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Characterization of nanobubbles and other
ultrafine bubbles by Nanoparticle Tracking
Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) Overview

PARTICLE SIZE
PARTICLE CONCENTRATION

NTA utilizes the properties of both light scattering and Brownian motion in order to
obtain the particle size distribution of samples in liquid suspension. A laser beam
is passed through the sample chamber, and the particles in suspension in the path
of this beam scatter light in such a manner that they can easily be visualized via a
20x magnification microscope onto which is mounted a camera. The camera, which
operates at approximately 30 frames per second (fps), captures a video file of the
particles moving under Brownian motion within the field of view of approximately 100
μm x 80 μm x 10 μm (Figure 1).

Figure 1: Schematic of the optical configuration used in NTA.
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The movement of the particles is captured on a frame-by-frame basis. The proprietary
NTA software simultaneously identifies and tracks the center of each of the observed
particles, and determines the average distance moved by each particle in the x and y
planes. This value allows the particle diffusion coefficient (Dt) to be determined from
which, if the sample temperature T and solvent viscosity η are known, the sphereequivalent hydrodynamic diameter, d, of the particles can be identified using the
Stokes-Einstein equation (Equation 1).

where KB is Boltzmann’s constant.

NTA is not an ensemble technique interrogating a very large number of particles, but
rather each particle is sized individually, irrespective of the others. An example of the
size distribution profile generated by NTA is shown in Figure 2.

Figure 2: An example of the size distribution profile generated by NTA. The modal size for this sample is found
to be approximately 70 nm, with larger sized particles also present.

In addition, the particles' movement is measured within a fixed field of view
(approximately 100 μm by 80 μm) illuminated by a beam approximately 10 μm in depth.
These figures allow a scattering volume of the sample to be estimated; by measuring
concentration of the particles within this field of view and extrapolating to a larger
volume it is possible to achieve a concentration estimation in terms of particles per mL
for any given size class or an overall total.
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Nanobubble Definition
The generation, measurement, and applied technologies of extremely small ultrafine
bubbles, so-called nano- and micro–bubbles, with diameter ranging from tens
of nanometer to tens of micrometer, are evolving innovatively in recent years.
Nanobubble technologies have already been implemented in actual applications
such as facility cleaning, solar cell manufacturing process, plant growth, etc., and its
application is considered to have the possibility to expand to wider range of fields,
such as water treatment processing, environment, civil engineering, beverage, food,
pharmaceutical, medical, cosmetic, plant cultivation, agriculture, fisheries, cleaning,
decontamination, and also manufacturing of future functional materials. Therefore
nano- and microbubble technology is expected to become one of the key players in
major industries of the future. The existence of surface nanobubbles is becoming
established following many different investigations from a number of groups. Far less
common are reports of the existence of bulk nanobubbles. It has been argued that this
is because they are considered less stable in bulk or that appropriate techniques for
their investigation have not yet been developed.

Nanobubble Characterization
Nanoparticle Tracking Analysis is proving to be particularly adept at the detection
and analysis (size, size distribution, number concentration) of these relatively low
concentration structures of extremely small size (compared to ‘conventional’ bubbles).
Seddon has recently and comprehensively reviewed the area of nanobubbles at
surfaces and in bulk, and has considered the current understanding of their formation,
stability, physicochemical properties and current and future applications (Seddon et
al. (2012)). In principle, a nanobubble in the bulk should be less stable than one of the
same volume at an interface. The bulk nanobubble has a larger gas/liquid interface
to allow diffusion of gas out of the bubble. Also, the curvature of the bubble surface is
greater, thus leading to a greater pressure differential across the interface for a bulk
bubble of the same volume. Nonetheless, several groups have presented evidence
for their existence and the most startling evidence for bulk nanobubbles is the recent
work which reports small nitrogen, methane and argon bulk nanobubbles of radius
50 nm that are stable for up to 2 weeks. The bulk nanobubbles, which were produced
by mechanical means that led to extreme supersaturation, were imaged from freezefracture replicas by SEM and were produced in such large quantities that the bulk
density of the solution was substantially reduced.
It is noteworthy, however, that questions still remain over whether deeply sub-micron
bubbles are what they are assumed to be. In a recent thought-provoking study Sedlak
and Rak (2013) have shown that in solutions of low molar mass compounds and
mixtures of liquids, large-scale inhomogeneities exist but which are not nanobubbles
in all cases. Thus, despite the fact that in textbooks, undersaturated solutions of low
molar mass compounds and mixtures of freely miscible liquids are considered as
homogeneous at larger length scales exceeding appreciably dimensions of individual
molecules, growing experimental evidence reveals that it is not the case. Large-scale
structures with sizes on the order of 100 nm are present in degassed solutions and
mixtures used in everyday life and research practice (e.g. atmospheric pressure),
especially in aqueous systems. These mesoscale inhomogeneities are long-lived and
their (relatively slow) formation kinetics can be monitored upon mixing the components
using NTA. These results support experimental results obtained in earlier light
scattering studies and, indeed, such results have been obtained (especially in 50:50
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mixtures of water and ethanol) by the scientists responsible for the development of
NTA (data not published).
Most of the work to date involving NTA analysis of nanobubbles has been carried out
in Japan. Thus Takaya et al. (2011) described the formation of nanobubbles by water
electrolysis and their analysis with NTA, while Kikuchi et al. (2011) investigated their
stability and weight having determined their size distribution with NTA.
Uchida et al. (2011) used TEM observations of nanobubbles and their capture of
impurities in wastewater. They generated a nanobubble solution by introducing pure
O2 gas into the ultra-high purity water with a micro/nano bubble generator and used
NTA to measure the resulting number concentration, estimated to be on the order
7
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of 10 cm of solution under the same sample preparation conditions. Ushida also
investigated the efficiency with which nanobubbles could replace detergents in the
washing of laundry given it has been estimated that mechanical work has been found
to account for 50% of the washing effect and nanobubbles can achieve the same
mechanical action. A combination of nanobubbles and reduced detergency resulted in
a 10% increase in washing efficiency (Ushida et al. (2011)). Ushida et al. (2012) have
recently investigated the drag reduction effect of nanobubble mixture flows through
micro-orifices and capillaries in which the nanobubble-containing mixture was shown
to contain 1.0 vol% nanobubbles by NTA. The results of studies using nanobubble
mixtures for water and glycerol which were passed through several sizes of microorifices and capillaries suggested that the addition of nanobubbles to a liquid results
in excellent drag reduction. Ushida also extended this work to include several types
of nanobubble mixtures (nanobubble/water, nanobubble/surfactant and nanobubble/
polymer) and discussed factors including slip wall, interfacial tension effect, electric
interface phenomenon and elasticity (Ushida et al. (2013)).
Uehara and Yano (2011) have reported magnetized nanobubble water formed under a
pulsed-magnetic field and Liu et al. (2013) have recently investigated the mechanism
of nanobubbles’ physiological activity promotion with proton nuclear magnetic
resonance (pNMR) relaxation time measurements. According to the experiment
results, the number of nanobubbles had a positive correlation with the spin-spin
relaxation time (T2) value of the water, which meant introducing nanobubbles could
increase the mobility of water in bulk. These results suggested that the nanobubbles
in water could influence the physical properties of water and that it could contribute
to one of the explanations for the mechanism of nanobubble’s promotion effect on
physiological activity of living organisms. The hydroponic experiment showed that
the nanobubbles themselves could greatly promote the growth of barley and that
nanobubble technology was possibly feasible to be used in hydroponic cultivation of
vegetables as a new technology in agriculture applications. NTA was used to measure
the bubble size diameters, a crucial parameter in understanding the effects they
exhibited.
It is interesting to note that methods for the production and apparatus for the
generation of nanobubbles, and in which NTA is used for analysis for supporting data,
is currently the subject of recent patent activity (e.g. Ryu, 2012; Tsuji, 2012 and Tsuji et
al. (2013); Lynn, 2013a and 2013b).
Numerous industrial applications of the use of nanobubbles are beginning to appear
in the rapidly growing body of literature on the subject of nanobubbles. Those in
which NTA is central to their analysis include studies on applications as diverse as
petrochemicals and fuels, building materials and remediation of contaminated land
sites and aquaculture. Ueda et al. (2013) described the use of water containing
air bubbles with a diameter around 100 nm (nanobubbled water) on removal of
radioactive carbon from granule conglomerate, asphalt and concrete contaminated
sites in Fukushima, Japan. In a wide ranging study of the efficacy of water containing
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nanobubbles of air or oxygen gas as generated using a nanobubble aerator, Ebina et
al. (2013) showed significant (compared to normal water) increases in growth (plant
height, leaf length and fresh weight) of Brassica campestris grown using nanobubbled
water; weight and length of DBA1/J mice free-fed nanobubbled water, as well as
sweetfish and rainbow trout grown in nanobubbled water.
Nanodroplets that encapsulate a perfluoropentane (PFP) core will transition upon
exposure to ultrasound pulses into gas microbubbles, which will rapidly expand
and collapse resulting in disruption of cells similar to the histotripsy process but at a
significantly lower acoustic pressure. Thus, in attempting to develop an image-guided,
targeted ultrasound ablation technique by combining histotripsy with nanodroplets that
can be selectively delivered to tumor cells, Vlaisavljevich et al. (2013) used NTA in
the preparation of nanodroplets with an average diameter of 204 nm at 37 °C by selfassembly of an amphiphilic triblock copolymer around a PFP core, followed by crosslinkage of the polymer shell forming stable nanodroplets. Using a high speed camera
to monitor microbubble generation, the peak negative pressure threshold needed
to generate bubbles >50 μm in agarose phantoms containing nanodroplets was
measured to be 10.8 MPa, which is significantly lower than the 28.8 MPa observed
using ultrasound pulses alone. High speed images also showed that cavitation
microbubbles produced from the nanodroplets displayed expansion and collapse
similar to histotripsy alone at higher pressures. Nanodroplet-mediated histotripsy
created consistent, well-defined fractionation of red blood cells in agarose tissue
phantoms at 10 Hz pulse repetition frequency; similar to the lesions generated by
histotripsy alone but at a significantly lower pressure. These results support their
hypothesis and demonstrate the potential of using nanodroplet-mediated histotripsy for
targeted cell ablation.
Finally, nanobubbles of air have been introduced into gas oil for energy saving and
environmental load reduction of diesel engines. After the micro air-bubbles were
separated from the nano air-bubbles in a mixing tank, diesel engine performance test
with a common-rail injection system was tested. The results showed a 3% reduction
in a brake specific fuel consumption (BSFC), 1% rise in charging efficiency and a
slight reduction in the density of exhaust smoke (Nakatake et al. (2013)). Similarly,
Oh et al. (2013) investigated the effect of hydrogen nanobubble addition on the
combustion characteristics of a gasoline engine. Using NTA to demonstrate a mean
diameter and concentration of hydrogen nanobubble in the gasoline blend of 149 nm
8

and about 11x10 particles/mL, respectively, the results showed that the power of a
gasoline engine with hydrogen nanobubble gasoline blend was improved by 4.0 % in
comparison with conventional gasoline at an engine load of 40 %. Also, BSFC was
improved, from 291.10 g/kWh for the conventional gasoline, to 269.48 g/kWh for the
hydrogen nanobubble gasoline blend, at the engine load of 40%.
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