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ABSTRACT

Phospholipid-coated microbubbles with a uniform acoustic response are a promising avenue for functional ultrasound sensing. A uniform
acoustic response requires both a monodisperse size distribution and uniform viscoelastic shell properties. Monodisperse microbubbles can
be produced in a microfluidic flow focusing device. Here, we investigate whether such monodisperse microbubbles have uniform viscoelastic
shell properties and thereby a uniform “mono-acoustic” response. To this end, we visualized phase separation of the DSPC and DPPE-
PEG5000 lipid shell components and measured the resonance curves of nearly 2000 single and freely floating microbubbles using a
high-frequency acoustic scattering technique. The results demonstrate inhomogeneous phase-separated shell microdomains across the mono-
disperse bubble population, which may explain the measured inhomogeneous viscoelastic shell properties. The shell viscosity varied over an
order of magnitude and the resonance frequency by a factor of two indicating both a variation in shell elasticity and in initial surface tension
despite the relatively narrow size distribution.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0215736

Lipid-coated microbubbles are used as ultrasound contrast agents
(UCAs) in contrast-enhanced ultrasound imaging.' The contrast
enhancement results from their ultrasound-driven volumetric oscilla-
tions, which produce a powerful echo. The volumetric oscillation
dynamics is governed by resonance, with a resonance frequency that is
inversely proportional to the microbubble size.” Additionally, the reso-
nance frequency is strongly affected by the viscoelastic properties of
the microbubble shell that can be modeled as an isotropic, infinitely
thin membrane with a surface viscosity, resulting in an increased
damping, and with a surface elasticity, which increases the resonance
frequency.”” At resonance, the amplitude of oscillation and the result-
ing echo are at maximum. Also, at resonance (or integer multiples or
fractions thereof), the echo can contain strong harmonics of the driv-
ing frequency.” Harmonics are generated already at low acoustic driv-

FIG. 1. (a) The flow-focusing device employed for monodisperse microbubble for-
mation. (b) Fluorescence image showing that the lipid coating self-assembles at the
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ing pressures @40 kPa) O“fing in particular to the I'lonlinear elaSﬁ?itY gas-liquid interface before bubble pinch off. (c) The formed bubbles are collected in
of the shell, which ca_n(vamsh both upon compression and expansion a glass vial. (d) The addition of a lipophilic dye shows that the monodisperse bub-
of the bubble surface.””” bles have inhomogeneous phase separated shell microstructures.
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Today, the harmonic content of the bubble echo is used to dis-
criminate nonlinear bubble echoes from linear tissue echoes and to
thereby visualize the perfusion of organs.'’ However, the rich spectral
content of the echo has a larger potential, owing to its sensitivity to the
ambient pressure’ and to whether the bubble is bound to an interface
or not, e.g., via targeting ligands incorporated in the bubble shell.''
As such, bubbles have potential blood pressure'* and molecular sens-
ing capabilities'” that reach beyond their current use as a blood pool
agent. However, clinically approved UCAs are non-uniform in size'
(1-10 um in diameter) and in shell properties16 resulting in an ill-
defined acoustic response'””'? that prevents accurate sensing with
microbubbles and ultrasound.""”

The first challenge in achieving a uniform acoustic response
involves the production of a suspension of microbubbles that are uni-
form in size. Such a monodisperse microbubble suspension can be
formed in a microfluidic flow focusing device. In this device, a gas
thread is focused between a co-flow through a constriction where it
destabilizes and pinches off to release monodisperse bubbles
[Fig. 1(2)].”" ** However, it has been shown that when these bubbles
are coated with lipids, they exhibit an inherent instability after pinch
off and are prone to both coalescence and Ostwald ripening when
formed at clinically relevant production rates [(O(10° bubbles/s)].”
Only recently, these stability and production rate issues have been
overcome by (i) producing bubbles at an elevated temperature,” (i)
filling them with a gas mixture of a low and high aqueous solubility
gas,”” and (iii) through the use of a specific lipid formulation with a
long-chain PEGylated lipid (PEG5000).”" Now that control over the
bubble size distribution is established, the most pressing yet unad-
dressed question that we aim to answer in this Letter is: Are monodis-
perse phospholipid-coated microbubbles mono-acoustic? In other
words, do they have uniform shell properties and therefore a uniform
acoustic response?

The monodisperse microbubble suspension characterized in the
present work was formed in the flow focusing device shown in
Fig. 1(a)” at a temperature of 60 °C to minimize on-chip bubble coales-
cence.”® The co-flow comprised our standard lipid mixture with the
primary phospholipid DSPC and the PEGylated phospholipid DPPE-
PEG5000 (Corden Pharma, Liestal, Switzerland) mixed at a 9 to 1
molar ratio at a total concentration of 12.5 mg per mL of air-saturated
saline. The rationale for this composition is provided by Segers et al.”’
The lipid dispersion (prepared as before™) adsorbs to the gas liquid
interface already before bubble pinch off [Fig. 1(b)]. However, the lip-
ids self-assemble at a relatively low packing density resulting in partial
bubble dissolution, which mechanically compresses the lipid shell until
a stable bubble is formed.”” To mitigate foam formation via Ostwald
ripening during bubble stabilization in the collection vial [Fig. 1(c)],
the bubbles were initially filled with a gas mixture of 12 vol. % of C,Fy,
in CO,. Once stabilized, the gas core comprised nearly pure CF0.”’
The bubble concentration in the collection vial was measured using a
Coulter Counter (Multisizer 4e, Beckman) to be 300 million bubbles
per mL, where one mL was produced in 6 min.

We start our investigation on the uniformity of the shell proper-
ties by adding 0.01 mol. % of lipophilic fluorescent dye (Rhodamine
DHPE, Thermo Fischer Scientific) to the lipid formulation to visualize
potential phase separation of condensed and expanded domains in the
shell, which has been observed to occur for similar lipid mixtures.”"*”
Indeed, Fig. 1(d) demonstrates that phase separation also occurs in the
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FIG. 2. (a) Schematic of the acoustical camera (AC). A high-frequency (HF) 25-MHz
probing wave is transmitted (HF1) and its scattering by a bubble is recorded by HF2
(axis into the paper) to obtain the (b) radial strain e of the microbubble in response
to a low-frequenc! Q’ (LF) chirp. (c) Equilibrium bubble radius R, from phase demodu-
lation in the AC* (pink curve) is in excellent agreement with that measured using
a Coulter Counter (black curve). The shoulder at Ry < 2 um (black curve) is due
to lipid aggregates instead of bubbles. (d) Envelopes of the radial strain shown in
(b) (same color coding) plotted together with a fit of a linearized bubble dynamics
model.

shell of microfluidically formed monodisperse bubbles. The dark
domains are generally understood to represent the condensed phase,
which is potentially enriched in primary lipid, while the bright inter-
domain regions are believed to be in the less densely packed liquid
expanded phase, potentially enriched in PEGylated lipid (and fluores-
cent dye).”"”* Remarkably, the phase separated microstructures
observed in Fig. 1(d) are heterogeneous across the bubble population
even though the bubbles were formed one-by-one under exactly the
same microfluidic conditions.

To characterize the viscoelastic shell properties of the monodis-
perse bubbles, we measured resonance curves of individual freely float-
ing bubbles using a high-frequency (HF) off resonance geometrical
acoustic scattering technique named the “acoustical camera” (AC).” "
The AC setup as implemented in the present work consists of a water
tank [Fig. 2(a), h =26 cm, total volume = 1.8 L] with three confocally
aligned and perpendicularly mounted transducers: HF1, HF2, and LF.
The high-frequency transducers (HF1 and HF2) were identical
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(V324-SU, Olympus) with a 25MHz center frequency, 67% band-
width, 6.35 mm aperture, 25.4 mm focal distance, and a FWHM lateral
focal width of 0.2mm. The low-frequency (LF) transducer (PA275,
Precision Acoustics) has a 5-MHz center frequency, 160% bandwidth,
254 mm aperture, and a FWHM lateral focal width of 1.4mm at
2 MHz. The output acoustic pressure sensitivities of HF1 and LF were
calibrated using a needle hydrophone (0.2 mm, Precision Acoustics,
uncertainty of 13%-17%). The tank was filled with the microbubble
suspension diluted in saline with a temperature of 20 °C to a concen-
tration of 300 bubbles/mL. The suspension was continuously stirred
such that by chance, a single microbubble passed through the confocal
transducer region where its presence was detected by transducer HF2
from the geometrical scattering of a 10-cycle, 25-MHz detection pulse
with a peak negative pressure amplitude (PNP) of 500 kPa transmitted
250 times/s by transducer HF1. The frequency of the 25-MHz detec-
tion pulse is 10 times higher than the resonance frequencies of the
microbubbles under investigation, and it therefore does not induce vol-
umetric bubble oscillations. When the amplitude of the HF scattering
signal exceeded the electrical noise of the system by 28 dB, the full bub-
ble characterization sequence was transmitted. The characterization
sequence consisted of an 8375-cycle (335 us) HF probing burst trans-
mitted by HF1 with a frequency of 25 MHz and a PNP of 500 kPa.
During this HF probing burst, a sequence of four successive 50-s low
frequency (LF) linear chirps (1-5MHz, chirp rate 80kHz/us) was
transmitted by transducer LF to drive the bubble into volumetric oscil-
lations. The four LF chirps were each Tukey tapered over their first
and last 3 us, spaced by 20 us, and their PNP was kept constant in the
transmit frequency range of 1.24-4.76 MHz though deconvolution of
the chirps with the hydrophone-measured impulse response of the
transducer’” at acoustic pressures of 7, 14, 28, and 42 kPa. The relative
radial strain of the microbubble in response to the LF driving
[e = (R(t) — Ry)/Ro] was obtained by amplitude demodulation of the
scattered HF probing burst received by HF2, where the HF scattered
amplitude is directly proportional to the microbubble size (geometrical
scattering regime).”*

A total of 1932 bubble signals was obtained during five measure-
ment sets. Each set had a duration of 20 mins and was performed on a
freshly diluted bubble suspension. Out of the 1932 detected bubbles,
1620 bubble signals were selected for further processing based on the
amplitude difference of 37.5 us of HF scattering before and after the
first and final LF chirp, respectively. The amplitude difference was
allowed to be <50% ensuring that the bubble did not move out of the
focal region of the HF transducers, which is small as compared to the
focal region of the LF transducer. The selected HF scattering signals
were then bandpass filtered around the 25-MHz probing frequency
(10-40 MHz). Subsequently, the modulus of the analytic signal was
calculated to provide the envelope of the probe signal. From the enve-
lope, the average HF scattering level Py was determined and the radial
strain € was obtained as follows: € = (Pr — Pyr)/Ppr, where Ppp is
the envelope of the probe signal during LF insonation.”* A typical
example of € is shown in Fig. 2(b), where the strain of a single bubble
is plotted in response to the chirp excitation pulses at PNPs of 7kPa
(dark blue curve), 14kPa (light blue curve), 28 kPa (green curve), and
42KkPa (red curve). The resting radius R, of the bubble was 2.3 um,
and it was obtained through phase demodulation of the HF scattering
signal.” The bubble size distribution of all processed bubbles as found
by the AC is plotted in Fig. 2(c) (pink curve), and it is in excellent
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FIG. 3. (a) Shell viscosity « distribution as a function of bubble radius Ry measured
for almost 2000 bubbles. The color in the colorbar indicates the number of bubbles.
(B) Resonance frequency distribution as a function of Ry and simulated f..s(Ro)
relations for different initial surface tensions and shell elasticities.

agreement with that measured using a Coulter Counter (black curve).
The polydispersity index is 7% (PDI: standard deviation of the size dis-
tribution divided by the mean radius).

The envelopes of the strain responses, or resonance curves, are
plotted in Fig. 2(d). In addition to the expected increase in strain with
an increase in PNP, also the resonance frequency of the bubble
decreases as expected, due to the averaging out of the shell elasticity
over regions with and without elasticity.” The resonance curves were
used to obtain the shell properties of individual bubbles. To this end,
we employ a nonlinear Rayleigh—Plesset-type bubble dynamics equa-
tion modified with pressure terms accounting for shell viscoelasticity,’

p (RR + %if) - (Po + 20}({2{@) (%) ’

206(R)  4uR 4R
R R R

o

where p is the liquid density, u the liquid viscosity, x the polytropic
exponent of the gas inside the bubble, P, the ambient pressure, and
P4(t) the LF acoustic driving pressure pulse. R is the time-dependent
radius of the bubble, and the overdots denote its time derivatives. x is
the viscosity of the shell. The surface tension is described by o(R), with
a(Ry) the surface tension of the bubble interface at rest (initial surface
tension). Equation (1) can be linearized to obtain the relative radial
strain € at small amplitudes of oscillation,”

A 4o Pa
) — T 2p2
A= @00 + Guoforf PR

where @ = 27f is the angular ultrasound frequency and w, the angu-
lar eigenfrequency of the bubble,

2

e(w) =

1
X

an (3)

1 26(Ry) 4
;(3KP0+(3K71) o °)+—X),

Ry Ry

with y the shell elasticity. The total damping ., is the sum of the indi-
vidual damping contributions due to acoustic re-radiation 6,4, viscous
dissipation in the liquid d,,, and viscous dissipation in the shell,
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where c is the speed of sound in the liquid. For the 2.4-um radius bub-
bles considered in this work [Fig. 2(c)], thermal damping J,, due to
heat diffusion”®"” is nearly identical to J,; of a bubble in water.”” As
such, we follow a common approach of doubling the viscosity of the
water to account for thermal damping.””” The total damping reduces
the resonance frequency of the bubble f,. typically by a few percent
with respect to f,, as follows:

fres :fo \/ 1— 5fot/2' (5)

The linearized model [Eqgs. (2)-(4)] is used first. It is fitted (RMS
error minimization in MATLAB) to each resonance curve obtained at
the lowest PNP of 7kPa to obtain «; and f, of individual bubbles. In
the fitting procedure, A in Eq. (2) was a free parameter to account for
uncertainties in the acoustic driving pressure P4 as well for nonlinear
bubble dynamics.3 ? Typical model fits are shown in Fig. 2(d) (solid
black lines). The obtained «; and f for all bubbles were then plotted
as a function of time (see supplementary material) showing that both
fres and K did not drift over the 20 min duration of the measurement
highlighting the stability of the ensemble of microbubbles. The distri-
butions of «; and f,.s as a function of R, for all characterized bubbles
are plotted in Figs. 3(a) and 3(b), respectively. The figures demonstrate
that for the narrow-sized bubble suspension with a mean radius of
2.4 pm that was characterized in the present work, remarkably, «, var-
ied over as much as one order of magnitude, from 2 x 107 up to
2 x 10™kg/s, and f,, by a factor of 2, from 1.7 up to 3.5 MHz. Thus,
the microfluidically formed monodisperse bubbles characterized in
this work are not mono-acoustic due to a variation in the bubble shell
viscoelastic properties.

The range of «; values corresponds to a decreased resonance fre-
quency by 1%-9% [Eq. (5)]. Thus, the measured variation in f,.; by a
factor of two must have mainly resulted from variations in y and/or
a(Ry) [Eq. (3)]. To disentangle the effects of y and o(Ry), we solve the
non-linear bubble dynamics equation [Eq. (1)] to obtain f,.s using the
same chirp driving pulse as in the measurements. We first use a con-
stant value for y of 0.5N/m, while 6(R,) was either set to 35 mN/m or
zero, see the orange and yellow dashed curves in Fig. 3(b), respectively.
A y of 0.5N/m was selected as it is the shell elasticity obtained for a
suspension of bubbles with a very similar shell composition.” Note that
the higher range of measured f,.; is not captured by a y of 0.5N/m. As
such, second, we plot numerically obtained curves for a y of 1.3 N/m,
while again, (Ry) is either set to 35 mN/m or zero, see red and green
dashed curves, respectively. A comparison between the modeled curves
and the measured spread in f,,; demonstrates that the spread in f
cannot be explained by either a variation in y or o(Ry) alone. Thus,
across the bubble population, the microfluidically formed bubbles in
the present work had not only a range of shell viscosities, but also a
range of shell elasticities, as well as a range of initial surface tensions.

Finally, we turn our attention to bubble dynamics at the higher
acoustic driving pressures employed here. Figure 4(a) shows the distri-
bution of f, of the entire bubble population obtained as before for
PNPs of 7, 14, 28, and 42 kPa. Note that the figure shows that the dis-
tribution of f,,; becomes narrower when the PNP increases. This is
expected because an increase in strain reduces the role of the viscoelas-
tic shell on the bubble dynamics.” Also note that, as before for a single
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FIG. 4. (a) Resonance frequency distributions of all bubbles in the population. (b)
The HF scattering response of an individual bubble often decreased during acoustic
driving at PNPs >7kPa. (c) Mean (dots) and standard deviation (gray shaded
area) of the change in HF scattering signal over the LF driving bursts as a function
of the PNP.

bubble [Fig. 2(d)], fs shifts toward a lower frequency when the PNP
increased. However, at a PNP of 28 kPa, the distribution of f,.; peaks,
unexpectedly, at a higher frequency than that at both the lower PNP of
14kPa and the higher PNP of 42 kPa. This observation shows that the
microbubbles must have changed in size and/or shell properties during
the measurement. Indeed, a change in HF scattering signal was often
observed during acoustic driving. A typical example is shown in
Fig. 4(b), showing a decrease in HF scattering during the 28 kPa driv-
ing pulse. In Fig. 4, we plot the change in HF scattering signal AHF
over the LF driving pulses as a function of their PNPs. The figure
shows that generally no change is observed for the 7 kPa pulse, whereas
at all higher acoustic driving pressures, the HF scattering signal on
average decreases during the chirp driving pulse. As such, it can be
concluded that acoustic driving alters the size of the bubble by 2% on
average, through acoustically driven dissolution. Such a small size
change results in a resonance frequency increase by only 20kHz
(~1%)” for a 2.4-um radius bubble driven at the higher employed
PNPs, where the effective shell elasticity approaches zero. However,
the small size change may dramatically change the nonlinear acoustic
response and in particular the generation of subharmonics, e.g., via a
decreased o(Ry)® and/or an increased z through lipid shedding.”®
Thus, future work is required to increase bubble stability under ultra-
sound insonation.

To summarize, we have shown that DSPC and DPPE-PEG5000
(9:1 molar ratio) coated monodisperse microbubbles formed by micro-
fluidic flow focusing using the protocols presented here have (i) non-
uniform phase separated shell microstructures, (ii) nonuniform
viscoelastic shell properties, and (iii) nonuniform acoustically driven
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dissolution behavior. These intriguing conclusions raise many
questions as to the nucleation and growth of shell domains,"’ whether
the spread in the obtained shell properties originates from the inhomo-
geneous shell microstructures, and how bubble stability can be
enhanced. The characterization setup presented here is a convenient
method in search for answers to the open questions and to thereby
come to monodisperse bubble suspensions with a high degree of
monoacousticity.

See the supplementary material for details of the plots of the
obtained shell viscosity and resonance frequency as a function of time.
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