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The objective of this paper is to explore the trajectory motion of microsize (typically smaller than a red
blood cell) encapsulated polymer-shelled gas bubbles propelled by radiation force in an acoustic
standing-wave field and to compare the corresponding movements of solid polymer microbeads. The
experimental setup consists of a microfluidic chip coupled to a piezoelectric crystal (PZT) with a reso-
nance frequency of about 2.8 MHz. The microfluidic channel consists of a rectangular chamber with a
width, w, corresponding to one wavelength of the ultrasound standing wave. It creates one full wave
ultrasound of a standing-wave pattern with two pressure nodes at w/4 and 3w/4 and three antinodes
at 0, w/2, and w. The peak-to-peak amplitude of the electrical potential over the PZT was varied between
1 and 10 V. The study is limited to no-flow condition. From Gor’kov’s potential equation, the acoustic con-
trast factor,U, for the polymer-shelled microbubbles was calculated to about �60.7. Experimental results
demonstrate that the polymer-shelled microbubbles are translated and accumulated at the pressure
antinode planes. This trajectory motion of polymer-shelled microbubbles toward the pressure antinode
plane is similar to what has been described for other acoustic contrast particles with a negative U.
First, primary radiation forces dragged the polymer-shelled microbubbles into proximity with each other
at the pressure antinode planes. Then, primary and secondary radiation forces caused them to quickly
aggregate at different spots along the channel. The relocation time for polymer-shelled microbubbles
was 40 times shorter than that for polymer microbeads, and in contrast to polymer microbeads, the
polymer-shelled microbubbles were actuated even at driving voltages (proportional to radiation forces)
as low as 1 V. In short, the polymer-shelled microbubbles demonstrate the behavior attributed to the
negative acoustic contrast factor particles and thus can be trapped at the antinode plane and thereby sep-
arated from particles having a positive acoustic contrast factor, such as for example solid particles and
cells. This phenomenon could be utilized in exploring future applications, such as bioassay, bioaffinity,
and cell interaction studies in vitro in a well-controlled environment.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In a current clinical practice a suspension of micro-size gas
core bubbles is used as and efficient ultrasound contrast agent
(UCA) [1]. As early as 1968 Gramiak and Shah [2] demonstrated
the enhancement of the image contrast in echocardiographic
study of aorta following the injection of the suspension of agi-
tated saline solution containing free gas bubbles. In order to
increase stability of the free gas bubbles, otherwise dissolving
in a surrounding media in fractions of a second, the gas core
were encapsulated within the solid shell. The solid encapsulating
shell is typically made of albumin protein [3], phospholipids [4],
or polymers [5]. Moreover, the outermost surface of the encapsu-
lating shell can be further modified to accommodate ligands,
pharmacological molecules or genes for molecular imaging and
localized drug delivery [6–8]. In these applications the acoustic
radiation force which propels and accumulates the
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free-circulating in blood stream bubbles on the target is of partic-
ular interest [9,10].

For more than a century, researchers have been exploring the
effects of acoustic radiation force on particles suspended in liquid
media and the particles’ motion with the acoustic waves [11]. In
the last two decades, several medical innovations have been based
on this acoustic radiation-force phenomenon, including vibro-
acoustography [12], shear wave elastography [13], acoustic
radiation-force impulse imaging [14], magnetic resonance acoustic
radiation-force imaging [15], the assessment of the viscoelastic
properties of tissue [16], and the precise manipulation of cells or
particles in a standing wave [17]. This study focuses on the appli-
cation of acoustic radiation forces acting on microbubbles in
standing-wave (stationary sound fields) acoustic fields. Blake [18]
reported that millimeter-size gas bubbles (resonance frequency
was well below the excitation frequency) suspended in a liquid
were drawn to the pressure antinodes by the radiation force in a
standing wave. The bubbles coalesced owing to the secondary radi-
ation effect (also known as Bjerknes force) when they moved close
to each other and merged into a larger bubble with a lower reso-
nance frequency. Once the resonance frequency of a resulting bub-
ble was comparable to the driving frequency, then it propelled
away from the pressure antinode to the pressure node [19]. Apart
from the frequency effect, acoustic pressure also plays significant
roles in bubble motion. At a high enough acoustic pressure, even
the driving frequency is well below the bubbles’ resonance fre-
quency, resulting in bubble translation and precision around the
pressure node [20]. On the other hand, Kundt and Lehman demon-
strated that when radiation force was exerted on solid Styrofoam
chips, particles accumulated at the pressure nodes in acoustic
standing-wave fields [21]. The motion of particles and their direc-
tions in a standing-wave acoustic field depend on several factors,
such as driving frequency, size, density, and compressibility of
the particle [22,23]. If the particle possesses greater compressibil-
ity and lower density than the surrounding liquid media, it tends to
move toward the pressure antinode; otherwise, the particle moves
toward the pressure node [22,23]. Note that this phenomenon is
applicable only when the resonance frequency and size of the par-
ticle are well below the driving frequency and the wavelength of
the incidental acoustic wave.

Based on particle responses upon the radiation force in acoustic
standing-wave fields, the field of acoustophoresis (acoustic manip-
ulation) has emerged. Acoustophoresis is an emerging clinical tool,
especially in noncontact cell handling, useful for concentrating,
sedimenting, sorting, and purifying [24–26]. Laurell et al. [27] suc-
cessfully separated lipid particles from blood cells by using the
acoustophoresis separation method. Analogously, the successful
separation of platelets and serum from blood [28], the separation
of lipid particles frommilk [29], the separation of crude oil droplets
from environmental water samples [30], and the separation of tar-
geted cells with biofunctional elastomeric particles from nontar-
geted cells [31,32] have all been reported. Recently, tunable
glass-shelled core (core: air, water, and steel) particles were also
shown as negative acoustic contrast particles [33]. In that later
study, the authors mentioned that the glass-shelled core-particle
scenario can extend to UCAs but did not take this into account.
Moreover, the authors did not mention the particular type of
UCA that is, whether thin- or thick-shelled air-filled gas bubbles
were used—nor did they report the type of shell material, such as
lipids or polymers.

Thick- or thin-shelled microbubbles are defined based on the
ratio between shell thicknesses and the total microbubble radius,
where bubbles with a ratio below 5% are considered thin [34]. In
the interest of studying sonoporation or cell lysis, Khanna et al.
[35] introduced thin Albunex-shelled (human-protein-shelled)
microbubbles (Optison�) and erythrocytes (red blood cells) simul-
taneously into ultrasound standing-wave fields at a frequency of
about 1.5 MHz. The authors reported that in the presence of Opti-
son�, the erythrocytes moved more vigorously and randomly in
the acoustic field and released significant amounts of hemoglobin.
However, the Optison� microbubbles also disappeared within the
first frame—that is, within a few milliseconds. In the current study,
we utilized thick-shelled polymer microbubbles with the ratio of
shell thickness to microbubble radius above 5% [36]. Compared
to the shell of lipid- or protein-shelled microbubbles [37,38], the
thick encapsulated polymer shell offers increased mechanical sta-
bility resulting not only in shelf-life of several months but also in
extended circulation time during in vivo tests. Thick shell also
offers larger volume for incorporation of therapeutical gas [39] or
pharmacological relevant molecules [39] to be delivered locally
following ultrasound excitation.

The aim of the study was to investigate the movements of
polymer-shelled air-core microbubbles induced by radiation force
in acoustic standing-wave fields and to compare these with the
corresponding movements of solid polymer beads, currently used
as a blood mimicking phantom.

Prior to the experiments, we estimated the acoustic contrast
factor, U, value of our polymer-shelled microbubbles suspended
in water following the Gor’kov potential theory [22]. The sign U
predicts the particle trajectory motion, which is extensively
described in the theory section. Furthermore, the response of the
polymer-shelled microbubbles at different driving voltages across
the PZT is explored so as to identify the relation between acoustic
pressure and the trajectory motion of the microbubbles. Our exper-
imental results are compared with those presented in well-
established studies of polymer microbeads [40,41]. Finally, the
paper concludes with a thorough discussion of the fundamental
physical principles behind the observed phenomena and notes
potential applications for polymer-shelled microbubbles.
2. Theory

2.1. Radiation force

Suspended particles in a liquid experience both axial and trans-
verse acoustic radiation forces when they are subjected to standing
wave acoustic fields. The axial radiation force acts toward the
direction of the wave propagation, which is responsible for a driv-
ing particle to either pressure node (velocity antinode) or pressure
anti-node (velocity node). The transverse radiation force is acting
perpendicular to the wave propagation, that is accountable for
grouping the particles to clusters. The mathematical representa-
tion of the primary axial radiation force [22] is given in Eq. (1),

Frad ¼ �V
f 1
2
bsrhp2

1i �
3f 2
4
qsrhv2

1i
� �

; ð1Þ

where V is the volume of the particle; f 1 ¼ 1� bp
bs
and f 2 ¼ 2ðqp�qsÞ

2qpþqs
are

the monopole and dipole scattering coefficients; qp and qs and bp
and bs are the densities and compressibility of the particle and
the surrounding media, respectively; p1 is the incidental pressure;
and v1 is the velocity of the particle. In 2-D acoustophoresis,
microparticles move in a horizontal direction, x(t), and in a
transversal direction, y(t). The acoustic pressure field in transverse
motion is p1 = pa cos(ky), and when this is substituted in Eq. (1),
the radiation force acting on the transverse field becomes [42]

Frad
y ¼ 4p

3
kya3EacUðb;qÞ sinð2kyyÞ; ð2Þ

where k(=2p/k) is wavenumber; k is the wavelength equal to chan-
nel width,w; a is the radius of the single spherical particle; Eac is the
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time-averaged acoustic energy density; and U(b, q) is the acoustic
contrast factor, which equals 1

3 f 1 þ 1
2 f 2.

2.2. Acoustic contrast factor

The direction of particle movement depends on the sign of the
acoustic contrast factor,U. As shown in Fig. 1, particles with a pos-
itive U are translated and focused at the pressure node (i.e., veloc-
ity antinode). Particles with a negative U move in the opposite
direction and are trapped at pressure antinode (velocity node).

Barnkob et al. [40] estimated the U of polyamide microbeads
suspended in water to about +0.24. Thus, microbeads are dragged
into pressure nodes by the radiation force in a standing wave
acoustic field. The polymer-shelled gas particle/bubble however,
is a combination of a gas core and a complex polymer shell. Thus,
the density is calculated by considering the cumulative sum of air
core and polymer shell densities, which can be expressed as
qp = qshell(1 � a3) + qgasa3. Here the parameter a is the ratio
between inner, R01 and outer, R02, radii of the polymer-shelled
gas particle, and equals 0.84. Fernandes et al. [43] reported that,
the encapsulated PVA shell is the composition of 80% water and
20% PVA moieties. The density of PVA and water is about
1269 kg/m3 and 1000 kg/m3 respectively and the total shell
density thereby equals 1053 kg/m3. Thus the total density of the
polymer-shelled gas particle, qp, is 429.6 kg/m3.

A pulsating microbubble in lower acoustic pressure can be
modelled as a damped linear harmonic oscillator. Grishenkov
et al. [36] derived the linearized version of the non-linear equation
of motion of polymer-shelled microbubbles given in Eq. (3), which
is similar to the damped harmonic oscillator model as given in
Eq. (4),
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where R01 and R02 are the inner and outer radii of the microbubble
at rest; lL is the shear viscosity in surrounding liquid; p0 is the
ambient pressure; pac is an incidental acoustic pressure;
VS ¼ R3

02 � R3
01 ¼ R3

2 � R3
1 describes the shell incompressibility

assumption in the model; PG,eq represents the gas pressure at equi-
librium that is assumed to be equal to p0; G0(x) and G00(x) are the
frequency-dependent storage and loss modulus; qs and qL are the
densities of shell and liquid; x(=2pf) and x0(=2pf0) are the parti-
Fig. 1. Illustration of the acoustic pressure standing-wave profile and particle
motion depending on different acoustic contrast factors, U, in a liquid suspension.
cle’s driving frequency and resonance frequency, respectively; and
j is the polytrophic gas constant that varies between 1 (isothermal)
and 1.4 (adiabatic).

Comparing Eqs. (4) and (5) allows us to identify the mass

(m ¼ cqSR
2
01), friction R ¼ 2ðR3
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00ðxÞÞ=R3

02

� �
, and stiff-

ness KP ¼ jPG;eq þ 4
3R302

VSG
0ðxÞ

� �
. Here, the storage modulus G0(x)

can be expressed as G0(x) = Geq + G1x3/4, where Geq is the equilib-
rium shear modulus and G1 is the frequency-dependent shear
modulus. Both Geq and G1 were identified by fitting theoretical
attenuation spectra with measured attenuation spectra, which
were reported as 10.5 MPa and 5.5 Pa/(rad/s)3/4, respectively [44].
Herein the driving frequency, f, of PZT equals 2.8 MHz; therefore,
G0 is 11.9 MPa. The mean external radius of the bubble is 1.9 lm,
and PG,eq is the atmospheric pressure—that is, about 105 Pa. The
resultant Kp is equal to 12.2 MPa, and the inverse of Kp, the
compressibility, bp, is about 0.08 MPa�1. Further, the monopole scat-
tering coefficient or compressibility factor, f1, would be 181.4, and
the dipole scattering coefficient or density factor, f2, would be +0.4.
Thus, the acoustic contrast factor, or U value, is estimated to �60.7.

2.3. Transverse particle path, acoustic energy density and local
pressure amplitude

The trajectory motion of the single particle, either microbubble
or microbead, in acoustophoresis can be assessed using the equa-
tion for transverse particle part y(t) where the expression for trans-
verse radiation force (Eq. (2)) is balanced with the Stokes drag force
[42]

yðtÞ ¼ 1
ky

arctan tan½kyyð0Þ� exp 4U
9g

ðkyaÞ2Eact
� �� 	

; ð5Þ

where y(0) is the initial position of the particle at t = 0; and g is the
viscosity of the surrounding liquid.

Inverting the Eq. (5) lead to expression for the acoustic energy
density.

Eac ¼ 9g
4UðkyaÞ2t

ln
tan½kyyðtÞ�
tan½kyyð0Þ�

� �
: ð6Þ

Keeping in mind that both structural and mechanical character-
istics of the microbeads are known [40] it is possible using the
experimentally measured accumulation time, t, to estimate the
value for acoustic energy density at different driving voltage. Fur-
thermore the pressure amplitude, pa, in a chip can be estimated
from the relation pa ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qsc2s Eac

p
; where qs and cs are the density

and speed of sound of surrounding liquid.
Thus the indirect calibration of the acoustic standing-wave field

can be achieved.

3. Material and method

3.1. Particles

In this research, two particle types were utilized namely, poly-
mer microbeads and polymer-shelled microbubbles. The testified
polymer microbeads’ (polymer was made of polyamide molecules)
suspension was prepared by adding a mixture of Milli-Q water
(with 0.01% Tween20) to blood-mimicking fluid (EU-DFS-BMF-
ver.1 for flow Doppler Phantoms, Danish Phantom Design, Den-
mark) in a ratio of 1:9. Barnkob et al. [45] reported that the concen-
tration of microbeads suspension was about 3.5 � 1011 ml�1, while
its diameter was 4.5 ± 0.7 lm. The polymer-shelled microbubbles
resulted from the encapsulation of microsize gas bubbles with a
PVA (poly vinyl alcohol), hydrogel. The polymer-shelled microbub-
bles were reproduced in our lab following the protocol developed
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by Cavalieri et al. [37]. Concisely, the PVA powder (Sigma–Aldrich,
Chemie GmbH, Germany) was dissolved in distilled water, and the
resulting solution was mixed with sodium (meta)periodate at a
temperature of 80 �C. Later, this solution was subjected to a
homogenizer ULTRA-Turrax� (Ika, Germany) for two hours. During
the high-stirring process, the polymer moieties with hydrophilic
heads and hydrophobic tails were rearranged at the water/air
interface. As a result, stabilized gas particles were obtained. The
diameter and concentration of polymer-shelled microbubbles
equal 3.8 ± 0.6 lm and 5 � 108 ml�1, respectively. The thickness
of the polymer shell reported by Poehlmann et al. [44] was approx-
imately 300 nm. Thus, the ratio of shell thickness to microbubble
radius is 16%.
3.2. Experimental set-up

The schematic representation of the experimental setup is pre-
sented in Fig. 2. A microfluidic chip (GeSim GmbH, Dresden, Ger-
many) made of a glass–silicon-glass composite structure [45]
was placed under the transmission microscope (Axiovert 40 CFL,
Carl Zeiss, USA). The microchip included the microfluidic channel
and a rectangular chamber. The depth and width of the channel
were about 110 � 300 lm2, and the length and width of the rect-
angular chamber were about 8900 � 530 lm2. The microchip had
one inlet and one outlet. A PZT was coupled to the upper surface
of the microchip using conductive adhesive gel (Tensive�, Labora-
tories, Inc., USA). An impedance analyzer (Model 16777k, Sine-
Phase Instruments GmbH, Moedling, Austria) found the
fundamental resonance frequency of the attached PZT to be
2.8 MHz.

The PZT was driven to operate by a function generator (AFG
3022, Tektronix Inc., USA) with a continuous sinusoidal wave.
The width of the rectangular chamber was designed to equal one
wavelength, k, of the ultrasound standing wave—that is, 535 lm.
Thus, the cage acted as a full wave resonator, and the superposition
of vertical and horizontal waves in the full wave resonator resulted
in two pressure node planes (at k/4 and 3k/4) and three pressure
antinode planes (at 0, k/2, and k). The microscope, equipped with
a 10� objective (NA = 0.25; Zeiss, Germany), was focused on the
rectangular chamber. Images were captured by a digital camera
(SLT-A77V, 77a, Minato, Japan) with a frame rate of 50 Hz. In these
Fig. 2. Schematic representation of the experimental setup consisting of the
silicon/glass microchip connected to the PZT transducer mounted below the
microscope and the CCD camera. The detail (top-view) depicts the rectangular
chamber and the acoustic standing-wave profile in the region of interest.
experiments, the concentrations of both microbeads and polymer-
shelled microbubbles were diluted with distilled water to equal
106 ml�1. The solution was introduced into the channel through
the inlet using a syringe (BD Luer-LokTM Tip, Sweden). The flow of
the particle suspension in the microchip was interrupted in order
to bring the solution into a stationary position, thereby avoiding
pressure gradient and microstreaming effects. Thus, all experi-
ments were performed in no-flow conditions.
3.3. Accumulation time

The excitation voltage at the PZT (which is indirectly propor-
tional to the applied pressure on the particle) was incrementally
increased from 1 to 10 V. The motion of the particles was recorded
for about two minutes at each voltage level and stored in a PC. The
recorded videos were post-processed, and the motion of the parti-
cles was tracked in Matlab�. The image size is about 1080 � 1920,
and particles in the image are visualized as black dots against a
lighter background. A thresholding method was implemented to
trace particles. The particle intensity profile was constructed by
summation of all black dots along the channel width (the rows of
image). The particle intensity profile demonstrates the number of
particles in specific location along the width of the channel. With
an activation of the PZT, the particles moved toward and accumu-
lated at either the node or the antinode, where the corresponding
region of interest (RoI) were selected. The particle intensity
increased with time and saturated once the particles were trapped
at either node or antinode. The time from PZT activation to maxi-
mum in particle intensity defined the particles’ accumulation time.
4. Results

4.1. Microbeads

As shown in Fig. 3a, the solid polymer microbeads were ran-
domly distributed across the chip and settled on the bottom plane
of the channel when they were not subjected to acoustic standing-
wave fields. With an activation of voltage (about 9 Vpp) across the
PZT, the primary acoustic radiation forces dragged the polymer
microbeads to the pressure node planes. As shown in Fig. 3b–f,
the polymer microbeads aligned with the pressure node planes
and formed two streamlines at k=4 and 3k=4 as time progressed.
The distribution of microbeads across the rectangular chamber
was traced with respect to time. Fig. 4 presents the intensity pro-
files of the polymer microbeads that correspond to the images in
Fig. 3. The intensity profiles clearly indicate that there are two
pressure node planes, at about 130 lm (=k/4) and at 400 lm
(=3k/4).

To calculate the accumulation time of microbeads, the region at
the pressure node (at about 130 ± 40 lm) is considered a region of
interest (RoI) for tracking particles accumulation over time, as
illustrated in Fig. 4. The maximum intensity value in the RoI with
respect to different time intervals is illustrated in Fig. 5. After acti-
vation of the PZT, the concentration of microbeads gradually
increased to the maximum. The particle intensity reached a maxi-
mum, and the curve became saturated after the maximum. Thus,
most of the polymer microbead population relocated at the pres-
sure node plane at the point when the particle intensity reached
its maximum. The time from PZT activation to the maximum par-
ticle intensity is the accumulation time, which is about 30 s for an
electrical potential of about 9 V across the PZT.

The knowledge of accumulation time at varied electrical poten-
tial across the PZT is further employed for estimation of acoustic
standing-wave field following Eq. (6) and microbeads characteris-
tics reported in [40]. Both acoustic energy density, Eac, and local



Fig. 3. The microscopic images focused along the rectangular chamber at different time intervals when the polymer microbeads were (a) not subjected to an acoustic
standing-wave field and (b–f) subjected to an acoustic standing-wave field. As time progressed, the particles shifted toward the pressure node planes. The particles appear as
black dots against a lighter background.

Fig. 5. Tracking the maximum intensity values around the ROI, as shown in (a)—
that is, at one the pressure node plane at 133 ± 40 lm.

Fig. 4. Normalized intensity profiles of the polymer microbeads across the
rectangle chamber at different time intervals, corresponding to images in Fig. 3.
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pressure amplitude, Pa, are estimated at electrical potential, U,
between 3 and 10 V and reported in Fig. 6. The acoustic pressure
amplitude, Pa, as expected depends linearly on the driving voltage,
U. The value R2 of the linear fit Pa(U) = 14.86U + 21.67 is equal to
0.98. At the maximum voltage considered in this study the acoustic
energy density is 3 J/m3 which correspond to the pressure ampli-
tude of 165 kPa. These results are consistent with the previously
reported values estimated using either individual particle tracking
by Barnkob et al. [42], or light-intensity method by Barnkob et al.
[40]. Worth mentioning is that at a pressure below 100 kPa
microbubbles behave as a linear scatterers whereas in a range
between approximately 100 kPa and 1 MPa polymer bubbles oscil-
lation is nonlinear with second and higher order harmonics pre-
sent in a spectra [46]. The fracturing of polymer microbubbles
were extensively characterized in [47] and occurs at a peak nega-
tive pressure above 1 MPa at a frequency 2.2 MHz. As a result no
fracturing, fragmentation or destruction of the microbubbles is
expected at a pressure values considered in this study.
4.2. Polymer-shelled microbubbles

Fig. 7 illustrates the polymer-shelled microbubbles positions
before and after they were subjected to a standing-wave acoustic
field. Here the driving voltage across the PZT equaled 9 V. After
the PZT activation, the polymer-shelled microbubbles were trans-
lated to antinode planes at the center (w/2) and near the walls (0
and w) along the channel. Once the polymer-shelled microbubbles
were driven to the pressure antinode planes, they aggregated at
different locations transverse to the initial direction of the radia-
tion force. The reason for this aggregation is because of the weaker
axial component of the 2D acoustic radiation force [42,48], but we
also believe that the secondary acoustic force accelerates the
accumulation. The intensity profiles of the polymer-shelled
microbubbles’ distribution in the chamber at time intervals corre-
sponding to the images in Fig. 6 are given in Fig. 8. At the edges,
the polymer-shelled microbubbles appear blurred and are not clearly
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distinguishable from the wall background; for this reason, the
polymer-shelled microbubbles at the edges were not tracked. As
shown in Fig. 9, the RoI selected was 265 ± 40 lm (at k/2) in order
to measure the accumulation time of the polymer-shelled
microbubbles.

The accumulation time of polymer microbeads and microbub-
bles at the node and antinode planes, respectively, versus the pres-
sure amplitude is shown in Fig. 10a and b. It is evident that the
accumulation time for both polymer-shelled microbubbles and
polymer microbeads decreases as the pressure increases. The pri-
mary radiation forces generated by the PZT were too weak to drive
the microbeads to the pressure node planes at a pressure below
60 kPa, which corresponds to the driving voltage less than 3 V. At
pressure 165 kPa (10 V), the polymer-shelled microbubbles were
driven to the antinode planes in less than half a second, while
microbeads took approximately 26 s.
4.3. Mixed solution

The mixed solution (composed of both polymer-shelled
microbubbles and polymer microbeads) was introduced into the
Fig. 7. The microscopic images of polymer-shelled microbubbles (represented by black
shelled microbubbles are not subjected to an acoustic standing-wave field and (b–f) whe
0.2, 0.4, 0.6, 0.8, and 1.0 s respectively.
microfluidic chip to attest the acoustophoresis separation between
particles with a positive acoustic contrast factor (polymer microbe-
ads) and others with a negative acoustic contrast factor (polymer-
shelled microbubbles). As shown in Fig. 11, the polymer-shelled
microbubbles were collected and focused in the antinode plane
(located in the lower plane), while microbeads were situated in
the pressure node plane (located in the upper plane) in the pres-
ence of an ultrasound standing wave. The density of the
polymer-shelled microbubbles was half the density of water, the
weight of the displaced water was greater than the weight of the
particle, and the buoyancy forces moved the polymer-shelled
microbubbles to the upper surface of the chip. On the other hand,
the density of microbeads was slightly greater than the density of
water, and the weight of the displaced water was greater than the
weight of the microbeads; thus, microbeads were deposited in the
bottom plane of the chip. This is visualized clearly in Fig. 11b and c,
where polymer microbeads and polymer-shelled microbubbles can
be seen concentrated in different planes along the z-axis.
5. Discussion

In this study, we examined the movements (directions and
velocities) of polymer-shelled microsize gas-core bubbles with
respect to radiation force in acoustic standing-wave fields. Polymer
microbeads (solid microparticles) were employed to mimic the
acoustic behavior of red blood cells and also allow us to estimate
the acoustic energy density and peak pressure inside the standing
wave resonator.

In contrast to solid microparticles, such as plain polymer
microbeads [42], the polymer-shelled microbubbles have shown
the tendency to be translated and trapped at the pressure antinode
planes in ways similar to lipid (fat) particles [27], oil droplets [30],
elastomeric particles [32], and hollow and glass-shelled core parti-
cles [33]. Although the glass-shelled core particles’ movement can
extend to the motion of UCAs, a scenario mentioned by Leibacher
et al. [33], several other phenomena should be taken into account
for UCAs, such as resonance frequency, damping, and compressibil-
ity. Indeed, the compressibility of glass-shelled core particles is far
less than the compressibility of UCAs.

According to the theory, for highly compressible lm-size gas
bubbles suspended in water media, the acoustic contrast factor, U,
has a huge negative value, about �5640. Thus, gas bubbles are
naturally negative acoustic contrast particles, and they certainly
dots) in a rectangular chamber at different time intervals. (a) When the polymer-
n they are subjected to an acoustic ultrasound standing-wave field at an intervals of



Fig. 8. Normalized intensity profiles of the polymer-shelled microbubbles across
the rectangular chamber at different time intervals, corresponding to the images
given in Fig. 6.

Fig. 9. Tracking the maximum intensity values around 265 ± 40 lm (i.e., around
pressure antinode planes).
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have a tendency to move toward the pressure antinode under the
radiation force in an ultrasound standingwave [18]. However, rapid
dissolution of gas in water makes it more difficult to document this
phenomenon experimentally in unprotected microsize gas bubbles
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Fig. 10. The accumulation time of microbeads (a) at pressure node and microbub
(e.g., a three-micron-size free gas bubble diffused in a liquid within
0.02 s [49]), and they are less useful for practical applications.

As mentioned in the introduction, thin-shelled microbubbles
(Optison�) have also disappeared rapidly in high-intensity
ultrasound standing-wave fields during cell viability studies [35].
In addition, the resonance frequencies of these UCAs varied within
the 1–5 MHz range owing to differences in size distribution
(poly-dispersion) [49]. Given excitationwithin this frequency range,
the bigger bubbles (i.e. resonance frequency lower than excitation
frequency) move to the pressure node, while the smaller bubbles
(i.e. resonance frequency higher than excitation frequency) move
to the pressure antinode [18]. It is therefore challenging to study
the polydispersed thin-shelled microbubbles in acoustophoresis.
On the other hand, the polymer-shelled microbubbles utilized in
this study are relatively monodispersed in size and possess higher
mechanical stability than thin-shelled microbubbles do. The
resonance frequency of polymer-shelled microbubbles at about
12 MHz [36] is far from the excitation frequency (2.8 MHz) gener-
ated in this study by the PZT attached to the microchip, and the
polymer-shelled microbubbles did not exhibit any resonance effect
(chaotic motion) during the experiments. Moreover, these
microbubbles remained intact for longer periods in the actuation
filed. In other words, the polymer-shelled microbubbles were not
destroyed at any pressure values considered in this study.

The acoustic contrast factor, U, for currently reported acoustic
contrast particles (both negative and positive) such as blood cells,
microbeads, lipid particles, oil droplets, and elastomer particles
falls between �1 and 1. This is because the density difference
and the compressibility difference from the surrounding fluid
media are not significant. For example, the monopole scattering
coefficient (i.e., compressibility factor), f1, and the dipole scattering
coefficient (i.e., density factor), f2, of an oil droplet are �0.44 and
�0.07, respectively, and the resulting U is �0.18 [30]. In the case
of polymer-shelled microbubbles, the U is estimated to be �60.7,
and it is several orders of magnitude greater than the U of cur-
rently reported negative contrast particles, even if the U, owing
to a thick stabilizing shell, is appreciably decreased relative to that
of free gas bubbles. The total density of a polymer-shelled
microbubble, including its gas core, is about half the density of
water. As a result, f2 becomes positive, and its value is equal
+0.4. The polymer shell is compressible, but the compressibility
of the gas core is several magnitudes higher than that of the shell.
This renders f1 negative, making its value about �181.4. Compress-
ibility therefore plays a major role in allowing polymer-shelled
microbubbles to behave as negative acoustic contrast particles.

Moreover, the polymer-shelled microbubbles respond more
quickly to the acoustic radiation force than the polymer
microbeads do. They relocate at the pressure antinode much faster
60 80 100 120 140 160 180
0

1

2

3

4

5
(b)

Microbubbles

Pressure amplitude, [kPa]

Ac
cu
m
ul
at
io
n
t im
e
[s
]

bles (b) at pressure antinode plane with respect to the pressure amplitude.



Fig. 11. Microscopic images of mixed polymer-shelled microbubbles’ and solid polymer microbeads’ suspension in the microchip (a) before and (b and c) after being
subjected to acoustic standing-wave fields. Owing to the density differences between bubbles and solid particles, they aligned in different planes. In (b) the bubbles are out of
focus at pressure antinode planes, and the beads at pressure node planes are in focus, whereas in (c) the beads are out of focus at nodes, and the bubbles are in focus.
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(typically around 40 times faster) than microbeads do at the pres-
sure node. Fig. 10a and b illustrates that the relocation time
decreases as the pressure amplitude increases. Both microbubble
and microbeads experience the same acoustic radiation pressure
at the same driving voltage across the PZT; however, greater parti-
cle velocity is obtained for the polymer-shelled microbubbles. This
can be explained by Eq. (1), which indicates that the radiation
force, F y

rad, acting on the particles is directly proportional to the vol-
ume of the particle, V, the square of the pressure amplitude, p2, the
frequency, f, and the acoustic contrast factor, U. The volume of the
microbeads (5.23 � 10�16) is 2.2 times higher than the volume of
the polymer-shelled microbubbles (2.29 � 10�16), while the U of
the polymer-shelled microbubbles is approximately 120 times
higher than that of the polymer microbeads. The corresponding
radiation force acting on the polymer-shelled microbubbles is
approximately 146 times higher than the radiation force acting
on the plain polymer microbeads.

The forces acting on the polymer-shelled microbubbles in the
transverse direction are much stronger than those evident for the
plain polymer particles, as illustrated in Fig. 7. The transverse com-
ponent is very prominent, while the axial motion is almost below
the threshold for plain particles. The transverse component,
because of the non-uniform standing-wave along the channel, pro-
duced a 2-D standing wave [48], although we intended to produce
a 1-D standing wave across the channel. Moreover, both the inter-
action between particles and the particle–wall interaction are
much more prominent for microbubbles, a phenomenon that is
not accounted for in this study (the Gor’kov model assumes only
single-particle motion in a 1-D standing wave and does not
account for other effects, such as a 2-D wave or wall interactions).

The current study is limited to no-flow conditions that is, the
particles are free from flow-related effects, such as microstream-
ing. As a result, the buoyancy forces exerted by the fluid on the
polymer-shelled microbubbles bring them to the upper surface of
the channel, while the same forces exerted on the microbeads
moved them to the chip’s bottom plane (Fig. 11).

5.1. Possible clinical applications

Recent advances in surface chemistrymake it possible to modify
the encapsulated shell in order to anchor ligands and selectively
target the diseased tissue or organ. The bubbles are today pure
blood-pool contrast media and the possible targeting cells are
blood-, endothelial-, and macrophage-like cells hiding in the liver
and the spleen [7,50]. Reported in this article polymer-shelled
microbubbles can easily be decorated with dyes [37], ligands (such
as RGD peptides [51]), and antibodies [52] in order to target the
endothelial cells and liver inflammationwhere the affinity between
functionalized microbubbles and targeted cells is crucial. These
polymer-shelled microbubbles can be potentially utilized in bioan-
alytical applications. For example, the functionalized microbubbles
bounded to the cells can be potentially trapped at the pressure
antinode at a pressure level as low as 60 kPa, leaving free cells
unaffected.

The polymer-shelled microbubbles exhibited stable both linear
and nonlinear oscillations below 1 MPa. Moreover, microbubbles
can be disrupted without forming secondary free gas bubbles at
high acoustic pressure of about 1 MPa [47], in contrast to thin-
shelled and even other types of polymer-shelled microbubbles
[53]. This disruption process is attractive for reversible sonopora-
tion applications [54]. In molecular and genetic disease, an acous-
tophoretic single-cell lysis characterization has been suggested
[55]. The acoustic lysis procedure requires long (approximately
50 s) high-pressure ultrasound exposures, resulting in significant
heating and denaturation of intracellular components [55]. In the
presence of microbubbles, the acoustic cavitation pressure thresh-
old is reduced, as is the exposure time needed.
6. Conclusion

The key knowledge this paper presents is insight into the phys-
ical properties and behavior of stable polymer-shelled microsize
gas bubbles in acoustic standing-wave fields of low megahertz fre-
quency of 2.8 MHz and pressure below 165 kPa. Theoretical con-
siderations and the calculated acoustic contrast factor
(U = �60.7) hinted that the primary radiation force drags the
polymer-shelled microbubbles to the pressure antinode planes;
this was experimentally confirmed. The polymer-shelled
microbubbles translated to the pressure antinode planes within
half a second, corresponding to an acoustic radiation force 146
times higher than that for plain polymer beads, Moreover, these
microbubbles could be separated from solid particles. The high
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negative U of polymer-shelled microbubbles can be beneficial in
performing bioanalytical applications in vitro with the help of
acoustophoresis methods. This experimental evidence of stabilized
gas bubbles’ behavior in an acoustic standing-wave resonator can
be further extended to cell sorting, cell lysis, or bioaffinity studies.
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