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Abstract— The utility of ultrasound imaging and
therapy with microbubbles may be greatly enhanced by
determining their impulse-response dynamics as a function
of size and composition. Prior methods for microbubble
characterization utilizing high-speed cameras, acoustic
transducers and laser-based techniques typically scan a
limited frequency range. Here, we report on the use of a
novel photoacoustic technique to measure the impulse
response of single microbubbles. Individual microbubbles
are driven with a broadband photoacoustic wave generated
by a nanosecond-pulse laser illuminating an optical
absorber. The resulting microbubble oscillations were
detected by following transmission of a second laser as
it passes twice through the microbubble. The system
could even resolve oscillations resulting from a single-
shot. As a proof-of-concept study, the size-dependent,
linear impulse response of lipid-coated microbubbles
was characterized using this technique. This unique
method of microbubble characterization with exceptional
spatiotemporal resolution opens new avenues for capturing
and analyzing microbubble system dynamics.

Index Terms— Laser-ultrasonics, nondestructive testing,
photoacoustics, ultrasound contrast agents.

I. INTRODUCTION

M
ICROBUBBLES are used clinically as ultrasound con-
trast agents [1] and are being developed for advanced

imaging modes, such as molecular imaging [2], acoustic
angiography [3], and super-resolution imaging [4], as well
as therapeutic applications, such as gene delivery [5], tissue
perfusion augmentation [6], and blood–brain barrier disrup-
tion [7]. The ability to simultaneously image and mechanically
actuate a microbubble may afford real-time manipulation,
which, in turn, may enable improved detection schemes and
more precise targeting capabilities. Such advancements require
a robust knowledge of the microbubble dynamics as it pertains
to size, composition, and local microenvironment.

Previous studies have shown that microbubble response can
be captured optically [8], [9] and with ultrahigh-speed imag-
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ing [10]. Most of the existing single-microbubble oscillation
characterization techniques, whether acoustically or optically
probing the microbubble, capture a limited part of the full
dynamics [11]. An example is the single microbubble spec-
troscopy technique in which the amplitude response from mul-
ticycle, low-amplitude ultrasound pulses at various frequencies
is optically captured [12]. The frequencies are scanned and the
responses are processed to construct a resonance curve and
fit to a linear model to obtain the microbubble viscoelastic
properties. Moreover, multiple acoustic pulses are required
to characterize the microbubble dynamics and can lead to
changes in morphologies, lipid shedding, or destruction of the
lipid shell [13]. Therefore, a technique that uses single pulse
excitation would reduce both the number of insonations and
lipid effects on the microbubble shell.

To capture the full dynamics of oscillation, a microbubble
can be excited with a broadband acoustic impulse, and its
radial oscillation measured over the full frequency range [14].
Recently, our laboratory has reported on laser-induced ther-
moelastic and photoacoustic excitation of single microbub-
bles [15], [16]. The methods reported thus far require either
a frequency scanning approach in which the magnitude of
the bubble response is measured as a function of frequency
using a lock-in amplifier, or an impulse response approach
in which an optically absorbing species is attached to the
microbubble shell and the bubble is driven through ther-
moelastic laser excitation. Ultimately, the frequency scanning
approach requires individual measurements over the frequency
range of interest thus extending the total measurement time.
In addition, the microbubble excitation technique in [15] is
nonisothermal and dominated by heat transfer into the gas core
that induces volumetric thermal-expansion [17], rather than an
acoustically induced oscillation. In this letter, we introduce a
nondestructive laser-based technique to drive and capture the
impulse-response dynamics of microbubble oscillations with-
out any absorbing species attached to the microbubble surface.

II. METHODS

The optical system used in this study is depicted in Fig. 1(a)
and described in more detail in [18]. A short laser pulse
(0.5 ns pulsewidth, Teem Photonics PNG-M02010-1×0) from
a microchip laser operating at a wavelength of 532 nm and a
repetition rate of 1 kHz was used for the excitation of acoustic
waves. The laser pulse was sent through a variable attenuator,
reflected from a gimbal mirror to control its position on
the imaging plane and sent through a long working distance
microscope objective (NA = 0.42) to excite the sample.
The maximum optical energy incident on the sample was
45 nJ. A continuous wave detection laser (Cobolt Flamenco)
operating at a wavelength of 660 nm was sent through the same
objective to probe the oscillations of a single microbubble. The
sample mount was composed of a mirror located below the
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Fig. 1. (a) Experimental set-up used to drive and detect microbubble
oscillations. (b) Change in optical power as a function of microbubble
radius. A quadratic fit for the data is shown as the dashed-red line. The
sensitivity curve (∂P/∂R) increases linearly with microbubble radius.

imaging plane, a piece of black absorbing tape approximately
3 mm × 3 mm in size (perpendicular to the optical axis)
attached to the mirror, and a 270 µm adhesive spacer placed
between the mirror and top surface of a coverslip. A dilute
concentration of microbubbles (order of 106 microbubbles/mL)
was injected between the mirror and the coverslip and the
detection laser beam was centered on an individual microbub-
ble. After passing through the microbubble, the detection
beam reflected from the bottom mirror surface and passed
through the microbubble a second time. The scattered light was
collected and focused onto a 1-GHz bandwidth photodetector
(New Focus, 1601FS-ac). The analog output of the photodetec-
tor was amplified by 40 dB and sent to a high-speed digitizer
(NI PXIe 5162, 625 MHz sampling frequency). An inline
charge coupled device (CCD) camera was used to image the
focal plane and size the microbubbles. The uncertainty in the
microbubble radius measurement is estimated to be 0.24 µm.
Motorized x–y, and z stages controlled the position of the
sample and the imaging plane, respectively.

To perform a measurement, the edge of the optical absorber
was placed in the field of view of the CCD camera. A single
microbubble was then positioned at the center of the detection
beam and the excitation beam was steered to the edge of the
optical absorber using the gimbal mirror. The microscope was
then defocused by translating the sample by 40 µm in the
z-direction, such that the spot-size of the detection laser at the
microbubble plane was 7.6 µm (1/e Gaussian diameter). Two
synchronized shutters near the laser heads were used to control
the irradiation timing onto the microbubble and absorber.
A partial reflector sent a fraction of the excitation pulse to
a photodetector that was used to trigger data acquisition.
Absorption of the excitation laser pulse leads to local heating

and the generation of a short acoustic pulse through the
thermoelastic effect. This pulse propagates from the absorber
to the microbubble and drives the microbubble oscillation.
Microbubble oscillation produces an intensity modulation
of the detection laser probe, and a calibration procedure
was used to relate this intensity modulation to microbubble
radial displacement following the approach in [15]. In brief,
the change in optical power incident on the photodetector
with and without a microbubble in the detection beam path
is associated with light scattering from the microbubble. This
change was measured as a function of microbubble size to
obtain the calibration curve shown in Fig. 1(b), and the slope
of this curve (inset) provides the sensitivity and allows for the
conversion of intensity change to radial displacement.

Microbubble fabrication and sample preparation steps
were the same as previously described in [16]. Briefly,
the microbubble phospholipid shell consisted of 1,
2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,
2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)–2000] (DSPE-PEG2000) at a molar
ratio of 9:1 and the gas core was perfluorobutane.
Microbubbles were formed by mechanical agitation and
were immediately quenched in an ice bath. Centrifugation
was used to wash away undesired bubble sizes and residual
lipids in the solution [19]. The diluted microbubbles were
then injected into the sample mount between the mirror
and coverslip. Through buoyancy, the microbubbles floated
toward the coverslip where they nonspecifically adhered to
the surface [20].

III. RESULTS

Exciting individual microbubbles with a photoacoustic
impulse and sensitive laser-based probing provides high
enough signal-to-noise to capture the microbubble oscilla-
tions with one single-shot. In Fig. 2(a), we demonstrate a
single-shot waveform and a corresponding averaged waveform
as a function of time (1000 averages) for a single microbubble
R0 = 2.44 µm. We also plot the digitally low-pass filtered
(10 MHz cutoff frequency) mean response associated with
the microbubble radial oscillations. We note that the mean
response was used in the signal processing to determine the
microbubble viscoelastic properties. In the early part of the
averaged waveform, a high-frequency impulse is visible and
this is attributed to the photoacoustic wave passing through
the detection laser probe. The photoacoustic signal causes a
change in the refractive index of the liquid, and scattering of
the detection probe from these refractive index fluctuations
leads to the observed intensity modulation. Full characteriza-
tion of the photoacoustic driving signal is beyond the scope
of this work. We note that other pulsed lasers could be used
in this setup and we would expect similar results so long as
the pulsewidth is sufficiently short to generate photoacoustic
signals to excite the microbubbles over the bandwidth of
interest. To test the linearity of the microbubble radial oscilla-
tions, the peak-to-peak amplitude of the microbubble response
was measured as a function of incident energy, as shown in
Fig. 2(b). For this microbubble, the maximum radial excursion
was less than 25 nm from its resting radius or R/R0 = 1.01.

Measurements were performed for multiple microbubble
radii ranging from 1 to 5 µm to demonstrate the utility of
this technique for single microbubble characterization. For all
measurements, the absorber adjacent to the microbubbles was
excited with constant energy of 40 nJ. From a Lorentzian
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Fig. 2. (a) Microbubble radial displacement (R0 = 2.44 µm). Detected
single-shot and corresponding mean response (1000 averages) plotted
as a function of time. Also shown in black is the low pass filtered bubble
response. The signal is dc offset by 40 nm for visual clarity. (b) Peak-
to-peak radial displacement of the same microbubble in (a) with an
adj. R2 = 1. (c) FFT magnitude of the mean response for different
bubble radius shown as the circles along with a Lorentzian distribution
least-squares fit.

least-squares fit to the time response fast Fourier transform
(FFT), we obtain the damped resonance frequency ( fd)
from the peak as well as the damping ratio ζ = � f/2 fd ,
where � f is the full-width-at-half-maximum (FWHM) of
the resonance curve. Shown in Fig. 2(c) are representative
frequency-response curves for microbubbles of resting radius
R0 equal to 1.36, 2.44, and 4.62 µm. The inset is the � f

plotted versus radius. Overlaid to the � f versus radius plot
is a fit that is inversely proportional to the square of the
radius (p < 0.05). As expected, the ringing bandwidth � f

decreases nonlinearly as the microbubble radius increases. For
nanometer scale radial oscillations a microbubble behaves as a
linear harmonic oscillator [21], and the eigenfrequency of an
impulse-driven oscillator is expressed as f0 = fd/(1 − ζ 2)1/2.
In Fig. 3(a), we demonstrate the experimental results for the

eigenfrequency f0 as a function of microbubble radius. Shell
elasticity (χ) was calculated from the linearized form of the
modified Rayleigh–Plesset models [22]–[24], which describes
coated microbubbles undergoing small-amplitude radial oscil-
lations [12]. Shell elasticity is given as the equation [20]

χ = 1.5π2 f 2
measuredρL R0

3 − 3κ P0 R0/4 − (3κ − 1)σ/2 (1)

where ρL is the density of the surrounding fluid (103 kg/m3

for water), κ is the polytropic exponent, P0 is the atmospheric
pressure, and σ is the surface tension of the gas–liquid
interface. The surface tension σ was assumed to be zero
to satisfy the diffusion of a gas bubble in an over-saturated
medium [25]. The value for κ was computed for each
microbubble measurement following Lum et al. [26] and
ranged from 1.042 to 1.051. The expression in (1) compensates
for the

√
2/3 decrease in eigenfrequency due to an acoustic

effect of the microbubble resting on a rigid surface [12].
Fig. 3(a) also includes the theoretical curve of eigenfrequency
for an average shell elasticity, described below. The average
shell elasticity for DPPC-coated microbubbles matches well

Fig. 3. (a) Experimental results showing eigenfrequency of 35 microbub-
bles as a function of bubble radius and the theoretical eigenfrequencies
for the average shell elasticity χ = 0.62 N/m as the blue solid line.
Also plotted as the dashed line for unshelled bubbles. (b) Histogram of
damping ratio ζ = ∆f/2fd, where ∆f is the FWHM of the resonance
curve. Mean and standard deviation of the histogram are 0.27 and 0.11,
respectively. (c) Histogram of shell elasticity χ (N/m). Line is a Gaussian
distribution fit with mean and standard deviation of 0.62 and 0.20 N/m,
respectively. (d) Shell viscosity as a function of radius. The linear fit is
y = 9.25 × 10−9R0 + 1.23 × 10−9 (adjusted R2 = 0.49).

with previous measurements, falling in between those reported
in [12] and [15]. The dashed line is eigenfrequencies for
that of an unshelled microbubble (χ = 0 N/m) with an
interfacial surface tension σ = 0.073 N/m. We can see the
eigenfrequency as a function of radius closely follows the
linearized Rayleigh-Plesset-type model [12], [26], specific for
spherical oscillations of a microbubble in a free medium.

In Fig. 3(b) and (c), histograms and Gaussian distribu-
tion fits for the total damping ratio (ζ ) and shell elastic-
ity (χ) are depicted. Interestingly, the data followed a nor-
mal distribution with a mean of 0.27 and 0.62 N/m for ζ
and χ , respectively. As in [26], the damping terms can be
described as ζtotal = ζvis + ζrad + ζtherm + ζshell, where ζshell =
κs/π R0

3ρL f0. The shell viscosity (κs) shows a significant
increase ( p < 0.05) with radius as shown in Fig. 3(d) though
scatter in the data makes it difficult to elucidate the functional
form. The increase in shell viscosity with microbubble radius
has also been observed in prior studies [12], [27].

IV. CONCLUSION

In conclusion, we have developed and tested a novel tech-
nique to drive and measure the impulse response of single
microbubbles. A photoacoustic impulse was used to drive
microbubbles into small-amplitude oscillations, which were
then tracked as a function of time using light scattering. The
ability to probe single microbubbles with high fidelity and
sensitivity using nondestructive methods offers a powerful tool
for the study of microbubble dynamics. Moreover, this tech-
nique can resolve microbubble oscillations from a single-shot
response. From the radial oscillations, we have computed the
shell elasticity (0.62 N/m) and viscosity (order 10−8 kg/s),
which are in good agreement with previous studies, giving
confidence that this method is suitable to probe microbubble
properties. Future work using this technique includes driving
microbubbles into nonlinear amplitude oscillations by increas-
ing the laser fluence and measuring associated changes in the
viscoelastic shell properties.
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