1000 

nm. These armoured bubbles are used as contrast agents in ultrasound imaging. These bubbles 

are stable for long periods. The lipid coating acts a shell and provides mechanical resistance to 

the nanobubbles. On the application of external pressure, the reduction in size was considerably 

lesser than compared to a naked nanobubble. It was also observed that the condensation of gas 

inside the shell occurred at much higher pressures than the normal required levels. The shell 

also contributes to the stability of nanobubbles.The lipids used as shell material are 

hydrophobic and has low solubility in water, therefore it will reduce the surface energy at the 

interface resulting in negative Laplace pressure inside the bubble(Alheshibri and Craig, 2018). 

Additionally, the transport of gas across the interface is prevented by the lipid shell (Mountford 

et al., 2014). The concept of stability of armoured bubbles is consistent with the proposed idea 

of Ducker, (2009). According to his model the concentrated impurities accumulated at the 

interface will cause a reduction in the interfacial energy leading to the development of a 

negative surface energy. 

Application of nanobubbles. 

Bubbles are used as image contrasting agents in medical field as the acoustic properties 

of bubbles are different from tissues and fluids, so when bubbles are used enhanced image 

contrasts can be developed. In the medical field FDA approved microbubbles viz: Definity 

(Lantheus Medical Imaging) and Optison (GE Healthcare) preparations are already in use 

(Perera et al., 2015). To improve the lifetime of in vivo bubbles studies using nanobubbles are 

in progress (Wang et al., 2010; Perera et al., 2014; Yin et al., 2012). At low acoustic power 

microbubbles resonate symmetrically but when intermediate acoustic power is applied the 

expansion and contraction phases will exhibit nonlinear behaviour, at the same time tissues due 

to their incompressibility compared to bubbles will demonstrate a linear behaviour. 

Microbubbles are also used as drug delivery agent. Usually, the bubbles will be coated 

with an external shell using specific lipids that will bind with the drugs. These bubbles can 

cluster in the desired area and the drug can be released either naturally or with the application 

of external stimulus such as ultrasound (Mestas et al., 2014). The application of microbubbles 

has some limitations due to the increased size, which have led to the necessity of an extensive 

study of nanobubbles. Ultrasound and the cavitation effect have large number of applications 

in the medical field. The bubbles are introduced as cavitation nuclei to reduce the negatory 
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effects of large pressure caused by the cavitation. Bubbles can also be used as a medium to 

deliver the cavitation effect in the targeted region thereby reducing the risk of collateral 

cavitation in untargeted regions. The nanobubble can access regions which are not 

approachable by microbubbles. Also nanobubbles are less prone to clearance and thereby have 

a prolonged circulation time in blood. Nanobubble can be used as an efficient drug delivery 

agent to tumor (Narihira et al., 2017), nerve (Song et al., 2017), retina (Tahkur et al., 2017), 

vascular tissues (Sutton et al., 2013) and brain blood barriers (Huang et al., 2015). Gene 

transfection can also be done by the application of nanobubbles (Abdalkader et al., 2017).  The 

application of nanobubbles have showed interesting developments in imaging applications 

(Yang et al., 2015) and theragnostic modalities (Sneider et al., 2017).  

By using nanobubbles the lifetime of the bubbles can be extended. Nanobubbles 

prepared by Yin et al, (2012), demonstrated better contrast enhancement as compared to 

microbubbles. The enhancement lasted only 15 minutes in case of microbubbles where as it 

lasted to almost an hour in the case of nanobubbles.  The study conducted by (Suzuki et al., 

2016) shows benefits of combined application of ultrasound and bubble liposomes. The tumour 

temperature was 6°C higher when ultrasound and bubble liposome was applied together 

compared to the application of ultrasound alone. This is due to the localized heating of bubble 

interior. The necrosis of tumour tissues occurred at lower intensity when bubble liposome and 

ultrasound was applied together. The tumour was suppressed by approximately 45%. The 

combined application of bubble liposome and ultrasound induce damage to tumour cells by 

making pores in the cell membrane. This in turn will induce the release of tumour antigen to 

the blood stream which will prime the anti-tumour immune system. Micro and nanobubbles 

are also used in waste water treatment such as sewage treatment of wastewater by air floatation 

(Li and Tsuge, 2006) and removal of adsorbed proteins without detergent usage (Liu et al., 

2008). Analysis of TEM images of bubbles created in waste water shows that insoluble 

impurities are collected on the surface of the bubbles. As the sweep area of the bubbles is 

limited, the effectiveness of application of bubbles for wastewater treatment depends on the 

concentration of the bubbles in the water and the residence time. 

Future applications and further study in Nanobubble technology 

Micro and nanobubbles are now employed in biological field as a functional material. 

Application of bubbles was found in accelerating the metabolism in vegetables. In the study 
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conducted by Park and Kurata. (2019), lettuce was cultivated using deep flow technique 

hydroponics in which micro and nanobubbles were created. It was found that the weight of 

lettuce leaves increased upto 2.1 times. The application of microbubble can increase the gas-

liquid mass transfer due to the increase in the interfacial area and it was found that when 

microbubble was used yeast can be cultivated with 1/100 to 1/10 of the gas flow required in a 

conventional sparger (Ago et al., 2006). Mixture of ozone and microbubbles was used to 

enhance the sterilization efficiency of ozone. Here also the enhanced mass transfer property of 

bubbles was utilized (Li and Tsuge, 2006).  

The application and advantages of nanobubble in tumour treatment is already 

established/studied. However, the optimisation of concentration of nanobubbles required to 

have maximum effect has not yet been investigated. It is necessary to find the right 

concentration of nanobubbles required because a higher concentration of nanobubbles will 

disturb the ultrasound transmission and effective cavitation will not be induced (Suzuki et al., 

2016). In the study conducted by Lofand et al. (2018) to evaluate the cavitation index of 

albumin nanobubbles, the mechanical effect produced was studied. However, the thermal 

effects and its implications on the cavitation threshold and surface tension were not studied. In 

the studies conducted by Alheshibri and Craig. (2018), the mechanical resistance and stability 

of armoured nanobubbles were investigated. Further investigations were conducted regarding 

the applicability of armoured nanobubbles and their implications such as the cavitation of water 

columns in xylem of plants (Schenk, 2015) and formation of bubbles and decompression 

sickness (Craig, 1996). The study conducted by Alheshibri and Craig. (2018), showed the 

inaptness of resonance mass measurement in characterising the lipid armoured nanobubbles. 

The dilution of the sample affected the lipid solubility which in turn affected the stability of 

armoured nanobubbles. 

Conclusion 

The nanobubbles are generally split into surface nanobubbles and bulk nanobubbles. 

The stability of nanobubbles is not yet clear however progress is being made and several 

hypotheses have been proposed to explain the observed long-term stability of nanobubbles.  

None of them succeed in describing all the experimental observations, but improvements in 

characterization techniques and a growing demand from industry for methods to make and 

control nanobubbles will continue to drive new research in the field.  
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