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Lipid Coated Nanobubbles as Theragnostic Agents: from Theory to Application
D.V.B. Batchelor, R.H. Abou-Saleh, P.L. Coletta, AF Markham, S.A. Peyman, J.R. McLaughlan, and S.D. Evans
School of Physics and Astronomy, University of Leeds, United Kingdom

Abstract:

The fate of bubbles in water is to either to rise to the surface and burst or to dissolve in the
aqueous phase. As the bubbles become smaller there is a concomitant increase in the Laplace
pressure driving the rate of dissolution ever faster. As such nanobubbles (NBs) are expected to
exhibit vanishingly short lifetimes before their dissolution. Coupled with their decreasing size the
pressure within such nanoscale bubbles increases and the temperature at which encapsulated
gases vaporise is increased.!

In this presentation, we consider the predicted behaviour of a number of perfluorocarbon gases
that have been used as ultrasound contrast agents in microbubbles as the bubble size is reduced
to the nanoscale.
Further, we look at the
production and
characterisation of lipid
coated nanobubbles.?
Finally, we consider the \
potential of “nested % 100 200 300 400 5(1)0‘600 700 800
nanobubbles” in which seelm

lipid coated NBs are encapsulated within 300 nm liposomes for ultrasound triggered release of
therapeutic agents.

a ) - .| Liposome
| Nested Particie

1. Evans DR, Parsons DF, Craig VS. Physical properties of phase-change emulsions. Langmuir.
2006;22(23):9538-45.
2. Peyman SA, Mclaughlan JR, Abou-Saleh RH, Marston G, Johnson BRG, Freear S, ... Evans SD On-

chip preparation of nanoscale contrast agents towards high-resolution ultrasound imaging. Lab on a
Chip. 2016;16(4):679-87.
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Nanobubble production

The Controllable Formation of Nanobubbles and Nanodroplets on

Nanopatterned Structures
Limin Zhou?, Shuo Wang?, Jun Hu%?, and Lijuan Zhang®?*

1 Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute, Chinese Academy of
Sciences, Shanghai 201204, China
2 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China

E-Mail corresponding authors: zhanglijuan@zjlab.org.cn

Abstract

The nucleation and stability of nanoscale gas bubbles/nanodroplets located at a solid/liquid
interface are attracting significant research interest. It is known that the physical and chemical
properties of the solid surface are crucial for the formation and properties of the surface
nanobubbles/nanodroplets. Herein, we will report the formation of nanobubbles/nanodroplets
on nanostructured substrates [1]. Two kinds of nanopatterned surfaces, namely, nanotrenches
and nanopores, were fabricated using an electron beam lithography technique and used as
substrates for the formation of nanobubbles. Atomic force microscopy images showed that all
nanobubbles were selectively located on the hydrophobic domains but not on the hydrophilic
domains. The sizes and contact angles of the nanobubbles became smaller with a decrease in the
size of the hydrophobic domains. The results indicated that the formation and stability of the
nanobubbles could be controlled by regulating the sizes and periods of confinement of the
hydrophobic nanopatterns. The formation of nanodroplets has a similar rule as that of
nanobubbles. The experimental results were also supported by molecular dynamics simulations.
The present study will be very helpful for understanding the effects of surface features on the
nucleation and stability of nanobubbles/nanodroplets at a solid/liquid interface.
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Figure 1. Figure 3 AFM imaging of nanobubbles formed on flat and nanotrench surfaces. (a) Nanobubbles on ZEP
coated silicon surface (period/stripes: 500 nm/400 nm). (b) Nanobubbles on PMMA coated silicon surface
(period/stripes: 200 nm/100 nm). (c, d) the typical 3D images for the zoom in of (a, b). (e, f) the section profiles of
the nanobubbles marked in (a) and (b).
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Extrusion: A new method for rapid formulation of high-yield, monodisperse
nanobubbles
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Background: The use of nanobubbles (NB) has rapidly accelerated in the past decade, with
applications ranging from agriculture, to the food industry to medical imaging. In biomedical
applications, NBs are used as ultrasound contrast agents for molecular imaging and for targeted
drug and gene delivery. Efficient formulation of uniformly sized nanobubbles remains
challenging. Current techniques are cumbersome, time consuming and/or require specialized
instrumentation, such as microfluidics. In this work, we demonstrate for the first time, the use of
simple extrusion, typically utilized for liposome formulation, as a method to generate high-yield,
monodisperse lipid shelled nanobubbles. Extrusion represents a quick, low cost alternative to
microfluidic formulation that could be easily adapted and scaled up to industrial production of
NBs.

Methods: For extruder NBs (e-NB) the standard mini-extrusion setup available from Avanti Polar
Lipids was used (Figure 1. A.) [1]. Lipids dissolved in propylene glycol (composition as in [2]) and
CsFs gas were placed in gas-tight syringes and the solution was passed 30 times through a 0.8 um
extruder membrane. The resulting solution was centrifuged to isolate the foam and then passed
through a polyethersulfone (PES) 0.45 um filter to ensure complete microbubble removal. For in-
vivo application, after the extrusion, the resulting NB solution was passed through a 0.8 um MCE
filter and centrifugation was omitted. As a comparison, control NBs (v-NB) were formulated using
self-assembly via mechanical agitation using the Vialmix device, as previously described [2]. NBs
were characterized by resonant mass measurement (RMM). The acoustic response of the NBs
was assessed in a “T”shaped agarose phantom, using a clinical ultrasound system with a 12 MHz
center frequency linear array transducer in contrast harmonic imaging mode (Ml: 0.2, 1 fps, 65
dB dynamic range, 70 dB gain). The formulations were normalized to the same theoretical gas
volume. In vivo NB imaging was carried out in mice with the same US probe, and the same
parameters (at 0.2 frame/s).

Results: The extrusion process resulted in NBs that are smaller and more monodisperse than
those made by mechanical agitation (160 + 50 nm vs 320 + 100 nm) (Figure 1.B.). The
concentration obtained was lower using the extruder compared to the Vialmix (6.2 + 1.8 x 10%°
vs 3.2 £ 0.7 x 10%?), but the total volume of e-NB was 2.5-3 mL vs 0.5 mL for v-NB. On US imaging,
v-NBs had a higher initial acoustic response, in the three regions of interest, Z1, Z2 and 73, with
30 £+ 1 dB compared to 17 + 5 dB for eNBs for focal region (Z2) (Figure 1.C. and D.). For e-NBs,
signal was primarily apparent in Z2 compared to v-NBs where significant activity was also seen in
Z1 and Z3. This result suggests a strong pressure dependent acoustic response, which, as
predicted, becomes more apparent with a more monodisperse bubble population. After 8 min of
US exposure, minimal signal decay was observed for v-NBs. For e-NBs a 50% decay of the initial
signal was observed from 17 + 5 dB to 8 + 5 dB (Figure 1.D.). Despite the faster signal decay under
ultrasound exposure, the acoustic response of e-NBs is considerably more localized. In vivo, the
acoustic signal was recorded for 30 min in the kidney and liver of the mice. Similar to in vitro
results, a lower acoustic response and faster signal decay was observed with e-NBs compared to
v-NBs (Figure 1.E. and F.). Also, the e-NBs had a lower initial peak response than v-NBs for both
liver (9+2 dBvs 13 + 8 dB) and kidney (13 + 2 dB vs 17 + 4 dB) (Figure 1F). This faster decay of in
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vivo e-NBs may be a result of the improved monodispersity because of the sensitive dependence
of acoustic response to NB diameter. In v-NBs, the bubbles likely decay at different rates due to
their variable response. [3]

Conclusions: We present proof of concept data for directly producing monodisperse, lipid-
shelled CsFg nanobubbles for biomedical applications via a simple extrusion process, which was
previously utilized only for liposome and other lipid nanoparticle production. Compared to
mechanical agitation, the extrusion process requires no initial MB formulation or differential
centrifugation and results in high NB concentration. e-NB stability and acoustic properties can be
tuned by optimizing process parameters, which will be the subject of future work.
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Figure 1.(A) Schematic of the extruder process, initial statement (up), pass through the membrane present in the
extruder. (B) Physical characterization of buoyant and non-buoyant particles using resonant mass measurement;
Contrast harmonic images (12MHz, MI:0.22) at t=0 (left) and representation of the enhancement over 8 min (right)
of v-NBs (C) and e-NBs (D). Contrast harmonic images of in vivo e-NBs and v-NBs at t=1min (E).Representation of

enhancement of liver (L) and of kidney (K) for v-NB and in vivo e-NBs over 30 min with a NB injection at 30 s (12 MHz,
M1:0.2) (F)
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Interaction of drops and bubbles with nano- and microstructured surfaces

Hans-Jurgen Butt

Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

Wetting phenomena surround us every day and are relevant for technological applications such
as printing, painting, coating, heat transfer, flotation, bringing out herbicides and insecticides.
Making surfaces with defined wetting properties is one of the big engineering challenges, in
particular fabricating liquid repellent surfaces. Liquid repellency includes two aspects: High
receding contact angles and low friction of drops. In the first case, sessile drops show a low
adhesion in normal direction; they can easily be taken off vertically. Super liquid-repellent
surface fall in this category. In the second case, drops have low lateral adhesion and slide off
surfaces, which are only slightly tilted. Some polymer brushes, lubricant-infused polymer
brushes and lubricant-infused porous surfaces belong to this category. Different types of liquid
repellent surfaces will be discussed. Effects leading to friction are described and methods to
characterise surface are highlighted.
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Generation of bulk nanobubbles in pure alcohol

Harsh Sharma? and Neelkanth Nirmalkar!*
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E-Mail corresponding authors: n.nirmalkar@iitrpr.ac.in

Abstract

Nanobubbles (NB’s) are extremely small gas pockets with diameters in the nanometer range. The
applications of nanobubbles in process industries has been grown rapidly over the last decade
due to their extraordinary properties, for instance, long-term stability in aqueous solutions, ROS
generation capability, high gas transfer efficiency in bulk liquids, and enhanced rate of mass
transfer coefficient. The extralongevity of the nanobubbles in water plausibly may be due to the
dangling OH bonds and the surface charge on the bubbles, however, the exact mechanism is still
not clear. Most of the recent literature dedicated to the formation of bulk nanobubbles in water
and their usage in diverse engineering and medical applications, the scant experimental studies
have been reported the nanobubbles in organic solvents but there is no strong scientific evidence
were provided. In this work, we successfully generated bulk nanobubbles in pure alcohols and
provided a scientific evidence based on the refractive index measurement of individual
nanobubbles. The acoustic cavitation method is utilized to generate nanobubbles in ethanol and
isopropyl alcohol (IPA). A probe-type ultrasonic processor have been used, to generate
nanobubbles in pure alcohol. The ultrasonication amplitude varied ranging from 25 to 98 percent
with 5 mins of sonication time. Nanobubbles were characterized using NTA (Nanoparticles
tracking analysis) and DLS (Dynamic light scattering). The population, diameter, refractive index,
and zeta potential of NBs in alcohols were demonstrated, and shown in Fig. 1. The formation of
nanobubbles was observed to be higher in IPA than in ethanol, with a maximum bubble number
density of 8.56 X 107 bubbles per ml at 40 percent amplitude. The zeta potential values and the
diameter of the generated nanobubbles are shown in Fig. 1(c) and (b), respectively; the diameter
of the nanobubbles in both alcohols was in the range of 120-140 nm at every ultrasonication
amplitude. The zeta potential in ethanol is negative, which enables them for long-term stability
in solution, whereas in IPA, the zeta potential values are around +5 mV. The probable reason for
the zero surface in IPA could be absence of the dangling OH bond at the interface [1].
Furthermore, to distinguish the nanobubbles from the nanoparticles, we have calculated the
refractive index of each nanobubble suspension using Mie scattering theory [2]. The refractive
index values for all nanobubbles samples were found to be close to one (Rl for air = 1), indicating
that the nanoparticles produced are gas-filled nanobubbles. From application viewpoint,
nanobubbles in alcohol system has the potential to significantly improve the reactions and
interactions of gas-liquid in alcohols.
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Figure 1. Bulk nanobubbles generated by ultrasonic cavitation method; (a) Bubble number density, (b) Bubble

diameter, (c) Zeta potential values, (d) Refractive Index.
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Abstract

Fine Bubbles (FB) of typically smaller than 100 um in size is defined by ISO/TC 281 (Fine bubble
technology). They also defined Micro Bubbles (MB) of bigger than 1 um and less than 100 um and Ultra
Fine Bubbles (UFB) of less than 1 um. The study of UFB has recently attracted much attention, but it is
specialized in applied research applications. On the other hand, although the fundamental properties of
UFBs are gradually being elucidated, there are still many fundamental principles that are not yet
understood, such as the control of particle size and the mechanism of action for applied use. In order to
understand the basic principle of UFB, we generated UFB water using carbon dioxide and measured its
properties. In particular, the relationship between the properties of the water (pH and conductivity) and
the properties of the bubbles (particle size distribution and zeta potential) was confirmed in detail.

The zeta potential of UFB refers to the state of electrical charge. It can be measured as a characteristic of
the gas-liquid interface between water and bubbles, and bubbles are generally negatively charged. Since
carbon dioxide dissolves well in water, it is possible to easily change the pH and electrical conductivity of
water without adding other impurities. For carbon dioxide UFB, UFB water was prepared under the same
conditions by running the generator with cooling. By diluting the UFB water with pure water, the pH and
electrical conductivity were changed easily, and the bubble characteristics were measured
simultaneously.

As a result, we found that the particle size of carbon dioxide UFB changes due to the change in pH and
electrical conductivity caused by dilution. In carbon dioxide UFB water, there are hydroxide ions and
carbonate ions as water ions. The pH is around 4, the only carbonate ion presents as H,CO", and there are
only two types of negative ions, including hydroxide ions. According to our measurements, the hydroxide
ions may gather around the bubbles and change the bubble size smaller. In the near future, the
relationship between the negative ions in the water and the UFB size should be clarified by direct
detection of the internal pressure of the UFB and measurement of the -dissolved gas concentration of
carbon dioxide, which are currently being conducted in our study group.
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Abstract

A series of eight water samples ranging in hardness from deionized Millipore water to commercial
hard mineral water with 332 mg/L CaCOs were continuously sonicated for periods of 5’ - 45’ using
a 100 W, 30 kHz ultrasonic generator. The resulting temperature, z-potential, conductivity and
pH and of the water were analysed, together with the crystal structure of any calcium carbonate
precipitate. Quasi-stable populations of bulk nanobubbles characterized by a z-potential of -45
to -30 mV were formed in Millipore and soft water, decaying with a half-life of 72 h (Figure 1),
but nanobubble loading of the hard water was impeded after 10’ of sonication when the ambient
temperature reached 45°C. The z-potential then jumped from -15 mV to almost +20 mV (Figure
2) and the water turned cloudy. This is attributed to the appearance of colloidal amorphous
calcium carbonate (ACC) [1]. The z-potential remained positive for several days, but if subjected
further heating to 100°C, crystalline calcium carbonate is precipitated and the z-potential of the
suspension falls to -5 mV. If the solution is then allowed to settle and the supernatant is
sonicated, there is an increase in its conductivity and pH, but no further precipitation occurs and
z remains below 0 mV. The residue was dried in an oven at 80°C and the solid material was found
by X-ray diffraction and scanning electron microscopy to be mainly composed of needle-shaped
aragonite crystals. Heating the hard water on a hotplate without any prior sonication also gives
aragonite, but when the water is evaporated in an oven at 80°C, the precipitate is mostly calcite.
Analysis of the change of conductivity of the hard water before and after sonication leads to a
new estimate of the proportion of Ca?* present in nanoscale prenucleation clusters (also known
as DOLLOPS [2]), which exceeds 25%. It is suggested that nanobubbles created in the early stage
of sonication of hard water (<10’) may be associated with the nanoscale colloidal DOLLOPS.
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Figure 1. Decay of {-potential of sonicated Millipore water over four days.
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Abstract

In this work we present a tailored system used for producing multiple nanobubbles
homogeneously distributed in a defined volume of filtered water. The bubble nucleation method
consists in illuminating the liquid with a non-focused high-power laser beam, as described by
Rossellé and Ohl in Ref. [1]. This novel bubble generation method has many advantages regarding
the “cleanness” of the nanobubble preparation. As the laser nucleation technique do not require
of moving parts, like for instance the usual mechanical agitation methods, the final sample is
unlikely to get contaminated with additional oil drops or solid particles originated, for instance,
by cavitation erosion [2]. An important part of our experimental method was the implementation
of an acoustic bubble detection technique, which consists in passing a rarefaction wave through

“Seeding”

laser beam Shockwave [ .-

focal region ||

DI water 4
2 e

Figure 1. A reduced volume of the liquid sample contained in a tailored 3D printed cuvette is illuminated with a high-power laser
pulse and bulk nanobubbles are produced. After a time At, a medical grade lithotripter focuses a shock/tension wave on the
cuvette and the nanobubbles become visible. (a) General view of the setup. The tailored cuvette of 1.5 cm of side is held from its
top from four points and partially submerged in the DI water which transmits the pressure wave generated by the lithotripter
plate. The illumination in the shadowgraph images is performed with a green pulsed laser light transported with an optical fiber.
(b) As the rarefaction wave advances the produced bubbles became visible from a direction perpendicular to the seeding laser
beam. (c) The bubble number, size and position was characterized using a state of the art bubble recognition algorithm based on
the Hough transform [3].

The expansion of the bubbles provoked by the rarefaction wave was key to observe the cavitation
nuclei though standard optical microscopy, as shown in Figure 1. The seeding and expansion of
the gas cavities was captured using high-speed video recordings taken at 5 Mfps and
femtosecond laser illumination. The images were analyzed with a state of the art bubble
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recognition algorithm based on the Hough transform [3]. This allowed us to characterize the
number of bubbles within a region of interest for a variety of experimental scenarios. In
particular, we explored the effect of having different energy in the seeding laser pulse and
different amplitudes of acoustic pressure in the rarefaction wave. Finally, we estimated the rest
radius of the bubble cluster by comparing the results with numerical simulations performed using
the Keller-Miksis model for bubble dynamics [4] or the Epstein-Plesset theory for bubble
dissolution [5].
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Abstract

Cavitation is a ubiquitous phenomenon whose prediction proved a formidable task, particularly in the
case of water. Here a self-contained model is discussed which is shown able to accurately reproduce
cavitation data for bulk water over the most extended range of temperatures for which accurate
experiments are available — left panel in fig. 1. The computations are based on a diffuse interface model
which, as only inputs, requires a reliable equation of state for bulk free energy and interfacial tension of
the water-vapor system combined with rare event techniques borrowed from statistical mechanics. By
consistently including thermal fluctuations in the spirit of Fluctuating Hydrodynamics, the approach is
extended to dynamic conditions in presence of solid walls of different wettability — right panel in fig. 1
— to allow coupling with fluid motion. The talk will focus on the wall wettability in compliance with the
fluctuation-dissipation balance, a crucial point in the context of the fluctuating hydrodynamics theory.
Depending on time availability, new, still unpublished results concerning the coupling of nucleation and

fluid flow (fig. 2), the effect of micro-confinement, and time-changing thermodynamic conditions will also
be addressed.
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Figure 1: (left) Cavitation pressure as a function of temperature in bulk water (experiments vs simulations). (b)
Dynamic bubble nucleation at a solid wall.
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Figure 2: Bubble nucleation in a liquid flowing over solid surfaces
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Abstract

Surface/interfacial nanobubbles have been investigated since the first experimental observation in 2000
[1,2] and a number of studies have reported their unique properties [3], such as larger contact angles than
those observed on a macroscale, long-lifetime that cannot be explained by classical thermodynamic
theory, and superstability against the disturbance. Recently, a scanning transmission X-ray microscope
experiment by Zhou et al. [4] revealed a new characteristic of surface nanobubbles: oxygen surface
nanobubbles confined in an X-ray window have a density one to two orders of magnitude higher than that
under ambient conditions. This ultrahigh inner density of surface nanobubbles gives us a new question of
whether their interfacial tensions are changed due to more frequent interactions among atoms at
interfaces. If changed, it will be a new candidate to rationalize the unique characteristics of surface
nanobubbles. However, although the quantification of their interfacial tensions is highly desired, direct
experimental measurement of them is extremely difficult because of the inherently involved various
uncertainties. Moreover, to the best of my knowledge, quantitative values of the solid-gas and solid-liquid
interfacial tensions of surface nanobubbles have not been reported so far.

In this contribution, we quantified the liquid-gas, solid-gas, and solid-liquid interfacial tensions of nitrogen
nanobubbles at the interface of graphite and water (Figure 1) by molecular dynamics analysis via
mechanical and thermodynamic approaches. Based on the obtained results, we discuss how far the
change of interfacial tensions caused by ultrahigh inner gas density can explain the experimentally
observed contact angles of surface nanobubbles (150-175°) without considering pinning effect.
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Figure 1. Simulation system of a nitrogen nanobubble in water.
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The liquid-gas and solid-gas interfacial tensions were calculated by Bakker’s equation, whereas the solid-
liquid interfacial tension was quantified by the thermodynamic integration method. These types of
calculation methods of interfacial tensions [5] are called the “mechanical route” and “thermodynamic
route”, respectively. The details of the methods used for the calculation of interfacial tensions are found
in [6].

We found that the values, especially for the solid-gas interfacial tension, were affected by the gas density
inside nanobubbles (Figure 2(a)). However, our simulations expanded to submicron-sized surface bubbles
(Figure 2(b)) also revealed that the gas density effect on the contact angles becomes negligible when the
footprint radius is larger than 50 nm, which is a typical range observed in experiments. In addition, even
for the footprint radius smaller than 100 nm, the estimated contact angles did not reach the typical
experimental values of 150-170°. Our results indicate that the van der Waals interaction-induced gas
molecular adsorption cannot explain the flatness of surface nanobubbles and show the necessity of the
pinning for the satisfactory explanation of the unique properties of surface nanobubbles.
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Figure 2. (a) Interfacial tensions versus the bulk nitrogen density inside nanobubbles. (b) A semispherical
nanobubble’s contact angle versus footprint radius.
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Abstract

Submicroscopic bubbles or nanobubbles sit on a bed of dense gas layer, which forms over the hydrophobic
substrate. The interfacial gas enrichment layer acts as a gas reservoir for the nanobubble. We perform
molecular dynamics simulations to study the characteristics and stability of the interfacial gas enrichment
layer over graphene substrate and report the conditions for the stability of the dense gas layer. The
thickness of the gas enrichment layer is 7.0 nm, and the Knudsen number is ~ 0.2, indicating an early
transition regime. Simulations point out that gases show no particular liking for hydrophobic substrates,
but the weak interaction between graphene and water molecules makes the adsorption of gas molecules
at high density possible. However, gases prefer adsorption at walls for minimum energy irrespective of the
wetting characteristics of the wall. We then extend our simulations to study surface nanobubbles sitting
on top of the gas layer and evaluate the response of the nanobubble and the gas layer throughout
simulation time. The nanobubble is characterized using the base radius, contact angle, and the number of
gas molecules inside the bubble and find that the nanobubble could remain immune to dissolution over
the whole simulation period. Continuous gas exchange between the nanobubble and the gas enrichment
layer occurs, which plays an essential role in the stability of the nanobubble. The mass flux moving out of
the bubble surface at the gas-liquid interface is compensated by the mass influx from the gas layer. Our
study provides data to relate the response of the nanobubble-gas layer system to shear flows quantified
using the rarefied gas cushion model. We expect our study to aid in the understanding of the synergy
between the nanobubble and the interfacial gas enrichment layer, which can help design better fluid
mechanical nanoscale devices.
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Abstract

Bulk nanobubbles are being employed in waste-water treatment, biomedicine, and cleaning of
microfluidic devices. Exploiting their cavitation dynamics for these applications requires understanding of
the internal gas’ thermal expansion behaviour, which can be represented by an exponent term k in the
polytropic gas law: P4Rk = const.,, where Py is the gas pressure, and R is the bubble radius. Classical
models show how k varies between 1 and 1.4 (in air bubbles) for the limits of isothermal and adiabatic
expansion, respectively, by increasing the Péclet number Pe [1-3]. However, these models fail to predict
the apparent adiabatic behaviour of nanobubbles, observed in recent simulations [4]. Here we show how
the non-ideal and non-equilibrium internal gas phase gives rise to adiabatic-like behaviour at much lower
Péclet numbers than previously expected, and find good agreement with our Molecular Dynamics (MD)
simulations. Qur proposed model incorporates the van der Waals gas equation of state, and a
temperature jump at the liquid-gas interface, which become important for all nanobubble with radii R <
10-¢ m. We also critically discuss how the thermal behaviour of the nonideal gas can affect our usual
interpretation of the polytropic gas law, and we determine more accurate limits of k for isothermal and
adiabatic expansion in nanobubbles.
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Figure 1. Left: schematic of Molecular Dynamics (MD) simulation (left). Right: variation in polytropic exponent k
with Péclet number Pe, for our MD simulations (symbols), and compared with classical theory (dashed line) and our
proposed “nanobubble” theory (solid line).
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Abstract

Gas clusters suspended in an aqueous solution are considered a source of interfacial and bulk
nanobubbles. According to The Young-Laplace equation, the high internal gaseous pressure should drive
gas molecules to resolve into the water domain within milliseconds. In addition, the perturbation in the
nanobubble's radius should destroy the equilibrium causing the dissolution of the nanobubble even under
ambient gas oversaturation conditions. However, the fact that bulk nanobubbles exist raises questions
about the mechanism underlying their stability. Researchers [1-3] have posited a number of theories to
explain the stability of bulk nanobubbles (BNBs). Some researchers have attributed stability to
hydrophobic contamination adsorption at the gas-water interface. The hydrophobicity of solid segments
greatly reduces interfacial tension with a corresponding effect on BNB stability. Other researchers have
attributed these effects for pinning charge at the interface, where electrostatic repulsion between charges
at the gas-water interface alters pressure in the region proximal to the interface, thereby leading to
equilibrium.
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Figure 1. Instantaneous radius, R, as a function of radial direction in a deformed 2D cylindrical gas cluster. The time
evolution contours of the water-gas interface are shown in the top panels. The insert shows a contour typical of a
water-gas interface indicating the average radius, instantaneous radius, and difference between the two.

In the current study, we used molecular dynamics simulation to investigate cylindrical gas clusters
in pure water. To analyze the gas-water interface with high precision, we adopted the spatial
coarsegraining (SCG) method [4] to enable the calculation of instantaneous density. Fig. 1
presents a typical instantaneous radius profile in the angular direction. We first compared the
density profiles of water and gas proximal to the interface using the SCG method. We then
calculated the size and fluctuations in radius for various gas species. The interfacial properties
were examined by calculating fluid densities, the molecular orientation of water, the average
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number of hydrogen bonds and atomic partial charge distribution proximal to the gas-water
interface.

In our simulations, proportional to density inside the cluster, the magnitude of gas concentration
demonstrated the necessity of high oversaturation conditions in the ambient water region. Our
spectral analysis revealed that despite changes in the size of gas a cluster, high-frequency
morphological deformation can prevent it from entering a negative cycle and thereby enhance
cluster stability. Pressure in the gaseous region was shown to have little influence on the
structure of the interfacial water network. By contrast, increasing ambient pressure was shown
to increase (nus) in the gaseous region with a corresponding decrease in the amplitude of density
oscillation of oxygen atoms in the solvent region. The unique allocation of interfacial charges may
be indicative of electrostatic stress. The calculated electrostatic stress was far below the
magnitude of interfacial tension; however, it induce considerable reverse stress within the area
proximal to the interface. In the current study, several effects were shown to work together to
stabilize the gas clusters in water, including high-frequency morphologyical deformation,
reduced interfacial tension, and gas oversaturation conditions. Our results suggest that gas
clusters can exist in water under gas oversaturation conditions in the absence of hydrophobic
contaminates or pinning ions at interfaces.
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Many biological and technological processes involve liquids under negative pressure. A
prominent example is plants, which use negative pressures to suck water from the soil into

their leaves. A long-debated mystery is why the maximal negative pressures are approximately

-100 bar. We investigated [1] how small solutes and lipid bilayers, both constituents of all
biological liquids, influence the formation of cavities under negative pressures. We quantified
cavitation rates on biologically relevant length scales and timescales by combining molecular
dynamics simulations with kinetic modeling. In contrast to small solutes, we find that lipid
bilayers increase the rate of cavitation, which remains unproblematically low at the pressures

found in most plants. Cavitation occurs only when the negative pressures approach -100 bar on

biologically relevant timescales. Our findings suggest that lipid aggregates impose an upper
stability limit for the magnitude of negative pressures in biological liquids [1].

[1] M Kandug, E Schneck, P Loche, S Jansen, HJ Schenk, RR Netz, Proc. Natl. Acad. Sci. U.S.A.117 (20), 10733-10739

28



NANOBUBBLE 2022, Conference on Nanobubbles, Nanodroplets and their Applications,
September 18-21, 2022, Festung Mark, Magdeburg, Germany

Formation and Location of H, Microbubbles from a Surface Nanodroplet
Reaction

Xuehua Zhan

Chemical and Materials Engineering, University of Alberta, 116 St. and 85 Ave, Edmonton, AB T6G 2R3,
Canada

Compartmentalizing chemical reactions in micro-sized droplets allows for efficient chemical conversion
and simplifying procedures for biphasic processes. Reactions in small droplets have also been shown to
greatly accelerate the rate of many chemical reactions. The accelerated growth rate of nanobubbles from
nanodroplet reactions is demonstrated in this work. The gaseous products from the reaction at the
nanodroplet surface promoted nucleation of hydrogen nanobubbles within multiple organic liquid
nanodroplets. The nanobubbles were confined within the droplets and selectively grew and collapsed at
the droplet perimeter, as visualized by microscopy with high spatial and temporal resolutions. The growth
rate of the bubbles was significantly accelerated within small droplets and scaled inversely with droplet
radius. The acceleration was attributed to confinement from the droplet volume and effect from the
surface area on the interfacial chemical reaction for gas production. The gas transport from the droplet
surface to bubbles and the collective consumption of the gas product by bubbles inside the droplet lead
to the preferential location of nanobubbles inside the droplets. Our theoretical analysis predicts that the
product concentration decreases from the droplet surface to the droplet center, which is in good
agreement with the bubble growth rate in our experimental results. The results of this study provide
further understanding for applications in droplet enhanced production of encapsulated nanobubbles.
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Abstract

Nanobubbles are defined as the bubbles having a mean diameter less than 1 um, often also termed as
ultra-fine bubbles. These nanoscale bubbles are long-lasting gaseous cavities formed at the solidliquid
interface as surface nanobubbles and persist in bulk solution as bulk nanobubbles, respectively [1]. The
peculiar characteristics can possibly demarcated by its high Laplace pressure charged liquidgas interface
followed by large specific surface area, substantially high zeta potential at the bubbles surface, and
production of Reactive oxygen species [2]. Owing to these characteristics, it has sparked a flurry of
fundamental research considering the environmental protection and precise medical technology. In
addition, nanobubble technology spreads out in a wide range of industrial applications, waste disposal
processes, pharmaceuticals and cosmetics, food production and filtration systems [3]. To apprehend the
stability of nanobubbles, the boundary layer permits to unfold the mystery underlying unusual stability of
these nanoscale bubbles in aqueous solution. The significant attraction of negative charge at bubble
interface results in charge enrichment, and the ensuing electric field energy direct towards the
thermodynamic metastability of the charged bulk nanobubbles [4].

Salts have been known to de-stabilize bubbles colloidal state by its detrimental effects on the electrostatic
double layer in the boundary layer between gas and liquid system. In other words, nanobubble generation
in presence of enriched charged ions may possibly hinder its formation. Therefore, in this work,
generation, and characterization of nanobubbles in a saline solution have been carried out.

A systematic study of the effect of monovalent salt concentration on nanobubble at different
concentration has been conducted over the range up to 1M. The addition of salt leads to a drop in bubble
density as shown in Fig. 1d. Smaller nanobubbles should be effectively neutralised and destabilised,
resulting in the observed decrease in bubble number density. The zeta potential of negative magnitude in
Fig. 1b, depicts the decrement with the exceeding salt concentration followed by screening of electric
double layer formed due to presence of co-ions. These findings support the theory that bulk nanobubbles
that presence of ions in the water decreases the population of nanobubbles with respect to the pure
water.
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Figure 1. Nanobubbles in aqueous NaCl solution of varying concentration (a) Bubble size distribution (b) zeta
potential (c) mean bubble diameter (d) bubble number density.
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Abstract

The mechanism leading to the extraordinary stability of bulk nanobubbles in aqueous solutions
remains an outstanding problem in soft matter, modern surface science, and physical chemistry
science. In this work, the stability of bulk nanobubbles in electrolyte solutions under different pH
levels and ionic strengths is studied. Nanobubbles are generated via the technique of ultrasonic
cavitation, and characterized for size, number concentration and zeta potential under ambient
conditions. Experimental results show that nanobubbles can survive in both acidic and basic
solutions with pH values far away from the isoelectric point. We attribute the enhanced stability
with increasing acidity or alkalinity of the aqueous solutions to the effective accumulation of net
charges, regardless of their sign. The kinetic stability of the nanobubbles in various aqueous
solutions is evaluated within the classic DLVO framework. Further, by combining a modified
Poisson-Boltzmann equation with a modified Langmuir adsorption model, we describe a simple
model that captures the influence of ion species and bulk concentration and reproduce the
dependence of the nanobubble’s surface potential on pH. We also discuss the apparent
contradiction between quantitative calculation by ion stabilization model and experimental
results. This essentially requires insight into the structure and dynamics of interfacial water on
the atomic-scale.
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Figure 1. Schematic of the charged nanobubbles under various solution pH and diffused electrical double layer
formed around a negatively charged surface.
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Abstract

Cavitation inception from immersed solid boundaries is widely attributed to the presence of
entrapped gaseous bubbles in the micro- and nanostructures of surface crevices of hydrophobic
materials. The crevice model of cavitation nuclei cannot explain cavitation inception from planar
smooth surfaces. The discovery of long-living surface-attached micro- and nanobubbles raises
hopes that they are the candidates for cavitation nuclei on smooth surfaces. Surprisingly, a large
number of experiments show that these spherical cap shaped bubbles are robust and
unresponsive to tensile stresses, thus excluding their possibility of serving as cavitation nuclei.

Here, we propose a unique and previously unanticipated mechanism for the generation of
cavitation nuclei from surface micro- and nanobubbles. Using optical microscopy, we show that
strong shortlived shear flows induced by cavitation jetting cause pinch-off of tethers from the
surface micro- and nanobubbles and lead to the release of daughter bubbles into the flow that
act as free nuclei.

Finally, we observe the responses of spherical cap shaped bubbles of radii from ~100 um down
to the scale of ~10 um to ultrasonic waves propagating along surfaces with hydrophobic coatings.
We show that the surface oscillation modes and cavitation inception from these bubbles are
dependent on the bubble sizes and the driving frequencies and pressure amplitudes of the
ultrasonic waves. The experimental results may answer why surface micro- and nanobubbles
have long been believed to be unresponsive to tensile stresses in previous studies.
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Abstract

The thermal behavior of a spherical gas bubble in a liquid excited by an acoustic pressure signal
is investigated by constructing an iterative solution of the energy balance equations between the
gas bubble and the surrounding liquid in the uniform pressure approximation. The iterative
solution leads to exact hierarchy equations for the radial partial derivatives of the temperature
at the bubble wall. A closure relation for the hierarchy equations is introduced based on the
ansatz that approximates the rapid change of state during the collapse of the bubble from almost
isothermal to almost adiabatic behavior by time averaging over a relatively short characteristic
time. This, in turn, yields the desired reduced order gas pressure law [1] exhibiting power law
dependence on the bubble wall temperature and on the bubble radius, with the polytropic index
depending on the isentropic exponent of the gas and on a parameter which is a function of the
Peclet number anda characteristic time scale. Results of the linear theory for gas bubbles are
recovered. The novel gas pressure law is also validated against the near-isothermal solution of
Prosperetti [2], as shown in Figure 1, and against the results of the numerical simulations of the
original energy balance equations using spectral methods.

P,/P,o R
g ] 25} N
f=0.86 { \ f=0.386
— — — Prosperetti / _ — Prosperetti
5F near - isothermal [ \ near - isothermal
| 2r /
ak | | II I
' [
' /i
3k 15+ / | U’\r
F 1( i
2k 7, :: I ‘I"'U‘UIP
1l [
| AR ;
L T \"Ub‘,\r\’\/\lﬁ,.ﬁ PP |
\\ | P\I'tlh‘/"}j i l‘
ol 1.“\‘1”-]%)(,/1‘“ 1 i | (L)) ——— | L 1 Il Il J
50 100 1%0 200 250 300 0 50 100 1?0 200 250 300
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Figure 1. Comparison of the temporal evolution of the normalized (a) internal bubble gas pressure
and (b) bubble radius near-isothermal excitation of an acoustic cavitation bubble using the near-
isothermal gas pressure law of Prosperetti [2] and the novel reduced-order gas pressure law.
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An acoustic cavitation model that accounts for phase change, but neglects mass diffusion is
constructed by employing the novel reduced order gas pressure law together with the Plesset-
Zwick solution for the bubble wall temperature and the Keller-Miksis equation for spherical
bubble dynamics. Results obtained using variable interface properties for acoustically driven
cavitation bubbles in water show that the time variations of the bubble radius lie between those
obtained by the isothermal and adiabatic laws depending on the value of the parameter.

A hydrodynamic cavitation model that is compatible with the results of the experiments and that
can be adopted to commercial software is constructed. For this reason a hydrodynamic cavitation
model that takes into account all of the damping mechanisms using the novel bubble gas pressure
law is developed for quasi-one-dimensional bubbly cavitating nozzle flows. In this model the
bubbly liquid is assumed to be a two-phase homogeneous mixture, the Rayleigh-Plesset equation
is employed for bubble dynamics, and bubble nucleation process is neglected. The first order
system of equations thus obtained for quasi-one-dimensional cavitating nozzle flows is
transformed into an initial value problem for the bubble radius and the pressure coefficient. A
numerical code is then written to solve this initial value problem by the adaptive step size Runge-
Kutta-Fehlberg method. Results obtained at the experimental conditions were compared and
interpreted with the results of experiments for cavitating nozzles. Cavitation performance of 3D
radial pumps using modified models of cavitation based on the novel reduced order gas pressure
law in the commercial codes is also discussed.

(a) (b)
Figure 2. Comparison of the distributions of (a) the normalized bubble radius and (b) pressure coefficient along the
nozzle axis of a cavitating nozzle using Rayleigh-Plesset (RP) type and commercial code (SS) bubble dynamic laws
together with the novel reduced-order gas pressure law against measured wall static pressures.
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Abstract

The process of heterogeneous bubble nucleation occurs when the bubble nuclei attached to wall
experience a pressure lower than the critical pressure and expand by several orders of magnitude
before collapsing®2. In this work we investigate the influence of viscous and capillary effects on
the dynamics of bubbles in contact with walls in different regimes using a compressible solver
which includes both, viscous and capillary effects in liquid as well as gas phase3. For a pressure
drop of the order of the critical pressure intrinsic to the bubble the response is shown to depend
on the boundary condition at the wall. Thus the same bubble subjected to same pressure drop
can be stable or unstable depending upon the boundary condition at the wall (see fig 1 for the

differences between a pinned bubble and a free slip boundary condition).
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Figure 1. Stability diagram for different bubble sizes defined by length of contact at the wall (co) and the height of
bubble (hy) for a pressure drop equal to -10p, (po being the ambient pressure) .Bubbles lying in region (a) are stable
and unstable in region (c). In region (b) bubbles can be stable or unstable depending on the boundary condition and
the motion of contact line.

For bubbles lying in region (c) we will use DNS results to examine the influence of the
characteristic Ohnesorge and Capillary number on the expansion process of the bubble.

In the second part of the presentation we will present DNS results for the collapse stage typically
observed when the ambient pressure is higher than the equilibrium pressure. We show that the
bubble shape at the instant prior to compression, and in particular the effective contact angle
observed at this instant, is critical to characterize the dynamics of the collapsing bubble and its
interactions with the surroundings. For flat bubbles a re-entrant annular jet is observed (figure 2
right) that is eventually suppressed if the size of the bubble is comparable to the thickness of the
viscous boundary layer. The transition from jetting to non-jetting behavior of collapsing bubbles
is shown to depends on the characteristic Reynolds number Re = (p~p)“?R/l1). For values of the
Reynolds number below a critical value of the Reynolds number around Re. =10 no jet appears
(figure 2 left).
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Figure 2. Temporal evolution of the interface contours during the collapse of a spherical cap shaped bubble at two
different Reynolds numbers. Left: Re = 10 Right: Re = 1000. The initial bubble pressure is small po<<p...

The results of this study sheds some light on how the effects induced by the activation and later
collapse change when the bubble size becomes increasingly small.
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Abstract

Bubbles exhibit a remarkable diversity in behaviour in space and time. Some lead transient and
violent lives, but others seem to live forever. A particular class of bubbles, nanobubbles, has
attracted controversy since they were first proposed to exist. Not only are nanobubbles difficult
to image, but their properties—they are long-lived and robust to destruction or dissolution—
defy most classical expectations for how bubbles should behave.

Sustained academic scepticism over the very existence of nanobubbles stands in tension with
their place at the centre of a USS40 billion industry. Although application has long steamed ahead
of fundamentals, the yawning gap between the two must be bridged if nanobubbles are to be
safely deployed in ambitious frontiers such as medicine.

Do nanobubbles exist? How do we prove it unambiguously? How do they survive? This talk
summarizes our winding journey in surface nanobubbles, from overcoming an unexpected
contamination issue affecting many early papers (including our own), to the development of a
single model capable of explaining most known properties of surface nanobubbles. Finally, |
discuss how our experiences with surface nanobubbles help to advance our still shaky
understanding of freely standing bulk nanobubbles, also known as ultrafine bubbles.
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Abstract

Bulk nanobubbles refer to nanoscopic gaseous domains present in the liquid phase
environment!. Their special properties have brought newly emerging concepts and great
potential in industrial applications, which have quickly received widespread attention. The
extraordinary long-term stability of bulk nanobubbles breaks through the prediction of classical
theory that spherical gas bubbles cannot achieve stable equilibrium?. It is worthwhile to address
the outstanding and bewildering issue. In this work, the stability of bulk nanobubbles in ionic,
cationic and nonionic surfactant solutions over a wide range of concentration is studied. Bulk
nanobubbles featuring size distributions (<~500 nm) are generated using ultrasonic cavitation
method. Generally, the presence of surfactants leads to a rise in bubble number density, either
violently or gently, which means the surfactants provide more nuclei to form nanobubbles and
enhance the stability as well. Based on the results of zeta potential, we consider that surface
enrichment of net charges is predominantly responsible for the stability, instead of reduction of
surface tension. The origin of surface charges could be ascribed to the adsorption of charge
carriers, surfactants and ions, at the gas-liquid interface with limited adsorption sites. Applying
the modified Poisson-Boltzmann equation incorporated effect of the adsorption layer thickness,
we demonstrate the surface potential and the strong interfacial affinity of surfactants and ions
in the vicinity of the air-water interface. Simultaneously, the DLVO theory is used to evaluate the
colloidal stability of bulk nanobubbles suspensions with ionic surfactants. The effects of
surfactants on the stability of bulk nanobubbles provide new and comprehensive insights into
the underlying mechanism.
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Abstract

Research on nanobubbles has attracted attention to their extraordinary characteristics,
especially their long lifespans due to electrically charged interfaces [1]. The surface's negative
charge, which inhibits bubble dissolution, might be in balance with the Laplace pressure due to
the surface tension of the liquid [2]. In this study, The surface charge properties of oxygen
nanobubbles formed in varying concentrations of NaCl solutions were evaluated using a diffused
double layer model and the ionic repulsion model due to microbubble shrinkage [3]. Based on
the previous study, the addition of NaCl to the nanobubble suspension lowered the repulsive
electrostatic interactions between the nanobubbles by expanding their size and lowering their
negative zeta potential [4]. The surface charge density, electrostatic repulsion force, double layer
thickness, and the interaction energy between bubbles were calculated to estimate their effect
on preventing bubble coalescence and dissolution. Figure 1 shows the calculated surface charge
density of oxygen nanobubbles at different NaCl concentrations. The higher the concentration
of NaCl, the zeta potential decreases, but the surface charge density increases. The higher NaCl
concentration resulted in a thinner double-layer compared to the lower NaCl concentration. The
ionic repulsion model of microbubble shrinkage confirmed the mechanical equilibrium between
the Laplace pressure and the repulsion pressure owing to the electric charge on the bubble
surface. These results corresponded to the experimental results of the zeta potential of
microbubbles smaller than 50 um.

Keywords: zeta potential, surface charge density, electrostatic repulsion force, double layer
thickness, bulk nanobubbles
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Figure 1. The calculated surface charge density of oxygen nanobubbles at different NaCl concentrations
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Abstract

Transmission electron microscopy using graphene liquid cells, in which a liquid is sandwiched
between two sheets of graphene, enables direct observation of fluid phenomena inside
nanoscale space with the highest spatio-temporal resolution. This study aims to elucidate the
physics of the unique behaviour exhibited by water and bubbles enclosed in nanospace using
graphene liquid cells. Observations revealed the existence of directional nucleation of new
bubbles, as seen in Figure 1, which is beyond the explanation of conventional diffusion theory.[1]
We also observed the pinning phenomena that occur without direct contact with the bubbles.[2]
These phenomena are explained by considering the strong intermolecular interactions between
water molecules and solid surfaces.

Figure 1 (a-d) Snapshots of the bubble shrinkage and nucleation inside the graphene liquid cell. Outline of bubbles
are emphasized by yellow dashed lines.
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Physicochemical hydrodynamics of a plasmonic bubble in a binary liquid:
Nucleation and bouncing

Detlef Lohse
Physics of Fluids, University of Twente

The physicochemical hydrodynamics of bubbles and droplets out of equilibrium, in particular
with phase transitions, display surprisingly rich and often counter-intuitive phenomena. Here |
will discuss the nucleation and early evolution of plasmonic bubbles in a binary liquid consisting
of water and ethanol. Remarkably, the plasmonic nanobubble is found to be periodically
attracted to and repelled from the nanoparticle-decorated substrate, with frequencies of around
a few kHz. The competition between solutal and thermal Marangoni forces is the origin of the
periodic bouncing. The former arises due to the selective vaporization of ethanol at the
substrate’s side of the bubble, leading to a solutal Marangoni flow towards the substrate, which
pushes the bubble away. The latter arises due to the temperature gradient across the bubble,
leading to a thermal Marangoni flow away from the substrate which sucks the bubble towards it.

Reference: B. Zeng et al., PNAS 118, 2103215118 (2021)
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Abstract

Nanobubbles have been found useful in various branches of industry, including wastewater treatment
and flotation, fuel enrichment and surface cleaning [1]. However, for us especially interesting are the
interactions of nanobubbles with living matter. Presently, the most common interaction of carbon dioxide
or ozone nanobubbles with microorganisms is the disinfection. Nanobubbles were used in inactivation of
E. coli suspended in saline solution using carbon dioxide nanobubbles [2] and bubbles generated by
ultrasonication in LB broth [3]. Other studies report disinfection of plant roots using ozone nanobubbles
[4]. In the contrary, the positive interaction of nanobubbles with living matter is also observed. The oxygen
nanobubbles are reported to promote the growth of animals (mice, rainbow trout and sweetfish) and
plants (Brassica campestris, lettuce) [5].

In this work activity of animal cells in presence of nanobubbles was investigated. The aim of this study is
to lay foundation for broad investigation of the mechanism and influence of nanobubble presence on
animal cell lines, as it is still not reported in literature. Influence of two gases was studied: nitrogen and
oxygen. Nitrogen, as the inert gas, was used to determine the impact of gas nanoobjects in bulk of solution
on metabolic activity of investigated cells. Oxygen, as the respiratory gas, was used to check whether
presence of oxygen in nanoscale bubbles has any impact. Nanobubbles of these gases were generated in
pure water using porous membrane system (pore diameter 0.2 pum) where the gas (nitrogen or oxygen)
was pressurised through the membrane and was cut off by the shear stress induced by flowing liquid. The
dispersion was cycled for 60 minutes in closed-cycle. After generation solution was filtered using syringe
filters (pore diameter 0.22 um) in sterile conditions as the generation was carried out in non-sterile
environment.

During this study we have performed cultures of cells from two cell lines: L929 (murine fibroblasts) and
HL-60 (human leukemia cells) and focused on answering four questions, which will be summarised below.

1. Do the nanobubbles influence the growth and metabolic activity of animal cells in short-term cultures?
2. Do the nanobubbles have any impact on animal cells during long-term cultures?
3. Is there a different reaction to the nanobubble presence from the adherent and nonadherent cells?

4. Is there a difference between oxygen and nitrogen enclosed in nanobubbles for the growth of animal
cells?

At the beginning we have performed short-term cultures with 24h contact of cells with nanobubbles,
where we have checked how do the nanobubbles affect the metabolic rate of L929 cells, where the
nanodispersion generated in pure water was diluting the medium. Ratios between nanodispersion and
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medium (DMEM) ranged from 5:1 (most diluted DMEM) to 1:100 (least diluted DMEM). Next, the XTT
assay test was carried out to assess the metabolic activity of cells.

The nitrogen nanodispersion is significantly increasing the metabolic activity of cells in broad range of
concentrations. The non-cytotoxic conditions for DMEM with nitrogen nanodispersion are achieved for
1:1 ratio of nanodispersion:DMEM, i.e. the culture medium is twofold diluted. For ratios 1:5 and 1:10 the
metabolic activity exceeds 120%, what indicates increased metabolic activity. For samples where the
medium is least diluted (ratios 1:20, 1:50, 1:100) the results from cultures with nanodispersions are similar
to results from cultures with water. The oxygen nanobubbles are mostly non-affecting metabolic activity
as it is similar to reference cultures with water. In that way we have answered the first of four questions
—nanobubbles

Next, we have carried out the long-term cultures which lasted for 8 days without additional
supplementation. We have performed these studies on both L929 and HL-60 cells. That allowed us to
check whether adherent L929 cells react differently to nanobubble presence than non-adherent HL-60
cells during 8-day cultures. Once again, we compared reactions to both oxygen and nitrogen nanobubbles,
which this time were generated directly in the culture medium (DMEM for L929 cells and RPMI for HL-60
cells). We performed cell density measurement, cytotoxicity tests for both cell lines, confocal microscopy
visualisation and metabolic activity tests such as lactic dehydrogenase (LDH) activity, PrestoBlue assay.
Additionally, the glucose (substrate) consumption rate was assessed.

L929 cells cultured with nitrogen nanobubble addition to media had a much higher proliferation rate in
the first days of culture than reference cultures, higher glucose consumption without loss in viability, or
increased LDH leakage to the medium. Oxygen nanobubbles added to L929 culture also increased the
proliferation rate, albeit not as high as nitrogen nanobubbles, higher metabolic activity, and comparable
viability to the reference cultures. However, different effects were visible for the HL-60 cells, where the
addition of nanobubbles has decreased the mentioned parameters of the culture — lower cell density,
lower substrate consumption, and lower metabolic activity. These parameters are better for
nanodispersions than reference only in the last two days of culture, but it is linked to a very low glucose
concentration in reference cultures, which is the direct consequence of higher consumption in previous
days. The described effect may be linked to the flotation by the nanobubbles what causes non-adherent
HL-60 cells to rise to the surface of the medium or surround the cells by the nanobubbles, which hinders
the mass transfer of both substrates and metabolites.
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Background. The tumor microenvironment is characterized by dysfunctional endothelial cells,
resulting in heightened vascular permeability. Many drug delivery systems attempt to use the
enhanced permeability and retention effect as the primary strategy for drug delivery, but this has
not proven to be as effective as anticipated [1]. The potential of contrast-enhanced ultrasound
(CEUS) to examine tumor microenvironment characteristics noninvasively and in real time is
largely unexplored. Nanobubbles (NBs) are an ideal ultrasound contrast agent for this purpose
because they are capable of extravasation, unlike clinically available microbubbles [2]. This work
examines whether multiparametric dynamic CEUS imaging using NBs could help predict tumor
vascular permeability and retention of doxorubicin (DOX)-loaded liposomes.

Methods. Athymic nude mice were injected (hind limb) with either LS174T (colorectal
adenocarcinoma, n=5; highly permeable) or U87 (glioblastoma, n=5; minimally permeable) cells.
Mice were imaged with nonlinear CEUS (VisualSonics Vevo 3100, 18 MHz, 4% power, 1 frame per
second) using NBs injected via tail vein weekly for 2-3 weeks, depending on tumor size. NBs (~275
nm diameter) were fabricated according to de Leon et al [3]. 1 day before euthanasia,
doxorubicin-loaded liposomes were injected into the mice. DOX-loaded liposomes (~¥95.5 nm,
reported by Avanti®) represent a model nanoparticle capable of extravasation and DOX has
intrinsic fluorescence for histological analysis. Time-intensity curve (TIC) and decorrelation
analysis (created with MATLAB) were performed. Decorrelation analysis began at time = 50% of
peak intensity in the wash-out portion of the TIC for 200 s. This time point was chosen to
represent the randomness of NB motion in the extravascular space. Tumors were frozen in
optimal cutting temperature compound (OCT) and sectioned by the Tissue Resources Core facility
at CWRU. A Zeiss AxioScan.Z1 slide scanner was used to image the slides and Zeiss ZEN software
was used for data analysis.

Results. Parameters including peak intensity, area under the curve, area under the rising curve
(AUCR), time to peak, and decorrelation time (DT) were extracted from the TIC data. This data
was compared between tumor types (LS174T vs U87) and to corresponding fluorescent DOX
nanoparticle data through histology. Larger LS174T tumors showed a 4.8-fold larger AUCg and
2.8-fold higher peak intensity than U87 tumors (Figure 1a-b). Smaller tumors did not show similar
differences between tumor types. Ultrasound tumor data and corresponding histology were split
into quadrants for analysis and compared (Figure 1c). Example LS174 tumor measurements are
shown. The lateral aspects of the tumor (highlighted in green) had a greater DT than medial
aspects (highlighted in blue) by at least 1.6x and average fluorescent intensity was greater by at
least 1.4x. While not depicted here, when the average DT for the entire tumor was compared
between U87 and LS174T tumors at their final time points, the DT of LS174T tumors was 2.3x
greater than U87 tumors with p<0.5. These parameters may be correlated to nanoparticle
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extravasation and retention
in tumors. Further
histological analysis and
image processing are
ongoing.

Conclusions. Substantial
differences in NB-generated
TIC parameters AUCg, peak
intensity, and DT were noted
between LS174T and U87
tumors. Further, DT
preliminarily corresponds to
fluorescent intensity in each
quadrant of the tumor and
the DT is significantly longer
in LS174T tumors than U87
tumors. This suggests that
NBs may be wuseful in
determining tumor
permeability and could be
used as a biomarker for
patient responsiveness to
nanoparticle therapies.
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Abstract

The visualization and the safe resolution of formed thrombi remain a concrete medical need in vascular
thrombosis. Intravenous thrombolytic therapy, which often employs recombinant enzymes analogue to
tissue plasminogen activator (rtPA), is the treatment of choice for thrombosis. However, the thrombolytic
drugs used in clinical have limitations such as a short half-life in plasma, a low targeting ability and
significant incidence of haemorrhagic complications [1]. The use of a targeted nanodelivery system to
selectively release the thrombolytic drugs to the thrombus site may be a viable option to overcome these
drawbacks. The activated form of Beta2- glycoprotein | (Beta2-GPI) can represent an interesting target to
allow selective delivery of fibrinolytic agent to thrombi since it was expressed on activated endothelial
cells and platelets and detected in blood clots [2].

This work aims at developing a new biocompatible theranostic nanoplatform to visualize the thrombi in
the vascular tree and to dissolve the blood clots.

Nanobubbles (NBs) with a perfluoropentane core and a chitosan shell conjugated with MBB2, a cross-
reactive scFv-CH3 recombinant antibody against the activated form of Beta2-GPI were formulated. They
were loaded with rtPA through covalent conjugation by carbodiimide-mediated amide bond formation.
Fluorescent formulations were prepared by labelling the core with 6-coumarin. NB formulations were in
vitro characterized evaluating their physico-chemical parameters, morphology, loading capacity, in vitro
release and stability.

The capability of NBs to bind thrombi was evaluated in in vitro and in vivo studies by immunofluorescence.
The thrombolytic activity of rtPA-loaded NBs was evaluated in vitro, using platelet-rich blood clots, and in
vivo in different animal models of thrombosis.

Stable NBs with average diameter of about 400 nm and positive surface charge were obtained. Targeted
NBs bound preferentially to platelets and leukocytes within thrombi and to endothelial cells through p2-
GPI expressed on activated cells. In vitro, rtPA-targeted NBs (rtPA-tNBs) induced greater lysis of platelet-
rich blood clots than untargeted NBs. In addition, the administration of rtPA-tNBs caused rapid dissolution
of thrombi and prevented new thrombus formation in rat models of thrombosis.

In conclusion, rtPA-loaded NBs targeted to f2-GPI have shown to be effective in dissolving thrombi and
prevent rethrombosis in different animal models of thrombosis.
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Abstract

Applications of lipid coated nanobubbles (NBs) in diagnostic and therapeutic ultrasound (US)
have attracted a great level of interest. Unlike microbubbles (MBs), NBs are not limited to the
vasculature and can extravasate through leaky tumor vasculature. Due to their small size, their
conceived linear resonance frequency is in the range of ~50MHz-200MHz. Thus, despite the
experimental evidence on the strong contrast to tissue ratio in diagnostic US applications [1], the
origin of this echogenicity has been the subject of strong debate and controversy. In this study,
dynamics of uncoated and lipid shell NBs and MBs are studied using a novel bifurcation analysis
[2] in tandem with the analysis of the frequency component of the scattered pressure. The
Marmottant model [3] is used to simulate the lipid coated bubble oscillations as it effectively
captures the influence of the buckling and rupture of the lipid shell. We focus on the US
frequency and pressure ranges of 6-12 MHz and 0.1-1.2MPa used in contrast enhanced US [4].
Results show that, despite the increased linear resonance frequency and increased viscous
damping due to the lipid shell, the buckling and rupture of the shell enhances the generation of
the 2™ and 3™ harmonic resonance at pressures as low as 200kPa not observed in case of the
uncoated NBs. The generation of the superharmonic (SuH) resonances are concomitant with an
abrupt increase in the 2" and 3™ harmonic frequency component of the scattered pressure (Fig.
1). The pressure threshold for the enhancement increases with decreasing NB size. For the same
gas volume, the maximum non-destructive 2" and 3™ harmonic power of NBs with 200-700nm
size can be 20-60 dB higher than the 2-4um size MBs (Fig. 2). In clinically applied amplitude
modulation techniques, due to the abrupt pressure dependence of the 2™ and 3™ harmonic
enhancement, the residual signal from NBs can be very strong, leading to enhanced echogenicity.
In conclusion, linear viscoelastic shell models cannot capture the dynamic variation of the NB
effective surface tension due to buckling and rupture. However, buckling and rupture of the lipid
shell as captured by the Marmottant model, enhances the generation of the 2" harmonic
resonances at frequencies well below the NB linear resonance frequency. This is likely one of the
key reasons for the acoustic echogenicity of the NBs.
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Bifurcation structure of a 400nm lipid coated NB
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Figure 1: Pressure dependent dynamics of a 400nm lipid coated NB sonicated with f=8MHz a) Bifurcation
structure, b) 2" harmonic component of the scattered pressure by the NBs (gas volume of 4*10°
um3/mlL).
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Figure 2: Nondestructive 2" harmonic amplitude of the scattered pressure from lipid coated NBs and

MBs as a function of peak negative applied acoustic pressure (2 cycles pulse length). Number of the MBs
and NBs are determined through volume matching.
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Abstract

Dissolution of gases in liquid water is a general and fundamental phenomenon across living and nonliving
things. Conventionally it has been assumed that dissolved gas molecules are well dispersed as monomers.
The concentration of gas molecules at a given time and position has been used to describe the gas
condition in aqueous solutions, even when the dissolved gas concentration is near or above the saturation
level. However, many mysteries about gas dissolved in water, such as the nucleation mechanism of gas
bubbles in water and whether nanobubbles exist in bulk water, persist up to now. Recent experiments
suggest that gas concentration alone is not sufficient to describe gas dissolved in water, thus we sought
to examine whether dissolved gas forms any microstructures in water. Transmission electron microscopy
(TEM) of graphene liquid cells (GLCs) can reveal structures in liquid with sub-nanometer or atomic
resolution [1]. We thus encapsulated water between two laminated graphene layers spanning the holes
in TEM grids; we investigated degassed water, deionized water, and water supersaturated with pure gas
(N2, Oy, Ar, Xe, CO,, and SF6) at room temperature. While neither degassed water nor deionized water
yielded specific features, two major microscopic structures were evident in gas-supersaturated water: (1)
individual polycrystalline nanoparticles (typically several nanometers in diameter) in liquid water, and (2)
mesoscopic clathrate structures (often ~100 nm or larger in lateral size). The latter was seen much more
frequent than the former [2].

Fig. 1 shows bright-field and dark-field TEM of a clathrate state for N2-supersaturated water encapsulated
in a GLC. This state features a high density of tiny cells: in a pocket containing N2-supersaturated water,
these cells appear as white spots at underfocus (Fig. 1a) and as dark spots at overfocus (Fig. 1b). In focus,
the cells have very low contrast and are difficult to discern [2]. Similar structures were visualized in GLCs
containing water supersaturated with other gases, including O,, Ar, Xe, SF6, and CO,. Interestingly,
selected area electron diffraction (SAED) patterns acquired on the clathrate structures contained
additional diffraction spots other than those associated with graphene (Fig. 1c). These diffraction spots
are not commensurate with graphene’s lattices and were consistently observed in all water pockets
containing this intriguing state. Dark-field TEM imaging revealed regions of honeycomb-like structures
with water molecules forming a solid matrix hosting the tiny gas-containing cells (Fig. 1d).

Similar clathrate structures were also observed when ethanol-water (EW) mixtures at ~10% volume
fraction ethanol, which is also gas supersaturated, were sandwiched between two laminated graphene
layers. Although we are not certain whether clathrate structures are also present in bulk water, we did
observe the coexistence of liquid water with the clathrate structures inside the same water pocket [2]. A
study of liquid water in equilibration with high-pressure gas using infrared spectroscopy indicated the
existence of structures with water hydrogen bonds strengthened to levels observed in ice and clathrates
[3]. Vibrational spectroscopies based on Raman scattering and infrared absorption techniques have also
demonstrated a sharp increase in strength of hydrogen bonds with increasing ethanol concentration in
EW mixtures [4].

The clathrate structures reported here may be the bulk nanobubbles. Our gas-supersaturated water was
prepared by pressurizing gas in water and then decompressing the water to ambient pressure, which has
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been known to produce bulk nanobubbles. Many groups have reported generation of bulk nanobubbles
by mixing water with ethanol. Observation of the clathrate structures is also consistent with a recent
report of a density of ~0.91 g/cm3 measured for the mesoscopic structures in EW mixtures [5] and
explains abnormal thermodynamic properties of gas-saturated water as well as EW mixtures [6].

Figure 1. Bright-field TEM images were acquired at (a) underfocus and (b) overfocus. Insets: enlarged views of the
regions outlined in yellow. The dashed blue line outlines the pocket containing the clathrate structure. (c) SAED
pattern of the regions shown in (a) and (b). The dashed circle indicates the first-order diffraction spots of the multi-
layer graphene. Inset: enlarged view of the diffraction beam indicated with d-spacing of 3.4 A. (d) Dark-field TEM
image acquired from the diffracted beam indicated with d-spacing of 3.4 A in (c).
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Abstract

Nanobubbles (NBs) in water exhibit many appealing characteristics, such as a long residence time of
bubbles in water due to their low buoyancy and stability against coalesces, collapse or burst. Long
retention times in water potentially enhance chemical reactions and mass transfer in processes such as
ozonation or aeration. In addition, gaseous NBs may increase the solubility of the gas species (e.g., ozone,
oxygen or other gases) that may have low solubility in water or other liquids. Therefore, NBs hold promise
in green and sustainable engineering applications in diverse fields (e.g., water/wastewater treatment,
food processing, medical applications, and agriculture). In our study, different gaseous NBs (e.g., nitrogen
and oxygen) were generated by a hydrophobicized ceramic membrane immersed in deionized water or
other electrolyte liquids. The hydrodynamic diameters of NBs (200~400 nm) highly depend on the
injection gas pressure and surface hydrophobicity of the ceramic membrane. Moreover, the bubble sizes
of both N> and O, NBs in water suspensions were found to be stable for at least two months under sealed
containers (i.e., no light exposure and physical disturbance at room temperature). The colloidal sizes of
NBs were in the range from 200 nm to 400 nm measured by dynamic light scattering (DLS), which also
determines the zeta potential of NBs to range from -20 mV to -40 mV. We also demonstrated that the
bubble size of NBs relatively decreased with increased gas injection pressure and water temperature. The
concentrations of O, and N, NBs in water suspensions measured by nanoparticle tracking analysis (NTA)
were 4.16+0.438x108 bubbles ml?* and 6.35+1.24x10% bubbles ml? respectively at room temperature. As
shown in Fig. 1, NBs that deposited on the substrate surface of highly oriented pyrolytic graphite (HOPG)
or silicon wafer were also imaged by atomic force microscopy (AFM) to measure the mechanical
properties of NBs such as elastic modulus and stiffness. O, NBs exhibited an elastic modulus and stiffness
of 159.46+19.93 MPa and 1.66+0.18 N m™ under the gas injection pressure as 60 psi. Moreover, the
average of modulus and stiffness of NBs increased with increased the gas injection pressure, suggesting
the increase of the internal pressure of NBs. We further analyzed the electrochemical (EC) activity of
different NBs (e.g., oxygen, hydrogen, and nitrogen) using cyclic voltammetry (CV) and scanning
electrochemical microscopy coupling with AFM (AFM-SECM), respectively. The CV measurements show
that the electrolyte solution (20 mM KsFe(CN)g Cls in 0.5M KCI) containing O, NBs showed a higher current
peak under the applied potential compared to the same electrolyte solution without NBs, which indicated
that O, NBs have the potential to facilitate the redox reaction in the solution. This result is further verified
by AFM-SECM that shows the surface of single O, NBs produced a higher tip current (~4 pA) than the gold
substrate (~2 pA) when the conductive tip (electrode) approached the individual NBs or the substrate in
a electrolyte solution containing 10 mM [Ru(NH3)s]Cls solution with 0.1M KCI. Overall, NBs in water exhibit
intriguing physical, colloidal and electrochemical properties that deserve systematic studies to better
understand their unique aquatic behaviour and potential applications.
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Fig. 1 AFM height image (left), modulus image (middle) and stiffness image (right) of O, NBs with (a)
60psi (b) 70 psi (c) 80 psi gas pressure on silicon surface
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Abstract

Gas-filled nano-objects, namely nanobubbles (NBs), irrespective of their location, be it surface-attached
or in the bulk liquid, play a crucial role in many natural processes and engineering applications, from
mineral processing to drug delivery. The readily observed long term stability of surface NBs observed by
atomic force microscopy (AFM), was explained e.g. by pining of the contact line [1, 2] causing an abnormal
contact angle. Other nano-objects were shown to be liquid nanodroplets [3] (NDs). As both types of
particles are soft, surface NBs can be barely [4] or not reliably distinguished from NDs by AFM imaging. To
unequivocally distinguish surface NBs and NDs, and to study their evolution in presence of additives,
Fluorescence Lifetime Imaging Microscopy (FLIM) is used here to study NBs and NDs on glass surfaces by
the ethanol-water solvent exchange (Figure 1). The fluorescence of the reported dye Rhodamine 6G
(Rh6G) is shown to possess substantially different lifetimes (t) at the interfaces occurring in such a system:
660, 3030, 3260 and 3830 ps at air/water-, water/glass-, water/poly(dimethyl siloxane)-interfaces and in
bulk water, respectively. In co-localization experiments, surface NBs labeled with Rh6G are detected by
AFM as submersed soft elevated nano-objects with high spatial resolution and by FLIM as brightly
fluorescing objects with short-lived fluorescence (Figure 2). NBs are distinguished from AFM-similar
poly(dimethyl siloxane) NDs as well as from lubricant oil contamination NDs owing to the characteristic
short T of Rh6G at the air/water interface [5-7]. The successful application of a generalized FLIM approach
for the identification of transient electrochemically generated bulk NBs as well as polymer additive
stabilized bulk NDs will also be discussed.

v Gas-filled

TCSPC decay

©=3830 3060 660 ps (a)
a=1.0 17.0 25.7
Nanobubbles

Q 2t =087

Figure 1. Schematic of the combined AFM-FLIM experiment, in which a dye-labeled NBs on a transparent glass
substrate is probed from the top by AFM and from bottom by a confocal fluorescence microscope (left), AFM and
FLIM images as well as fluorescence decay determined by time correlated single photon counting (TCSPC).
Reproduced from ref [5].
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Figure 2. (a) Fluorescence intensity image of NBs nucleated by ethanol-water exchange in the presence of 850 nM
Rh6G. (b) Fluorescence decays of the NBs area marked with red circle in image (a). Semi-log plot of the TCSPC
fluorescence decays (black dots) of 850 nM Rh6G and together with the corresponding IRF function (gray line) and
calculated fits (red line). The weighted residuals deviations o and the autocorrelation function (A-C) plots are shown,
the values of decay times t and their amplitudes a as well as x2 are also indicated. The excitation wavelength was
485 nm, the time resolution 16 ps. (c, d) FLIM amplitude images of (a) for: (c) short-lived, 660 ps, and (d) long-lived,
3830 and 3030 ps, fluorescence decay components. Reproduced from ref [5].
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Abstract

The internal Xe gas pressure of ultrafine bubble has been directly measured for the first time using the y-
y angular correlation technique, a very common measurement technique in nuclear physics.

A radioactive isotope of **Xe (T1, = 16.7 h) was induced inside natural Xe ultrafine bubbles in water at
the average diameter of 200 nm by the irradiation of thermal neutrons available from a 5 MW nuclear
reactor at Kyoto University.

The asymmetry factor of 55 - 188 keV y cascade in '?°| followed by the B decay of *°Xe was used as the
probe of the gas pressure in ultrafine bubbles. Since the emission probability of y-ray depends on the
angle between the nuclear spin and y-ray, the angular correlation of y-rays of a y cascade is affected by
the spin alignment of the nuclei at the intermediate state.

Observed asymmetry A,,G,,(00) was smaller than the asymmetry factor A»»=+0.235 +0.001 because of

the existence of hyperfine interactions at the intermediate state of y cascade, represented as G, ().
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Figure 2 Pressure dependence of A» G, (00) for the 55-188 keV cascade in 1.
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The internal pressure of the Xe ultrafine bubble is determined to be 3.41“%:% x 10° Pa by comparing with

the pressure dependence of A,,G,, () by Berek [1] (Fig. 1). The present result is much lower than the
internal pressures reported by Ohgaki [2] for the ultrafine bubbles of N2, CH4, and Ar, 6 x 10° Pa, or that
from Young-Laplace equation 1.6 x 10° Pa.

A possible explanation for the discrepancy is the existence of Coulomb repulsive force by the electric
charge at the surface of an ultrafine bubble.
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Abstract

Micro- and nanobubbles are increasingly utilized and explored in many applications, ranging from
ultrasound contrast agents and drug delivery systems to mining industry and water purification. Despite
increasing industrial use and application related research and development, there is still much uncertainty
and controversy surrounding nanobubbles, especially outside the medical field. Light scattering methods
such as Dynamic light scattering (DLS) and Nanoparticle Tracking Analysis (NTA) are commonly used to
detect freely floating bulk nanobubbles, but light scattering nano-objects that appear in water following
vigorous bubble formation and which are commonly interpreted as nanobubbles, may in fact be particle
agglomerates [1]. Many methods to detect bubbles and differentiate them from solid particles and oil
droplets have been demonstrated, but they are often not entirely unambiguous, and in some cases,
expensive and difficult to operate [2].

By applying tracking analysis of submicron particles captured using off-axis digital holographic microscopy
imaging, we could determine the size and phase shift of individual particles and bubbles in the diameter
size range 0.25-1.5um [3]. We first demonstrated the method by analyzing a dispersion of three different
particle types, close in size and refractive index (RI), and accurately identifying each population (Fig 1 A,B).
This would not be possible using regular Nanoparticle Tracking Analysis (NTA), since NTA cannot readily
differentiate between particles of different optical properties. We furthermore applied the method on air
bubbles stabilized by sorbitan surfactants. Since gas bubbles in water generally give an opposite phase
shift compared to solid particles or oil droplets, gas bubbles were readily distinguished from particles of
insoluble surfactant in the dispersion. The Rl of the bubbles were furthermore determined with the help
of size and phase shift. Deviations from the expected refractive index of gas (1.00) surprisingly revealed
that most bubbles were in fact clusters of smaller bubbles with a diameter of 0.3 um or less. The method
thus reveals information about individual bubbles and particles which is difficult or impossible to extract
by other methods.

We have also used the method to evaluate experiments with nanobubble generation in tap water and

natural fresh water. Recent improvements of the method, including a decreased detection limit, has
increased the applicability for nanobubbles.
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Fig 1. A, B: Holographic particle tracking analysis of a mixture of PSL with radius 0.20 and 0.24um and Silica with

radius 0.22um. B; White line: RI=1.58, Red line: RI=1.45. C: Sorbitan particles with RI>1.33 and bubbles with RI<1.33
(RlHz0=1.33). D: Same dispersion after exposure to 20 bar pressure, which destroyed the bubbles.
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Visualization of plus charged nano-bubble surrounded by electrified nanobelt,
using Ultra-high voltage electron microscope: Revealed functions of the plus
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Introduction:

Many investigator are probably thinking that many of both micro-bubble and nano-babble have
noncharged or minus charged electrical force. Certainly a lot of generator, which can produce
nanobubbles, probably cause either non-charged or minus charged nano-bubbles using cavitation
method. In this conference, we will show you that it can be produced large amount, for example
1.5x10%bubbles/ml, of plus charged nano-bubbles using very simple non-cavitation mechanism in the
five seconds. The special feather of plus charged nano-bubble, is the carriage effect of electron.

The carriage effect of electron can cause various function among wound healing effect in medical
scene, promote of growth in agriculture, increasing seafood and cleaning level-up in the washing of
electronic equipment. At first we have to emphasize that the evidence of surrounding electrical belt of
charged nano-bubble can be visualized. We were developed the detector, which consist of the

5nm diameter superparamagnetic charger particle probes (Fig.1).

We had evidences of the electrical belt surrounding the plus charged nanobubble
using 5nm diameter superparamagnetic charger particle probes.

Material and methods: Fig.1 7

Recognition of nano-bubbles :

We used the Ultra-high voltage electron microscope, abbreviated UHVEM, for visualization of
electrical belt of charged nano-bubble. We used the ultra-low temperature type probe of UHVEM.

Ultra-low temperature type probe of UHVEM can momentary fix the charged nano-bubble of original
shape and its location. In this way, investigator can acquire enough time of observation the bubbles.
Many type of UHVEM generate high voltage electron beam to the samples.

But high voltage electron beam its-self possibly melt the frozen samples consisted charged nano-
bubble. Furthermore the high voltage electron beam can easily attack both the charged nano-bubble
and the material consisted charged nano-bubble in the ice. We developed the new UHVEM method of
observation for charged nano-babble using ultra-low temperature type probe, which named ‘gradation
method’. Transmission type electron microscope has difficulty of making samples. On the
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other hand, the combination method of both the ultra-low temperature type probe of UHVEM and
gradation method, can recognize the charged nano-bubble 100% at any time.

Charged level recognition:

At first the samples of plus charged nano-bubble water was mixed with newly
developed 5nm diameter superparamagnetic probes. Next the mixture coated
the tip of ultra-low temperature type probe of UHVEM by using ‘gradation
method’. We put the ultra-low temperature type probe of UHVEM into the
chamber of UHVEM. The focus setting of recognition level of observation of
bubbles were easily performed (Fig.2).

We captured the view of electrical belt made by UHVEM using nano- h\;f‘%ﬂ"’ﬂé
superparamagnetic probes. For decision making of both charged level and LA ;7',.‘"
charged polar, the captured movies of boundary of the nano-bubble were

calculated by three dimensional level plotting program (Fig.3). Fig.3

The other elemental detection concerning bubble like functions:

Finally we calculated the concentrations of both little amount of ionized element of plus charged nano-
bubble generating material and the other trace elements by Inductively Coupled Plasma method,
abbreviated ICP.

Clinical study (Medicine):

Clinical trial was performed. Plus charged nano-bubble water demonstrates its good performance in
clinical study for intractable ulcer with diabetes and/or arteriosclerosis obliterans. Field test (Agriculture):
Leaf vegetable, edible roots and fruit vegetables were studied in water culture model with plus

charged nano-bubble water or minus charged nano-bubble water.

Results:

We can confirmed that the plus charged nano-bubble can be generated by using our newly developed
plus charged nano-bubble generator material. We can recognize the polar the electrical belt surrounded
the charged nano-bubbles. We can bubbles clearly differ from nano-dusts. Furthermore we recognized
the existence of charged nano-bubbles in leaf of plant using combination of both the ultra-low
temperature type probe of UHVEM and gradation method. We calculated the concentration of both
ionized plus charged nano-bubble generating material and the other trace elements by ICP. But the
concentration level of the ionized plus charged nano-bubble generating material was under

0.05ppm level and the other trace elements were less than ppt level.

Clinical study (Medicine):

Plus charged nano-bubble water demonstrates its good performance in clinical study for intractable
ulcer with diabetes and/or arteriosclerosis obliterans. 10 patients were studied. All patient completely
heal their ulceration.

Field test (Agriculture):
In water culture model, the plants circulated by plus charged nano-bubble water grows up more than
them by minus charged nano-bubble water in Leaf vegetable, edible roots and fruit vegetables.

Conclusion:

We can develop the recognizing method of electron-belt surrounded the plus charged nano-bubble. Plus
charged nano-bubble might cause the various functions differed from both non-charged nanobubble and
minus charged nano-bubble.

65



NANOBUBBLE 2022, Conference on Nanobubbles, Nanodroplets and their Applications,
September 18-21, 2022, Festung Mark, Magdeburg, Germany

Electrochemically Generated Nanobubbles

Valeria Molinero

The University of Utah, Theoretical Chemistry

Gas evolving reactions are ubiquitous in the operation of electrochemical devices, and can result
in the formation of bubbles that block the electrode and decrease reaction rates. The deleterious
effect of bubbles is amplified by the current trend of miniaturization of electrodes to nanoscopic
sizes, as a single nanobubble can grow to cover the whole reactive area. This presentation will
discuss our work using molecular simulations and theory to understand the electrochemical
formation and stationary states of bubbles on nanoelectrodes, how the size and shape of the
electrodes impact the currents that can be obtained when a bubble forms, and how we can use
that knowledge to maximize conversion rates on gas producing electrochemical reactions.
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Surface nanobubbles induce instability of solution-deposited thin films
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Abstract

Solution-deposited thin films, which serve for various purposes, ranging from surface protection to
process mediators, are formed by variety of techniques both on laboratory and industrial scale. Our work
indicates, that surface nanobubbles appear to be the most frequent cause of defects forming micro/nano-
pores of various shapes in solution-deposited thin films. Presence of nanobubbles during film deposition
causes shielding of target surface and degrades properties of deposited film by formation of void spots,
which create bypassing channels, decreases film durability and exposes surface, which should be covered.

In case that nanobubble shielding prevents deposition of catalyst film, it limits the deposited amount of
catalysts or mediator and thus decreases its overall efficiency. While nanobubble presence is usually
indicated by circular hollow pinholes formed in deposited film, nanobubble-induced film instability is
manifested upon dewetting, by film slippage causing pinhole deformations.

Correlations of both in-situ AFM images of surface nanobubbles and ex-situ images of identical substrate
locations covered by porphyrazine mediator and gelatin as model thin films solution-deposited by various
techniques including (specific) adsorption and electrochemical deposition indicate relation between
nanobubbles and film defects.
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Abstract

In recent decades, nanobubbles (NBs) have attracted widespread scholarly attention and they have been
applied in many industrial fields. In the flotation process of particles, NBs are considered to act as
“secondary collector”, which have the bridging effect between particles and carry bubbles to significantly
promote the flotation efficiency of coal and minerals [1]. The morphologies of NBs on different
hydrophobic surfaces were investigated by total internal reflection fluorescence (TIRF) microscopy and
atomic force microscopy (AFM). The effect of NBs on the interaction of inter-particles was investigated
with the colloid cantilever technology. To explore the role of dissolved air concentration and NBs in the
flotation of low-rank coal (LRC), de-aerated water (DW), ordinary water (OW), and air-oversaturated
water (PW) were prepared. The formation of NBs is closely related to the hydrophobicity of the substrate
surfaces, and more and larger NBs form on the strong hydrophobic surface (Figure 1).

(€3]

Figure 1. Nanobubbles on different hydrophobic surfaces obtained by total TIRF microscopy (a-c) and AFM (d-f):
surfaces (from left to right) were hydrophilic, medium hydrophobic, strongly hydrophobic. Rhodamine 6G was used
to label the nanobubbles in the TIRF microscopy experiment.
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Furthermore, the magnitude and range of hydrophobicinteraction are positively related to the dimension
of NBs. With multiple approaches of a hydrophobic colloid to strong hydrophobic surfaces, the
hydrophobic interaction is further enhanced due to the merging and cavitation of NBs [2]. As for the
flotation performance of LRC, it is positively correlated to the air concentration in agueous solution, which
is confirmed by the induction time measurement. Typical nanobubbles scanned on highly oriented
pyrolytic graphite (HOPG) surface in PW are a reasonable explanation of the phenomenon. Besides, the
hydrophobic interaction between LRC particle and HOPG in PW is significantly stronger than that in both
OW and DW, which is attributed to capillary-bridge effect of NBs on particles surfaces (Figure 2) [3].
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Figure 2. Interaction forces between the low-rank coal particle and HOPG in DW, OW, and PW, respectively: (a)
Approaching forces curves; (b) Retracting forces curves.
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Abstract

Regular cleaning of production facilities is very important in pharmaceutical, food processing,
and bioplant operations [1]. The possibility of cleaning with ultrafine bubbles (UFBs) has been
suggested for cleaning in small systems [2,3]. Adding UFBs to the cleaning solution in Clean-In-
Place may reduce the amount of detergent and surfactant required.

However, there is a lack of technology to accurately quantify the cleaning effect of fine bubbles
which diameter is less than 1 um [4] on various pollutants in closed ducts and to provide
fundamental data. Therefore, a glass laminar flow channel with optical access was designed as
shown in Figure 1 to measure and evaluate the UFB cleaning effect.

Video

Contaminant + *
z fluorescent dye -
\\
N L ’ 5
UFB water tank N/ | Effluent reservoir
Syringe pump Viewing cell

UV light

1K

Figure 1. Schematic experimental setup for optical investigation of cleaning by UFBs.

Procedures have been developed to prepare reproducible contaminants and to quantitatively
measure the time course of the cleaning process. First, the contaminant suspension was placed
on the glass cover panel of the flow channel with fluorescent dye, and then dried as shown in
Figure 2. UFB suspending water was laminarly fed into the flow channel attaching the glass cover
panel. To compare the cleaning behavior of contaminants adhering to the glass panel with UFB
water or UFB-free water, the cleaning process was monitored under UV light and as a function of
time recorded by the video camera.
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Figure 1. Glass panel coated with silica particles (>0.2 um) and fluorescent dye.

In addition to the cleaning evaluation by optical measurement, the UFB number concentration
at the inlet and outlet of the flow channel was determined by Particle Tracking Analysis
(NanoSight NS300, Malvern Instruments, UK).

In this study, we will introduce the experimental setup, details of the measurement method, and
the results of the investigation of the cleaning effect of the cleaning solution with and without
UFBs on various model contaminants (silica particles, starch, etc.). One of the most important
aspects is the effect of flow velocity on the cleaning efficiency of UFBs.
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Abstract

During laser synthesis and processing colloids (LSPC), nanoparticles emerge from an ablated target sur-
face. Such colloids are used in a wide range of applications, such as optics, or biology [6]. One key part of
LSPC is the laser ablation in liquid (LAL), where a laser is focused on the surface of a target surrounded by
liquid material.

During the ablation process a vapor bubble is generated as a side effect that affects productivity and purity
of the ablated material. Depending on the ablated target material, the evolution of this cavitation bubble
differs significantly in time and size. If only the collapse and subsequent cycles of growth and expansion
of an isolated bubble are investigated, the analytical Gilmore model gives accurate results for the cavita-
tion dynamics. However, if the full process of initial expansion after optical breakdown is included, the
analytical model is not suitable anymore for the lack of defined initial conditions. Furthermore, interac-
tions between multiple bubbles cannot be captured correctly by the analytical model, especially if no a
priori information of their interactions is available. Therefore, we seek to investigate the bubble dynamics
of a single bubble that has been generated at a wall by a focused laser in a liquid environment by means
of numerical simulation. We apply the open-source finite-volume code framework ALPACA that uses a
sharp-interface levelset method [3]. A general formulation of the Navier-Stokes equation is applied with-
out any specific adaptation to bubble dynamics. We have demonstrated in earlier works that this model
is capable to reproduce accurately the analytical results for single bubble collapse dynamics [5]. Results
have been validated extensively for various multi-component simulations [3].

We validate the applied method based on the analytical solution. It has been shown that the Gilmore
model gives incorrect results for the subsequent cycles of the cavitation bubble at high initial pressure
ratios [2]. This is investigated here in more detail to elucidate the range of validity for the analytical model.
Moreover, we investigate the influence of different formulations of equations of state in the bubble inte-
rior and exterior that have been proposed by Denner [1].

To simulate the nano-particle generation in LAL, special initial conditions are required for the initially small
but highly energetic bubble. We apply the concept of energy-deposit [4] and calibrate the initial conditions
with a simple method based on the analytical model. This allows us to correctly capture the dynamics of
the first cycle of the cavitation bubble after optical breakdown. To demonstrate the applicability of the
method, we compare our numerical simulations with experiments of four different target materials. Fur-
thermore, we investigate the limits of the concept for finite-volume simulations of LAL. As an example, in
Figure 1, certain time instances of the evolution of the simulated bubble compared to the experiment are
shown for a silver target. The bubble evolution and near wall region agree very well. This motivates further
numerical investigations of the process of nano-particle generation in LAL. Especially, the interaction of
multiple bubbles and their influence on the productivity are subject of future studies.
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t=02us t=5us t=10pus

t=25us t =45 us t=50us

Figure 1. Different time instances of the evolution of a cavitating bubble after optical breakdown of a 12 ps, 2.7 mJ
laser at a silver target. For each instance the simulation (top) is compared to the experiment (bottom).
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Abstract

1.

2.
2.

2.

Introduction

Volumetric oscillation and translational movement of microbubbles have been applied to
various fields including ultrasonic cleaning. It has been studied that this cleaning effect is
greatly contributed by friction between translating bubbles and objects to be cleaned [1]. It
is also known that the use of water containing ultrafine bubbles can enhance this cleaning
effect compared to the use of water without UFBs. This study investigates the effect of UFBs
on the interaction between bubble clusters and a wall by experimentally observing the
translational motion of bubble clusters along the wall in both water with UFBs and water
without UFBs.

Theory

1. Bjerknes force
Bubbles oscillating in volume near a wall under sound field receive the second Bjreknes force
directed toward a nearby wall due to the pressure gradient caused by the reflection of their
own radiation pressure from the wall.

2. Layer of UFBs
In general, solid walls are negatively charged in water; therefore, an excessive amount of
positive charge in the water concentrates near the wall, forming a layer called the electric
double layer. According to reference [2], since UFBs in the liquid are negatively charged, they
are attracted by the positive charge mentioned above and gather near the wall and adhere
to it. In this way, a layer with a high concentration of UFBs can be formed on the wall surface.

Experiment

Figures 1 (a) and (b) show the side and top views of the experimental device. Water with
UFBs or water without UFBs was kept in an acrylic container, and the pressure was reduced
to about 7 kPa. Ultrapure water was used as the water. Bubbles were injected from a syringe.
During vertical shaking of the container at 312.5 Hz, the injected bubbles clustered with

(a) Side view (b) Top view
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Figure 1. Experimental system.
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volume Oscillations an moved along wall A toward wall B by the second Bjerknes force.
Motion videos of the bubble clusters were shot with a high-speed camera, and dynamics of
the bubble clusters was investigated by image analysis of those video data.

4. Result

Examples of the translational motion obtained by image analysis are shown in Fig. 2 (a) for
water with UFBs and Fig. 2(b) for water without UFBs. X denotes the distance of the bubble
cluster from the center of the acrylic container. Plots by open circles show observed results
of translation, while the solid lines show results obtained by numerically integrating
equations of motion, without considering the effect of back wall A, under the Bjerknes force
due to the reflection from wall B, which was evaluated by image analysis for four periods of
observed volume oscillation of the bubble cluster.

(a) with UFBs (b) Without UFBs
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Figure 2. A bubble cluster translation along the wall in water with and without UFBs.

For quantitative evaluation, the difference between the measured translation distance and
the numerical value without the back wall at t = 12.8 ms, corresponding to four periods of
excitation was normalized by that numerical value, and its average of 20 times was obtained.
The average values are 0.16 and 0.29 for water with and without UFBs, respectively.
Therefore, since the translation of bubble clusters in water with UFBs is faster, it can be

thought that the effect of layered UFBs near the wall reduces the interaction between bubble
clusters and the back wall A.

5. Conclusion

By experimentally investigating the translational motion of the bubble cluster along the wall
in water with and without UFBs, we found that the effect of layered UFBs near the wall
reduces the interaction between bubble clusters and the acrylic wall.
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Abstract

Bulk oxygen nanobubbles have been increasingly used to remediate water pollution in natural
waters. However, the need of continuous pumping of oxygen into natural waters represents a
great challenge for cost-efficiency and zero carbon due to the large volume and the short
retention of oxygen in water. This hurdle may be potentially lifted by loading oxygen micro-nano
bubbles into clay porous and manipulating its release/retain properties, which can be purposely
delivered into deep waters and the sediment by natural gravity (settling), where the switch of
pollutants from sediment to water can be turned off. Here, we will introduce a series of studies
of using clay interfacial oxygen nanobubble to: 1) remediate hypoxia/anoxia in sediment and its
effect in reducing phosphorus, nitrogen pollution from the internal loads[1-3]; 2) reduction of
arsenic toxicity in eutrophic waters and sediments [4]; 3) reduction of greenhouse gas emission
from eutrophic waters [5]; 4) reduction of mercury toxicity in eutrophic waters and sediments
[6,7]; 5) accelerating aquatic ecological (such as macrophyte) restoration [8-10]. The chemical,
physical, and microbial effects and mechanisms of the above-mentioned treatments, including
the manipulation of sediment-water cycling of P, N, C, As, Hg, and S, will be analyzed and
summarized [11-14].
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Abstract

The past decade has witnessed the theoretical and experimental debates on the extraordinary long
lifetime and low contact angle of surface nanobubbles. While several kinds of imaging techniques have
provided promising evidences on the lifetime and gaseous nature of single surface nanobubble, each of
them suffered from its own limitations before a consensus can be reached. In the present work, we
employed a recently-developed surface plasmon resonance microscopy (SPRM) to visualize single surface
nanobubble without labeling for the first time [1]. The quantitative dependence between optical signal
and nanobubble volume allowed for resolving the dissolution kinetics, which is a key for understanding
the lifetime. A super-localization method was further introduced to monitor the trajectory of its mass
center during dissolution, which uncovered the stick-slip behavior in the early stage and the migration
behavior in the late stage. The label-free, non-intrusive, quantitative and sensitive features of SPRM and
the potential compatibility with atomic force microscopy shed new light on the long-standing puzzle
behind surface nanobubbles.

We also summarize the unique features of SPRM that makes it a novel and promising technique in
the toolbox for studying surface nanobubbles. First, the non-intrusive and label-free nature of SPRM
allows for studying the nanobubbles in its native states under a physiochemical environment that is
almost identical to mainstream AFM studies. Second, SPRM signal shows a simple and robust dependence
on the volume of nanobubble, facilitating the quantitative kinetics study. Third, enhanced
electromagnetic field confined in the SPPs ensures the extraordinary sensitivity for detecting sub-100nm
nanobubbles. Fourth, the inverted configuration of SPRM is compatible for integrating an AFM on top of
the sample. Similar combination between TIRFM and AFM has been achieved in several groups and has
proven powerful. Such combined systems should deliver comprehensive capabilities to characterize
surface nanobubbles.

In addition to the dissolution dynamics of surface nanobubbles, we would also like to cover other
results regarding hydrogen nanobubbles produced by photocatalysis [2,3] and electro-catalysis [4] of
water splitting, nucleation activation energy barrier of single vapor nanobubble [5], and most recent
results that we have investigated, including characterizations to the thickness of bubble-liquid interface,
surface charge and refractive index of single surface nanobubbles.

References

[1] YJ Wang, J Chen, YY Jiang, X Wang, W Wang, Label-free optical imaging of the dynamic stick-slip
and migration of single sub-100nm surface nanobubbles, Anal. Chem., 2019, 91, 4665.

[2] YM Fang, ZM Li, YY Jiang, X Wang, HY Chen, NJ Tao, W Wang, Intermittent photocatalytic activity
of single CdS nanoparticles, Proc. Natl. Acad. Sci. USA, 2017, 114, 10566.

[3] H Su, YM Fang, FY Chen, W Wang, Monitoring the dynamic photocatalytic activity of single  CdS
nanoparticles by lighting up H2 nanobubbles with fluorescent dyes, Chem. Sci ., 2018, 9, 1448. [4] Y)
Wang, TL Yuan, H Su, K Zhou, YL Yin, W Wang, A bubble-STORM approach for super-resolved imaging of
nucleation sites in hydrogen evolution reactions, ACS Sensors, 2021, 6, 380.

[5] J Chen, K Zhou, YJ Wang, J Gao, HY Chen, W Wang, Measuring the activation energy barrier for the
nucleation of single nanosized vapor bubbles, Proc. Natl. Acad. Sci. USA, 2019, 116, 12678.

78


https://chem.nju.edu.cn/wanglab
https://chem.nju.edu.cn/wanglab
https://chem.nju.edu.cn/wanglab

NANOBUBBLE 2022, Conference on Nanobubbles, Nanodroplets and their Applications,
September 18-21, 2022, Festung Mark, Magdeburg, Germany

Nucleation

Thermally assisted Heterogeneous Cavitation through Gas Supersaturation

Patricia Pfeiffer,’* Julian Eisener,! Hendrik Reese,! Mingbo Li,? Xiaotong Ma,? Chao Sun,? and Claus-Dieter Ohl*

1 Otto-von-Guericke University Magdeburg, Universitditsplatz 2, 39106 Magdeburg
2 Center for Combustion Energy, Department of Energy and Power Engineering, Tsinghua
University, Beijing 100084, China

E-Mail corresponding authors: patricia.pfeiffer@ovgu.de

Abstract

So far, the only known mechanism to sustain heterogeneous cavitation is the presence of
particles in water that can stably trap gas pockets within hydrophobic crevices. While surface
attached nanobubbles and stable nanobubbles are investigated they have not been identified as
a cavitation nucleus. In this work, we provide evidence that besides particles, gas supersaturation
acts as cavitation nuclei, too.

The most accepted and experimentally tested model for heterogeneous nucleation of cavitation
bubbles is the presence of gas and vapor pockets, which are stabilized in hydrophobic crevices
[1]. These stabilized gas pockets explosively expand once the pressure is reduced below the Blake
threshold. In contrast in pristine water the spinodal limit and thus a much higher tension is
needed. In real liquids impurities dominate the cavitation inception process and heterogeneous
nucleation occurs at much lower tensions than theoretical predictions indicate [2,3].

In the present work, we test experimentally if locally and temporally modulated gas
supersaturation acts as a nucleus for cavitation bubble formation. A rarefaction wave
propagating within a liquid sample sandwiched between two glass slides is used for cavitation
inception. The wave is a transverse Lamb-type wave, which first reduces the pressure in the
liquid, thereby nucleating cavitation bubbles while the trailing pressure wave may collapse the
bubbles afterward [4]. The wave is launched from a dielectric breakdown spot created with a
focused nanosecond laser pulse (Fig. 1).

Using sufficiently fast imaging modality we can observe if a nucleus was present by detecting a
bubble expanding larger than the optical resolution limit. The geometry and technique offer a
view on the details of the nucleation events microscopically and at a very high temporal
resolution due to the high repeatability of the experiments. Local supersaturation is achieved as
follows: nucleating a vapor bubble through heating and letting it dissolve or heating the surface
below the boiling temperature. Both methods are probed with a rarefaction wave (Fig. 1).

A simple 2D axisymmetric simulation of the heat introduced by the CW laser is carried out using
a finite element solver for the heat equation in Comsol. At 1 ms after stopping the heating, the
temperature of the liquid has equilibrated. Heat and gas diffusion are governed by the same
diffusion equation, yet the diffusion constant of heat in water is about 100 times higher than that
of dissolved gas. This suggests that it is not the higher temperature where the bubble has
dissolved but a local gas supersaturation nucleating the cavitation bubble.
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Figure 1. Nucleation of a bubble by a rarefaction wave in a liquid gap. (a) Experimental setup
for cavitation inception by a focused pulsed laser. A CW laser is used for local heating. (b) A
vapor bubble is created (blue cross) and has dissolved at t=-4 ms. Upon the passage of the
rarefaction wave, a single cavitation bubble is nucleated (t=60 ns) at the location where the
vapor bubble dissolved. t=0 corresponds to the time when the laser pulse reaches the glass
slide. (c) A spot is heated (blue cross) below the boiling temperature. The heated spot acts as a
cavitation nucleus once the rarefaction wave passes.
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Abstract

Cavitation refers to the change of phase from liquid to vapor when pressure drops below vapor pressure.
It is an important phenomenon in several engineering applications such as turbomachinery, marine
propulsors, lithotripsy and ultrasonic cleaning. At the heart of cavitation lie nuclei whose size varies from
the nano to the micron scale. The process begins with a phase change on a molecular level that leads to
nucleation. Understanding the nucleation process is essential to obtain insight into the cavitation process,
particularly into what is termed ‘inception’. Nucleation is commonly described as being either
homogeneous or heterogeneous and is studied using variants of the Young-Laplace and Rayleigh-Plesset
equation. The Gibbs free energy approach provides a generalized description of both homogeneous and
heterogeneous nucleation and is the subject of this paper. What makes such treatment feasible is the
development in [1] of a numerical methodology that can calculate the equilibrium interface between
water and vapor/gas over solid surfaces of arbitrary complexity. The methodology develops a level set
algorithm to represent both the solid surface and the water/vapor interface, and an efficient procedure
to minimize the Gibbs free energy of the system.

The general expression for Gibbs free energy is given by:
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where the first term is the bulk energy due to the pressure
difference, the second term is the surface energy over the
liquid-gas interface and the solid gas interface combined,
and the third and fourth terms are the chemical potentials
of the gas and vaporous phases. Clearly, the same
procedure can be applied regardless of whether the
bubble forms inside fluid (homogeneous) or at a solid
surface (heterogeneous).

Figure 1: lllustration of a gaseous phase within
This paper considers the application of the free energy | aliquid for: (left) homogenous nucleation, and
methodology to a homogeneous system consisting of (right) heterogenous nucleation.
liquid, vapor and gas. Analytic expressions obtained from
the governing equations allow for a straightforward
analysis of the stability of the system. Critical radii of bubbles for homogeneous nucleation and the effect
of gas content can be derived and studied analytically. By assuming a spherical bubble, the volume and
area terms can be written as a function of the bubble radius. The first partial derivative of Gibbs energy
with respect to the radius leads to a cubic equation that will be at the heart of the analysis. The cubic
equation for the radius of the bubbles is given by the following expression:

2006 3ncRT
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P — Pu An(p, — pv)

whose general solution has the following form:
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Two representative results are shown in Figure 2. The Gibbs free energy approach provides a continuous
description of the nucleation process with varying moles of gas. The results recover the Young-Laplace
equations for a pure liquid-vapor system but also generalize to include the effect of contaminant gas.
Blake’s radius is also obtained as a special case that happens to lie on a saddle point of the Gibbs energy
surface. Reversing the signs of the pressure difference leads to a different set of critical radii. This
potentially explains the hysteresis observed between the incipience and desinence of cavitation bubbles.
It also describes why gas bubbles remain even after a degassing process. Nucleation rates and bubble
concentrations can also be derived and will be presented in the talk.
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Figure 2. Gibbs free energy of: (left) pure liquid-vapor system, (right) liquid-vapor system gas content.
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Abstract

The gas-liquid dispersions often encountered in numerous engineering applications, for instance, the
development of smart fluids, novel reactor or reaction design for gas-liquid reactions, biomedical
applications, cosmetics and foodstuff processing design etc. Therefore, these dispersion systems have
shown substantial research potential over last few decades. Recently, nanobuble suspensions have been
discovered which possess extralongevity owing to the surface charge. Nanobubble forms when a gas is
dispersed in the liquid at an ultra-fine scale (70-200nm). Despite having high Laplace pressure, these
suspensions are found be extremely stable (up to months) under standard conditions [1]. Some of their
applications include, separation processes (froth flotation), Reactive oxygen species (ROS) generation in
biological systems, drug development, treatment of cancer, and waste water treatment. The
extraordinary stability of such Nanobubbles is plausibly due to the presence of the surface stresses
developed by the electrical charge of the dangling -OH groups at the gas liquid interface, though, this
argument still needs further support [1]. Although, most of the nanobuble research is limited to the
nanobubble suspension in water by either infusion of gas into water or generation through hydrodynamic
cavitation, few studies also reported the nanobubble generation through solventexchange method [2, 3].
Our recent study presented a rich discussion for nanobubble generation via addition of inorganic solutes
in water [1]. For organic solvents, despite having scant reported results, there is a significant research gap
to accrue detailed information and discussion on the nanobubble generation and to provide strong
experimental evidence of their existence based on the refractive index calculation of nanobubbles using
Mie theory. Therefore, in this work, we have experimentally investigated the bulk nanobubble generation
in ethanol-water mixture. The ethanol and water are taken into a flask ranging from 5% to 50 % ethanol
by volume, and stirred for 5 min. The generated bulk nanobubbles are characterized further by using
Nanoparticles tracking analysis and Zetasizer DLS (Dynamic light scattering).. The nanobubble size, count
vs scattering intensity, zeta potential and refractive index for various ethanol vol% are presented in Fig.
1. The lowest mean Nanobubble diameter/size is observed at 10% ethanol vol% and the size is found to
be higher for lower ethanol vol% than the higher vol% except for 50% ethanol vol%. The mean scattering
intensity is found to be 3.33 a.u. for 10% ethanol vol%. The maximum zeta potential is observed for 5%
ethanol vol% and further found to be decreasing with increasing ethanol vol%. The measured R. I. values
are found to be in range of 1-1.07 which is closer to the R.l. of the air (i.e. R.l. = 1), thus identifying and
proving the presence of gas filled Nanobubbles.
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Figure 1. Bulk nanobubbles generated in ethanol-water mixture; (a) Bubble diameter, (b) 3D Histogram of bubble
count, size and scattering intensity, (c) Zeta potential values, (d) Refractive Index.
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Abstract

Coordination of water saving, yield and quality increase remains an attractive problem in
agricultural production. Dispersion of gaseous nanobubbles (NBs) in water has been recognized
an effective way to improve plant growth and seed germination, but potential mechanism of NB
on plant growth is unknown yet. In present study, tomato cultivated in greenhouse was subjected
to investigate the effects of three mixing ratios of NB water and tap water combined with two
different irrigation frequencies on irrigation water use efficiency and plant growth. In addition,
the impacts of different gaseous NBs (e.g., oxygen, nitrogen, hydrogen, carbon dioxide and air)
on soil chemical properties such as pH, dissolved oxygen (DO) and redox potential and the release
kinetics of key elements such as NH4*, NOs~and PO43, K* and Mg?* from soil as well as other soil
contents such as natural organic matters, and the effects of NBs on the microbiome and enzyme
in rhizosphere soil were also evaluated. Moreover, the electrical impedance spectroscopy (EIS) is
investigated as a non-destructive method for monitoring root growth of tomato. The results
indicated that application of oxygen NB can increase plant growth (height and steam diameter)
and irrigation water use efficiency compared to control group (tap water). The results indicated
that oxygen NB irrigation, particularly with the high concentration, changed the composition and
potential functionality of the soil bacterial community, reduced its diversity. Additionally, oxygen
NB application improved soil quality by increasing the rhizosphere soil urease and phosphatase,
which promised to stimulate plant root growth and accumulate soil available nutrients.
Enzymatic activities in plant leaves including superoxide dismutase, peroxidase, and protein were
significantly higher in oxygen nanobubble groups compared with the control. Overall, this study
provides stronger support for the nanobubbles to promote the growth of plants.
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Figure 1 Schematics of the electric double layer of NBs in liquid and interaction mechanisms with
soil.
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Abstract

Nanobubble usability is increasing worldwide in environmental processes, cleaning, agriculture and
disinfection. Luu et al. (2019) investigated the influence of presence of nanobubbles generated by
ultrasonication in culture medium on the growth rate of Gram-negative bacteria [1]. Negative influence
on the growth rate and biomass concentration was observed. However, for Gram-positive bacteria the
presence of nanobubbles promoted the growth, especially when hydrogen nanobubbles were applied [2].
On the other hand, when the biofilm from seeding suspension was investigated, the presence of air
nanobubbles also promoted the growth and activity of microorganisms in biofilm [3]. In this work results
of submerged aerobic culture of Saccaromyces cerevisiae yeast were presented. The aim of this work was
the examination of oxygen nanobubble influence on yeast batch cultures, specifically on the value of
specific growth rate and growth phases length. Generation of nanobubbles in water were carried out
using cylindric porous-membrane system where the gas was pressurised through the membrane to the
flowing liquid which cut off bubbles from the membrane surface. Cultures were carried out in bioreactor
(volume 1.5 dm3) with Rushton stirrer. Culture was aerated using barbotage and additionally oxygen
nanobubbles were added to the broth before inoculation. Classic aeration was necessary because the
balance of elementary microbial growth showed that the amount of oxygen contained in the nanobubbles
is too small to ensure the aerobic growth of the yeast. For this reason, the presented studies concern the
influence of the presence of oxygen on the nanobubbles on the growth of cells and the rate of assimilation
of the substrate and not the aeration of the culture by the nanobubble method. Two cultures without
nanobubbles introduced to the medium were carried out as the reference cultures in addition to two
cultures with nanobubbles added to the medium. Concentration of biomass was measured using
nephelometry and concentration of carbon source (i.e. glucose) was measured spectrophotometrically
using colorimetric method. Profiles of concentration of dry biomass and substrate during batch culture
with and without nanobubbles were presented in Figure 1. As one can see, the addition of gas bubbles
causes faster cell growth and faster consumption of the substrate. In order to determine the values of
growth parameters, a Monod model and a two-parameter growth model were proposed:

S
U=u e Monod model
= T meter model
= Um wo-parameter mode
y' y' ax KS + S KO + 0 p

where: y — specific grow rate [1/h], ;4 — Maximal specific grow rate [1/h], Ks — saturation constant in
relation to substrate concentration [g/dm?], K, — saturation constant in relation to oxygen concentration
[mg/dm3], S — substrate concentration, O — oxygen concentration [mg/dm?3]. The differential balance of
biomass and substrate in the batch reactor was formulated.
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Figure 1. Profile of concentration of dry biomass (A) and substrate (B) during batch cultures

Obtained ordinary differential equations were solved using Matlab software and ode45 method. To
determine model parameter values using experimental data presented in Figure 1 the command Isqnonlin
for nonlinear least-squares problems was used. Obtained parameters of Monod and two-parameter
model are presented in Table 1.

Table 1. Values of growth model parameters. NB - nanobubbles

Monod model Two-parameter model
Parameter

Without NB With NB Without NB With NB
Hmax [1/h] 0.519 0.728 0.510 0.646
K [g/dm3] | 225 226 224 215
K, [mg/dm?] | N/A N/A 0.088 0.107

As one can see the maximal specific growth rate for batch cultures is higher in presence of oxygen
nanobubbles without the significant change in both saturation constants values. That means that for the
same substrate concentration higher growth rate would be achieved. Mechanism of nanobubble-
microorganism interaction is not clear, but the obvious conclusion is that the growth is promoted by
oxygen nanobubble presence. What is interesting, the similar effect was observed in literature for cultures
of Gram-positive bacteria [2] which have similar outer membrane and wall structure.

Presented results were published in Chemical Engineering and Processing — Process Intensification [4].
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Abstract

The Oxygen Micro-Nanobubbles are considered oxygen delivery systems with broad potential
benefits to mitigate hypoxic stress. However, nanobubble oxygenation and its effects on UC-
MSCs are relevant aspects of cell therapy. This study characterizes bulk oxygen nanobubbles
(ONBs) through Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), zeta
potential, FT-IR, and fiber-optic oxygen sensor. We produced ONBs in cell culture media and
ultrapure water at a concentration of 1.1x10° particles/mL, with a size distribution <200nm and
the zeta potential value of -32mv. By another hand, we measured the oxygen delivery by mixing
ONBs-enriched solutions with hypoxic or anoxic deoxygenated solutions (1 and 0 mg/L of O,
respectively). We measured the increase in dissolved oxygen content in the deoxygenated water
or DMEM, showing a sustained oxygen release profile of 8.3 mg/L for 70 minutes on ONBs-
enriched solutions, which is significatively higher than in mixtures prepared with oxygen
saturated solution (4.2 mg/L). Regarding the biological assessment, umbilical cord mesenchymal
stem cells (UC-MSCs) were cultured with Dulbecco’s modified Eagle’s medium containing oxygen
ONBs for 24hrs (normoxic/hypoxic conditions). After a colorimetric assay and confocal
microscopy, we observed that ONBs do not affect UC-MSCs viability, showing higher metabolic
activity within cells exposed to ONBs.
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Abstract

Cavitation is a phase change phenomenon that involves different bubble life cycles including nucleation,
expansion, and collapse [1]. Cavitation could be classified into four types: Acoustic cavitation, Optical
cavitation, Particle cavitation, and Hydrodynamic cavitation [2]. Micro-scale cavitation applications have
gained great significance since they have similar dimensions to biological entities and offer the capability
to accelerate processes and to serve as a more controllable approach [3-5]. Acoustic cavitation or/and
optical cavitation-enhanced molecular delivery and cell lysis in microscale have been investigated broadly
over recent years [3, 5, 6]. For instance, Le Gac et al. [6] demonstrated that sonoporation of human
promyelocytic leukemia cells could be achieved by laserinduced cavitation. In the study of Meng et al. [4],
a stable microbubble array allowed cell membrane permeabilization utilizing acoustic cavitation.
Optimization of such systems requires comprehensive knowledge on the interactions between biological
substances and cavitating flows/cavitation bubbles. Although cavitation phenomena have been exploited
in biomedical applications, a limited number of studies employed hydrodynamic cavitation in assessment
of biological responses [7, 8], and there is a need in the literature to understand its biological and physical
impact on biological samples.

This study investigates the biophysical effects of micro-scale hydrodynamic cavitation inside a cascade
parallel multi-microchannels on a confluent cell monolayer. The effect of hydrodynamic cavitation on a
cancer cell line and a normal cell line as a control group was observed. Doxorubicin (Dox), a chemotherapy
drug, was utilized for cancer and normal cell lines. Then, cavitation was applied to both of Dox treated
cells and non-treated cells for observing the effects of cavitation on Dox effectiveness for both cell lines.
According to the results [Figure 2], the uptake of the Dox decreased the cell viability in both healthy cells
(Beas-2B) and cancer cells (A549). In addition, hydrodynamic cavitation-enhanced Dox treatment
decreased the cell viability more than only Dox treatment. As an interesting result, hydrodynamic
cavitation-enhanced Dox treatment is more effective on the cancer cells compared to the healthy cells.
Hence, this study could be a new approach for cancer treatment and has the advantage of minor damage
in surrounding healthy cells.
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Abstract

Polymer-shelled nanobubbles (NBs) have shown great potential as a nanoplatform for the
delivery of drugs, gases and genes [1]. Interestingly, they can be combined with ultrasound (US)
to obtain a triggered site-specific delivery of the active molecules. In addition, they can act as
US contrast agent. Polysaccharides have been studied as NB shell component due to their
biocompatibility, biodegradability and the presence of functional groups suitable for
conjugation and derivatization. Moreover, the polymer shell can play an important role
affecting the physico-chemical characteristics and the biological properties. Novel hybrid
nanobubble systems based on a phospholipid monolayer at the NB interface, coated by a
polysaccharide shell were developed [2]. The design of the hybrid lipid/polysaccharide NBs was
based on the capability of phospholipid monolayers to adsorb charged polysaccharides,
exploiting electrostatic or hydrophobic interactions [3]. The work aims at investigating the
impact of a series of polysaccharides either positive or negative charged (i.e. low or medium
weight chitosan, methyl chitosan, glycolchitosan, methylglycol chitosan, dextran sulfate and
Dextran-DEAE) on the NB nanostructure, stability and ultrasound responsive behaviour. The
interaction of polysaccharide with lipid monolayer was investigated by FTIR spectroscopy,
Differential Scanning Calorimetry (DSC) and surface tension evaluation. Two different
molecules, i.e. doxorubicin and oxygen, were encapsulated in nanobubble formulations having
the different polysaccharide shells. The physico-chemical characteristics, loading capacity,
stability and in vitro release kinetics of the series of NB formulations were evaluated. Moreover,
the NB size distribution and in vitro release kinetics were determined after US application.
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Abstract

Systemic delivery of therapeutic agents for treating a wide range of diseases can be challenging, where
treatment effectiveness is determined by the total dose of drug delivered to the disease site. Thus, new
platforms for the non-invasive delivery and triggered release of therapeutics are of significant interest,
especially in an aging population where the rate of disease is likely to increase.

Lipid-shelled microbubbles (MBs, 1- 10 um) are already in widespread clinical use as contrast agents for
echocardiography. In combination with ultrasound, MBs can locally increase intra-cellular drug uptake via
a process called sonoporation. MBs can be functionalised to act as biomarkers for molecular imaging of
disease vasculature and provide localised triggered release of a therapeutic payload. * However, they are
confined to the vasculature, which can result in poor uptake in the targeted region. Nanobubbles (NBs, <
1 um) have emerged as promising candidates for ultrasound-triggered drug delivery because of their small
size, which allows them to passively extravasate and accumulate within tumour tissue. 2
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Figure 1 -Schematic of a Nested-Nanobubble, in which a perfluorobutane (CsF10) is encapsulated
within a drug-loaded liposome. The application of high intensity ultrasound leads to liposome rup-
ture and triggered drug release.

Recently, we developed new type of therapeutic NB, Nested-Nanobubbles (Figure 1), by encapsulation of
NBs within drug-loaded liposomes in which the encapsulated NB acts as an acoustic trigger for drug re-
lease 3. Although the encapsulated NBs were destroyed by pulsed HIFU, determined by passive cavitation
detection, no drug release was observed. Changing modality to continuous wave (CW) HIFU produced
release across a range of pressures, likely due to a synergistic effect of mechanical and thermal stimuli. In
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combination with theoretical models of droplet vaporisation, we predict that encapsulated NBs contain a
mixed population of both gaseous and liquid core particles, which upon CW HIFU undergo rapid phase
conversion, triggering liposomal drug release.

One challenge associated with NBs, and potentially limiting their clinical translation, is accurate charac-
terisation of their size and concentration. Their size is typically below the resolution limit of most micros-
copy systems, and whilst light scattering techniques can be used, the cannot typically distinguish between
sub-populations of gas bubble and aqueous cored liposomes present in NB samples. Here, a novel method
of using a commercially available Nanoparticle Tracking Analysis (NTA) system was developed, able to
distinguish between NBs and liposomes owing to their differing optical properties (Figure 2). This tech-
nique was then used to assess the in vitro therapeutic performance on-chip of different sized NBs. How-
ever, sonoporation efficiency did not depend exclusively on NB size and concentration. It is hypothesized
that both the total lipid and liposome concentration, as well as inter-bubble distance plays an important
role in NB stability, consistent with previously proposed theories and simulations.

b| Liposome Solution b“) Nanobubbles

Objective
Sample xx)
Xa, & L
R

Figure 2 - a) Schematic showing the working principle of NTA, in which the random walk of nano-
particles is tracked by observing light scattered by individual particles. b) Images collected during
NTA data acquisition, demonstrating that highly scattering, gas-cored NBs are detected, whereas
lower scattering aqueous cored liposomes are not.
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Abstract

Many factors that impact Nanobubble production are typically unmeasured variables in the control
problem of Nanobubble generation. As a result, Nanobubble generation equipment is often underutilized
and Nanobubble performance can become unreliable for a specific application when original design
parameters such as pH change.

We have deployed a number of machines for novel food safety and wash water treatment solutions using
Ozone Nanobubbles. The machines are deployed in several research laboratories at universities and pilot
plants in the USA and Canada where graduate students are doing funded research using this technology.

We would like to present our experience around developing new technologies for Ozone Nanobubble
Generation, specifically experiences with measurement, inferences and closed loop control of key
parameters that impact the performance of Ozone Nanobubbles in sanitization applications. We will
discuss the resulting efficacy of Ozone Nanobubbles for application to pathogens on food products, water
and surfaces as they were recently found in the research labs.

One of the biggest challenges in developing reliable Ozone Nanobubble generators for research and
industry is identifying the root cause of suboptimal performance. Even quantifying the optimal
performance in the first place can be a challenge. We developed and refined several methods that allow
us to understand machine performance thru inferential measurements and cloud-based dashboards. We
will discuss how the ability to store key performance indicators and economic statistics in a cloud based
database and remote viewing of emerging data patterns simplified reporting to our customers and
funding agencies.
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Abstract

The most energy-consuming elements of the municipal wastewater treatment process
are pre-treatment, aeration and dewatering of sludge [1]. The use of Micro-Nano-Bubbles MNB
of Air, Oxygen and Ozone technology makes it possible to greatly reduce energy consumption

without the need to use expensive and troublesome Fe or Al coagulants.

Nano Ozone Flotation allows the reduction of COD not only by the removal of suspended solids
and colloids, but additionally by the decomposition of dissolved pollutants. Overall, it is possible
to reduce COD by more than 90%. Solid and colloidal impurities are about 75%, and a further
15% can be reduced as a result of the action of OH *Hydroxyl Radicals generated by exploding
MNB. Lower COD, BOD5 and TN, TP, FOG and an increase in the biodegradability of pollutants
mean much less excess sludge for separation and dewatering and many times lower Oxygen
demand. Oxygenation of wastewater by Micro or Nano-Air bubbles reduces more than four times
the energy required for the injection of 1 kg of Oxygen compared to fine-bubble aeration.
Activated sludge bacteria are very favorably activated in the presence of MNB and reduce Total

Nitrogen much more effectively. Additional advantages of using

MNB are the removal of Micro-pollutants such as Antibiotics, Hormones, Pathogens or Pesticides

and Microplastics and the elimination of odors without the need for deodorization [2].

The results of the operation of the modernized sewage treatment plants in which MNB flotation
was applied and over a 2 times reduction in operating costs were obtained. The complete

"WastewaterTreatment Plant for the Future" built in Poland was presented, where the operating
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costs could be reduced approx. 3 times compared to conventional oxygen treatment plants with

activated sludge

Soluble < 0,08 pm Colloidal 1um Settleable > 100 ym
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Chemically Enhanced Primary Treatment

CEPT + M Membrane
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Figure 1. Possible COD reductions using different separation technologies
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Abstract

Ozone gas bubble have been employed for the dye degradation in the literature, however, the scale up of
this technology suffers seriously due to the low rate of mass transfer [1-5]. In this work, ozone
nanobubbles have been used for the degradation of Green rit dye along with comparison with respect to
oxygen nanobubbles. The results depicted that the degradation of green rit dye (200 mg/L) reached to
99% using ozone NBs which was seen to be three times higher than that achieved through oxygen NBs
(36%). Nanobubble offers unique characteristics, for instance, long-term stability, high mass transfer
coefficient and zeta potential, it is employed to enhance the dye degradation using ozone gas. The
objective of the present work was to examine the degradation efficiencies of ozone and oxygen
nanobubbles on the dye (green rit) keeping the conditions identical for both cases. One litre of dye
solution with a concentration of 200 mg/L was prepared using green rit dye in pure water. Ozone was
produced through the principle of corona discharge in an ozone generator by providing high purity oxygen
through an oxygen concentrator. The dye solution was placed in an acrylic tank and was recirculated using
a diaphragm pump via in-house nanobubble generator. Therefore, the system is operated in a
recirculation mode. Ozone nanobubbles are characterized in terms of bubble size distribution, mean
diameter and number density of the nanobubble using NanoSight NS30 instrument (Malvern Instrument,
UK). A Spectrophotometer (DR3900, HACH) preprogrammed with the calibration curve of the dye was
used for the measurement of amount of dye in the treated sample. The color was measured at an
absorbance of 526 nm for green rit dye. The experiments were performed for both ozone and oxygen
nanobubbles. The mean diameter of the nanobubbles were measured ranging from 118-164 nm with a
number density of 3 X 108 bubble/mL. A negative charge was also possessed by these nanobubbles ranging
from -37 to -39 mV.. Although the collapse of oxygen nanobubbles leads to the formation of free radicals
(hydroxyl radicals) a very small amount of degradation of dye (36.8%) was observed for the case of oxygen
nanobubbles. On the other hand, ozone nanobubbles exhibit remarkably a good degradation of the dye,
99% of the dye have been degraded in a short span of time.
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Figure 1. (a) Comparison of treatment efficiency of ozone and oxygen Nanobubbles (b) Effect of the charge
possessed by the Nanobubbles
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Abstract

Froth flotation is one of the most significant achievements in the field of mineral processing with
applications in processing coal, copper, chalcopyrite, clay, mica to name a few. A traditional froth
flotation process takes advantage of the mineral particles' hydrophobic nature to separate them
from the gangue that surrounds them. Owing to the high demand for minerals caused by rapid
development of new technologies, mineral processing industries are evaluating several options
for making use of low-grade ultra-fine mineral particles, which is challenging using conventional
flotation methods. The classical collision theory states that collision and attachment probability
decrease as particle size decreases [1]. Nanobubbles have been shown to exhibit the capillary
bridging effect between particles. Thus, the ultra-fine particles can be aggregated in presence of
nanobubbles, and it can be separated by the flotation. . Nanobubbles are gas-filled cavities with
sizes ranging from 100 to 200 nm that exhibit incredible stability for long periods even in
turbulent environments. Several studies have been carried out over the years to investigate the
role of nanobubbles in particle flotation enhancement. The majority of these studies linked this
phenomenon to the formation of capillary bridges between particle surfaces and bubble surfaces
due to dewetting of the liquid film between them [2]. In this work, we investigated how
nanobubbles at different concentrations can improve attachments between coal particles. We
measured the wrap angle at various nanobubble concentrations to investigate the effect of
nanobubbles on particle-bubble interaction. A greater wrap angle indicates a greater degree of
particle attachment to the bubble surface. In Figure 1 it can be seen that nanobubbles exhibit a
positive effect on the attachment, as the wrap angle is seen to have increased with the increase
in nanobubble concentration. This is not only due to the formation of capillary bridges between
particles and bubbles but also to particle aggregation under the influence of nanobubbles, which
increases the effective size of the particle flocs exposed to macro bubble for attachment. To
address this effect of nanobubbles on particle aggregation, we also conducted particle
aggregation test at different nanobubble concentrations. As seen in Figure 2, the coal suspension
produced with nanobubble water has resulted in enhancing the degree of aggregation of coal
particles. The research carried out under this framework sheds light on the effect of nanobubble
concentration on particle-bubble-particle attachment, which is directly related to particle
flotation. This opens the door to fine-tuning the froth flotation process's yield simply by varying
the nanobubble concentration used during the mineral pre-treatment step.
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(b)

57.48°

Figure 1. Wrap angle in (a) DI water, (b) Nanobubble concentration: 6.35 X 1077 nanobubbles/ml, (c) Nanobubble
concentration: 1.93 X 10*8 nanobubbles/ml|

Figure 2. Coal particle aggregation in (a) DI water and (b)Nanobubble water
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An industry example: Prevent embolism in medical devices
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Abstract

Extracorporeal membrane oxygenation is an important technique in the intensive care treatment
of critically ill patients. Since blood from the body is passed through a corresponding heart-lung
machine, air embolisms caused by the formation of air bubbles are a major risk when using this
technique. We explain why stable air bubbles form and what influence the wetting properties of
the surface have on this. Using the mobile membrane oxygenator MOBYBOXTM from Hemovent
as an example, we show how the choice of a suitable coating can prevent the formation of stable
air bubbles. Dynamic contact angle measurements (optical and tensiometric methods) were used
to investigate the critical components, namely membrane and housing, with respect to their
wetting properties in order to find the optimal coating. A simplified measurement procedure
allows Hemovent to check the quality of the coatings as part of in-process quality control.
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Abstract

Placing a small liquid droplet on a soft substrate deforms the substrate. The surface tension of
the droplet rises a wetting ridge along the three-phase contact line and the Laplace pressure
inside the droplet creates a depression (i.e., dimple) underneath the droplet (Figure 1A). The
deformation of the substrate is determined by the capillary and elastic energies, which is
described by the softness ratio (relating the surface tension and shear modulus of the substrate
and the contact radius of the droplet).

Using atomic force microscopy (AFM), we have probed the three-dimensional interfacial
configuration of nanodroplets (with different contact radii) and the deformed soft substrates
(with different moduli). This allows measuring the ridge height and the dimple depth (Figure 1B)
in a range of softness ratios. With increasing the softness ratio, the normalized ridge height
increases and then decreases, while the normalized dimple depth increases and approaches to
a limiting value. The substrate capillarity overcomes the substrate elasticity in dominating the
substrate deformation, illustrating that a substrate becomes relatively soft, when the softness
ratio is larger than 1 (Figure 1C). Our results show a direct experimental observation of the
elasticity-to-capillarity transition [1].
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Figure 1. (A) Schematic illustration of the substrate deformation. (B) Profiles of nanodroplet, wetting ridge and
dimple probed by AFM. (C) Normalized ridge height versus softness ratio showing the elasticity-tocapillarity
transition.
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Abstract

Over the last decade, there has been increased
interest in laser-based jet injections [1]. The
principle of this method is shown in Figure 1. A
laser is used to create an explosive growing
bubble inside a microfluidic channel. This
bubble displaces the rest of the liquid, creating
a fast microfluidic jet which can penetrate the
skin. While initial work on laser-based jet
injection relied on pulsed lasers, the use of
low-power continuous wave (CW) lasers could Time ~ 1 ms
result in a more affordable application. These

injectors rely on thermocavitation, which is the Figure 1: Working principle of laser-based jet injection. Figure
heating of a highly absorbing liquid by a CW taken from [1].

laser, resulting in the formation of a vapor bubble [2].

For jet injection, accurate control over these bubble dynamics is essential, but the influence of the laser

parameters on the bubble dynamics are not fully understood [1]. It is known that a reduction in laser

power results in an increase in nucleation time and maximum bubble size [3]. However, the exact

influence of the laser power and especially the beam

diameter on the bubble kinetic energy is unknown[1]. Light '
source

We will show recent results on the influence of the la-

ser beam parameters on the moment of nucleation and

bubble dynamics. The experimental set-up is shown in K, O

Figure 2. We use an IR fiber laser to directly heat the
water, in contrast with previous work that relied on Laser 1950 nm

Optical fiber

highly absorbing dyes. We observe that the nucleation Borosilicate glass microdevice
time mainly depends on the laser intensity. Further- 19 power for v
more, the total deposited energy increases with an in- monitoring with

creasing spot size and/or a decreasing laser power. The photodetector High-speed

bubble size and growth rate depend on this deposited camera

energy. Therefore, the bubble dynamics can be con-

trolled with the laser parameters. This would enable Figure 2: Schematic of the experimental set-up.

control over the jet velocity as well, which is required Distance ‘D’ controls the laser spot size.
for personalized jet injection.
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Abstract

In recent years, water clusters called ultrafine water which has several nanometers or less have attracted
attention as having a wide range of functions such as humidification, moisture retention, deodorization,
air cleaning and sterilization, and static electricity removal. However, little is known about the mechanism
of their functions. For example, in moisturizing, penetration into the subcutaneous tissue is considered
because the ultrafine water is smaller than the intercellular space on the skin surface. However, this alone
cannot account for the long-lasting moisturizing effect [1]. Therefore, it is necessary to clarify the
physicochemical properties of ultrafine water to understand those macroscopic functions. In this study,
we investigated the electronic structure of ultrafine water deposited on hydrophobic and hydrophilic
surfaces using O 1s X-ray emission spectroscopy (XES) to obtain detailed information on the hydrogen-
bonded configuration of ultrafine water on those surfaces, and to discuss the relationship between the
chemical state and the function of ultrafine water. Figure 1 shows a schematic of the XES process for
water. The incident soft X-ray excites a core electron to an unoccupied state (XAS: Fig. 1a), and another
soft X-ray emits in the subsequent decay of the core hole (XES: Fig. 1b). When the valence electron decays
back to the core hole, XES will represent occupied valence electronic structures of water, which is quite
sensitive to various hydrogen-bonded configurations in water [2]. Figure 2 illustrates the experimental
setup for
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Figure 1 Schematic of the (a) XAS and (b)
XES processes for water Figure 2 Setup for XES measurement of ultrafine water
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the XES measurement. By repeating a heating (by a ceramic heater up to 60 °C) and fully humidifying
cycle on a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) membrane, ultrafine
water of the size of c.a. 1.4 nm is generated. The emitted ultrafine water are deposited on hydrophobic
(CF3: HS-(CH2)11-(0O-CH,-CH,)-(CF2)s-CF3) or hydrophilic (EGsOH: HS—(CHz)11—(O-CH,-CHa,)s-OH) self-
assembled monolayer (SAM) coated silicon carbide thin membrane which separates vacuum from the
atmosphere and effectively transmits incoming and outgoing soft X-rays. The energy dispersion of the
emitted soft X-rays is analyzed by the soft X-ray emission spectrometer HORNET at BLO7LSU [3] in SPring-
8.

The O 1s XES spectrum of ultrafine water on a hydrophobic (CFs-SAM) surface is shown in Figure 3a. Prior
to be installed in a measurement cell, PEDOT:PSS was heat-treated for 15 min. at about 330K for
degassing. The CFs-SAM surface was humidified for approximately 9.5 h with ultrafine water, and the
integrated XES spectrum is depicted in blue. In red is a dry spectrum acquired by passing N, gas through
the measurement cell. The difference between the blue and red spectra generated the black spectrum,
which is very similar to that of H,0 gas, apart from a tiny change in the 3a; region.

Figure 3b illustrates the O 1s XES spectra of ultrafine water on the CF3-SAM exposed to air, where the
PEDOT:PSS was not heat-treated prior to the

Jo) (@) . measurement. By exposing the CF;-SAM to oxygen
§ g);__dsr_oSpAh&bic ¢ Strjyml@jszrf\mm) moieties released from the P_I?DOT:P.SS, the. (?F3-SAM
= —— difference should become partly hydrophilic. During the initial 216
> _,_/{L min., the XES profile remained unchanged, but
2 1b, - 1b; subsequently began to grow the 1b,' peak around 526eV.
*qé . ! The black XES spectrum was derived by subtracting the
515 520 525 530 935 integrated spectra before 216 min. from those after 216
(b) Emission energy(eV) min. Only the two small peaks indicated by the arrows
oartaly | o | deviate ‘ from th.e' .spectr.um o.btained by using a
% hydrophilic| | — 216~756 min conventional humidifier which deliver 10pm-order water
S | CF;-SAM /| —— 36~216min  droplets (not shown).
g — difference We speculate that these two peaks come from specific
5 ionic species, such as OH" ions [4]; their sharpness
g indicates that OH™ adsorption occurs at a specific surface
E site. The fact that ultrafine water forms ions via surface

adsorption may explain why it is good for skin
515 520 525 530 535 moisturization, albeit the method by which OH" ions are
Emission energy(eV) formed is still being debated.

Figure 3 O 1s XES of water on (a) hydrophobic In the presentation we will also present results for the hy-
and (b) partially hydrophilic CFs-SAM. Blue: drophilic EG30H-SAM surface and discuss possible differ-
raw data, Red: background, Black: back- ence in interaction of ultrafine water with the hydropho-
ground subtracted. bic and hydrophilic surfaces.
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Abstract

Interaction of bubbles/droplets with solid surfaces play a pivotal role in many industrial applications. In
froth flotation, gas bubbles have been used for decades in a selective separation and purification,
including coal upgrading, deinking of wastepaper and wastewater treatment [1,2]. It is therefore of great
significance to understand the adhesion behavior between bubbles/oil droplets and mineral surfaces. The
natural hydrophobicity of coal surfaces with various roughness was characterized by contact angle
measurements. The adhesion strength between bubbles/oil droplets and coal surfaces was measured by
an adhesion force measurement system and the dynamic extension of three-phase contact line was
analyzed by theoretical calculations [3]. As the measurement results show that increasing the surface
roughness from 0.23 um to 2.79 um, the contact angles decreased and the adhesion forces between
bubbles and coal surfaces also decreased from 97.1 uN to 17.9 uN. In addition, the adhesion forces
between oil droplets and coal surfaces were decreased with increasing roughness because of the
restriction by water. The maximum adhesion forces between oil droplets and mineral surfaces with
increasing roughness were 169.5, 145.8, and 121.0 pN, respectively, indicating that decreasing roughness
is conducive to improve the modification efficiency of reagents. The distortion of contact line resulted in
differences in adhesion force value between the measured and the calculated. The actual length of
contact line of water droplets increased with increasing roughness, while the condition of bubbles was
opposite. The liquid films, being residual on coal surfaces, impeded the bubble adhesion and reduced the
floatability of coal. Reducing the roughness of surface is conducive to enhancing the hydrophobicity of
the coal, promoting the expansion of three-phase contact line and thus, improving the flotation efficiency.
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Figure 1. Adhesion forces between bubble/droplet and coal surface with various roughness.
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Abstract

Artificially added or undesired organic and inorganic contaminants in solution that are interfacial
active always tend to be adsorbed on the gas-liquid interface of micro- and nano-bubbles,
affecting the stability of the tiny bubbles. In this work, by using molecular dynamics simulations
we study how the adsorbed surfactant molecules, with their amphiphilic character, affect the
dissolution of the existing bulk nanobubbles under low gas supersaturation environments. We
find that depending on the concentration of the dissolved gas and the molecular structure of
surfactants, two fates of the bulk nanobubbles whose interfaces are saturated by surfactants are
found: either keeping stable or being completely dissolved. With gas dissolution the bubble
shrinks, and the insoluble surfactants form a monolayer with an increasing packing density until
an extremely low (close to 0) surface tension is reached. In the limit of vanishing surface tension,
the surfactant structure crucially affects bubble stability via changing the monolayer elastic
energy. Two basic conditions for stable nanobubbles at low gas saturation are identified:
vanishing surface tension due to bubble dissolution and positive spontaneous curvature of the
surfactant monolayer. Based on this observation, we discuss the similarity between the stability
mechanism of bulk nanobubbles and that of microemulsions.
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Abstract

Hydrodynamic cavitation is a promising phenomenon in different engineering fields and numerous studies
were devoted to its characterization particularly in conventional scale. Although, significant research was
carried out in hydrodynamic cavitation, rather less attention has been paid on the effect of working fluid
temperature in cavitation inception in micro scale. Therefore, we attempt to investigate the effect of fluid
temperature variations on the cavitating flow patterns in microchannels and characterize the inception
of cavitating flows. The microfluidic devices capable of generating cavitating flows are fabricated
according to the techniques adopted from semiconductor-based microfabrication and based on the
theoretical studies. The devices can withstand high pressures which makes it possible to study different
flow patterns in broad range of Re numbers with temperature variations. For this purpose, water is chosen
as a working fluid and the temperature is varied from 21 to 70 °C. According to the obtained results, it is
found that inception occurred in different inlet pressure for various inlet temperatures. In addition, the
gualitative results indicate that cavitating flow patterns are changed by fluid temperature variations.
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Abstract

Cavitation occurs when a liquid at constant temperature reaches to saturated vapor pressure followed by
a further drop in pressure to supply the energy required for the rupture of intermolecular bonds of liquid
turning it into vapor [1]. Cavitation bubbles experience a cycle of inception, growth, and collapse
throughout their evolution. It has been reported that accompanying phenomena occurring with the
implosion of cavitation bubbles may include shockwaves, luminescence, high temperatures and
pressures, jets and enhanced mixing, as well as radical species production [2][3][4][5]. Hydrodynamic
cavitation in which the driving force for the evolution of vapor bubbles is provided by creating low-
pressure regions is categorized as one of the tension-based methods [6]. By the advent of microfluidics
and the development of microfabrication techniques, the possibility of monitoring and controlling the
formation of cavitation bubbles in micro-scale became feasible. Mishra et. al investigated the micro-scale
hydrodynamic cavitation on a microfluidic device containing a flow restrictive element for the first time
[7]. To reduce the energy required for generation of the hydrodynamic cavitation on chip Ghorbani et. al.
proposed microfluidic device containing sidewall roughness at the micro-orifice [8]. Hydrodynamic
cavitation on chip concept has been used for several applications including chemical, material production,
and cleaning [9][10][11][12], but so far no one has investigated the effect of hydrodynamic cavitation on
the detergent particles fragmentation for utilization in household appliances.

This study investigates the effects of hydrodynamic cavitation inside a microfluidic device comprised of a
single micro-orifice with sidewall roughness on water samples containing different concentrations of
liquid detergent. In addition, effect of the inlet pressure on the bubble generation is considered to find
the optimum pressure for household appliances efficacy enhancement. Finally, hydrodynamic cavitation
results are compared with samples which are stirred for different time durations in a magnetic stirrer to
find a correlation between the effect of cavitation and time. We foresee that cavitation induced mixing
would decrease the time required for solving a defined amount of detergent in water paving a way for
reducing the energy and time consumption in residential laundry.
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Figure 1. Hydrodynamic cavitation on chip experimental setup for household appliances.
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Abstract

The evolution and dynamics of gas bubbles has a strong impact on the efficiency of water
electrolysis. Our poster will summarize recent work of our group on the hydrogen evolution at a
microelectrode in acidic electrolytes [1-7]. Depending on the applied potential and the electrolyte
concentration, three different growth regimes are identified, among them oscillatory growth
above a carpet of microbubbles [3, 7]. The discussion of the force balance of the bubbles includes
thermocapillary effects [1,2] and an electric force caused by charge adsorption at the interface
[6,7].
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Abstract

A “low” pressure generator, operating at approx. 3 bar, produces bulk nanobubbles (BNBs) through hy-

drodynamic cavitation process (Fig. 1).
SPECIFICATIONS | metastability ] 1:cap

3: backside

4: return inlet
5: drive lock
6a: pre-chamber
6b: chamber

T: venturi slot
8: venturi

9: return outlet
10: NB exit
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Figure 1. Design of the low pressure NBs’ generator.

2: adjustable nozzle

14: flow distributor

16: impeller holder

An innovative feature of the apparatus is the for-
mation of a metastable fluid cylinder of length L
and radius R, between 4.5R < L < 2nR, combined
with the counter-flow of the mixed fluid and the
surface roughness. The nanobubbles’ generator
takes advantage of a Venturi tube, which is the
most widely used hydrodynamic cavitation de-
vice. When the gas-liquid mixture passes through
a Venturi tube, bubbles are formed due to the de-
crease and subsequent increase in the local pres-
sure. In this generator, in addition to the hydrody-
namic cavitation, due to the Venturi tube,
rough/fractal surface characteristics are also ex-
ploited to affect the fluid flow, transmuting the

system from a liquid/gas mixture to a colloidal phase. The produced water solutions, enhanced with gas-
eous bulk nanobubbles, were investigated in applications/projects, such as: 1) Nanobubbles’ effect on
heavy metal ions adsorption by activated carbon, 2) Effect of agitation on batch adsorption process facil-
itated by using nanobubbles, and 3) Nanobubbles’ effect on desalination via direct contact membrane

distillation (DCMD).

The effect of mixing time, pH and salinity on the size distribution of both air-NBs and O,-NBs (in both
cases: bulk nanobubbles) was evaluated by dynamic light scattering (DLS). Since bulk NBs is considered a

colloidal system, their stability is

indicated also by the C-potential
value. Both vapor pressure and
water contact angle properties o
were investigated. Cryogenic
scanning electron microscopy
(cryo-SEM) images were taken
after rapid freezing with liquid

nitrogen at both high-pressure
of 2000 bar and ambient
pressure (Fig. 2). Mixing time,
during the NBs’ generation

Mixng Tine [mn]

%

Figure 2. Left: NBs’ size vs. mixing time (inset: {-potential vs time); Right:
Cryo-SEM of a single NB into water phase.

process, is a key parameter regarding the size control and stability on NBs. The salt concentration also
affects the size of the NBs; the effect of pH was also examined and it is shown that pH is not linearly

correlated to NB size.
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Figure 3. Left: Proposed model of Pb* adsorption onto activated carbon in presence of gaseous NBs,
Center: kinetic experimental data for the adsorption of Pb* onto activated carbon with and without NBs
in water, and, Right: the effect of agitation process on Pb?* onto activated carbon with and without NBs in
water.

Pb?* adsorption: NBs cannot drastically influence the adsorption capacity of material. However, the pri-
mary and most impressive effect of NBs was to accelerate the adsorption process by 366% and the sec-
ondary effect was to modify the shape of the kinetic curve. The ability for achieving high Pb?* adsorption
in batch process without shaking/agitation is a new high attention-getting method for industry since the
required energy requirement decreases, because of the action of air-NBs (Fig. 3).

Membrane Distillation: In addition, for the DCMD experiments, using a flat sheet PTFE on PP support
membrane (having 0.2 um pore size diameter), perfor-
mance evaluation was conducted by using a feed solu-
tion containing 0.5M NaCl, with feed and distillate side
temperatures 60 and 17°C respectively. The best perfor-
mance was achieved by using O,-NBs increasing the wa-
ter flux by 85% while retaining 99.95% salt rejection effi-
ciency (Fig. 4).

Future activities include further investigation of
operation parameters and an extended characterization
of NBs in order to be used as green surfactants for the
Figure 4. Experimental membrane distillation  decontamination of surfaces, including membranes,
(MD) set-up. from organic pollutants.
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Abstract

Membrane filtration is one of the most popular method for water treatment. However,
membrane fouling is still a major challenging issue because it results in decreased permeate flux
and increased transmembrane pressure.

Three processes of cross-flow membrane filtration, with and without nanobubbles, were
performed during the lab-scale research work to evaluate the impact of air nanobubbles on
permeate flux. The microfiltration process consisted of removing fine kaolin from the water. In
the case of nanofiltration and reverse osmosis, tap water was purified. The method used to
generate the nanobubbles was the flow of the feed stream through a special pump. This resulted
in the formation of gas bubbles, including nanobubbles that were stable. The gas used in the
study was air. Then the feed with or without nanobubbles flowed through the membrane
module. The permeate flow was measured during the study.

The results for microfiltration, nanofiltration and reverse osmosis were compared. Data has been
shown clearly that air nanobubbles can increase the efficiency of membrane filtration. These
results indicated that nanobubbles could be successfully used for cleaning membrane surfaces.
The method did not require the use of chemicals and advanced equipment.
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Abstract

The investigations of natural superhydrophobic surfaces of plants and animals showed that the
wettability property is governed by the nanostructure characteristics of the surface [1-2]. As a
result of the improved surface hydrophobic by morphology, the trapping of gas is promoted the
on surface cavities to induce friction drag reduction [3,4], but gas cushion cannot stably exist [5-
8]. Nanoscapic gas bubbles which exhibit along lifetime and considerable stability [9], may help
Improve the situation. In this study, molecular-dynamics simulations are performed to analyze
the formation behavior of nanobubble and the effect of nanobubble flow on the nanochannel
with various surfaces morphologies. Results show that the existence of gaseous nanobubbles can
be trapped by the surface cavities, which replace the dense and orderly absorbed liquid layer in
nonbubble flow. Nanochannels with smooth surface and nanostructure surface are compared.
For the smooth surface, nanobubbles are attracted by the solid surface with a relatively small
contact angle, and density fluctuations near the surface increased. Conversely, the nanostructure
surface exhibited strongly attractive toward nanobubbles, which may help decrease the drag
coefficient. Moreover, introducing the surface morphology can further improve the effect on
drag reduction.

Hydrophilic surface Medium surface Hydrophobic surface
Figure 1. Snapshot of nanobubble behavior as liquid flowed through the nanochannel flow with
various wettability surfaces with smooth and cone-shaped morphologies
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