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Abstract: Microbubbles have potential for applications as drug and gene delivery systems in which the
release of a substance is triggered by an ultrasonic pulse. In this paper, we discuss the adsorption and
desorption of a film of phospholipid on the surface of a single microbubble under ultrasound
irradiation. Our optical observation system consisted of a high-speed camera, a laser Doppler
vibrometer, and an ultrasound cell; 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was used
as the surfactant. The adsorption of the DMPC molecules onto the surface of the bubble was evaluated
by measuring the contact angle between the bubble and a glass plate. A decrease of the contact angle
of the bubble indicates desorption of the DMPC molecules from the bubble surface into the
surrounding aqueous solution. The amount of DMPC molecules adsorbed on the bubble’s surface is
shown to decrease over time after bubble generation. The type and intensity of the pulsed ultrasound
waves were varied so as mimic ultrasound triggered drug release. Increasing the number of cycles and
the amplitude of the sound pressure of the pulsed ultrasound yielded a greater increase of the contact
angle. We also measured the radial vibrations of the microbubbles in the ultrasound field. The
vibrational characteristics of the microbubbles and the desorption characteristics of the DMPC
molecules showed the same variation; namely, a greater sound pressure amplitude induced greater
vibrational displacement and a larger amount of molecular desorption under resonance conditions.
These results support the possibility of controlling drug release with pulsed ultrasound in a
microbubble-based drug delivery system.

1. Introduction

Developments in ultrasound techniques have produced remarkable noninvasive and simple to use
ultrasound imaging techniques, which enable the internal state of living bodies to be observed in real
time [1-6]. Ultrasound techniques are widely used in medical diagnosis, and research is developing in
the field of therapeutic techniques [7-10]. In ultrasound imaging techniques, microbubbles are injected

into blood vessels and used as contrast agents to enhance image contrast. These microbubbles consist



of an internal gas and a surrounding molecular film such as a lipid shell [11,12]. The internal gas is
usually saturated with a volatile fluorocarbon, which acts as a poorly water-soluble osmotic agent and
co-surfactant, thus improving the bubble stability and enabling control over the microbubble behavior
[13,14]. The behavior of microbubbles under ultrasound irradiation is a basic characteristic of
ultrasound imaging methods in which signals reflected from the microbubbles are analyzed [15-17].
When microbubbles are exposed to low amplitude sound pressure fields the bubbles spherical
vibrations synchronize with the pressure change, and the vibrational mode of the microbubbles
depends on the sound pressure [18]. If the pressure amplitude increases, the vibrational mode shifts to
a non-spherical mode with surface waves propagating on the bubble’s surface. A further increase of
the pressure amplitude induces intense vibrations, resulting in collapse of the microbubbles,
accompanied by microjets of internal gas that penetrate the shell because the shape of the bubbles
cannot be maintained [19]. Microbubbles are expected to have applications as drug delivery systems
(DDSs) [20-26]. However, intravascular administration of bubbles carries a risk of side effects. To
reduce this risk it is desirable that the bubbles be targeted to tissues, as by antigen-antibody reactions,
or that the release of the drug cargo be triggered at specific sites. In DDSs that use ultrasound, the
adsorption of microbubbles to the target tissues is assisted by Bjerknes forces induced by ultrasound.
Drug or gene release to the cells can be achieved by triggering bubble collapse, which is accompanied
by generation of microjets and shock waves [27]. However, van Wamel et al. reported that drug
transfer was accelerated even when the sound pressure amplitude was comparatively small [28],
implying that generation of microjets or shockwaves may not be required for drug release. Therefore,
to control transfer of the drug, the vibration and collapse characteristics under ultrasound irradiation
of microbubbles with a self-assembled molecular shell need to be clarified to achieve microbubbles
suitable for clinical use. Hence, we used 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as the
shell-forming surfactant to define the ultra-sound trigger pulses required for safe implementation of
this drug delivery procedure.

There have been numerous reports on bubble vibration and collapse characteristics based on both
experimental [29-32] and theoretical [33-35] investigations. We have reported on the adsorption
characteristics of the poloxamer Pluronic F-68 on air- or F-hexane-saturated bubbles and on the effects
of a film of this water-soluble block copolymer on bubble vibration under ultrasound irradiation [11].
For the ultrasound-assisted DDS, the mechanism of molecular desorption from the bubble surface
should be clarified to control the amount of drug release. In this paper, we focus on desorption of
DMPC molecules from a bubble triggered by pulsed ultrasound and the effects of ultrasound on the

bubble vibration behavior.
2 . Materials and Methods

In the case of sub-millimeter-sized microbubbles shelled with phospholipids, molecular adsorption



to the gas-liquid interface can be evaluated by bubble profile analysis tensiometry [36]. Here, we
investigated the adsorption and desorption characteristics of DMPC from single bubbles, tens of
micrometers in size, using an instrument based on an ultrasound transducer and a high-speed camera.
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] and used as a bubble shell-forming
material. A 198-mg portion of DMPC was added to 250 mL of phosphate buffered saline (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan). In consideration of applications in clinical research,
we added 132 mg of polyethylene glycol monostearate [CH3(CH2)1sCOO(CH2CH20)2H; Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan; CAS Registry No. 106-11-6; Mwvalue of 372.66] to
the solution because the surface of DMPC bubbles can be modified through the polyethylene glycol
[37,38].

Figure 1 shows the optical observational system. A bolt-clamped Langevin-type ultrasound
piezoelectric transducer with a resonance frequency of 38.8 kHz (Fuji Ceramics, Fujinomiya, Japan)
was fitted to the bottom of a rectangular transparent cell (75 x 75 x 60 mms3). By exciting the transducer
with an electrical sinusoidal signal at a resonance frequency of 38.8 kHz, a half-wavelength
longitudinal vibration mode was generated in the length direction of the transducer and the sound wave
radiated toward the aqueous phase through the bottom of the cell. The cell was filled with the
phospholipid solution and the level of the liquid was controlled so that an acoustic standing wave was
generated in the vertical direction by multireflections of the sound wave. Air microbubbles were
generated in the observational cell by electrolysis [39,40]. The size distribution of the air microbubbles
is shown in Figure 2. The DC voltage of 6 V was applied to a copper wire for electrolysis by a DC
power supply (DK-801, Sunhayato, Tokyo, Japan). Air bubbles with a radius ranging from 20 to 150
um were generated and the average radius was approximately 80 pum. The size distribution of
microbubbles can be controlled by the electric voltage and control of the electric voltage caused the
bubble to attach to the surface of a glass plate fixed at the center of the cell. The bubbles attached to
the glass plate were positioned in the antinodal plane of the sound pressure in the acoustic standing
wave to excite the bubble efficiently when a continuous sinusoidal signal was applied to the ultrasound
transducer. 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. After the microbubbles were attached to the
glass plate, the surfactant molecules in the solution began to adsorb to the surface of the bubbles and
formed a self-assembled monomolecular film around the bubbles [41,42]

The microbubbles attached on the glass plate were observed from the horizontal direction by a
highspeed camera (HPV-1, Shimadzu, Kyoto, Japan) equipped with a long-distance microscope.
Continuous light from a xenon lamp was directed toward the observational cell and received by the
camera. The contact angle of the microbubble with the glass plate was measured from the captured

image. This measurement allowed the adsorption of the phospholipid molecules to the bubble surface



to be evaluated from changes in the interfacial tension between air, solution, and the glass. A
photograph of a microbubble on the glass plate is shown in Figure 3(a). The image of the bubble
appears dark owing to refraction of the backlight on the bubble surface. The contact angle of the bubble

6 was calculated geometrically as [43]:
— -1 (24
6 = cos™* (), (1)

where H is the distance between the center of the bubble and the surface of the glass plate and D is the
diameter of the bubble in the horizontal direction. The change in contact angle was measured at 2-min
intervals with the camera. Approximately 30 min after their generation, the microbubbles were
subjected to a single round of pulsed ultrasound irradiation. The number of cycles of pulsed ultrasound
was then changed from 10 to 500 cycles and the sound pressure amplitude from 1.8 to 20 kPa. The
sizes of microbubbles used in the experiments (20 to 150 pm) are comparatively larger than that of
ultrasound contrast agents for clinical use (1 to 5 um) since the image resolution of the camera is 1.69
um/pixel.

When the microbubbles were exposed to the pulsed waves, radial vibrations were generated on the
bubble’s surface (gas-liquid interface). The sensor head of a laser Doppler vibrometer (LDV,
NLV2500, PI Polytech, Waldbronn, Germany) with an objective lens (M Plan Apo 20x or M Plan
Apo 100x, Mitutoyo, Kanagawa, Japan) was set above the observation cell, allowing measurement of
the bubble vibrations in the standing wave. The laser beam of the LDV was focused perpendicularly
to the top of the bubble 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; the image resolution was 1.02 um /pixel. The focal spot size of the LDV
beam was 1.5 um, which is relatively small compared with the bubble size (tens of micrometers) used
in this experiment. All the experiments were conducted at 22°C. In total, 159 bubble samples of

different sizes were measured.

3. Results and Discussion

We investigated the adsorption characteristics of DMPC molecules on the bubble’s surface. After an
air microbubble was generated in solution, the contact angle of the bubble changed gradually over
time because the DMPC molecules in solution began to reach the surface of the bubble and the surface
tension of the bubble decreased. In the case of an air bubble adhering to a glass plate, the contact angle
6 decreases as the surface tension decreases, and the adsorption kinetics of the DMPC molecules can
be characterized by 6. The variation of the surface tension depends on the experimental conditions,
such as the concentration of the phospholipid and the composition of the internal gas [11]. Considering
the time required to reach saturation of the DMPC adsorption at the bubble surface, pulsed ultrasound

was irradiated 1800 s after the generation of the microbubbles, and the change in the contact angle



was measured continuously.

Representative photographs of adhering microbubbles before (¢ = 30 min) and after ultrasonication
(t =31 min) are shown in Figures 3(a) and (b), respectively. The contact angle of the bubble clearly
increased under the influence of the pulsed ultrasound. We determined a relationship between pulse
duration of the ultrasound and the change in the contact angle of the bubble. The changes in the contact
angle for several microbubbles with radii ranging from 20 to 150 um, excited with a sound pressure
amplitude of 7.3 kPa at 38.8 kHz are shown in Figure 4. In all cases, the contact angle decreased
exponentially with time (¢ = 0 to 30 min) and increased significantly after ultrasound irradiation (at ¢
=30 min). A greater number of cycles of pulsed ultrasound resulted in a greater increase in the contact
angle. After the transitory increase induced by the ultrasound irradiation, the contact angle decreased
gradually over time (¢ = 30 min to 47 min). Notably, the initial contact angles of the samples att=0s
were different and ranged from 20 to 40 degrees because time was needed to control the focal point
of the camera on the bubble samples after bubble generation by electrolysis; thus, “# = 0 s” does not
correspond to a specific moment after bubble generation and there are different time lags between
bubble generation and the start of observations. The uncertainty in the measurement of the contact
angle is attributed mainly to the resolution of the optical images (1.69 um/pixel) and to the fact that
the position of the air-liquid interface was determined from the change in brightness of the captured
images; the maximum error was approximately 6 degrees. These results imply that the DMPC
molecules on the surface of the bubble momentarily desorbed under ultrasound irradiation and that the
molecules in the solution readsorbed to the bubble surface over time. The relationship between the
number of cycles of pulsed ultrasound and the increase in the contact angle when irradiated at = 30
min is shown in Figure 5. The plots and error bars indicate the average values and standard deviations
for five samples having bubble sizes ranging from 20 to 150 um although the dependence of the
microbubble behavior on bubble size is discussed later. The change in the contact angle increased with
the number of cycles of pulsed ultrasound and saturated at approximately 100 cycles. This result
indicates that there is a threshold of vibrational acceleration on the bubble surface for the desorption
of DMPC molecules if the forces acting on the molecules at the bubble surface are assumed to be
proportional to the vibrational acceleration. A decrease in the contact angle was observed by the
highspeed camera (shutter speed of 4000 frames/s), immediately after ultrasound irradiation,
indicating that the time constant of the molecular desorption was extremely short and can be estimated
to 2 ms at most.

We also investigated the DMPC adsorption and desorption characteristics by changing the sound
pressure amplitude of the pulsed ultrasound. Figure 6 shows the changes in the contact angle of a range
of microbubbles caused by ultrasound pulsed at 50 cycles at 38.8 kHz. Similar to the results presented
in Fig. 4, the pulsed ultrasound was radiated at # = 30 min, resulting in transitory increases of the

contact angle owing to desorption of DMPC molecules. The contact angle increased when the sound



pressure amplitude increased (Figure 7). Unfortunately, further increases of the sound pressure
amplitude above 20 kPa induced violent vibrations of the microbubbles, which caused their
detachment from the glass plate.

We measured the vibrational characteristics of the DMPC microbubbles to investigate the
relationship between the molecular desorption of DMPC from the bubble’s surface and the bubble
vibrations. The behavior of microbubbles under the influence of ultrasound depends on several
parameters, including bubble size, sound pressure amplitude, and ultrasound frequency [43]. The
vibrational characteristics of the DMPC bubbles having a radius from 20 to 140 yum under ultrasound
irradiation are shown in Figure 8. An acoustic standing wave was generated in the cell under a
continuous ultrasound wave at 38.8 kHz. We measured the bubble vibration after 30 min and the time
required for saturation of the bubble surface by DMPC. The horizontal and vertical axes indicate the
initial bubble radius Ro without ultrasound irradiation and the vibrational displacement amplitude of
the bubble normalized by the initial radius (4R/Ro) under ultrasound irradiation, respectively, for
several sound pressure amplitudes. These resonance curves of the DMPC bubbles indicate that the
resonance radius at 38.8 kHz is approximately 60 pm and that greater sound pressure amplitudes
generate greater vibrational displacement amplitudes. The experimental results in Fig. 5, indicate that
the increase in contact angle plateaued at approximately 100 cycles of ultrasound. This effect is related
to the transient response of the ultrasound transducer and the bubble vibrations because the sound
pressure amplitude generated by the transducer and the vibrational amplitude of microbubbles attained
a steady state after a transient state during which they increased gradually. Waveforms of ultrasound
pulsed at 50 cycles measured with a needle hydrophone and the transient vibrations of a bubble having
a radius of 80 pum are shown in Figure 9. The bubble vibration reached a steady state after
approximately 25 cycles. Therefore, tens of cycles of ultrasound are required to achieve steady state
bubble vibration and induce desorption of the DMPC molecules. Additionally, the asymptotic value
of the increase of the contact angle was approximately 10 degrees, which suggests that either some of
the DMPC molecules remained adsorbed to the bubble surface or that molecular adsorption and
desorption on the bubble’s surface occur simultaneously under the ultrasound irradiation.

Bubble vibration under ultrasound irradiation is essentially a nonlinear phenomenon. When the sound
pressure amplitude is comparatively small (less than 10 kPa), the bubble generally behaves linearly
and exhibits spherical vibration. If the sound pressure amplitude increases, the vibrational amplitude
also increases and the vibrational mode becomes nonlinear and non-spherical. Further increase in
sound pressure induces bubble collapse. Therefore, bubbles that have reached their resonance size
show larger vibration amplitudes when subjected to a greater sound pressure, which will induce greater
desorption of DMPC molecules. We can estimate the amount of molecular desorption from the
vibration characteristics of the microbubbles. The results in Fig. 7 show the same variation as the

vibrational characteristics shown in Fig. 8; i.e., a greater sound pressure induced greater molecular



desorption owing to a higher vibrational amplitude of the bubbles.

4. Conclusions

We investigate and discuss the formation of a self-assembled DMPC film on a bubble’s surface under
pulsed ultrasound irradiation. The molecular adsorption and desorption of the phospholipid were
evaluated by measuring the contact angle of single microbubbles with a high-speed camera. The
contact angle increased when a pulsed ultrasound wave was applied, which implies that the DMPC
molecules desorbed from the bubble’s surface. This effect by ultrasonication was not limited in the
DMPC solution and the same phenomenon was observed in the case with other surfactants such as
Pluronic Feg [11]. The contact angle increased with the number of cycles of pulsed ultrasound applied
and plateaued at approximately 100 cycles. The contact angle also increased when the sound pressure
amplitude of the ultrasound was increased. We measured the vibrational characteristics of the
microbubbles in order to investigate the relationship between bubble vibrations and molecular
desorption. The changes in vibrational amplitude and molecular desorption showed the same variation,
i.e., both behaviors increased together with the sound pressure amplitude, implying that the amount of
drug released from bubbles can be controlled by the shape of the pulsed ultrasound in a drug delivery
system. Although, in this paper, we have examined only the deposition from a self-assembled
monomolecular film, we intend to conduct the experiments using other surfactants that form a

multilayer film and micelles.
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Figure 1. Observational setup for measuring the adsorption characteristics of DMPC molecules onto

a single microbubble.
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Figure 2. Size distribution of microbubbles generated by electrolysis.
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. g,

Figure 3. Images of microbubbles adhered to the glass plate with (a) small (= 30 min) and (b) large
contact angles (r =31 min). D and H indicate the diameter of the bubble and the distance between the

center of the bubble and the surface of the glass plate. Scale bars corresponds to 100 [Im.
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Figure 4. Changes in contact angle for several microbubbles subjected to (a) 10, (b) 30, (c) 50, and
(d) 100 cycles of pulsed ultrasound at a sound pressure amplitude of 7.3 kPa at 38.8 kHz. Vertical
dotted lines at # = 30 min indicate the onset of ultrasound irradiation. Horizontal dotted lines and
arrows indicate the transitory increase in the contact angle induced by ultrasonication. Error bars

indicate the uncertainty of the image resolution.
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Figure 5. Relationship between the number of cycles of pulsed ultrasound and the increase of the

contact angle of the microbubbles at # = 30 min.
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Figure 6. Changes in the contact angle for several microbubbles subjected to 50 cycles of pulsed
ultrasound with sound pressure amplitudes of (a) 1.8, (b) 10, (c) 15, and (d) 20 kPa at 38.8 kHz.
Vertical dotted lines at = 30 min indicate the onset of the ultrasound irradiation. Horizontal dotted

lines and arrows indicate the transitory increase in the contact angle induced by ultrasonication.
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Figure 7. Relationship between the sound pressure amplitude of the pulsed ultrasound and the increase
in contact angle of the microbubbles from ¢ = 30 min (onset of pulsed ultrasound irradiation) to 31

min.
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Figure 8. Relationship between initial bubble radius and normalized displacement amplitude for single

microbubbles excited by an ultrasound standing wave at 38.8 kHz with several sound pressure

amplitudes after = 30 min.
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Figure 9. Waveforms of (a) pulsed ultrasound of 50 cycles at a frequency of 38.8 kHz measured by a

needle hydrophone and (b) transient vibration of a bubble having a radius of 80 [Jm as measured by



the LDV.
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