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Bioactive glass has been of interest for applications in bone regeneration. Floating bioactive glass particles were observed to sink in ultrasound.
The purpose of this study was to qualify and quantify bubble formation from floating bioactive glass particles. Water droplets containing borosilicate
glass 13-93B20 particles, where 20% of the SiO, was replaced with B,O3, of dimensions <38 ym were subjected to pulsed ultrasound, whilst
being video-recorded at high speed. Measured radial expansions >20 um corresponded to cavitation nuclei of initial radius 0.6 ym. This study
provides experimental evidence that gas trapped inside bioactive glass may be released using high-amplitude ultrasound pulses.

© 2024 The Japan Society of Applied Physics

Bioactive glass is a class of biomaterials that has been of
interest for applications in bone regeneration.” Borosilicate
glasses have been found not only to promote osteogenesis but
also angiogenesis.” The borosilicate glass 13-93B20, where
20% of the SiO, was replaced with B,Os, has been the object
of prior research.>* Despite its high density of 2.60 gcm >
at RT, approximately 9% of microscopic 13-93B20 particles
have been observed to float on water.” This floating has been
attributed to gas entrapment inside the particles.”

Subjecting floating 13-93B20 particles to ultrasound pulses
with a centre frequency of 1 MHz forces them to sink.*’ The
purpose of this study was to investigate any cavitation
phenomena during sonication of 13-93B20 particles, with
special attention to gas release.

Let us assume a microscopic spherical gas bubble in an
infinite fluid. If the bubble is subjected to an ultrasound pulse,
its radial response can be expressed by a Rayleigh—Plesset
equation.”” For the purposes of this study, we may ignore
nonspherical terms and multiple scattering,®'? as we con-
centrate on the first pulsation cycles. A simplified equation
for ultrasound-driven microbubble pulsation has been derived
in a prior publication,'” and modified to incorporate viscous,
reradiation, and thermal damping terms.'® If the kinetic
energy of the gas-liquid bubble interface surpasses its surface
energy,'” bubble fragmentation may occur during the con-
traction phase.'” Bubble fragmentation is followed by
coalescence of fragments during the expansion phase.'”
The asymmetric collapse of a bubble may lead to the
formation of a liquid jet.'®>” Liquid jet occurence has
been associated with the generation of shock waves,”? as
well as the production of free radicals and heat.”*>¥

To numerically simulate pulsations of released gas, solu-
tions of the Rayleigh—Plesset equation were computed using
the ode45 differential equation solver of MATLAB® (The
MathWorks, Inc., Natick, MA, USA) for initial bubble radii
between 0.1 gm and 5.0 zm.*> Bubble radii were plotted as a
function of time, a so-called R(¢) curve.

Experiments were performed on borosilicate glass 13-
93B20 particles <38 pm that had been prepared as preciously
reported.”* Quantities of 5 mg of these particles were stirred
though 5 ml of degassed distilled water (FUJIFILM Wako
Pure Chemical Corporation, Chuo-ku, Osaka, Japan). For
each experiment, 200 ul of this dispersion was pipetted into
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the observation compartment that was part of the high-speed
photography system presented in a separate study.*® In short,
the compartment was part of a water-filled Perspex container
positioned on top of an Eclipse Ti inverted microscope
(Nikon Corporation, Minato-ku, Tokyo, Japan) with either
a Plan Apo LWD 10x/0.45 objective lens (Nikon), a 1.5
internal zoom, and a G-2A filter, or an SPlan Fluor
ELWD 40x/0.6 objective lens (Nikon). The objective lens
was focused on the top of the compartment with floating
bioactive glass particles. The top of the compartment
restrained the particles from floating farther up, but intro-
duced a reflective interface distal to the particles. The
microscope was attached to an HPV-X2 high-speed camera
(Shimadzu, Nakagyo-ku, Kyoto, Japan), operating at a frame
rate of ten million frames per second during sonication of the
sample droplet in the observation compartment.

The ultrasound was produced by generating a 3-cycle pulse
at a centre frequency of 1 MHz with an AFG320 arbitrary
function generator (Sony-Tektronix, Shinagawa-ku Tokyo,
Japan) that was amplified by a UOD-WB-1000 wide-band
power amplifier (TOKIN Corporation, Shiroishi, Miyagi,
Japan) and fed into a custom-built focused single-element
transducer.”®  Signal amplitudes varying from 0.200
t0 5.00 V. were used. These amplitudes corresponded non-
linearly to peak-negative pressures between 40kPa and
1.30 MPa in a situation without reflectors.

A total number of 67 high-speed videos was recorded,
each composed of 256 frames. These frames were processed
in MATLAB® to measure bubble radii as a function of time.
The simulated R(f) curves were then superimposed on the
experimental data using a laborious manual fitting protocol in
MATLAB” and assuming perfect reflection from the nearest
interface.

Bubble activity was only observed when applying peak
voltages of 5 V.

Figure 1 shows a sequence of high-speed video frames of gas
nucleating from a bioactive glass particle, overlain on a
numerically simulated R(f) curve. A bubble was measured to
expand to a radius of 17 um. Following subsequent collapse, its
fragments were seen to expand to a blob spanning an area with a
radius of 24 ym. After another collapse, micron-sized non-
pulsating entities were observed to float in proximity to the
bioactive glass particle. These entities may have been fragments

© 2024 The Japan Society of Applied Physics
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Fig. 1. Selected frames from a high-speed imaging sequence recorded at ten million frames per second, overlain on a simulated R(f) curve of a gas
microbubble of initial radius R(0) = 0.6 um. Floating non-pulsating chips have been indicated by magenta circles. Each frame corresponds to an area of
65 x 60 pm?. Timestamps have been added to the lower right corners.
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Fig. 2. Radius as a function of time measured for two released bubbles (/\,*) and two inertial cavities (o,4) measured from high-speed image frames
(overlain) and simulated for a gas nucleus of initial radius R(0) = 0.6 ym (—).

chipped off from the glass particle. No visible changes in  Figure 2 shows data points of the measured bubble excursions
particle size or shape were observed during and after sonication.  resulting from sonicating two bioactive glass particles in a
The glass particle itself shifted out of focus, indicating its  high-speed experiment and simulated R(f) curves fitting
sinking. In subsequent videos (not shown) the glass particle was ~ through those points. The experiments themselves are not
not visible, indicating a permanent sunken state. shown here. In the experiments, no cavitation activity in or on

To find the source of the nucleating gas, R(f) curves were  the glass was observed during the first sonication cycle, as
computed to match nucleation near bioactive glass particles.  opposed to inertial cavitation activity in a separate experiment.

028001-2 © 2024 The Japan Society of Applied Physics
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Fig. 3. Selected frames from a high-speed imaging sequence. The formation of a needle jet is visible, whose axis indicated by a dashed magenta line (- - -).
Each frame corresponds to an area of 140 x 90 pm?. Timestamps have been added to the lower right corners.

During the second sonication cycle, radial excursions were
observed that matched simulated excursions of a gas nucleus
of initial radius R(0) = 0.6 pm. Such a nucleus would have had
an excursion amplitude of 5 um during the first sonication
cycle. As any such cavitation activity was not visible near or
on both bio-active glass particles, we presume the gas was
released from within the bioactive glass.

Figure 3 shows selected high-speed video frames of
simultaneous gas release from two bioactive glass particles,
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at time t = 2.5 us after the start of the experiment, maximum 4
expansion at r=2.9 us, collapse and fragmentation at
t=3.2 us, expansion of fragments at r = 3.3 us, coalescence 2;
of fragments at t = 4.1 us, drainage of a liquid film separating
the two bubble entities at r=35.0pus, jetting between  7)
t=5.8 us and t = 6.3 us, leading to a split-up into two parts 8)
at t=11.2 us. A glass particle was seen to rotate and drift 9)
away after final collapse of the gas bubbles. The phenomena g
described have been described for free and lipid-encapsulated
bubbles, but are very rarely observed with gas released from 11
microbubbles. The simultaneous occurrence of gas release 12)
and expansion indicates that phase differences of the primary
sound field were negligible in the field of view. This is the  13)
first study showing gas release from crushed bioactive glass 1‘5‘;
and subsequent bubble dynamics. It should be noted that
thermal pretreatment of the glass might alter the results. In  16)
previous studies, jetting was observed near free or solid 17)
interfaces and between bubble pairs.’>*" The kind of jetting 13)
observed in Fig. 3 is bubble-pair jetting. )
In conclusion, we observed the chipping-off of solid 20)
bioactive glass and a needle jet within released gas. This
study provides experimental evidence that the glass observed 23
to sink is associated to gas release. Gas release happens only
during high-amplitude ultrasound pulses. 23)
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