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Relationships between the initial bubble radius and normalized displacement amplitude for (a) air-filled
microbubbles (AR/Rg) coated with Pluronic F-68 at concentrations of 0 (naked), 1 x 107>, 1 x 1073, and 1
x 1072 mol L™t and (b) PFH-filled microbubbles ((AR/Rg)) coated with Pluronic F-68 and DMPC at
concentrations of 0 (naked), 1 x 1078, 1 x 107, 1 x 103 mol L' and 1 x 10°3 mol L"1(DMPC). Fitting
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Abstract: Microbubbles shelled with soft materials are expected to find applications as
ultrasound-sensitive drug delivery systems, including through sonoporation. Microbubbles with
specific vibrational characteristics and long intravascular persistence are required for clinical uses.
To achieve this aim, the kinetics of the microbubble shell components at the gas/liquid interface
while being subjected to ultrasound need to be better understood. This paper investigates the
vibration characteristics and lifetime of single microbubbles coated with a poloxamer surfactant,
Pluronic F-68, and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) under ultrasound
irradiation. Air- and perfluorohexane (PFH)-filled microbubbles coated with Pluronic F-68 and
DMPC at several concentrations (0 to 1072 mol L") were produced. An optical measurement system
using a laser Doppler vibrometer and microscope was used to observe the radial vibration mode of
single microbubbles. The vibrational displacement amplitude and resonance radius of Pluronic- or
DMPC-coated microbubbles were found to depend very little on the concentrations. The resonance
radius was around 65 pm at 38.8 kHz under all the experimental conditions investigated. The
lifetime of the microbubbles was investigated simultaneously by measuring their temporal change in
volume, and it was increased with Pluronic concentration. Remarkably, the oscillation of the bubble
has an effect on the bubble lifetime. In other words, the diffusion of the inner gas accelerates at

resonance radius.

1. Introduction

Microbubbles are attractive for medical applications such as ultrasound contrast imaging and
ultrasound-assisted drug delivery [1-4]. In these applications, the microbubbles are coated with

either soft materials such as self-assembled molecular surfactants (e.g. phospholipids) or harder
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polymeric materials (e.g. poly(d,l-lactide-co-glycolide) to hinder the diffusion of the internal gases
when the bubbles are injected in the vasculature and circulate through the body via blood vessels
[5-7]. However, much more stable, polymeric shells considerably dampen the capacity for bubbles to
resonate. To serve as drug and gene carriers, bubbles need to persist in the circulation system for
hours to days [8-15]. The contraction and expansion of microbubbles under the effect of ultrasound
irradiation, that is, bubble vibration, is a critical feature for ultrasound contrast imaging to enhance
echo contrast. When used for delivery, collapse of the microbubbles can be initiated by ultrasound
irradiation, which induces microjets and provokes the release of the drug or gene to cells. The effects
of bubble collapse on tissues and their safety have been investigated [16-19]. Yoshikawa’s group
reported the effects of ultrasound on deoxyribonucleic acid (DNA) and measured the breaking of
doubled-strand DNA under sonication at low ultrasound frequency [20,21]. Cavitation of
microbubbles induced by high-intensity ultrasound increases local temperature and can enhance

therapeutic effects [22-25].

There have been many reports on the vibration and collapse of microbubbles under ultrasound
irradiation [26-31]. The effect of the shell of the microbubbles on their response to ultrasound
vibration can be characterized by comparison with a free air bubble with no surrounding shell.
Church [32], Sharker et al. [33], and Marmottant et al. [34] have reported a theoretical model that
includes the contributions of shell viscosity and elasticity. Several studies have investigated the
effects of a shell on microbubble ultrasound response by comparing experimental and theoretical
results [31,35]. Although the acoustic characteristics of a cloud of microbubbles can be measured
indirectly through classical pulse echo techniques, we used a dedicated optical observation system
fitted with a high-speed microscopic camera that enables direct observation of a single microbubble
and is capable of investigating the bubble shell motion, including nonspherical vibration mode [36],
collapse [37], and bubble—bubble interactions [38]. However, the standard image resolution of these
high-speed cameras is only around 0.5 pm, which is comparable to the bubble size, so large
vibrational displacement amplitude AR of the bubble excited by large sound pressure is required for
observation. Therefore, we previously developed a specific optical observational system that uses a
laser Doppler vibrometer (LDV) [39], with which vibrations of small amplitudes (<10 nm) of a
single microbubble can be measured through the Doppler effect of the reflected light. Because
bubble vibration under ultrasound exposure is essentially a nonlinear phenomenon, the observation
of the small-amplitude vibrations of a single microbubble in a linear region can increase our
understanding of physical phenomena occurring in microbubbles.

The microscopic structure of the shell of a bubble and its rheology are the essential factors that
determine bubble vibrational characteristics. A monolayer film of amphiphilic molecules is usually
formed at the gas/liquid interface on the bubble surface [40-44]. Although the vibration amplitude of

microbubbles coated with phospholipids or other surfactants under sonication is restrained by the
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viscoelasticity of the shell, the molecular film prevents the diffusion of the internal gas. Kabalnov et
al. [45,46] investigated the lifetime of fluorocarbon-stabilized phospholipid-coated microbubbles in
the bloodstream theoretically and experimentally. Bubble lifetime was shown to depend on the gas
pressure within the bubble, which is controlled by Laplace pressure, blood pressure, and oxygen
metabolism, and the rate of the loss of the inner gas was determined from the bubble [47]. The
discrepancy observed between theoretical and experimental data was subsequently determined to be
due to a co-surfactant effect between fluorocarbon and phospholipids [48,49]. Considering the
clinical use of microbubbles as drug carriers, the effect of ultrasound irradiation of a
surfactant-coated bubble on its lifetime needed to be clarified.

Poloxamers are triblock copolymers consisting of a hydrophobic poly(propylene oxide) (PPO)
segment flanked by two hydrophilic poly(oxyethylene oxide) (PEO) chains [40,41]. Poloxamers are
candidates of choice for microbubble coating because some of them, including poloxamer 188
(Pluronic F-68), are routinely used in applications related to bioprocesses (e.g., to protect cell
cultures against shear stress in reactors [50]) and pharmaceuticals (to sensitize cancers resistant to
chemotherapy and in personal care products [51]). Pluronic F-68 is commonly used in microbubble
preparation as a dispersant and foaming agent [47]

In our previous work, the vibration characteristics of air- and perfluorohexane (PFH)-saturated air
microbubbles coated with Pluronic F-68 were evaluated and the relationship between the vibration
characteristics of the microbubble and adsorption conditions of Pluronic F-68 molecules was
investigated [44]. The variation of the surface pressure at the air/water or the PFH-saturated
air/water interface (at 22 + 1 °C) as a function of Pluronic F-68 concentration was obtained from
dynamic adsorption curves measured by bubble profile analysis tensiometry (see the Supporting
Information). The surface pressure increased (i.e., the surface tension diminished) as the Pluronic
concentration increased. The relationship between surface pressure and Pluronic concentration
indicated that the molecular film formed at the bubble surface underwent two successive phase
transitions.

The present paper investigates microbubbles coated with the same linear (non-reticulated)
polymeric surfactant, Pluronic F-68, when subjected to ultrasound waves, focusing on the
relationships between Pluronic concentration and microbubble vibration characteristics and lifetime.
We therefore used our specific single-bubble microbubble investigation technology to determine
whether and to what extent the poloxamer interferes with the vibrational characteristics (amplitude

and phase) and half-life of bubbles subjected to ultrasound irradiation.
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2. Experimental Section

Pluronic F-68 was purchased from Sigma-Aldrich [(PEO)A(PPO)g(PEO),; CAS Registry No.
9003-11-6; molecular weight (M,,) of ~8400 g mol! according to the supplier and ~9050 g mol™!
according to our light scattering experiments]. The degree of polymerization of each block (N =2 x
76, and Ng = 29) was calculated from the nominal value of M,,. The polydispersity index (My/M, =
1.15, where M, is the number-average molecular weight) was obtained from gel permeation
chromatography using THF as a solvent. The phospholipid,
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), was purchased from NOF Corporation [CAS
Registry No. 18194-24-6; Mw value of 677.9]. Pluronic F-68 and DMPC were used as the
surfactants for microbubble coating. Ultrapure water was purchased from Fujifilm Wako Pure
Chemical Corporation (CAS Registry No. 7732-18-5).

The vibration characteristics under ultrasound exposure of air- or PFH-saturated air-filled
microbubbles coated with Pluronic F-68 or DMPC were measured optically. Figure 1 shows the
system used for single-bubble vibration observation. A transparent cubic observation cell (50x50x50
mm) was filled with an aqueous solution of Pluronic F-68 or DMPC with concentrations of 0 to 1072
mol L™!. Air or PFH microbubbles with a radius ranging from 20 to 150 um were generated in pure
water by decompression in a syringe and then deposited gently on the surface of a glass plate fixed at
the center of the cell using a micropipette. After the bubbles were attached to the glass plate, the
Pluronic F-68 or DMPC molecules in the solution were progressively adsorbed on the bubble surface
(gas/water interface). A previous paper by our group [44] reported that the adsorptions of Pluronic
F-68 and PFH reaches a plateau after 10 to 60 min. Therefore, Pluronic F-68 or DMPC were allowed
to adsorb on the microbubble surface for 60 min before they were exposed to the ultrasound
irradiation. A bolt-clamped Langevin-type ultrasound piezoelectric transducer (Fuji Ceramics,
Fujinomiya, Japan) was attached to the bottom of the observation cell. By exciting the transducer
with a continuous sinusoidal electric signal at a resonance frequency of 38.8 kHz, a half-wavelength
longitudinal resonance vibration mode was generated on the transducer and the sound wave was
radiated toward the aqueous phase through the bottom of the cell. Multiple reflections of the incident
sound wave between the surface of the aqueous solution and bottom of the cell produced an acoustic
standing wave field in the vertical direction by controlling the solution level to nA/2, where n is an
integer and A is the wavelength of the sound wave in water. The resonance conditions and sound
pressure distributions in the cell were maintained at constant values during all the measurements by
monitoring the electric admittance of the transducer, which was maximized under the resonance
conditions. Because the thickness of the glass plate was much smaller than the wavelength of the
standing wave, the plate did not disturb the acoustic field. The microbubbles and glass plate were
positioned in the antinodal plane of the standing wave to excite the bubble efficiently. An isolated

single microbubble was selected to exclude bubble—bubble interaction effects. The sensor head of an
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LDV (NLV2500, PI Polytech, Waldbronn, Germany) with an objective lens (M Plan Apo 20x or
100x, Mitutoyo, Kanagawa, Japan) was positioned above the observation cell to measure the radial
vibration of the bubble in the standing wave. The laser beam of the LDV was focused
perpendicularly to the top of the bubble’s surface to measure the radial component of the vibration
through the Doppler effect of the reflected light, and the initial bubble size was determined
simultaneously using the CCD camera installed in the sensor head with an image resolution of 1.02
um pixel™!. The size of the focal spot of the LDV beam was 1.5 um, which is relatively small when
compared with the size of the bubble (tens of micrometers) used in this experiment. All the
experiments were conducted at a temperature of 22 °C. Altogether samples containing 1209 bubbles
with different sizes were measured. Flexural vibration was also generated on the glass plate in the
acoustic field and overlapped with the signal of the LDV. However, the vibration component of the
glass plate was much smaller than that of the microbubble and can thus be considered negligible.
Because microbubble vibration under ultrasonic exposure is essentially a nonlinear phenomenon,
the amplitude of the bubble vibration and vibration mode depend on the sound pressure amplitude;
the vibrational amplitude increases nonlinearly and a nonspherical vibration mode involving the
surface wave around the bubble surface is generated as the driving sound pressure increases. The
sound pressure amplitude at the observational point was measured by a needle hydrophone (Type
8103, Briiel & Kjer, Neerum, Denmark). In our experiments, the sound pressure amplitude was
approximately 7.2 kPa, which is sufficiently small to allow observation of the linear spherical
vibration of a microbubble [52]. The phase difference between the sinusoidal ultrasound wave to
which the bubble was subjected and the bubble vibration driven by ultrasound was measured by
monitoring the input current to the transducer to investigate the resonance characteristics of bubble

vibrations.

3. Results and Discussion

The influence of the Pluronic F-68 and DMPC shells on micrometric bubble vibration under
ultrasound exposure was investigated by measuring the vibrational amplitudes of a single bubble
using an LDV under several different conditions. Figure 2 shows the relationship between the initial
bubble radius R, and the vibrational displacement amplitude of the bubble AR, which is called the
resonance curve, for microbubbles coated with Pluronic F-68 and DMPC at concentrations ranging
from 0 to 102 mol L™'. Around 60 samples were measured for each concentration. The vertical axis
is AR normalized by R. An obvious peak of AR/R; was observed for Ry = 40 to 80 um under all the
conditions investigated. Although the experimental results display large variations because the
vibration of a microbubble under ultrasound irradiation is essentially a nonlinear phenomenon, the
vibrational characteristics can be described by a Lorentzian fitting curve. This allows determination

of the resonance bubble size and maximum 4R when the sound pressure amplitude is relatively
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small (~10 kPa) and the bubble vibration is assumed to be in a linear region [52].

In addition, the resonance bubble size can also be estimated from the phase difference between the
driving sound pressure and bubble vibration because the phase difference inverts from 0° to 180° at
the resonance size [52]; bubbles smaller (or larger) than the resonance size are contracted (or
expanded) by the positive pressure from a continuous sinusoidal sound wave. Figure 3 shows the
changes in phase difference with respect to R, for several Pluronic F-68 and DMPC concentrations.
The phase difference shift depended on surfactant concentration. Compared with that of the data
collected for the resonance curves (Fig. 2), the variation in the data is much smaller because the
precision of the measurements of the phase difference is less affected by changes in the experimental
conditions, such as the contact of the bubble with the plate or the temperature of the solution (the
phase difference largely depends on bubble size and driving frequency). A sigmoid fit was used to
determine the resonance bubble radius, which is defined as the radius obtained for a phase difference
of 90°.

Figure 4 shows the relationship between Pluronic F-68 and DMPC concentrations and the
resonance bubble radius estimated from the resonance curves (Fig. 2) and phase difference
characteristics (Fig. 3). The plots and error bars in Fig. 4 express the resonance radius determined
from each fitting curve and its standard deviation, respectively. These experimental results obtained
by two distinct methods are in good agreement. The results concur on the same important points;
that is, that the resonance bubble radius is always in the range of 60 to 70 um and essentially
independent of Pluronic or DMPC concentration and inner gas (air or PFH). It should be noted that
the resonance radius of a microbubble at 38.8 kHz calculated using a theoretical model for the
bubble vibration is 85 pum, and the resonance radius of a microbubble attached to a rigid body is
slightly smaller than that of a free microbubble without contact [52].

Figure 5 depicts the relationship between Pluronic F-68 or DMPC concentration and maximum
vibrational amplitude of a bubble with the resonance radius estimated from Fig. 4. The vertical axis
shows the maximum AR normalized by the resonance bubble radius, and the plots and error bars
respectively express the peak values of the optimized Lorenz curves and standard deviations
calculated from the fitting curves and experimental results. The experimental results in Fig. 4 and 5
further confirm that the molecular films of Pluronic F-68 and DMPC have little influence on the
vibration of the bubble in the standing-wave acoustic field under the measurement conditions. The
radial vibration of a microbubble under low-amplitude ultrasound exposure can be approximated to a
simple spring-mass-dashpot mechanical vibration model in the linear region. The numerical models
based on Rayleigh-Plesset-like equation have been proposed to describe the dynamical response of
an external ultrasound, with parameters for shell characteristics. The shell parameter composed of
shell thickness, viscosity, stiffness, friction parameter and surface tension, shift the resonance radius

derived from free bubble [31]. Although a higher Pluronic F-68 concentration results in lower
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surface tension at the air/water interface, as shown in the Supporting Information, and the elastic
constant of the mechanical spring is decreased by the Pluronic F-68 molecules. These elastic
constant and surface tension, which determine resonance radius, depend on the frequency of the
ultrasound [31]. The frequency in this experiment, in comparison with ultrasound diagnostic
equipment used in clinical practice, is remarkably low. Considering the vibrational characteristics
simulated by Rooij et al. and Tu et al. [26-27,31], these parameters affect the resonance radius of a
microbubble. In addition, the viscosity of the surrounding molecular film has a damping effect on
bubble vibration that is proportional to the vibrational velocity [31]. These effects are enhanced on
smaller bubbles driven with higher ultrasound frequency; the vibrational amplitude of
micrometer-sized commercial ultrasound contrast agents is damped and the resonance radius
increase in the megahertz range. However, our data for the resonance radius (Fig. 4) and the
maximum AR (Fig. 5) show that the viscoelastic film did not change the resonance size and did not
damp the bubble vibration significantly. This is because low ultrasound frequency (38.8 kHz) and
large microbubbles (tens of micrometers) were used in the experiments due to our observation
system with low image resolution (1.02 um pixel™!).

A surfactant film is known to hinder the diffusion of the internal gas of microbubbles into the
surrounding media and increase the lifetime of the bubble. In addition, the solubility of inner gas
also has great relevancy to the life time. According to the work by Kabalnov et al. [45,46], the
change in volume of a microbubble goes through three distinct stages. In the first stage, the
microbubbles expand (and contract) rapidly until the interfacial tension and pressures in the internal
gas and surrounding liquid are balanced. In the second stage, the bubbles contract slowly and the
pressure inside the bubbles increases. In the final stage, the gas inside the bubble changes to a liquid
and the bubble collapses rapidly; the change rate of a microbubble increases with decreasing bubble
size. The life time was evaluated by measuring the temporal change in bubble radius under
ultrasound exposure. Figure 6 displays the relationship between bubble radius and radius change rate
in the acoustic standing wave. AR of the bubbles was almost independent of Pluronic or DMPC
concentration and inner gases (see Fig. 2 and 5). The radius change rate was calculated from the
change in the average bubble radius between 10 s and 1 hour in the continuous acoustic
standing-wave field, and the average values for 2.5-um radius intervals were plotted. In the
experimental results shown in Fig. 6, the change rates were separated clearly between air-filled and
PFH-filled bubbles; the change rates of the PFH-filled bubble were almost constant in all the initial
bubble radius since PFH has low solubility. On the other hand, the radius change rate of air-filled
bubble decreased as the initial radius decreases in all cases because the Laplace pressure AP = 20/R
(o surface tension; R: bubble radius) increases with decreasing bubble size. In addition, in case of
air-filled bubble, higher Pluronic concentrations result in smaller radius changes and smaller error

bars because the surfactant film hinders the diffusion of the internal gas.
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Figure 7 depicts the relationship between initial radius and volume change rate of the microbubbles
in the acoustic standing wave. The volume change was calculated from the experimental results in
Fig. 6. Although the variation of the radius was smaller for larger bubbles at air bubble, as shown in
Fig. 6, the variation of the volume increased with bubble size. It should be noted that the maximum
volume change was observed for a bubble radius of around 60 pm at air-filled bubble, which
corresponds to the resonance radius of the microbubbles (see Fig. 4). Therefore, these results mean
that the lifetime of the microbubbles depends on their vibrational amplitude under ultrasound
exposure, and that a larger vibration amplitude accelerates the diffusion of the internal gas into the
surrounding media through the molecular film. The half-life of a microbubble was defined as the
time during which the volume of bubbles halved and was calculated from the results in Fig. 7. Figure
8 presents the relationship between Pluronic F-68 concentration and half-life of the microbubbles
close to the resonance size under ultrasound exposure. The results clearly demonstrate that a higher

concentration of Pluronic F-68 prolongs the lifetime of the air-filled microbubbles.

4. Conclusions and Perspectives

The vibrational characteristics and lifetime of individual air- and PFH-filled microbubbles coated
with a film of the block copolymer Pluronic F-68 and phospholipid DMPC exposed to ultrasound
were investigated. The vibration of single bubbles in an acoustic standing wave was measured by
laser Doppler vibrometry as a function of bubble radius. The maximum vibrational amplitude and
resonance size of the bubbles showed little dependence on the presence and concentration of
Pluronic. In other words, the polymeric surfactant was found to interfere only minimally with the
vibrational qualities and resonance of the microbubbles, which remained similar to those of naked
bubbles. On the other hand, the lifetime of the bubbles with coated Pluronic F-68 and DMPC under
ultrasound exposure depended on inner gas, bubble size, vibrational amplitude, and concentration of

shell material. Remarkably, higher Pluronic concentrations led to longer lifetime.
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Supporting Information: Variation of the surface pressure at an air/water and PFH/water interface as

a function of Pluronic F-68 concentration at 22 + 1 °C.
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Figure 1. System for single-bubble vibration observation using an ultrasound transducer and laser

Doppler vibrometer (LDV).
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52 Figure 2. Relationships between the initial bubble radius and normalized displacement amplitude for
54 (a) air-filled microbubbles (4R/Ry) coated with Pluronic F-68 at concentrations of 0 (naked), 1 x

55 1073, 1 %1073, and 1 x 1072 mol L™! and (b) PFH-filled microbubbles (4R/R,) coated with Pluronic
57 F-68 and DMPC at concentrations of 0 (naked), 1 x 1078, 1 x 1076, 1 x 103 mol L' and 1 x 1073

58 mol L™!(DMPC). Fitting curves were obtained using the Lorentz distribution.
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Figure 3. Relationships between bubble radius and phase difference between the sound pressure
amplitude and vibration of (a) air-filled microbubbles coated with Pluronic F-68 with concentrations
of 0 (naked), 1 x 1073, 1 x 1073, and 1 x 102 mol L™! and (b) PFH-filled microbubbles (AR/Ro)
coated with Pluronic F-68 and DMPC at concentrations of 0 (naked), 1 x 1078, 1 x 1076, 1 x 1073

mol L™ and 1 x 1073 mol L™! (DMPC). Fitting curves were obtained using the sigmoid distribution.
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PFH-bubble coated with Pluronic-F68. The green circle and triangle describe PFH-bubble coated
with DMPC.
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Figure 6. Temporal changes in the radius of (a) air-bubble coated with Pluronic-F68 and (b)
PFH-bubble coated with Pluronic-F68 and DMPC.
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Figure 7. Temporal changes in the volume of (a) air-bubble coated with Pluronic-F68 and (b)
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ACS

Paragon Plus Environment

Page 28 of 29



Page 29 of 29 Langmuir

21

oNOYTULT D WN =

2 Pluronic-air
A  Pluronic-PFH
m DMPC-PFH

®
Half-life [s]
=

o)
LB L L B L B ~ AL L

e gl el Lol gyl T AT ]

10”7 10° 107 10* T

: -1
Concentration [mol L |

=]

=
S

o

N —
S ©
=
=]

: f.-.-.m..r

24 800
25 (b)

N8R
g
T
o

-

x

s
Half-life [s]
Ot

w
w
[
S
T
KZA

| Lol ol L v vnul s ol Ll

37 0 ot 10”7 10° 10° 10* 10°
i -1

Concentration [mol L |

42 Figure 8. Relationship between concentration of Pluronic F-68 and DMPC and the half-life of
43 microbubbles resonating under ultrasound exposure at 38.8 kHz. The hollow circle shows air-bubble
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46 shows PFH-bubble coated with DMPC.
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