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Abstract—The stabilizing encapsulation of amicrobubble-based ultrasound contrast agent (UCA) critically affects
its acoustic properties. Polymers, which behave differently frommaterials commonly used (i.e., lipids or proteins)
for monolayer encapsulation, have the potential for better stability and improved control of encapsulation prop-
erties. Air-filledmicrobubbles coatedwith poly(DL-lactic acid) (PLA) are characterized here using in vitro acoustic
experiments and several models of encapsulation. The interfacial rheological properties of the encapsulation are
determined according to each model using attenuation of ultrasound through a suspension of microbubbles.
Then the model predictions are compared with scattered non-linear (sub- and second harmonic) responses. For
this microbubble population (average diameter, 1.9 mm), the peak in attenuation measurement indicates
a weighted-average resonance frequency of 2.5–3 MHz, which, in contrast to other encapsulated microbubbles,
is lower than the resonance frequency of a free bubble of similar size (diameter, 1.9 mm). This apparently contra-
dictory result stems from the extremely low surface dilational elasticity (around 0.01–0.07 N/m) and the reduced
surface tension of the poly(DL-lactic acid) encapsulation, as well as the polydispersity of the bubble population. All
models considered here are shown to behave similarly even in the non-linear regime because of the low surface dila-
tional elasticity value. Pressure-dependent scattering measurements at two different excitation frequencies (2.25
and 3 MHz) revealed strongly non-linear behavior with 25–30 dB and 5–20 dB enhancements in fundamental
and second-harmonic responses, respectively, for a contrast agent concentration of 1.33 mg/mL in the suspension.
Sub-harmonic responses are registered above a relatively low generation threshold of 100–150 kPa, with up to 20
dB enhancement beyond that pressure. Numerical predictions from all models show good agreement with the
experimentally measured fundamental response, but not with the experimental second-harmonic response. The
characteristic features of sub-harmonic responses and the steady response beyond the threshold are matched
well by model predictions. However, prediction of the threshold value depends on estimated properties and size
distribution. The variation in size distribution from sample to sample leads to variation in estimates of encapsula-
tion properties: the lowest estimated value for surface dilational viscosity better predicts the sub-harmonic
threshold. (E-mail: sarkar@gwu.edu) � 2013 World Federation for Ultrasound in Medicine & Biology.

Key Words: Ultrasound, Contrast agents, Microbubbles, Poly(DL-lactic acid), Polymer shell, Sub-harmonic,
Encapsulation, Resonance.

INTRODUCTION

Encapsulated microbubbles 1–10 mm in diameter are
used as contrast-enhancing agents for diagnostic ultra-
sound imaging. Encapsulating shells for ultrasound
contrast agents (UCAs) are typically made of proteins
(e.g.,Optison, GE Healthcare), lipids (e.g.,Definity, Lan-

theus Imaging; BR 14, SonoVue, Bracco Diagnostics;
Sonazoid, GE Healthcare) and other common surfactants
(Postema and Schmitz 2006). The shell stabilizes amicro-
bubble against diffusion-driven dissolution, which would
otherwise cause the microbubble to dissolve in a few
milliseconds to seconds (Katiyar and Sarkar 2010;
Katiyar et al. 2009; Sarkar et al. 2009). Recently, contrast
agents with various polymeric shells have been developed
that have the potential for enhanced stability (Eisenbrey
et al. 2008; El-Sherif and Wheatley 2003; Pisani et al.
2006) and improved control of the encapsulation
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properties (Yang et al. 2009). Here we characterize and
model linear and non-linear acoustic behaviors of
poly(DL-lactic acid) (PLA)-encapsulated microbubbles.

Various polymeric microbubbles have been investi-
gated for ultrasonic imaging (Forsberg et al. 2004;
Grishenkov et al. 2009a, 2009b; Ketterling et al. 2007;
Lavisse et al. 2005; Lu et al. 2009; Sciallero et al.
2012;Wheatley et al. 2007; Yang et al. 2009) and targeted
drug delivery/therapeutics (Jie et al. 2008; Lu et al. 2009;
Sirsi et al. 2009) (see the review by Xiong et al. [2011]).
Specifically, PLA and poly(DL-lactic–co-glycolic acid)
(PLGA), a block co-polymer with varying lactic/
co-glycolic acid ratios, have been investigated as encap-
sulating materials for contrast microbubbles. An approx-
imately 20 dB enhancement of acoustic response has
been been reported with PLGA (50:50 ratio of lactic
acid to co-glycolic acid) contrast agents in both in vitro
(El-Sherif and Wheatley 2003; Wheatley et al. 2006)
and in vivo (Forsberg et al. 2004; Wheatley et al. 2006)
dose–response studies. Forsberg and colleagues’ study
also investigated the role of varying ratios of lactic acid
to glycolic acid in the PLGA in vivo. As lactic acid
content was increased, the shell became more hydro-
phobic and increased in circulation time. These agents
were conjugated with breast cancer-targeting ligands
(Wheatley et al. 2007), making them a potential vehicle
for cancer drug delivery. PLA-shelled contrast agents
have also been loaded with the chemotherapeutic
drug doxorubicin for ultrasound-mediated delivery
(Eisenbrey et al. 2009, 2010a, 2010b). The maximum
acoustic response achieved using drug-loaded contrast
agents was an approximately 19 dB enhancement
in vitro (at 5 MHz excitation and 690 kPa peak pressure)
and an approximately 14 dB enhancement in vivo (with
5 MHz pulsed Doppler ultrasound) (Eisenbrey et al.
2010a). Size measurements on insonated doxorubicin-
loaded contrast agents revealed a decrease in average
size above the peak acoustic excitation pressure of 690
kPa, possibly as a result of bubble destruction through
fragmentation or diffusive loss of gas (Eisenbrey et al.
2010b). Lavisse and co-workers (2005) have also inde-
pendently studied PLA microparticles both in vitro and
in vivo and reported an 18 dB enhancement in their
in vitro dose–response studies conducted at 10 MHz
and 275 kPa excitation.

A complete understanding of the key parameters
contributing to stability, echogenicity and drug release
requires reliable mathematical models. A number of
models have been proposed to describe the dynamics of
encapsulated microbubbles over the years (Chatterjee
and Sarkar 2003; Church 1995; deJong et al. 1994;
Doinikov and Dayton 2007; Hoff et al. 2000;
Marmottant et al. 2005; Paul et al. 2010; Sarkar et al.
2005; Tsiglifis and Pelekasis 2008). To analyze and char-

acterize PLA-encapsulated microbubbles, we used four
different interfacial rheological models (the first three
developed in our lab): (i) Newtonian model; (ii)
constant-elasticity model; (iii) strain-softening exponen-
tial elasticity model (Chatterjee and Sarkar 2003; Paul
et al. 2010; Sarkar et al. 2005); and (iv) Marmottant
model (Marmottant et al. 2005). These models have
mostly been applied to predict the behavior of lipid-
coated UCAs. Polymer-coated UCAs have been reported
to behave differently, for example, to have lower elas-
ticity than lipid- or protein-based contrast agents
(Grishenkov et al. 2009a; Sciallero et al. 2012; Vos
et al. 2007) or to have a resonance frequency lower
than that of a similar-sized free bubble; typically, shell
elasticity increases resonance frequency (Wheatley
et al. 2006). Such distinct behaviors of polymeric micro-
bubbles warrant further investigation. We have developed
a hierarchical two-pronged approach to modeling, in
which a model is applied to one set of experimental
data to obtain model parameters, and then the model is
validated against a second independent experiment
(Chatterjee and Sarkar 2003; Paul et al. 2010; Sarkar
et al. 2005). Model improvement/modification is initiated
as warranted by the process of validation.

Here the same process of mechanical characteriza-
tion using interfacial rheological models of encapsulation
is applied to PLA microbubbles. Model parameters are
determined using attenuation, and then the model predic-
tions are compared against scattering, specifically non-
linear second- and sub-harmonic scattering. Non-linear
scattering from these PLA microbubbles has not been
measured before. Resonance frequency, threshold for
sub-harmonic generation and the latter’s critical depen-
dence on bubble size are investigated. In the next section
is a description of the materials and methods followed by
a brief overview of the mathematical modeling and simu-
lations. In the third section, we present and discuss the
experimental and modeling results, and in the final
section, we summarize the results.

METHODS

Microbubble preparation
Poly(lactic acid) UCAs were fabricated using

a double-emulsion technique (El-Sherif and Wheatley
2003). Five hundred milligrams of PLA (100 DL
MW 5 83 kDa; Lakeshore Biomaterials, Birmingham,
AL, USA) was dissolved in 10 mL of methylene chloride
(Fisher Scientific, Waltham, MA, USA) along with 50 mg
of camphor (Sigma–Aldrich, St. Louis, MO, USA).When
the polymer was completely dissolved, 1 mL of ammo-
nium carbonate solution (4% w/v; J.T. Baker, Phillips-
burg, NJ, USA) was added to the polymer solution,
which was immediately sonicated on ice for 30 s (10
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pulses of 3 s each separated by 1 s) with 110 W applied
power (CL4 tapped horn probe with 0.5-in. tip [Misonix,
Farmingdale, NY, USA]. The resulting water-in-oil emul-
sion was immediately added to 50 mL of a cold 5% (w/v)
poly(vinyl) alcohol solution (Polysciences, Warrington,
PA, USA) and homogenized for 5 min at 9500 rpm
with a sawtooth homogenizer probe (Brinkmann Instru-
ments, Westbury, NY, USA). Immediately after homoge-
nization, 100 mL of 2% (v/v) isopropyl alcohol (Fisher
Scientific) was added to the emulsion, which was stirred
for 1 h to allow the methylene chloride to evaporate. The
particles were then collected by centrifugation at 2500 g
for 5 min and washed three times with hexane (Fisher
Scientific). After any residual hexane was allowed to
evaporate, the particles were washed in water, then
flash-frozen and lyophilized for 48 h with a Benchtop
freeze dryer (VirTis, Gardiner, NY, USA). The water
and ammonium carbonate from the core of the particles
and the camphor from the polymer shell were allowed
to sublimate during lyophilization to create a porous
polymer shell encapsulating a void that is filled with air
when the microbubbles are returned to atmospheric pres-
sure. Contrast agent in the form of a dry powder was
refrigerated and stored until ready for use.

Size distribution measurement
The size distribution was measured by dynamic light

scattering using a Zetasizer Nano ZS (Malvern Instru-
ments, Worcestershire, UK). One milligram of dry
contrast agent was suspended in 1 mL phosphate-
buffered saline by vortexing for 10 s then transferred
into a disposable cuvette and allowed to equilibrate for
3 min before measurements were made.

Experimental setup to measure attenuation
The experimental setup for attenuation measure-

ment used a pulse-echo system at room temperature
(Fig. 1a) (Chatterjee et al. 2005a, 2005b; Paul et al.
2012). Attenuation from a suspension of contrast agent
(constantly stirred) was measured using three different
unfocused broadband transducers (Olympus NDT,
Waltham, MA, USA) with central frequencies 2.25 MHz
(V306–SU), 3.5 MHz (V382–SU) and 5 MHz (V309–
SU) operating in transmit/receive mode. The -6 dB
bandwidth ranges of the transducers were 1.178–3.32,
2.5–4.99 and 3.13–6.19 MHz, respectively. A pulser/
receiver (Model 5800; Panametrics-NDT, Waltham,
MA, USA) was used to excite the transducers at a pulse
repetition frequency of 100 Hz; it generated a broadband
pulse of duration of 440 ns. The pulse generated at the
face of the transducer traveled a total distance of 12 cm
through the contrast agent suspension (from the trans-
ducer face to the container wall and back; container is
made of 1.17-cm-thick polycarbonate sheet) before being

received and fed to the digital oscilloscope (Model TDS
2012; Tektronix, Beaverton, OR, USA) to observe the
signal in real time. Signals were acquired from the oscil-
loscope via a GPIB IEEE 488 cable and a GPIB card and
saved on a desktop computer using LabView (Version
6.0.3; National Instruments, Austin, TX, USA). Twenty
voltage–time radiofrequency traces were acquired in an
averaging mode (64 sequences are used for averaging)
and saved. The data were then analyzed using Matlab
(Mathworks, Natick, MA, USA) to calculate the attenua-
tion coefficient for the contrast agent suspension. The
excitation amplitude, 200 kPa peak negative pressure, is
low enough so that the frequency-dependent broadband
attenuation does not depend on the acoustic pressure
(Chatterjee et al. 2005b); that is, lowering the excitation
did not affect it.

Experimental setup to measure scattering
The scattering setup (Fig. 1b) used was similar to

that used by previous researchers (Nahire et al. 2012;
Paul et al. 2012; Sarkar et al. 2005; Shi and Forsberg

Fig. 1. Schematic of the experimental setup for in vitro
measurement of (a) attenuation and (b) scattering.
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2000). It employed two spherically focused transducers,
each having an individual diameter of 1.6 cm and focal
length of 3.05 cm.We confocally positioned the transmit-
ting and receiving transducers at right angles by placing
them through circular holes drilled through the adjacent
walls of a rectangular chamber. This configuration
ensures similarity of scattered signals to backscattered
echoes (Shi and Forsberg 2000) along with high spatial
resolution (Sarkar et al. 2005). One hundred fifty
milliliters of contrast agent suspension was required
for complete immersion of both transducers. Two
different transmitting transducers (Olympus NDT) were
employed with center frequencies of 3.62 MHz (V382
1.2-in. point target focus (PTF)) and 2.35 MHz (V306
1.2-in. PTF) and respective -6 dB bandwidths of
83.84% and 80.68%. Another focused transducer with
a center frequency of 5.54 MHz (V309 1.2-in. PTF) and
-6 dB bandwidth of 85.06% was used to receive the scat-
tered signal. An arbitrary/function generator (Model
AFG 3251, Tektronix) was used to generate a 32-cycle
sinusoidal pulse of desired frequency (2.25 and 3.5
MHz for this study) at a pulse repetition frequency of
100 Hz. This signal was then amplified using a 55 dB
power amplifier (Model A-300, ENI, Rochester, NY,
USA) and fed to the transmitting transducer. A 0.4-mm
needle hydrophone (PZT-Z44–0400, Onda, CA, USA)
was used to calibrate transducers. The contrast agent at
the focal volume of the transducer scattered back this
signal, which was received by the receiving transducer
using a pulser/receiver (Model 5800, Panametrics-NDT)
in receiving mode with a 20 dB gain. The amplified
signals were then fed to the oscilloscope to view them
in real time. Voltage–time radiofrequency signals were
saved onto the desktop with the same method used for
attenuation experiments. For data analysis of the scattered
signals, 50 acquisitions in averaging mode were saved on
the computer.

Experimental procedure and data reduction
Contrast agent in the form of a dry powder was

refrigerated and stored until ready for use. The dry
powder was reconstituted in phosphate-buffered saline
(PBS) to make a stock solution with a concentration of
1 mg powder/mL PBS (equivalent to a bubble concentra-
tion of 30 3 106 bubbles/mL). This stock solution was
subsequently used to achieve desired dilutions during
acoustic experiments. Attenuation measurements were
acquired for a range of contrast agent concentrations
between 0.5 and 3.5 mg/mL. All scattering measurements
were conducted at a concentration of 1.33 mg/mL. The
stock solution was pipetted into the container with PBS
(previously left to equilibrate for 5–10 min to equilibrate
with atmospheric oxygen concentration and to get rid of
any air bubbles created). A 200 mL aliquot of stock

sample was carefully added by automatic pipet and al-
lowed to mix for around 10 s using a magnetic stirrer to
ensure a homogeneous suspension before application of
ultrasound. The stirring was continued through the entire
course of the experiment to maintain homogeneity. Read-
ings taken of the sample without contrast agents revealed
no interference from entrained bubbles. The total volume
of gas added with the agent was less than 100 mL in a total
volume of 150 mL. Each attenuation and scattering
experiment was repeated five times; that is, five data
sets were collected from five new suspensions prepared
from the stock solution freshly taken into the experi-
mental setups.

For attenuation, signals were obtained with and
without UCAs. A Matlab code was used to convert each
of the voltage–time responses acquired to frequency
domain using fast Fourier transform (FFT), and then 20
acquisitions were averaged. The attenuation coefficient
was calculated using the expression

aðuÞ5 20 log10

�
Vref ðuÞ
VsigðuÞ

��
d; (1)

where Vref ðuÞ is the averaged response in the frequency
domain without any contrast agent in the medium;
VsigðuÞ is the averaged response in the frequency domain
with microbubbles suspended in the medium; and d, the
total path traveled by the pulse before it is received by
the transducer.

For the time-dependent attenuation study, a total of
200 voltage–time acquisitions were obtained for study
over a 20 min period. Acoustic excitation was started
as soon as the PLA-encapsulated contrast agents were
pipetted into the PBS solution and stirred for 10 s to
attain homogeneity. Attenuation was averaged over
each successive 30 s interval. We computed the time-
dependent total attenuation normalized by its initial value
using

NAðtÞ5 AðtÞ
Að0Þ; A5 10 log10

0
@
P
u

V2
refðuÞP

u

V2
sigðuÞ

1
A,d: (2)

Note that such a (summed-over-frequency) measure
can be used even at higher excitation amplitudes, unlike
the frequency-dependent attenuation (eqn [1]), which
would be corrupted by non-linear energy transfer across
frequency spectrum (Chatterjee et al. 2005a).

For scattering, a similar technique was used to get
the average response in the frequency domain (50
voltage–time acquisitions were used). The scattered
response was converted into a decibel scale by taking
the reference voltage to be unity. Responses at frequen-
cies of interest were then appropriately extracted from
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the resultant data set to find the fundamental, second- and
sub-harmonic scattered responses.

Mathematical modeling
The dynamics of an encapsulated microbubble are

governed by a Rayleigh–Plesset (RP)-type equation.
Many models have been proposed to describe the effects
of the encapsulating shell of contrast microbubbles.
Recently, we showed that all models, including those
that represent the shell as having a finite thickness and
consisting of materials with bulk material properties,
can be expressed in a single interfacial framework. The
framework contributes two additional interfacial stress
terms to the RP equation: effective surface tension,
g(R) and encapsulation dilational viscosity, ksðRÞ
(Katiyar and Sarkar 2011):

r

�
R €R1

3

2
_R
2
�

5PG0

�
R0

R

�3k�
12

3k _R

c

�

2
2

R
gðRÞ24 _R

R2
ksðRÞ

24m
_R

R
2p01pAðtÞ:

(3)

R is the time-dependent bubble radius; _R and €R are
the first- and second-order time derivatives of the bubble
radius respectively; c is the velocity of sound in the
surrounding liquid; r is the liquid density; m is the liquid
viscosity; R0 is the initial bubble radius; PG0

is the initial
inside gas pressure; p0 is the ambient pressure; and
pAðtÞ is the excitation pressure. Gas diffusion is neglected.
The inside gas pressure obeys a polytropic law with index
k. We use four different models for encapsulation:

1. Newtonian model (NM) (Chatterjee and
Sarkar 2003)

gðRÞ5gðconstantÞ and ksðRÞ5 ksðconstantÞ: (4)

The resonance frequency ðf0Þ of a bubble can be
obtained from the linearized dynamics and is

f0 5
1

2pR0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

r

�
3kp01

2g

R0

ð3k21Þ
�
:

s
(5)

2. Constant-elasticity viscoelastic model (CEM)
(Chatterjee et al. 2005a)

gðRÞ5
�
g01Esb for g01Esb. 0

0 for g01Esb# 0
and

ksðRÞ5 ksðconstantÞ;
(6)

Here, g0 is the constant interfacial tension; E
s is the

constant dilational elasticity; and b5 ðDArea=
AreaequilibriumÞ5 ðR2=R2

E21Þ. The equilibrium radius RE

is given by RE 5R0ð12g0=E
SÞ21=2. This ensures

a balance between inside and outside pressure at the
initial radius. At the equilibrium radius, the bubble encap-
sulation has no elastic stresses. Resonance frequency f0 is

f0 5
1

2pR0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

r

�
3kp02

4g0

R0

1
4Es

R0

�s
: (7)

3. Viscoelastic model with exponentially varying
elasticity (EEM) (Paul et al. 2010)

gðRÞ5
�
g01Esb for g01Esb. 0

0 for g01Esb# 0
and

ksðRÞ5 ksðconstantÞ;
(8)

Here, g0 is the constant interfacial tension;
Es 5Es

0bexpð2asbÞ; and b5R2=R2
E21. Enforcing the

balance of pressure at the initial radius, we have an
expression for equilibrium:

RE 5R0

"
11
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0

p
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!#21=2

:

The expression for resonance frequency f0 is

4. Marmottant model (MM) (Marmottant et al.
2005)

f0 5
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R2
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21

!
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gw for R$Rrupture

and ksðRÞ5 ksðconstantÞ; (10)
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Here, c (same as Es in eqn 6) is the elastic modulus
of the shell; Rbuckling 5R0½11gðR0Þ=c�21=2; and
Rrupture 5Rbuckling½11gu=c�1=2. Above Rrupture, the
bubble is assumed to have a pure air–water interface,
and below Rbuckling, it is in a buckled state where the effec-
tive interfacial tension is zero. The expression for reso-
nance frequency f0 is

f0 5
1

2pR0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

r

�
3kp01

2gðR0Þ
R0

ð3k21Þ14c

R0

�s
: (11)

Estimation of model parameters
We developed a method for using the attenuation

data measured to determine the parameters of the encap-
sulation models (Chatterjee and Sarkar 2003; Paul et al.
2010; Sarkar et al. 2005). The low-amplitude excitation
used to measure attenuation ensures that the attenuation
data are collected in the linear regime of bubble
dynamics. The linearized form of the modified RP equa-
tion was used to determine resonance frequency (accord-
ing to eqn [5], [7], [9] or [11]) and the damping for each
model. For our simulations, we used r 5 1000 kg/m3,
m 5 0.001 kg/m$s, c 5 1485 m/s and p0 5 101325 Pa.
We assumed isothermal behavior for the air inside,
k 5 1.0, which is appropriate for the size of microbub-
bles studied here (Brenner et al. 2002; Hilgenfeldt
et al. 1998; Prosperetti 1977b).With knowledge of the
damping and size distribution, we derived an expression
for attenuation through a suspension of contrast micro-
bubbles. An error function between the measured atten-
uation ameasðuiÞand the modeled attenuation aðuiÞwas
formulated:

Erðg; ks;/Þ5
X
i

½aðuiÞ2ameasðuiÞ�2 (12)

Model parameters were obtained through minimiza-
tion of this error function usingMatlab. (Refer to previous
publications by Sarkar and co-workers [Paul et al. 2010;
Sarkar et al. 2005] for a detailed discussion of the param-
eter estimation technique.)

Prediction of scattering
With the estimated expressions for surface tension,

g(R) and dilational surface viscosity, kS(R), correspond-
ing to a particular encapsulation model, the modified
RP equation was solved for varying acoustic pressure
amplitudes ðPAÞ using Matlab with initial conditions
Rðt5 0Þ5R0 and _Rðt5 0Þ5 0. The scattered pressure,
PS(t), and the scattering cross section were calculated
from the radial dynamics using the expressions
(Brennen 1995; Paul et al. 2010).

PSðr; tÞ5 r
R

r

	
2 _R

2
1R €R



and ssðr; tÞ5

4p
�
r2Psðr; tÞ2

�
PA

:

(13)

With fast Fourier transform (FFT), the computed
scattered power was converted into the frequency
domain, and the total scattered power spectrum from
the bubble suspension was calculated, integrating the
contribution from bubbles of all radii from Rmin to Rmax:

SsðuÞ5
ðRmax

Rmin

ssðR;uÞnðRÞdR: (14)

Here, nðRÞ is the number of microbubbles per unit
volume per unit radius. The peak values corresponding
to different frequencies (i.e., fundamental, second- and
sub-harmonic) were then extracted from the power spec-
trum to match experimental results. The predicted funda-
mental response for both excitation frequencies was
matched to the experimentally measured response for
the lowest acoustic pressure to account for the scattering
volume and plotted and compared with experimental
results. This same matching constant was also used to
rescale the predicted second- and sub-harmonic
responses and plotted for comparison with experiments.

RESULTS AND DISCUSSION

Size distribution
Figure 2 and Table 1 outline the size distribution

measurements for three different samples acquired from
the same stock solution using dynamic light scattering
equipment as described previously. Number-averaged
diameters (see Table 1) are similar for all three measure-
ments, except for the slightly lower value for sample 3.
However, note that the distribution for sample 3 is
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Fig. 2. Three independent measurements of the size distribution
of poly(DL-lactic acid)-encapsulated contrast microbubbles ob-

tained using dynamic light scattering.
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markedly different from those for the other two samples,
with a tighter size distribution, lower peak diameter and
smaller number of bubbles above 1500 nm. Instead of
using an average distribution, we used all three size distri-
butions in our analysis and investigated the effects of size
distribution variation on estimation of parameters and
prediction of scattering. We see below that the difference
in size distributions leads to different predictions of sub-
harmonic response.

Attenuation and estimation of interfacial rheological
properties

Attenuation measurements were obtained for five
different concentrations of contrast agent using all three
transducers. Frequency-dependent attenuation coeffi-
cients plotted for each measurement were generated
using the data reduction technique explained earlier.
The value of the attenuation coefficient corresponding
to the center frequency of each transducer was then ex-
tracted. The average value for each set of five experi-
ments, along with the corresponding standard deviation,
was then plotted in Figure 3a. Note that for the range of
concentrations studied here, attenuation increased line-
arly for all three transducers used, indicating minimal
effects of multiple scattering for the dilute concentrations
considered. Figure 3b illustrates the frequency-dependent
attenuation coefficient obtained for the highest concen-
tration for three different transducers. Attenuation
coefficients obtained with different transducers are
similar in the region of their overlapping bandwidth
frequencies. The peak of the attenuation curve occurs

around 2.5–3 MHz, indicating a weighted-average reso-
nance frequency for the polydispersed sample within
this range.

Using the method described earlier, we calculated
the unknown parameters pertaining to each model (see
Table 2) using the three different size distributions.
Note that for the MM, we assumed that the contrast agent
is initially in a buckled state with zero surface tension;
this would render it initially stable in the absence of
acoustic excitation. The frequency-dependent attenuation
curves obtained through modeling (using each bubble
size distribution) match very well with experiment. We
show the match only for the NM (Fig. 4); others are
very similar and are not shown for brevity. However,

Table 1. Size distributions, z-averaged* diameters and
number-averaged diameters for three separate

measurements of poly(DL-lactic acid)-encapsulated
microbubbles obtained using dynamic light scattering

Size
distribution

1 (%)

Size
distribution

2 (%)

Size
distribution

3 (%)

Diameter (nm)
1106 0.0 0 4
1281 3.0 0 21.1
1484 14.9 9.8 33.2
1718 27.4 27.6 21.3
1990 25.1 30.5 7.7
2305 16.1 19.4 4.3
2689 8.3 9.2 2.7
3091 3.4 3 1.8
3580 0.9 0.5 1.3
4145 0.5 0 1.0
4801 0.4 0 0.8
5560 0 0 0.6
6439 0 0 0.2

Average diameter
Number-averaged 1999 nm 2030 nm 1726 nm
z-Averaged 3486 nm 3377 nm 3151 nm

* Defined by Malvern as ‘‘the intensity weighted mean of the hydro-
dynamic size of the ensemble collection of particles.’’

Fig. 3. (a) Attenuation coefficient at the central frequencies of
the three transducers (2.25, 3.5 and 5 MHz) as a function of
microbubble concentration (averaged over five different
acquisitions). (b) Frequency-dependent attenuation coefficient
measured with three different transducers (with central frequen-
cies 2.25, 3.5 and 5 MHz) averaged over five different

acquisitions.
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note that unlike in our previous experience (Paul et al.
2010), using average size and total number did not
work very well in estimating the parameters; depending
on the initial guesses for the parameters at the start of
minimization, often the error minimization procedure
did not converge, and when it converged, it gave rise to
unphysical values for the material parameters. The
inability to use an average diameter for parameter estima-
tion indicates the importance of the polydispersity of the
bubble size distribution and the limitation of the estima-
tion process adopted here. One has to be careful in adopt-
ing such a process and interpreting the results.

The estimated parameters for the three different size
distributions are similar except for the slightly smaller di-
lational viscosity for size distribution 3. (Note also the
slightly smaller surface tension value for this distribution,
but only for the NM.) The smaller dilational viscosity for
distribution 3 can be explained by noting that damping of

a bubble increases as radius decreases (Katiyar and Sarkar
2011, 2012). Size distribution 3 has the largest fraction of
smaller bubbles. Therefore, the same attenuation data
gave rise to the smallest damping for this distribution.
Note that the interfacial elasticity values predicted for
PLA-coated microbubbles (0.02–0.07 N/m) are an order
of magnitude smaller than the values reported previously
for phospholipid-coated bubbles (�0.5 N/m) (Paul et al.
2010; Sarkar et al. 2005; van der Meer et al. 2007).
However, the interfacial viscosity values (2 3 1029 to
8.53 1029 kg/s) are similar to those reported in the liter-
ature for other bubbles. Using size distribution 3 predicts
the lowest values for surface dilational viscosity and,
therefore, correspondingly the lowest damping, which
critically affects the sub-harmonic response from micro-
bubbles as is discussed later. Note that unlike Sonazoid,
here we obtained a reasonable value for surface tension,
g, even for the NM. For the other models, the surface
tension value ðg0Þwas lower than the air–water interface
value ðgw 5 0:07N=mÞ. The low surface tension, along
with an extremely low elasticity value, contributes to
the low average resonance frequency seen for these
microbubbles.

Resonance frequency
Figure 3b illustrates that the measured attenuation

increases with increasing frequency, reaching a peak in
the range 2.5–3 MHz — indicating the incidence of
average resonance frequency there — and decreases
thereafter. Because the response of a bubble is consider-
ably higher at its resonance frequency, the peak in atten-
uation occurs there. However, note that the reasoning
holds strictly for a monodisperse bubble population.
The frequency for the peak response agrees well with
the previously reported value of 2.28 MHz (El-Sherif
2003). As noted before, the resonance frequency of the
PLA bubble was reported to be lower than that of
a same-sized free bubble, in contrast to other contrast

Table 2. Values for parameters of poly(DL-lactic acid)-encapsulated microbubbles obtained using three different models and
three different size distributions

Encapsulation model

Estimated parameter

Size distribution 1 Size distribution 2 Size distribution 3

Newtonian model g 5 0.08 N/m
ks 5 7.5 3 1029 N$s/m

g 5 0.06 N/m
ks 5 8.5 3 1029 N$s/m

g 5 0.03 N/m
ks 5 2.0 3 1029 N$s/m

Viscoelastic constant-elasticity model g0 5 0.02 N/m
Es 5 0.07 N/m
ks 5 7.5 3 1029 N$s/m

g0 5 0.01 N/m
Es 5 0.05 N/m
ks 5 8.5 3 1029 N$s/m

g0 5 0.01 N/m
Es 5 0.02 N/m
ks 5 2.1 3 1029 N$s/m

Viscoelastic exponential elasticity model g0 5 0.02 N/m
Es
0 5 0.07 N/m

a 5 1.5
ks 5 7.5 3 1029 N$s/m

g0 5 0.01 N/m
Es
0 5 0.05 N/m

a 5 1.5
ks 5 8.5 3 1029 N$s/m

g0 5 0.01 N/m
Es
0 5 0.02 N/m

a 5 1.5
ks 5 2.1 3 1029 N$s/m

Marmottant model g0 5 0.00 N/m
c 5 0.08 N/m
ks 5 7.5 3 1029 N$s/m

g0 5 0.00 N/m
c 5 0.06 N/m
ks 5 8.5 3 1029 N$s/m

g0 5 0.00 N/m
c 5 0.04 N/m
ks 5 2.0 3 1029 N$s/m
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Fig. 4. Experimentally measured attenuation and prediction by
the Newtonian model obtained during parameter estimation

using sample 3 size distribution.
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microbubbles for which the elasticity of the encapsula-
tion increases stiffness, giving rise to a higher resonance
frequency (van der Meer et al. 2007). The resonance
frequency of a free bubble is often estimated using the
well-known Minneart formula:

fMinneartðMHzÞz 3:26

R0ðmmÞ (15)

However, note that this formula is more appropriate
for bubbles that are millimeters or larger in size; it
includes only the term for gas compressibility—the first
term inside the bracket in eqn (5)—and neglects the
contribution of surface tension. The surface tension
term increases for bubbles of micrometer size and is of
the same order as the compressibility term. For a free
air bubble in water with an average diameter of 1.9 mm,
resonance frequency computed with the Minneart
formula (3.43 MHz) increases significantly (5.01 MHz)
when corrected for surface tension effects. Therefore,
the decrease in resonance frequency with encapsulation
is even greater (Wheatley et al. 2006), when one would
expect the encapsulation to contribute to the stiffness of
the damped mass-spring system and increase its reso-
nance frequency. As we mentioned above, this paradox
was noted before (Wheatley et al. 2006), and several
hypotheses have been proposed to explain it, for example,
presence of gas-filled cells with an average diameter less
than that of the entire capsule, or a highly porous capsule
in which tiny chambers make a greater contribution to the
actual dynamics or a disproportionate contribution from
bubbles of different sizes to the overall dynamics. Note,
however, that a smaller effective radius would lead to
an even higher resonance frequency.

We argue that the result stems from several effects:
the reduced surface tension, g0, the extremely small di-
lational surface elasticity and the polydispersity of the
size distribution, which makes the average diameter
irrelevant in determining average parameters. This
explains the difficulty in estimating parameters using
average diameter described above. The attenuation
curve with its maximum peak position results from
attenuation of bubbles of different sizes from the entire
size distribution, which includes a small number of
larger bubbles different in size from the average of the
size distribution. These bubbles have their peak attenua-
tion at a frequency lower than that corresponding to the
average size. Using only the average radius, therefore,
inevitably leads to a larger resonance frequency, as it
neglects the effects of these larger bubbles. Note also
that non-linearity can decrease resonance frequency
(Doinikov et al. 2009; Overvelde et al. 2010); for lipid-
shelled microbubbles, it tends to decrease with increasing
acoustic excitation pressure. We see in subsequent
sections that the non-linearity of PLA-encapsulated
bubbles sets in at much lower excitation pressures (around
100–150 kPa).

Time-dependent attenuation
Sustained acoustic excitation changes the state of

the encapsulation, which in turn affects bubble stability
and lifetime (Eisenbrey et al. 2008). To investigate bubble
lifetime under acoustic excitation, attenuation was
measured as a function of time and plotted in Figure 5,
which shows a steady decrease with time, as was also
observed previously (Casciaro et al. 2007; Chatterjee
et al. 2005a; Krasovitski et al. 2004). Contrast agents con-
taining gases other than air cause a transient increase in
attenuation initially before an eventual decrease. The
increase in attenuation is caused by the transient growth
of bubble volume, because initially the air diffuses into
the bubbles much faster than the low-solubility gases
diffuse outward (Shi and Forsberg 2000). Air-filled
PLA agents do not show such a transient increase. We
observed that over the 20-min period, attenuation drop-
ped by 30%–40%. Also note that in previous time
response backscatter studies with PLA (El-Sherif and
Wheatley 2003) and PLGA (50:50) (Wheatley et al.
2006) contrast microbubbles, a 15% loss in enhancement
was reported over the same time period.

Scattering and comparison with model prediction

Fundamental and second-harmonic responses. Scat-
tered responses from PLA-encapsulated contrast agents
were acquired at varying acoustic pressure amplitudes
at two different excitation frequencies, 3.5 and 2.25
MHz. Averages and standard deviations of five
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Fig. 5. Plot of normalized total attenuation coefficient versus
time. The data were averaged over five different acquisitions
each collected continuously and averaged over consecutive 30

second intervals.
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independent acquisitions at each pressure amplitude were
then calculated with the aforementioned data analysis
technique. Fundamental (at excitation frequency),
second-harmonic (at twice the excitation frequency)
and sub-harmonic (at half the excitation frequency)
responses for both transducers are shown in Figure 6a–c.

The fundamental response shows a 25–30 dB
enhancement in the entire range of excitations for both
frequencies. Similar enhancement was reported in
previous in vitro scattering experiments with PLA micro-
bubbles: an approximately 17 dB enhancement at 5 MHz
and 690 kPa excitation pressure (estimated from the
dose–response curve for 1.33 mg/mL) (Eisenbrey et al.
2010a). For a PLGA (50:50) microbubble, enhancement
was 10 dB at 2.25 MHz and 20 dB at 5 MHz (Wheatley
et al. 2006). For the second harmonic, the enhancement
was 10–35 dB (2.25MHz) and 5–25 dB (3.5MHz). These
results reflect the echogenicity of PLA agents, specifi-
cally their efficacy in harmonic contrast imaging, where
the second-harmonic response is imaged.

Both fundamental (Fig. 6a) and second-harmonic
(Fig. 6b) responses (plotted on a log–log scale) for each
excitation frequency increase approximately linearly
with increasing acoustic pressures. They deviate from
linearity at higher pressure; in particular, the second-
harmonic response curve flattens beyond 320 kPa,
possibly because of bubble destruction. The slopes for
the curves were found to be 0.92 at 3.5 MHz and 1.15
at 2.25 MHz for the fundamental response and about
1.5 at both frequencies for the second-harmonic response.
Small-amplitude perturbation analysis predicts them to
be 1 (fundamental) and 2 (second harmonic). However,
the experimentally measured slope of the second
harmonic has been shown to deviate from its theoretical
value of 2 (Shi and Forsberg 2000).

We also simulated the scattered response from the
microbubbles using several models. Note that for each
model, we obtained three different predictions, using
three different sets of parameter values obtained with
the three different size distributions given in Table 1
and Figure 2. The scattered responses were computed
using the corresponding size distributions. For both exci-
tation frequencies, the predicted fundamental responses
from all three models (Fig. 7a, b) are in good agreement
with experimental data for all three bubble distributions
(size distributions 1–3). The experimental curve deviates
from model predictions at higher pressures. The
deviation occurs approximately around the same pressure
(320 kPa) where the linearity of the experimental result
breaks down possibly because of bubble destruction
(Chatterjee et al. 2005a). Destruction is not accounted
for in any of the models, which might explain the differ-
ence between model predictions and experimental
observations.
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Fig. 6. Experimentally measured scattered responses of PLA-
encapsulated microbubbles at two different excitation frequen-
cies (2.25 and 3.5 MHz): (a) fundamental; (b) second harmonic;
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Second-harmonic responses predicted by the
different models have a slope of 2, as they should, in
contrast to the experiments as noted before (Fig. 8a, b).
They do not match very well even for lower acoustic pres-
sures. However, the predictions from all three models and
three size distributions are similar. Note that the second-
harmonic frequencies studied here are within the
receiving bandwidth of the transducer used. The discrep-
ancy in the model prediction points to inadequacies of the
modeling effort. Also, as mentioned before, the bubble
destruction that might affect the non-linear response
was not accounted for in the models.

Sub-harmonic response. The scattered sub-
harmonic responses from PLA microbubbles (Fig. 6c)
at both frequencies are typical: initially no sub-
harmonic before a threshold pressure value and, at

threshold, a rapid rise followed by saturation (Sarkar
et al. 2005; Shi and Forsberg 2000). The excitation
threshold at an excitation frequency of 2.25 MHz is 125
kPa, slightly higher than the 100 kPa at 3.5 MHz. Clas-
sical bubble dynamics theory predicts a minimum
threshold for sub-harmonic generation to be at twice the
resonance frequency (Eller and Flynn 1968; Neppiras
1969; Prosperetti 1977a). Observations for two different
encapsulated microbubbles—Optison (Shankar et al.
1999) and Definity (Kimmel et al. 2007)—were reported
to be in line with this theory. The frequency for the
minimum sub-harmonic threshold for PLA agents is
therefore expected to be between 5 and 6 MHz. Note,
however, that we have recently shown that the minimum
threshold shifts toward resonance, away from twice its
value, for encapsulated microbubbles because of large
damping (Katiyar and Sarkar 2012). We also showed
that the threshold is rather flat in the region between reso-
nance and twice its value. We note that the threshold at
3.5 MHz is only slightly lower than that at 2.25 MHz.

All models considered here predict very low
acoustic responses until the threshold is reached
(Fig. 9a, b). Hence, model predictions are shown only
when above 2120 dB (above the noise level, 2115 dB,
of the experimental measurement). Unlike the funda-
mental response, the simulated sub-harmonic response
does not have an unqualified match for all bubble distri-
butions. Note that the post-threshold response level is
matched well for both frequencies. However, the pre-
dicted threshold value varies. For both frequencies, size
distributions 1 and 2 exhibit much higher threshold values
in comparison to experimental data (see Table 3). Size
distribution 3, which has a larger fraction of smaller
bubbles (Fig. 2), matches very well (solid curves) the
threshold for 2.25-MHz excitation and is closer to the
experimentally measured threshold for 3.5 MHz.

Model validation and predictive capability
In our previous modeling exercise, we emphasized

the need for independent model validation (Chatterjee
and Sarkar 2003; Paul et al. 2010; Sarkar et al. 2005).
We determined the model parameters through linear
attenuation data, as is done here, and then validated the
model by investigating its ability to predict sub-
harmonic responses obtained at higher excitations. In
fact, our modeling exercise led to results that dictated
model improvements from the NM to the CEM to the
EEM. For Albunex, Optison and Sonazoid (Chatterjee
and Sarkar 2003), the NM resulted in an unrealistically
large surface tension value and, hence, was deemed
unsuitable for modeling encapsulated microbubbles. As
a result, we introduced surface dilational elasticity
(Sarkar et al. 2005). However, here we find a very low
value of surface dilatational elasticity for PLA
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scattered fundamental responses of PLA-encapsulated micro-
bubbles for different models using three different size distribu-
tions at (a) 2.25-MHz excitation and (b) 3.5-MHz excitation.
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encapsulation. Even the NM predicts low surface tension
values; for size distribution 3, it predicted a value lower
than that for the air–water interface. As mentioned above,
only for size distribution 3 did we get a prediction that
matched experimentally measured thresholds. For this
distribution all models predicted similar values: the
CEM and MM predicted slightly higher values than the
NM and EEM, the latter two predicting the same value.
The NM therefore remains an effective model to describe
PLA bubbles. We use it below to examine further certain
features of PLA-encapsulated microbubbles.

We note that all models perform poorly in predicting
second-harmonic responses, and clearly more research is
needed to resolve this discrepancy. However, for predict-

ing sub-harmonic responses, size distribution 3 fares the
best (see Table 3 for sub-harmonic threshold), indicating
that the behavior of anymodel describing the dynamics of
encapsulated microbubbles is critically dependent on
bubble size distribution. (As mentioned above, such
extreme sensitivity in size distribution, where in fact the
different size distributions were obtained from the same
batch, also insinuates the limitations of the parameter
estimation technique used.) Specifically, the sub-
harmonic threshold depends on the ratio of excitation
frequency to natural frequency, and natural frequency is
determined by bubble size (Katiyar and Sarkar 2011).
More bubbles with lower sub-harmonic threshold values
would lower the overall threshold value as well. Also, as
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Fig. 8. Comparison of experimentally measured and predicted
scattered second-harmonic responses of PLA-encapsulated mi-
crobubbles for different models at (a) 2.25-MHz excitation and
(b) 3.5-MHz excitation. A linewith a slope of 2 is also shown for
comparison. NM 5 Newtonian model, CEM 5 constant-
elasticity model, EEM 5 exponential elasticity model, MM 5

Marmottant model.

Fig. 9. Comparison of experimentally measured and predicted
scattered sub-harmonic responses of PLA-encapsulated micro-
bubbles for different models at (a) 2.25-MHz excitation and
(b) 3.5-MHz excitation. The curves for CEM and MM, size
distribution 2, at 2.25 MHz have thresholds too high to be
seen here. NM 5 Newtonian model, CEM 5 constant-
elasticity model, EEM 5 exponential elasticity model, MM 5

Marmottant model.
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we already noted, the variation in size distribution from
sample to sample affected corresponding parameters for
the three samples; sample 3 had the lowest surface dila-
tional viscosity value: one-third to one-fourth those of
the other two samples. Decreased damping lowers the
sub-harmonic generation threshold (Katiyar and Sarkar
2011, 2012). To further investigate the effects of
material parameters and size distribution on the
predicted sub-harmonic response, we used the material
properties (low dilational viscosity value, ks 5 2.0 3
1029 N$s/m) determined using size distribution 3, but
computed sub-harmonic response with all distributions
including distributions 1 and 2. The results illustrated in
Figure 10 (a, b) indicate that the lower dilational viscosity
predicts sub-harmonic responses closer to the experimen-
tally measured value, even with the other two size distri-
butions. We therefore conclude that the lower dilational
viscosity (albeit determined with the size distribution cor-
responding to sample 3) is the critical factor. This under-
scores the fact that accurate estimation of the average
material parameters of encapsulation critically depends
on the ability to measure the size distribution, and inter-
sample variation has to be taken into account
(Commander and Prosperetti 1989).

CONCLUSIONS

In this article, we characterized PLA-coated air-con-
taining microbubbles through in vitro scattering and
attenuation experiments. Four different models of micro-
bubble encapsulation—Newtonian, constant-elasticity,

exponential elasticity and Marmottant—were used to
determine the interfacial rheological properties of the mi-
crobubble. Unlike our previous investigation of Sonazoid
and Optison, we found low values for interfacial tension
and surface dilational elasticity, which explains the
similar results (and similar parameter values) for all
models. However, sample-to-sample size distribution
variations for the same batch of contrast agents gives
rise to variation in the parameters determined using them.

The peak in the attenuation spectrum indicates
a weighted-average resonance at around 2.5–3 MHz, in
agreement with previous measurements. As noted before,
this value for average resonance frequency is smaller than
that of a free bubble of the same size (1.9 mm in diameter).
We discussed in detail the limitations of the Minneart
formula for microbubbles, showing that the reduced

Table 3. Threshold pressure for sub-harmonic
generation obtained experimentally and using three

different models for all three size distributions studied

Threshold pressure (kPa)

2.25 MHz 3.5 MHz

Experiment 125 100
Newtonian model
Size distribution 1 280 380
Size distribution 2 570 460
Size distribution 3 130 190

Viscoelastic constant-elasticity model
Size distribution 1 370 480
Size distribution 2 1500 610
Size distribution 3 140 230

Viscoelastic exponential elasticity model
Size distribution 1 270 370
Size distribution 2 460 450
Size distribution 3 130 190

Marmottant model
Size distribution 1 350 520
Size distribution 2 830 660
Size distribution 3 160 250

Values in bold indicate the lowest predicted subharmonic generation
thresholds corresponding to each encapsulation models.

Fig. 10. Comparison of experimentally measured and predicted
scattered sub-harmonic responses of PLA-encapsulated micro-
bubbles for the Newtonian model (NM) with different size
distributions and sample 3 parameter values at (a) 2.25-MHz

excitation and (b) 3.5-MHz excitation.
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resonance frequency stems from the reduced surface
tension, extremely low surface elasticity and polydisper-
sity; normally, the surface elasticity of an encapsulation
results in enhanced stiffness of the system, thereby
increasing resonance frequency. The low interfacial elas-
ticity value distinguishes PLA-encapsulated bubbles
from other lipid- and protein-coated bubbles.

Poly(DL-lactic acid)-encapsulated microbubbles
have both second- and sub-harmonic scattered responses
as a result of non-linear oscillations. All models predict
similar dynamics and match the fundamental scattered
response very well, but fail to predict the second-
harmonic response, clearly indicating the need for further
research. Experimentally measured second-harmonic
responses have a slope of 1.5 in contrast to the theoretical
value of 2. The sub-harmonic response exhibits the char-
acteristic features: it appears only above a threshold exci-
tation level (100–150 kPa) and then sharply rises with
increasing excitation strength. The models predict the
characteristic features of a sub-harmonic response and
the post-threshold response amplitude. The size variation
from sample to sample gives rise to variation in parame-
ters, in particular for surface dilational viscosity. The
lower value for surface dilational viscosity obtained
using one of the measured size distributions results in
better prediction of the experimentally measured sub-
harmonic threshold value.

This experimental and modeling study of PLA-
coated contrast microbubbles using two independent
acoustic experiments—linear attenuation for model
determination and non-linear scattering for validation—
revealed several unique features of PLA-coated micro-
bubbles, such as extremely low encapsulation elasticity
values and relatively low sub-harmonic threshold values
and explains the low resonance frequency experimentally
observed here as well as before. Our study also indicates
that contrast microbubbles are polydisperse complex
systems and underscores the importance of careful anal-
ysis of experiments performed on them.
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