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High-precision acoustic measurements of the non-
linear dilatational elasticity of phospholipid coated
monodisperse microbubbles†

Tim Segers∗,a,b, Emmanuel Gauda, Michel Versluisb, and Peter Frinkinga

The acoustic response of phospholipid-coated microbubble ultrasound contrast agents (UCA) is
dramatically affected by their stabilizing shell. The interfacial shell elasticity increases the res-
onance frequency, the shell viscosity increases damping, and the nonlinear shell viscoelasticity
increases the generation of harmonic echoes that are routinely used in contrast-enhanced ul-
trasound imaging. To date, the surface area-dependent interfacial properties of the phospholipid
coating have never been measured due to the extremely short time scales of the MHz frequencies
at which the microscopic bubbles are driven. Here, we present high-precision acoustic measure-
ments of the dilatational nonlinear viscoelastic shell properties of phospholipid-coated microbub-
bles. These highly accurate measurements are now accessible for the first time by tuning the
surface dilatation, that is, the lipid packing density, of well-controlled monodisperse bubble sus-
pensions through the ambient pressure. Upon compression, the shell elasticity of bubbles coated
with DPPC and DPPE-PEG5000 was found to increase up to an elasticity of 0.6 N/m after which
the monolayer collapses and the elasticity vanishes. During bubble expansion, the elasticity drops
monotonically in two stages, first to an elasticity of 0.35 N/m, and then more rapidly to zero. In-
tegration of the elasticity vs. surface area curves showed that, indeed, a phospholipid-coated
microbubble is in a tensionless state upon compression, and that it reaches the interfacial tension
of the surrounding medium upon expansion. The measurements presented in this work reveal the
detailed features of the nonlinear dilatational shell behavior of micron-sized lipid-coated bubbles.

1 Introduction
Ultrasound contrast agents (UCA) typically consist of suspen-
sions of phospholipid-coated microbubbles with radii ranging
from 1 to 5 µm that scatter ultrasound more efficiently than red
blood cells and tissue owing to the large compressibility of the
microbubble gas core.1 The bubbles oscillate nonlinearly in re-
sponse to a driving ultrasound field,2 and the nonlinear echo al-
lows for the visualization and quantification of organ perfusion.3

The acoustic microbubble response is strongly dependent on the
coupling between the ultrasound transmit frequency and the mi-
crobubble size through resonance.4 The resonance frequency of
a bubble is inversely proportional to its size. Moreover, the reso-
nance behavior is strongly affected by the viscoelastic properties
of the phospholipid shell.2,5 First, during volumetric oscillations,
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energy is dissipated as a result of the intramolecular forces be-
tween the lipid molecules in the shell resulting in an increased
damping.6,7 Second, the microbubble resonance frequency is in-
creased by the elasticity of the lipid shell. Shell elasticity χ results
from surface tension gradients dσ , due to lipid packing density
gradients, induced by the acoustically driven bubble-surface area
variations dA: χ = Adσ/dA.8

Surface elasticity resulting from surface tension gradients dur-
ing bubble oscillations, due to adsorbed surfactants was first con-
sidered by Glazman.9 Later, in the context of UCA microbubbles,
it was introduced by Sarkar et al.10 and by Marmottant et al.11

Both Rayleigh-Plesset type models include a pressure term that
accounts for shell elasticity by assuming that the interfacial ten-
sion is linearly dependent on the bubble surface area. Thus, both
models use a constant, bubble surface area independent, shell
elasticity. However, Marmottant et al. limited the surface tension
to zero for compressions beyond the buckling radius Rb, and to
the surface tension of the surrounding medium for expansions
beyond the rupture radius Rr, see the black curve in Fig. 1A.
Therefore, purely elastic oscillations are limited to small ampli-
tudes of oscillation around the initial bubble surface area A0, see
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Fig. 1 (A) Schematic representation of several ad-hoc relations for the
surface tension σ of a microbubble, with equilibrium surface area A0, as
a function of its normalized surface area A/A0. (B) Shell elasticity χ re-
sulting from the surface tension gradients: χ = Adσ/dA. These σ(A/A0)

and χ(A/A0) curves have been used in literature to model the dynamical
response of a phospholipid coated microbubble to ultrasound.

Fig. 1B. The Marmottant model proved successful in describing
non-linear dynamics of lipid coated bubbles2 such as compression
only12 and subharmonics.13,14 It has been shown that these non-
linear phenomena are induced by the rapid change in the bubble
shell elasticity with a small change in bubble surface area.12,14

However, in the Marmottant model, the shell elasticity is incor-
porated in an unphysical way as it is discontinuous at the buck-
ling and at the rupture radius, see Fig. 1B. Therefore, Sijl et al.14

proposed to extend the Marmottant model with two cross-over
functions for the transition from the regions with zero elasticity
to the one with a finite elasticity, see the blue curves in Fig. 1.
With the aim of getting closer to a more physicochemical surface
area-dependent surface tension, i.e. with a decreasing elasticity
for an increase in the area per lipid molecule, Paul et al.5 tested
a quadratic elasticity model (QEM) and an exponential elastic-
ity model (EEM), see Fig. 1. They once again pointed out the
importance of a surface area-dependent elasticity for non-linear
bubble dynamics. However, to date, the σ(A/A0) dependence of a
lipid-coated microbubble interface has never been measured due
to the extremely short time scales and small length scales of ul-
trasound driven microbubble oscillations and, although very suc-
cessful, it remains an ad-hoc assumption in the existing modeling
effort without experimental justification.

The area-dependent interfacial tension of a flat lipid monolayer
can be measured directly using a Langmuir trough15 and that
of a curved monolayer can be measured from the capillary pres-
sure of a spherical cap-shaped bubble in a capillary pressure ten-
siometer.16 However, using these common methods, surface area
oscillations are limited to frequencies on the order of 102 Hz17

whereas UCA bubbles oscillate at MHz frequencies. Furthermore,
UCA bubbles are typically at least one order of magnitude smaller
than the minimum cap radius in a bubble tensiometer18 whereas
the curvature of a monomolecular film may play a role in its
viscoelastic properties.17 Here, we present a novel experimental
method to measure at high precision the nonlinear viscoelastic
properties of micron sized phospholipid-coated bubbles as a func-
tion of their surface dilatation.

2 Measurement method
In order to measure the dilatational interfacial tension of the
highly curved monomolecular phospholipid film self-assembled
around a micrometric UCA bubble, the surface dilatation needs to
be controlled while the interfacial tension is measured. Control
over the surface dilatation, i.e. the phospholipid packing den-
sity, of a microbubble can be easily achieved by controlling the
ambient pressure. However, a direct measurement of the inter-
facial tension of an UCA bubble is not possible at present. On
the other hand, shell elasticity, as a local derivative of the interfa-
cial tension with respect to the microbubble surface area, can be
measured. To locally probe this derivative of the surface tension
curve, small surface area oscillations are required to minimize the
averaging of the surface area-dependent shell elasticity. There-
fore, small-amplitude microbubble oscillations are required. The
shell elasticity can be measured from these linear oscillations by
fitting a harmonic oscillator model to the measured microbubble
resonance curve.5,19 When, at the same time, the surface dilation
is controlled through ambient pressure control, the shell elastic-
ity vs. surface area curve can be measured. Integration of the
shell elasticity curve with respect to surface area then gives the
surface area-dependent surface tension curve for phospholipid-
coated UCA microbubbles.

The resonance curve of a single microbubble can be measured
through microbubble spectroscopy using ultra high-speed imag-
ing7. However, at the driving pressure amplitudes required to
minimize the averaging of the surface area-dependent shell elas-
ticity (< 5 kPa), the radial oscillations are on the order of 100 nm
and these cannot be accurately resolved through optical imag-
ing. On the other hand, the sensitivity offered by narrowband
acoustic attenuation measurements can provide the complete fre-
quency dependent resonance curve of a microbubble suspension
insonified at low driving pressures.20 Nevertheless, acoustic at-
tenuation measurements can only be performed on a suspension
of bubbles as the energy absorption of a single microbubble can-
not be easily measured acoustically. A typical UCA consists of a
suspension of polydisperse bubbles and since the resonance fre-
quency of a microbubble is inversely proportional its size,4 the
attenuation spectrum of a polydisperse UCA is a complex super-
position of the resonance curves of the individual microbubbles
with different sizes and extraction of the dilatational elasticity
and interfacial tension is therefore not feasible for a polydisperse
bubble suspension.

Monodisperse bubble suspensions can be obtained by mechan-
ical filtration21, decantation19, and centrifugation22 of a poly-
disperse agent. Polydisperse bubbles can be sorted with a higher
sorting precision in microfluidic devices, e.g., microbubbles can
be sorted to size in a pinched microchannel23 and they can
be sorted to their acoustic property using the primary radiation
force24. Monodipserse bubbles can also be synthesized directly
in a microfluidic flow-focusing device.25–27 Here, a gas thread is
focused between two liquid flows through a narrow orifice where
the gas thread destabilizes and pinches off to release monodis-
perse bubbles. It has been shown that phospholipid-coated mi-
crobubbles formed by flow-focusing are inherently unstable, and

2 | 1–12Journal Name, [year], [vol.],



prone to diffusive Ostwald ripening, until a final monodisperse
size is reached.28 Moreover, low bubble production frequencies
and very specific phospholipid mixtures with molar PEG fractions
of at least 10% were used to avoid bubble coalescence in the out-
let of the flow-focusing device.28–30 However, recently, the full
parameter space for stable monodisperse phospholipid-coated mi-
crobubble synthesis was characterized and universal equations for
the stabilization process and for the coalescence probability have
been derived.31 These equations allow for the selection of the
lipid concentration and flow-rates at a given PEG molar fraction,
PEG chain length, flow-focusing geometry, and bubble size in or-
der to lower the bubble coalescence probability below a prede-
fined coalescence percentage. As such, this new insight allows for
the production of stable monodisperse bubble suspensions using
different phospholipid formulations. Here, microbubbles formed
by flow-focusing and coated by DPPC mixed with DPPE-PEG5000
at molar PEG percentages of 5.0%, 7.5%, and 10.0% were charac-
terized by ambient pressure controlled attenuation measurements
to determine their dilatational shell elasticity and dilatational in-
terfacial tension.

3 Experimental and numerical procedures

3.1 Phospholipid formulations

In this study, 3 phospholipid formulations were used to syn-
thesize monodisperse microbubbles with different shell compo-
sitions. DPPC was mixed with DPPE-PEG5000 at molar percent-
ages of 5.0, 7.5, and 10.0% and at total lipid concentrations of
30, 20, and 15 mg/mL, respectively. The total lipid concentration
was increased for decreasing molar PEG ratios to minimize bubble
coalescence in the outlet of the flow-focusing device.31 The aque-
ous lipid dispersions were prepared as described in our previous
work, however, no co-solvents or viscosity increasing chemicals,
e.g. propylene glycol and glycerol, were added as they are now
known to degrade the stability of the final bubble suspension.31

3.2 Bubble production in a flow-focusing device

Figure 2A shows an image of the employed custom made flow-
focusing device. The features were isotropically etched to a depth
of 8 µm in two glass wafers (Micronit Technologies b.v., En-
schede, The Netherlands) that were aligned and bonded together
to form a cylindrical channel with a length of 30 µm and a depth
of 16 µm in which the bubbles pinch off.

Bubbles were produced at C4F10 gas (F2 Chemicals Ltd.) pres-
sures ranging from 1.0 to 1.2 bars and at liquid co-flow rates rang-
ing from 100 up to 150 µL/min. The gas pressure was controlled
by a pressure regulator (Omega, PRG101-25) connected to a pres-
sure sensor (Omega, DPG1000B-30G). The flow-rate of the lipid
suspension was controlled by a mass-flow controller (mini Cori-
Flow, Bronkhorst Nederland B.V., The Netherlands) and its liquid
reservoir was pressurized by C4F10 gas. The outlet of the flow-
focusing device was connected to a 24G needle via PEEK tubing
(Upchurch) to facilitate the collection of the bubbles in a sealed
glass vial that was pre-filled with pure C4F10 gas, see Fig. 2B.
A vent needle was pierced through the closing rubber stopper
and it was positioned against the bottom of the glass vial that
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Fig. 2 (A) Image of the custom-made flow-focusing device used to pro-
duce C4F10-filled monodisperse microbubbles. (B) The bubbles were col-
lected in a vial that was pre-filled with C4F10 gas. (C) Size distributions of
the bubble populations coated with (C1) 10.0 mol % PEG5000, (C2) 7.5
mol % PEG5000, and with (C3) 5.0 mol % PEG5000 that were charac-
terized in this study.

was placed upside-down during bubble collection. Since C4F10

gas has a higher density than air, it does not spontaneously drain
from the vial. Bubbles were collected for 10 minutes after which
the needles were removed. The vial was put to rest for 2 days
to allow the bubbles to stabilize in the vial with its headspace
filled with C4F10 gas before acoustic characterization experiments
were performed.28 Within 1 hour before the start of an attenua-
tion experiment, the bubble size distribution was measured using
a Coulter counter (Multisizer 3, 30 µm aperture tube, Beckman
Coulter, Brea, CA, USA) at a dilution factor of 1:2000 in saline.
Figure 2C shows the size distributions of the bubble samples with
a typical polydispersity index of 5 to 6% (PDI: standard devia-
tion divided by the mean radius) that were characterized in this
study. The bubble concentrations ranged from 200 to 350 million
bubbles/mL.

3.3 Ambient pressure dependent acoustic characterization
The resonance behavior of the microbubble populations with the
colored size distributions, Fig. 2C, were characterized by atten-
uation measurements at a rate of 10 s−1 at ambient pressures
ranging from 60 kPa to 145 kPa. Before the measurement, 30 µL
of bubble suspension was diluted in a beaker filled with 150 mL
air-saturated saline (5000× dilution). The diluted mixture was
homogenized by stirring for a duration of 20 s using a magnetic
stirrer. Then, part of the mixture was poured into the filling reser-
voir of the acoustic characterization setup and its sample con-
tainer (Fig. 3B) was filled through gravity, see Fig. 3A. The sam-
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ple container was custom-made from a Perspex cylinder with an
inner diameter of 35 mm and a width of 9 mm (d in Fig. 3B). It
was sealed by two acoustically transparent polyester membranes
with a thickness of 80 µm (Melinex, DuPont Teijin Films, Chester,
VA) that were glued and clamped on both sides of the Perspex
cylinder by Perspex rings. A magnetic stirrer bar placed inside the
container ensured a homogeneous bubble suspension during the
measurement. The sample container was air and water tight and
two 5 mm tube connections, one at the top and one at the bottom
(Fig. 3B), were used to fill, empty, and pressurize the sample con-
tainer. During the filling procedure, the T-valves were positioned
as indicated by the black T-shaped symbols in Fig. 3A. After filling,
the valves were positioned such that a closed circuit was formed,
see green T-shaped symbols in Fig. 3A. The static pressure in the
closed circuit was controlled through air compression and decom-
pression using an air-filled 60 mL syringe mounted on a syringe
pump (PHD 4400, Harvard Apparatus, Holliston, MA) that was
operated at a constant flow-rate of +90 mL/min or -90 mL/min,
respectively. Every microbubble sample was characterized by two
measurements. First, the ambient pressure was lowered from at-
mospheric pressure down to 60 kPa for a duration of 11 s result-
ing in 110 attenuation spectra. Then, the sample was refreshed
and the ambient pressure was increased from atmospheric pres-
sure up to 145 kPa for a duration of 11 s, again resulting in 110
attenuation spectra.

Attenuation measurements were performed at room tempera-
ture using two transducers that were confocally aligned within
the bubble container, see Fig. 3A. The transmit signals were nar-
rowband 12-cycle sinusoidal pulses with a half-Gaussian taper-
ing over 2 cycles on both sides of the pulse to minimize tran-
sient effects at transmit frequencies close to the boundaries of the
transmit transducer bandwidth. The transmit transducer (V304,
Panametrics-NDT, Waltham, MA) had an aperture of 25.4 mm, a
focal distance of 76.2 mm and a center frequency of 2.25 MHz.
The -6 dB focal length of the transmit transducer was 2 to 4 cm
(5.7 MHz to 1.0 MHz, respectively), i.e. it was larger than the
intersection of the acoustic beam with the sample container to
ensure a homogeneous acoustic pressure and nearly plane waves
in the sample container. The frequency of the transmit pulses was
varied from 0.7 MHz to 5.7 MHz in steps of 0.1 MHz. At each fre-
quency, attenuation was measured from a single 12-cycle transmit
pulse.28 The frequency-dependent output of the transmit trans-
ducer was measured for the 12-cycle driving pulses transmitted
at all employed driving frequencies using a calibrated membrane
hydrophone (MH026, Precision Acoustics Ltd., Dorset, UK). The
measured response was used to correct the transducer driving
voltage such that the acoustic focal pressure was 5 kPa over the
full transmit frequency-range. The transmit pulses were gener-
ated by an arbitrary waveform generator AWG1 (LeCroy, Arbstu-
dio 1104) that was programmed before the measurements. A
second waveform generator AWG2 (8024, Tabor, Tel-Hanan, Is-
rael) triggered AWG1 by a burst of 51 pulses at a rate of 5 kHz to
record a complete attenuation spectrum in 10.2 ms. AWG2 was
triggered by a third waveform generator AWG3 (8024, Tabor, Tel-
Hanan, Israel) at a rate of 10 Hz to measure a full attenuation
spectrum every 100 ms. The transmitted signals were amplified
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Fig. 3 (A) Schematic representation of the setup designed to charac-
terize microbubble suspensions through attenuation measurements at
absolute ambient pressures ranging from 60 to 145 kPa. (B) Detailed
schematic of the bubble sample container. (C) Setup to optically mea-
sure ambient pressure-dependent microbubble size.

by a 55 dB linear power amplifier (ENI, 3200 L, ENI, Rochester,
NY) and received by the transducer (M3, 3 MHz, 110% -6 dB rel-
ative bandwidth, Vermon, Tours, France) in line with the transmit
transducer. The received signals were recorded by an oscilloscope
(LeCroy, HRO 64Zi) operated in sequence acquisition mode at
a sampling rate of 50 MHz. The oscilloscope was triggered by
AWG2 and at each trigger pulse it recorded both a time trace of
the attenuated transmit signal and the output voltage of the pres-
sure sensor (Almemo 2290-2).

Due to the limited bandwidth of the transmit and receiving
transducers, only a narrow range of bubble sizes could be char-
acterized by ambient pressure-dependent attenuation measure-
ments, see the colored size distributions in Fig. 2C. In a second
experiment performed at atmospheric pressure alone, all bubble
samples with the size distributions shown in Fig. 2C were charac-
terized by attenuation measurements at a peak negative acoustic
pressure of 5 kPa. These measurements were performed to ob-
tain shell parameters at atmospheric pressure over a larger bub-
ble size-range and to compare them with the ambient pressure-
dependent results. The bubble-sample handling and dilution fac-
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tor were as before.

3.4 Optical ambient pressure-dependent bubble size mea-
surement

In a separate experiment, the bubble size was measured opti-
cally as a function of the ambient pressure using a CCD camera
(LM165M, Lumenera, 6.45 µm pixel size) connected to a micro-
scope (Olympus IX50), see Fig. 3C. The microscope was equipped
with a 40× objective (Olympus LCPlanFl) resulting in an optical
resolution of 0.16 µm/pixel. The bubble samples were diluted by
20 times and infused in a flow-cell (IBIDI µ-slide) with a 100 µm
channel height that was positioned in the field of view of the mi-
croscope objective. The ambient pressure in the flow cell was
controlled using a syringe pump, as before. A waveform gener-
ator AWG1 (8024, Tabor, Tel-Hanan, Israel) was used to simul-
taneously trigger the camera and the oscilloscope (LeCroy, HRO
64Zi). The oscilloscope was operated in sequence mode to record
the output voltage of the pressure sensor at a rate of 10 s−1. Dur-
ing the pressure measurement, the ambient pressure in the flow
cell was decreased in a first measurement from atmospheric pres-
sure down to 60 kPa using the syringe pump, as before. The bub-
ble size was recorded optically also at a rate of 10 s−1 using the
camera. In a second measurement, using a fresh bubble sample,
the ambient pressure was increased from atmospheric pressure to
145 kPa.

3.5 Data analysis

Attenuation curves were processed using MATLAB (The Math-
Works, Inc., Natick, Massachusetts, US). For each transmit fre-
quency fT , the corresponding time trace was first gated by a win-
dow with a temporal length equal to that of the 12-cycle transmit
pulse at fT . The window was delayed by 102 µs with respect
to the start of the transmit pulse, this was the travel time of the
ultrasound wave from the transmit transducer to the receiving
transducer. The windowed signals were then bandpass-filtered
between 100 kHz and 10 MHz using a fourth order Butterworth
filter, after which the power spectrum was calculated. The at-
tenuation coefficient α at transmit frequency fT was calculated
from the amplitude of the power spectrum at fT obtained from a
measurement with bubbles present and from that of a reference
measurement without bubbles present, as follows:

αexp =−
10
d

log10
|Vbub( fT )|2

|Vre f ( fT )|2
, (1)

where |Vbub( fT )|2 and |Vre f ( fT )|2 are the amplitudes of the power
spectra obtained from the time traces recorded with and without
bubbles present at transmit frequency fT , respectively, and where
d is the acoustic path length over which bubbles are present.

The optical microscope recordings were processed frame by
frame with an automated image processing algorithm written in
Matlab.24 For all bubbles in the image, first, the center of the
bubble was found from a processed binary image. Then, the orig-
inal bubble image was transformed into polar coordinates with
the bubble center at the origin. The intensity profile of the bubble
was averaged over all angles and the bubble size was determined

from the inflection point of the average intensity profile. The
bubble position data and its size were stored in a matrix, and a
tracking algorithm32 was used to identify bubbles over the differ-
ent frames such that the ratio R(Pamb)/R0 could be determined for
each bubble, with R0 the bubble size at atmospheric pressure.

3.6 Bubble dynamics: modeling the attenuation spectra

Several models are available for modeling non-linear bubble dy-
namics.5,10,11 Here, we use the modified Rayleigh-Plesset type
equation given by Marmottant et al.:11

ρ

(
R̈R+

3
2

Ṙ2
)
=

(
P0 +

2σ(R0)

R0

)(
R0

R

)3κ (
1− 3κṘ

c

)

−P0−PA(t)−
2σ(R)

R
− 4µṘ

R
− 4κsṘ

R2 ,

(2)

where ρ is the liquid density, µ the liquid viscosity, c the speed of
sound in the liquid, κ the polytropic exponent of the gas inside the
bubble, with P0 the ambient pressure and PA the acoustic driving
pressure. R0 is the initial bubble radius, R the time-dependent
radius of the bubble and the overdots denote its time derivatives.
κs accounts for the dilatational viscosity of the shell. The effective
surface tension is captured by σ(R).

The Rayleigh-Plesset type equation, Eq. 2, can be linearized
to describe bubble dynamics at small amplitudes of oscillation
around the equillibrium radius R0. The radial amplitude of oscil-
lation is given by:4

Rε =
PA

R0ρ

1√
(ω2

0 −ω2)2 +(δtotω0ω)2
(3)

where ω = 2π fT is the angular ultrasound frequency, and ω0 the
angular eigenfrequency that is given by:7

ω0 =

√
1

ρR2
0

(
3κP0 +(3κ−1)

2σ(R0)

R0
+

4χ

R0

)
, (4)

with χ = Adσ/dA the shell elasticity at the equilibrium bubble
radius R0. The corresponding dimensionless damping coefficients
are given by:4

δrad =
3P0κ

ρωcR0
≈ ωR0

c
, δvis =

4µ

ρωR2
0
, δshell =

4κs

ρωR3
0
. (5)

where δrad the damping due to the re-radiation of ultrasound,
δvis the damping resulting from the liquid viscosity, and δshell the
shell viscous damping. A microbubble also experiences thermal
damping δth due to heat diffusion4,33 and since for UCA bubbles
it is of the same order as the viscous damping for a bubble in
water,4 typically the viscosity of the medium is increased by a
factor 2 to account for thermal damping.14,20 The total damp-
ing: δtot = δrad + δth + δvis + δshell , results in a slightly reduced
microbubble resonance frequency ωres as compared to its eigen-
frequency ω0, as follows:

ωres = ω0

√
1− δ 2

tot
2

(6)
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Moreover, damping results in energy loss of the insonifying acous-
tic wave. The energy loss of a driving ultrasound wave with angu-
lar frequency ω = 2π fT resulting from scattering, or re-radiation
of ultrasound, from a single microbubble can calculated from the
scattering cross-section, which for small amplitudes of oscillation
can be expressed as:4,34

Ωscs =
4πR2

0
((ω0/ω)2−1)2 +δ 2

tot
. (7)

The total amount of scattered and absorbed energy of an acous-
tic wave propagating through a dilute cloud of homogeneously
distributed bubbles at concentration n can be obtained by summa-
tion over the scattering- and extinction cross-sections of all the in-
dividual bubbles present in the acoustic beam34 when higher or-
der scattering effects are negligible, i.e. when n2/3Ωscs� 1.19,35

The total attenuation αmodel of an ultrasound wave traveling
trough a bubble suspension is a result of the total energy dissipa-
tion resulting from the presence of bubbles and it is given by:

αmodel =−
10

ln(10) ∑
R

δtot

δrad
n(R)Ωscsd, (8)

with n(R) the bubble size dependent bubble concentration, and
d the acoustic path length over which the sound wave interacts
with the bubbles.

3.6.1 The fitting procedure: obtaining the shell parameters

Equations 4-8 were used to obtain shell elasticity and shell viscos-
ity as function of ambient pressure by fitting a modeled attenu-
ation curve αmodel to every experimentally measured attenuation
curve αexp.10,36–38 First, the bubble size distribution measured
at atmospheric pressure was multiplied by the optically mea-
sured average ambient pressure-dependent bubble-size-change
ratio R(Pamb)/R0 of the considered bubble sample to find the bub-
ble size distribution at ambient pressure Pamb. Then, for each
bubble size in the size distribution, the resonance frequency was
calculated using Eq. 4 using an initial set of shell parameters;
χ = 0.5 N/m and κs = 1× 10−8 kg/s. Further input parame-
ters to Eq. 4 were the liquid density ρ = 1000 kg/m3, the speed
of sound c = 1500 m/s, the polytropic exponent of the C4F10

gas κ = 1.07, and the initial surface tension σ(R0) that was set
to 0.035 N/m during the first run of the fitting procedure. Sub-
sequently, the dimensionless damping constants were calculated
using Eq. 5 for each bubble size in the size distribution and for
every experimentally employed insonation frequency fT . The vis-
cosity of the water µ = 1 mPa·s was increased by a factor of 2 to
account for thermal damping.14 Next, the scattering cross-section
given by Eq. 7 was calculated in order to calculate a modeled at-
tenuation spectrum using Eq. 8. The modeled attenuation spec-
trum αmodel was compared to the experimentally measured atten-
uation spectrum αexp through the root-mean-square (RMS) error
defined as follows:

RMS =
√

∑(αexp−αmodel)2. (9)

The RMS error was minimized using the fminsearch function in
MATLAB to find a best fit for the shell elasticity and the shell vis-

cosity for each experimentally measured attenuation curve. The
interfacial surface tension was then calculated by numerical inte-
gration of the shell elasticity, as follows:8

σ(A) =
∫ A

0

χ(A)
A

dA. (10)

The obtained σ(A) curve was entered in a second run of the fitting
procedure now having a better estimation for σ(R0) in Eq. 4, i.e.
σ(R0) = σ(R(Pamb)). Then, the fitting procedure was repeated
and each time, σ(A) obtained during run number n was input to
the next run n+1, and so on, until the σ(A) curve converged, i.e.
until the root-mean-square error with respect the previous run
was below 10−5.

4 Results and discussion
A typical ambient pressure-dependent attenuation measurement
is shown in Fig. 4A. It shows a surface plot of the 220 attenua-
tion spectra measured for Sample 1 (Fig. 2C) with an initial bub-
ble radius of 2.4 µm (at atmospheric pressure). A movie of the
individual attenuation spectra changing with the ambient pres-
sure variation can be found in the supplementary information.
The bubbles were coated with a mixture of DPPC and 10 mol %
DPPE-PEG5000. The frequency of maximum response fMR of the
attenuation spectra in Fig. 4A as a function of the ambient pres-
sure Pamb is plotted in Fig. 4B. Starting at atmospheric pressure, a
decrease in Pamb results in a decrease of the fMR. The other way
around, an increase of Pamb results in an increase of the fMR up to
a certain ambient pressure, 124 kPa in this case, where after the
fMR suddenly drops.

The ambient pressure-dependent bubble radius was measured
directly using optical microscopy and it is shown in Fig. 4C for
Sample 1. The smoothed data (solid red line) was used in the
fitting procedure as described before to obtain the shell elasticity
and the shell viscosity as a function of Pamb. To demonstrate the
robustness of the fitting procedure, Fig. 4D shows modeled at-
tenuation curves (solid lines) that were fitted to 5 out of the 220
measured attenuation curves (dots) shown in Fig. 4A. The fit-
ting procedure was performed for all measured attenuation spec-
tra shown in Fig. 4A. The product n2/3Ωscs was 0.024 at maxi-
mum, confirming that multiple scattering could be neglected in
the modeling.

Figure 4E shows the obtained shell elasticity as a function of the
normalized bubble surface area A/A0, with A0 the surface area of
the bubble at atmospheric pressure. It shows that, upon com-
pression, the elasticity of the phospholipid shell increases up to
0.6 N/m where a maximum compression is reached. Upon fur-
ther compression, the monolayer collapses, or buckles, and the
shell elasticity drops to zero. When the monolayer is compressed
even further, the shell elasticity jumps back up to higher values
(red crosses) indicating the loss of shell material through, e.g.
lipid shedding.39,40 Therefore, these data points are excluded for
further analysis. Upon expansion, the shell elasticity decreases,
first gradually to 0.35 N/m, and then more rapidly, to zero.

To measure the rigor of the bubble stability, a second ambient
pressure-dependent attenuation measurement was performed on
Sample 1. The bubble sample was refreshed and subsequently,
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Fig. 4 (A) Surface plot of the 220 attenuation curves measured at ab-
solute ambient pressures ranging from 60 to 145 kPa for microbubble
Sample 1. (B) The frequency of maximum response fMR of the atten-
uation curves shown in (A) as a function of the ambient pressure. (C)
Optically measured ambient pressure dependent bubble size. (D) A lin-
ear model (solid lines) was fitted to the measured attenuation curves to
obtain the shell elasticity χ (E). The gray area represents the error. (F)
The obtained shell elasticity was integrated using Eq. 10 to obtain the
interfacial tension as a function of the bubble surface area A normalized
to the bubble surface area at atmospheric pressure A0.

the ambient pressure was increased from atmospheric pressure
to 120 kPa, then down to 80 kPa, and finally all the way up to
145 kPa. The obtained shell elasticity from this second measure-
ment is also plotted in Fig. 4E (colored dots). The light blue dots
represent the start of the measurement and the dark purple ones
the end of the Pamb cycle, see legend. The χ(A/A0) data collapses
on the same curve as the data obtained from the first two mea-
surements; one from atmospheric pressure down to 60 kPa, and
one from atmospheric pressure up to 145 kPa (black dots) indicat-
ing that the bubbles were highly stable during the pressure cycle
as loss of shell material through lipid shedding,39,40 or a change
in bubble size due to gas diffusion, would have resulted in a dif-
ferent χ(A/A0) curve. Thus, the bubble size changed only due
to mechanical compression and decompression of the bubble/gas

system.
To quantify the shell elasticity, the microbubble surface area

needs to oscillate. These surface area oscillations effectively aver-
age the shell elasticity over the imposed variation in surface area.
To estimate the corresponding error in the obtained shell elastic-
ity, Eq. 3 was used to calculate the magnitude of the acoustically
driven surface-area oscillations during the attenuation measure-
ment. The lower area-limit of the gray area plotted in Fig. 4E
represents (R−Rε )

2/R2
0 and the upper limit (R+Rε )

2/R2
0. At the

frequency of maximum response, the measured attenuation levels
were at least 20 dB/cm, see Fig. 4A, i.e, the driving acoustic pres-
sure wave decreased in amplitude by at least 90% after passing
through the bubble sample.41 Thus, the deliberately chosen high
bubble concentrations, resulting in high attenuation levels, effec-
tively lowered the average acoustic pressure amplitude by which
the bubbles were driven to 2.7 kPa and this value was used in
Eq. 3 together with δtot and ω0 obtained directly from the model
fit. The narrowness of the gray area in Fig. 4E points out the high
accuracy of the novel elasticity measurement technique presented
in this work.

The shell elasticity of Fig. 4E was numerically integrated fol-
lowing Eq. 10 to obtain the normalized bubble surface area-
dependent interfacial tension σ(A/A0), see Fig. 4F. The constant
of integration was zero and integration was started at the area
A where χ reached its minimum value during compression (at
A/A0 = 0.91 in Fig. 4E). Figure. 4F shows that for a compressed
bubble, the surface tension is zero and it increases, first more
rapidly and later more slowly, with an increase in bubble surface
area to the surface tension of the surrounding water. Since the ini-
tial surface area A0 is known from the optically measured bubble
size, the surface tension at atmospheric pressure, i.e. the initial
surface tension σ(A0) is known. σ(A0) is indicated by the red dot
in Fig. 4F and it was 38 mN/m. The relatively high initial surface
tension is discussed below where Fig. 5D is introduced.

To investigate the universality of the measured shell elastic-
ity and surface tension curves with varying PEG molar fraction
and bubble sizes, the measurements were repeated for 6 other
bubble populations with DPPE-PEG5000 molar concentrations of
5.0%, 7.5%, and 10.0% and with mean bubble radii ranging from
2.0 µm to 2.7 µm, see Samples 2−7 in Fig. 2C. Figure 5A shows
the optically measured ambient pressure-dependent normalized
bubble radius R/R0, smoothed over 5 points, that was used in the
fitting procedure together with the measured attenuation spectra
(not shown but similar to Fig. 4A). Bubbles of a different size,
or bubbles originating from different samples, may have a differ-
ent lipid packing density at atmospheric pressure, i.e. a different
σ(A0), resulting in a mutual shift of the elasticity curves towards
a higher or a lower normalized surface area A/A0. Therefore, to
allow for a comparison between the different samples, the bub-
ble surface area A is now normalized by its surface area AN at a
surface tension σ of 40 mN/m, instead of its surface area at atmo-
spheric pressure A0. A surface tension of 40 mN/m was selected
since it is close to the initial surface tension of Sample 1. To ob-
tain AN , the shell elasticity curves were first integrated according
to Eq. 10 to obtain σ(A), from which then AN was determined.
The shell elasticity obtained from the fitting procedure is plotted
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in Fig. 5B as a function of A/AN for bubble Samples 1−7. All data
collapses on a single curve showing that shell elasticity is only de-
pendent on the area per lipid molecule, and not on bubble size.
Moreover, for the DPPE-PEG5000 molar fractions used here, no
difference is observed in the bubble surface area dependent shell
elasticity.
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a function of the bubble surface area A normalized to AN ; the bubble
surface area at a surface tension of 40 mN/m. (C) The shell elasticity
curves in (B) were integrated using Eq. 10 to obtain the surface tension
as a function of A/AN . (D) Initial surface tension as a function of the
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Figure 5B shows that the shell elasticity of a lipid coated mi-
crobubble depends on the lipid packing fraction. Thus, the shell
elasticity of microbubbles in suspension, either stored in a vial
or in dilution, may vary over time due to the loss of gas result-
ing in a lower equilibrium surface tension σ(A0). Nevertheless,
Fig. 5B shows that this potential variation in shell elasticity does
not necessary imply a change in the molecular composition of the
microbubble coating.

As before, the interfacial surface tension is found by integration
of the χ(A) curves shown in Fig. 5B by using Eq. 10. It is plotted
in Fig. 5C as function of A/AN . All σ(A/An) curves collapse on a
single curve. This again demonstrates that the surface tension of
a lipid coated microbubble depends purely on its surface area per
lipid molecule and not on absolute bubble size / surface area.

The initial surface tension σ(A0) is plotted in Fig. 5D as a func-
tion of the bubble radius R0 at atmospheric pressure. For all bub-
ble samples, σ(R0) is close to 40 mN/m. This value is surprisingly
high since it is expected that a higher lipid packing fraction re-
sults in a more stable bubble, and that therefore, the initial sur-
face tension of a phospholipid-coated bubble naturally decreases
to values close to zero.42,43 Moreover, initial surface tension val-
ues reported in literature are mostly at or below 20 mN/m.2,12

As a self-consistent check of the σ(R) curve and the σ(R0)

values, σ(R) was directly obtained from an optically measured
R(Pamb) curve (Fig. 4C) using the polytropic gas law (PV γ =

const.) and from the gas pressure inside the bubble, as follows:
σ(R) = R/2((P0 + 2σ(R0)R−1

0 )(R0R−1)3γ − Pamb), where R is the
measured ambient pressure dependent bubble radius, P0 atmo-
spheric pressure, R0 the bubble radius at atmospheric pressure
and γ the polytropic exponent that was set to 1 for the relatively
slow and thus isothermal compression and expansion. The σ(R0)

was set to 40 mN/m, such that the obtained σ(R) curve had val-
ues between zero and the surface tension of water. The obtained
dilatational σ and χ curves were found to be noisy (see Fig. S1,
supplementary information) however, the trends were consistent
with those obtained from the attenuation measurements. Fur-
thermore, the value of σ(R0) was equal to that obtained using the
attenuation measurements. The high initial surface tension found
in this work may be related to the microbubble collection method,
i.e. in a vial filled with pure C4F10 gas. It may also be related
to the long PEG5000 surface-grafted polymer in the microbub-
ble shell, on which no characterization is presently available in
literature. The relatively high initial surface tension in combina-
tion with the high microbubble stability suggests a high resistance
of the microbubble shell against gas transport through the shell
membrane.44 Nevertheless, the exact nature of the high initial
surface tension values found in this work remains unexplained
and should be subject of future studies.

For the DPPE-PEG5000 molar fractions used here (5 - 10%),
no difference is observed in the bubble surface-area dependent
shell elasticity (Fig. 5B). Lozano and Longo15 measured surface
pressure-area isotherms for DPPC/DSPE-PEG2000 mixtures and
they also found very little variation in surface pressure between
DPPC monolayers with DSPE-PEG2000 molar fractions of 5 to
10%. From Lozano and Longo’s data, larger differences can be
expected for lower PEG molar fractions. Indeed, Dicker et al.45

showed an increased shell stiffness for bubbles coated with only
1 mol % of DSPE-PEG5k as compared to bubbles coated with
7.5 mol % DSPE-PEG5k (mixed with DSPC). However, in prac-
tice it will be very challenging to produce stable monodisperse
microbubbles at high-production rates by flow-focusing using an
even lower PEG molar fraction than 5% since this results in severe
coalescence of the formed bubbles, unless total lipid concentra-
tions on the order of 102 mg/mL are used.31 Therefore, tuning
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the acoustic response of microbubbles formed by flow-focusing
through a variation of the PEG molar fraction seems a non-viable
route.

The shell viscosity κs as a function of Pamb was also obtained
from the fitting procedure and it is plotted in Fig. 5E as a func-
tion of A/AN . While the shell viscosity curves for the bubbles
with different sizes (see legend) are of similar shape, the aver-
age κs increases with increasing bubble radius, as expected from
literature.7,46,47 With regard to the shape of the curves, start-
ing at atmospheric pressure, κs is relatively constant for a de-
crease in ambient pressure. However, when the bubble is com-
pressed, κs substantially increases. The increase in shell viscos-
ity at higher lipid packing densities and surface pressures may
result from the larger intermolecular forces at these smaller in-
termolecular distances. An increase in dilatational surface vis-
cosity with an increasing surface pressure was also observed in
macroscopic oscillating pendant drop and bubble tensiometry ex-
periments.48,49 Furthermore, motivated by in-vivo blood pressure
variations, Kumar et al. measured shell properties at overpres-
sures up to 200 mm Hg (27 kPa).50 For Definity bubbles with a
very similar shell composition to the 10% PEG lipid mixture used
here, Kumar et al.51 also found a shell viscosity and shell elastic-
ity increase for increased ambient pressures.

In the second experiment a total of 19 different monodisperse
bubble populations with mean bubble radii ranging from 1.6 µm
to 3.2 µm (see size distributions in Fig. 2C1-3), were character-
ized by attenuation measurements at atmospheric pressure and
at a peak negative acoustic pressure of 5 kPa. The obtained shell
elasticity is shown in Fig. 6A. As before, it is shown to be inde-
pendent of the bubble size and the average value is 0.53 N/m, in
perfect agreement with A/AN = 1 in Fig. 5B. The obtained shell
viscosity is shown in Fig. 6B. The shell viscosity κs increases with
bubble size as was reported before.7,46,47 Bubble size-dependent
shell viscosity may result from a dependence of κs on dilatation
rate.7 Attempts have been made to include a dilatation rate de-
pendent κs in the modeling of bubble dynamics, however, at the
cost of an extra fitting parameter.52 At present, a physical model
for a dilatation-rate dependent κs is still missing. Here, we focus
on shell elasticity and surface tension and dilatation rate depen-
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cillation modeled using both σ(A/A0) relations shows a higher response
below resonance for that modeled using the measured σ(A/A0) curve.
(D) Total radial amplitude of oscillation at the second harmonic as a func-
tion of the initial surface tension σ(R0).

dent shell viscosity is beyond the scope of the present work. As
for the shell elasticity, the obtained shell viscosity values are in-
dependent of the DPPE-PEG5000 molar faction in the range of 5
to 10%.

The difference between bubble dynamics modeled using the
Marmottant model, and that modeled using the σ(A/AN) curve
measured in the present work was investigated by solving the full
non-linear Rayleigh-Plesset equation (Eq. 2) for both cases. To
that end, the average of the 7 measured interfacial surface ten-
sion curves (Fig. 5C) was parameterized. To capture all the de-
tails of the measured σ(A/AN) curve, i.e. in particular the rapid
changes of its derivative (shell stiffness) around the buckling ra-
dius, a 10th degree polynomial fit was used, see solid red line
in Fig. 7A. The initial surface tension was set to 40 mN/m, sim-
ilar to what was obtained from the measurements presented in
this work. The parametrization of σ(A/AN) can be found in Ap-
pendix 1. The shell elasticity χ in the Marmottant model was set
to match the measured χ(A/A0) at A/A0 = 1, i.e. χ=0.5 N/m.
Further input parameters to the model were an 8-cycle acoustic
driving pulse, the density of water ρ = 1000 kg/m3, atmospheric
pressure P0 = 100 kPa, the polytropic exponent for C4F10 gas
κ = 1.07, the speed of sound c = 1500 m/s, the equilibrium bub-
ble size R0=2.5 µm, and the viscosity of water µ = 1 mPa·s. The
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modeled amplitude of oscillation of the microbubble at the fun-
damental frequency relative to the initial bubble radius ε f , found
from the Fourier transformed radial response curves, is plotted in
Fig. 7B for peak negative acoustic pressures of 10, 20, 30, and
50 kPa. The frequency of maximum response shifts to a lower
frequency with an increasing driving pressure due to the effec-
tive averaging of the shell elasticity over elastic and nonelastic
regions.2,20,41,53,54 The microbubble surface area over which the
bubble has a finite stiffness is relatively small and therefore, at
high driving pressures, the bubble essentially resonates at the fre-
quency of an uncoated gas bubble. No difference is observed be-
tween the amplitude of oscillation at the fundamental frequency
modeled using the Marmottant model (dots) and the σ(A/A0)

curve measured in this work (solid lines). However, at the sec-
ond harmonic, the relative amplitude of oscillation ε2H modeled
using the σ(A/A0) curve from this work results in a higher re-
sponse than that modeled using the Marmottant model at driving
pressures below 50 kPa, see Fig. 7C. The effect of the initial sur-
face tension on the total relative amplitude of oscillation at the
second harmonic ,

∫ 4 MHz
0.7 MHz ε2Hd f , is plotted in Fig. 7D. It shows

that the difference in the second harmonic response is mainly at-
tributed to lower resistance against expansion as compared to
that against compression. This can be concluded from the ob-
served difference at the higher initial surface tensions, starting at
σ(R0) ≈ 20 mN/m, where the shell elasticity is lower during the
expansion phase than during the compression phase. Further ex-
perimental research involving non-linear scattering is required to
investigate the nonlinear dynamics in more detail and to validate
the results of the modeling effort.

Finally, it is of interest to discuss the maximum value of the
shell elasticity of 0.6 N/m found in this work. In literature, a
broad range of shell elasticity values have been reported. For
DPPC based bubbles the reported values range from 0.06 N/m55

up to approx. 2.5 N/m.19,37,56,57 For DSPC based bubbles the
lower limit of χ is similar to that of DPPC based bubbles how-
ever, even higher maximum values have been reported, up to
3.5 N/m.20,38,58 To date, the nature of the reported differences
remains unclear. The length of the PEG chain, the length of the
primary lipid molecules, temperature, microbubble production
method, resting time after synthesis, and phase behavior and mi-
crostructure formation of the lipids in the coating may all play a
role.59–61 Furthermore, acoustically driven selective loss of shell
components may influence shell stiffness. In our previous work, it
was shown that the shell elasticity of monodisperse microbubbles
formed by flow-focusing and coated by a very similar lipid mix-
ture (DPPC:DPPA:DPPE-PEG5k, 8:1:1 molar ratio) can increase
from 0.8 N/m to 2.5 N/m during multiple acoustic insonations28

which, in part, can now be explained from a slight (2%) decrease
in bubble radius due to acoustically driven dissolution. Never-
theless, in the present work, the maximum shell stiffness mea-
sured upon bubble compression was only 0.6 N/m and therefore,
the previously obtained high shell stiffness of our previous work
cannot be fully explained from the present results and another
physical microstructure and/or underlying mechanism must be at
play. All in all, future work is necessary to develop a universal un-
derstanding of the physicochemical- and acoustic parameters that

determine shell elasticity, e.g. using monodisperse bubbles with
a well defined response and the novel elasticity characterization
method presented here.

5 Conclusions
The dilatational elasticity and corresponding dilatational inter-
facial tension of lipid-coated monodisperse microbubbles can be
measured at high precision using acoustic attenuation measure-
ments at controlled ambient pressures. For monodisperse C4F10

filled microbubbles coated with DPPC and DPPE-PEG5000 mixed
at molar fractions of 5.0%, 7.5%, and 10.0%, the surface elas-
ticity is highly dependent on the dilatation of the bubble sur-
face. During bubble compression, the elasticity increases up to
an elasticity of 0.6 N/m at which the monolayer collapses and the
elasticity vanishes. During bubble expansion, the elasticity first
monotonically drops to an elasticity of 0.35 N/m, after which
it more rapidly drops to zero. No difference was observed in
the elasticity-area curves obtained for bubbles of a different size,
and for the bubbles coated with different PEG molar shell frac-
tions. The elasticity-area curves were integrated with respect to
the microbubble surface area to find the dilatational interfacial
tension of DPPC/DPPE-PEG5000 coated microbubbles. Upon ex-
pansion, the interfacial tension increases, first rapidly, and then
more slowly from zero to the surface tension of the surround-
ing medium. Thus, we showed by direct experimental evidence
that indeed, a phospholipid-coated microbubble is in a tensionless
state when it is compressed, and, that it has the interfacial ten-
sion of the surrounding medium upon expansion. The novel mea-
surement technique presented in this work revealed the detailed
features of the nonlinear interfacial shell behavior of micrometer
sized bubbles coated with phospholipids.
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Appendix
The average of the measured σ(A/AN) curves shown in Fig. 5C

was parametrized by a 10th degree polynomial fit in Matlab. The
high order polynomial fit was chosen to capture all the details
of the measured σ(A/AN) curve. The parametrization was per-
formed as follows:

σ f it

(
A

AN

)
= 0 if Am < 0.92

σ f it

(
A

AN

)
= ∑

10
n=0 1010cnAn

m, if 0.92≤ Am ≤ 1.12

σ f it

(
A

AN

)
= σw if Am > 1.12

(11)

where Am = A/AN . AN can have a different value than the bubble
surface area at atmospheric pressure A0 in order to control the
initial surface tension σ(A0). The coefficients of the polynomial
fit are given in Table 1.
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Table 1 Coefficients of the 10th degree polynomial fit to the average of
the measured σ(A/AN) curves.

c0 c1 c2 c3 c4 c5 c6 c7
-0.04 0.39 -1.70 4.47 -7.69 9.10 -7.41 4.16

c8 c9 c10
-1.53 0.33 -0.03
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