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Resonant microbubbles are sorted from a polydisperse ultrasound contrast agent
suspension in an acoustic bubble sorting chip.
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An ultrasound contrast agent (UCA) suspension containapsutated microbubbles with a wide size distribution, wabii
ranging from 1 to 1Qum. Medical transducers typically operate at a single fragygherefore only a small selection of bubbles
will resonate to the driving ultrasound pulse. Thus, thesimity can be improved by narrowing down the size disttibo.
Here, we present a simple lab-on-a-chip method to sort tipeilption of microbubbles on-chip using a traveling ultnasd
wave. First, we explore the physical parameter space ofsticobubble sorting using well-defined bubble sizes formed i
flow-focusing device, then we demonstrate successful sicaamting of a commercial UCA. This novel sorting strateggy
lead to an overall improvement of the sensitivity of contrdsasound by more than 10 dB.

1 Introduction sound perfusion imaging can be improved by narrowing down
the size distribution. Moreover, a fully resonant bubbl@po
Ultrasound is the most widely used medical imaging modal-ulation of drug-loaded agents will be much more efficient in
ity. It is based on the scattering of acoustic waves frominhothe local delivery to target cells, in addition to saving &-su
mogeneities in tissue. Blood, however, is a poor ultrasoundtantial portion of its expensive or toxic payload. For firée
scatterer and the visibility of the blood pool can be enhdnce cg| testing in small animal models, the injected contrashag
using stabilized microbubbles as an ultrasound contrasitag volume is much lower than the volume that can be injected
(UCA). The bubbles produce a strong resonant echo, whickhto humans, so also here one could benefit from enriched,
can be 1 billion times stronger than the echo of solid parti-more resonant, contrast bubbles. Finally, for the use of tar
cles of the same siZe owing to the large compressibility of geted molecular imaging with ultrasound it would be highly
the gas core of the bubbles. The contrast enhancement makiggneficial to discriminate adherent bubbles from freelytfloa
it possible to visualize the blood pool and to quantify organing ones, which can be achieved through spectral diffesence
perfusiorf. The sensitivity of bubble detection down to single through a resonance shift of the adherent bubbles of a sin-
bubblesin-vivo facilitates targeted molecular imaging appli- gle siz€”1%. Moreover, only a small percentage of the total
cations using ultrasound with targeting ligands attacbeté injected dose is typically retained at the target site arid it
bubble sheff. UCAs can also be loaded with drugs, e.g. for therefore important to have all of the targeted bubbles én th
the local delivery of chemotherapeutic drugs with a narrowsize range optimized for detection. For all these reasoiss it

therapeutic inde%®, or genes, such as siRNAS of great interest to devise a method to inject only the resbna
The oscillation of the bubbles in the driving ultrasounddiel pybbles.

is governed by a strong coupling between the microbubbéde siz

arld the ultrasound driving frequency through the Mi.nnaenferentways: monodisperse bubbles can be formed direcdly in
eigenfrequency of the bubbfes UCAs are commerC|aIIy. flow-focusing device, or commercially available UCA can be

avla|tl_ablle as_,da susper;smt)n of %ncapsdulaieq m'g_rotb_%z;gﬁw't filtered or they can be sorted. Flow-focusing techniqueghav
re;_lve y Wi ef manlu taclurer- %F’I?W eln E'Ze |s(rj| ¢ proven to be a versatile tool for highly controlled formatio
radil ranging from 1 to 1Qum. Clinical ulrasound systems of monodisperse droplets and bubBie¥2 In a flow-focusing

oper?jt? at a(;warrow bgn?\'\/.'dtr optllmlztgd for the type of ultra geometry a gas thread is focused in between two external lig-
sound transducer and clinical application, consequemtly o uid flows through a constriction, where the gas is pinched off

a Smg';.frﬁjc“_?_ﬂ of t?he bUbbl_?_S _;esc;natef totthe:nwr;iullttr to form monodisperse bubbEs™ One challenging aspect of
soundfield. Thus, the sensilivity of contrast-enhanca@utt ;g approach is to investigate how the monodisperse babble
1 Electronic Supplementary Information (ESI) available:etfils of any (?OL”d brt;ltselﬂlgaps_ulatec_i with a b|ocompat|ple coating tq stabi
supplementary information available should be includetklhe See DOI: “_Ze the » toInvestigate h_OW to ma'nt_a'n the monodisper-
10.1039/b000000X/ sity of bubbles produced at high production rates over tfine

Physics of Fluids Group and MESAInstitute of Nanotechnology, P.O. Box gnd to investigate the dynamics of different coating matsri

217, 7500 AE Enschede, The Netherlands. Fax: +31 53 489 8088+31 I s 9 i R R
53489 2470; E-mail: tj.segers@utwente.nl for in-vivo and clinical usé®. Enriching commercially avail

A resonant bubble suspension can be realized in three dif-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |1
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able UCAs can be done by means of mechanical filtr&flon we describe the design of the microfluidic device in which

Bubbles can be filtered by a pore filter, however, this may easthe bubbles can be sorted. We test its working principle for

ily result in bubble fragmentation due to elevated pressurebubbles of well-defined size formed in a flow-focusing device

and to filter clogging. Moreover, bubbles not passing therfilt and show that sorting bubbles with a size similar to those con

are lost and can not be re-used. tained in UCAs is feasible. Finally, we show that a suspemsio
Size-selective sorting methods are based on the forcing o¥f UCA bubbles can be efficiently sorted using this novel-sort

bubbles. Bubbles with a different size experience a bodyefor ing strategy.

of different magnitude. The force can be a result of gravity,

fluidic forces, or radiation forces, both optical and acmadt ; ;

One sorting method is reported by Goestal.2! who isolated 2 Acoustic bubble sorting theory

smaller bubbles through decantation. The basis of thisearoc A traveling ultrasound wave propagates in posigadirection

dure is that gravitational forces are balanced by viscoag dr (ihe vertical in Fig. 1):

forces; larger bubbles rise faster in the fluid due to a larger

buoyant force although in practice this is not a well-colhid P(y,t) = Pasin(2mft — ky), (1)

process. Similarly, Feshitaet al.?? isolate size fractions from

a polydisperse UCA by centrifuging the suspension. A cylin-wherek = 27tf /c is the wavenumber of the wave with fre-

der with the agent is rotated at high speed after which the bulbquencyf and speed of soundand withPa the acoustic pres-

bles were extracted from the cylinder at certain heights. sure amplitude. A bubble will experience a radiation force
On-line continuous sorting methods for bubbles are not re-

ported to the best of our knowledge. However, numerous pub-

lications on microfluidic continuous sorting methods fortpa

cles and cells are presented. Nieuwstdtl.?3 use lift forces

to sort particles in a straight microfluidic channel. Anathe

method to sort particles in a flow field is called pinched flow

. . . 24 . _
fractionation, first reported by Yamada al.. Sorting par The time dependent volume of the bubble in the travel-

ticles in acoustic fields is extensively reportéd® In gen- . be obtained f Ravieiah-P| ot
eral, an ultrasound standing wave (USW) is set up betweewgn\é\;"fwe can be obtained from a Rayleigh-riesset-type equa-

two reflecting channel walls in &/2 microfluidic resonator
chip resulting in a pressure node in the center of the channel ) ) 3k :
(ree3) - (2o 2) (R) (-0

Fr=-V- 0P, (2

where both the pressure gradiéi® and the volum#& of the
bubble are time-dependent with different phase contidiosti
This leads to an unsteady force that changes periodicatly bo
in direction and in magnitudi.

Particles are injected into the channel from where they will p Po+ - R c

be dispersed over the width of the channel by the primary ra- Ro .
diation force. While solid particles are mainly driven byth —Py—Pa— 20 ﬂ?’ (3)
primary radiation force of the ultrasound, bubbles willcals R R

be susceptible to radiation pressure generated by neighboyyperep is the liquid densitys the speed of sound in the liquid,
ing bubbles, termed secondary radiation féfc¥. Moreover, k the polytropic exponent of the gas inside the bubble, Wjth

the reflecti_ng walls present the bubbles yvit_h a virtual imag&ne |ocal hydrodynamic pressure within the channel Bad
bubble which through the secondary radiation force leads t¢e 5coustic pressure, as befdRgis the initial bubble radius,

mutual attraction, illustratively named the Narcissugeff'. R the time-dependent radius of the bubble and the overdots
Primary and secondary radiation forces for bubbles areef thyanote its time derivatives. The solution to Eq. (3) gives th

same order of magnitude making an USW sorting strategy Un=,4iys of the bubble as a function of tinfe(t)
feasible through bubble clustering and drift towards thanch The translational motion of a bubble in the y-direction pro-

nel walls. _ _ pelled by the primary radiation forde is counteracted by a
The use of dravelingacoustic wave has the advantage thatyjscous drag forc€p and due to acceleration of the bubble by
the channel dimensions are decoupled from the wavelengtin added mass forde33-3% UCA bubbles are coated with
of the ultrasound. Therefore the frequency can be tuned fophospholipids that fully immobilize the gas-air interfaaved
optimal performance in the required size range of the sprtin they can therefore be modeled using a point-particle agproa

chip. Here, we present a new and simple acoustic bubble sors rigid spheres with a time dependent radius. We set up the
ing method contained in a lab-on-a-chip device. We make usgyrce balance for this system:

of travelling waves of low acoustic pressure. The use of con-

tinuous wave ultrasound allows for a finite net displacement, 4 3. 1 d4 .
of the bubbles during multiple cycles, whereas the ultrasiou 0= FrtFatFo= §nR3u|p 3P ﬁ(§nR3(yb —w)
frequency allows for size-selectivity through resonartiest —6mUR(Yo— ), (4)

2| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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Fig. 1 The acoustic bubble sorting principle. (A) Bubble trajes in a high aspect ratio microfluidic channel (L =1 cm, W ©20n,
W/H = 10). Size-selectivity is accomplished through the resbhahavior of the microbubbles by the radiation force obaeting acoustic
wave with a maximum pressure amplitude of 4.5 kPa (B). Figuishows the displacement (red solid line) from the centeh@tthannel

(y = 0) as a function of the bubble radius. The black solid Iim€ shows the scattered pressure calculated at a distarice oés a function
of the bubble size. The resonant bubbles are displaced lowéargest distance into the upper outlet and are thereéparated from the
polydisperse bubble population. The pressure scatteoedtiie resonant bubbles is the largest as can be seen frorfathkdibe in figure C.

wherey, is the transverse velocity of the bubbla, is the  Fig. 1A. Thus, lift forces, which may counteract the transla
fluid velocity andd/dt represents differentiation with respect tion induced by the ultrasound, are negligible because®f th
to time. Inertia of the bubble is neglected because of thdlsmaabsence of a flow gradient (hence zero vorticity) over almost

gas density as compared to water. the entire channel widtv.
The radiation forceFr on a bubble due to the pres-  The translation of bubbles in a size range of 1 toyi@
sure wave is calculated from the pressure grad®Mox = ransported by flow with a maximum downstream velocity of

—pDu/Dt. Convective effects are negligible here and it re-g 1 mys through a microfluidic channel is modeled by solving
duces todP/dx = —pdu /ot *°. The added mass ford®  the coupled radial dynamics, Eq. (3) and translation, Eg. (4
gives the force that must be exerted in order to accelerate A5 5 first approximation, we assume that the microfluidic
rigid sphere in its surrounding fluid, and for spherical @i§e  channel is acoustically transparent. This implies thabiite-
it is well-known®”. It is independent of the boundary con- pjes do not interact with the channel walls. Furthermore, it
dition and of the Reynolds number, however sifitandu; s assumed that the bubbles are initially positioned at éme ¢
are time-dependent, the expression for the added massi$orceigr of the channel (both in width and in height= 0;z= 0)
more extendedFa = 2/3mpR (U — Vo) + 2ORPR(UI —¥b).  and that they are transported downstream with the flow ve-
The quasi-steady dré§ describes the Stokes drag acting on|ocity. The bubbles are injected at positigs= 0. The ultra-
the bubbles as they are translated. Simple Stokes drag wagng frequency is 1 MHz and the acoustic pressure ampli-
taken because the bubbles are insonified at low acoustie preg,qe P was set to have a Gaussian shape with a maximum
sures EA ~ 10 kPa) resulting in relatively small tran_slational amplitude of 4.5 kPa in the center of the channel (Fig. 1B). A
velocitiesyp and bubble Reynolds numbeRe, = 20R¥n/H)  microfluidic channel length of 1 cm was chosen. The aspect
smaller than 1. The laminar flow field in a microchannel 54ig W/H was chosen to be 10 with a channel widithof
with a rectangular cross-section at a given lateral pasifio 200 um resulting in a pressure drdyP of 20 kPa. The sur-
and a height levet can be calculated by solving the Hagen- face tension and density of water are used; 0.072 N/m and
Poiseuille equation, see e.g. Brds o = 1000 kg/m3, respectively. The polytropic gas constant
2 w y was set to unityy = 1, as we use low driving pressure and
uly,z) = w Ed % ll— &W] sin(nrri), (5) isothermal behavior can be assumed in the gas core of the bub-
UL 1 Gaa" costnrgy) H bles. The coupled equations are solved numerically in MAT-
with L the length of the channaW its width andH its height, ~ LAB by an ordinary differential equation solvede45. The
1 the kinematic viscosity of the liquid antiP the pressure ~corresponding boundary conditions wege= 0 andyp = 0 at
drop across the channel. For a channel with an aspect ratlo= 0-
W/H of 10 the flow profile is shown entering from the leftin ~ Figure 1C shows the modeled displacement in the y-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3
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Fig. 2 Acoustic bubble sorter. (A) shows the design of the expeantmperformed with the bubbles produced in a flow focusindoge{B).
Microbubbles are formed in a narrow orifice and directed thsorting channel where an extra liquid co-flow is addedtomensate for the
bigger cross section (C). A traveling acoustic wave geeédrhy an embedded piezo transducer displaces the bubblethevehannel width
(D). Note: the channel lengths are not drawn to scale.

direction. We also plot the scattered press@iaf single mi-  channels with a piezo transducer embedded in the PDMS. The
crobubbles as a function of the bubble radius. The plot showsransducer generates a traveling acoustic wave perpdadicu
that the most resonant bubble sizes are displaced over the the flow direction to push the bubbles to the top half of the
largest distance and that they can be separated from the othehannel. Outlet collection channels and chambers were not
bubbles using the outlets of the sorting chip, see Fig. 1A& Thincorporated in the present design to avoid flow disturbance
output bubble size distribution can be controled by tunimgt due to hydrodynamic pressure differences across the \&ariou
ultrasound frequency of the traveling wave. Shiftingitésds  outlets. Nevertheless, channel spacers were added torthe so
higher frequencies will provide smaller bubble sizesindhe  ing channel to mimic such outlets (Fig. 2D).
put of the sorter and vice versa, lower ultrasound frequenci  The molds for the PDMS chips were fabricated using stan-
lead to an enriched suspension containing larger bubbles. T dard soft lithography techniqu#’s a layer of SU-8 was spin-
width of the size distribution at the outlet can be tuned by-co coated on top of a silicon wafer, UV-exposed through a mask
troling the amplitude of the ultrasound wave. A higher pres-containing the channel features, and developed to be ready
sure amplitude results in a larger overall displacemenalfior  for replica molding. PDMS was mixed in the standard 1 : 10
bubbles, providing a wider size distribution and more bebbl ratio, degassed, poured over the mold and cured & 6&r
at the outlet. Narrowing the output size distribution can beone hour, then cut to size. Prior to bonding, the fluidic ports
achieved by lowering the pressure amplitude resulting in anvere punched through the PDMS. The PDMS containing the
enriched suspension of highly resonant bubbles. channel features was plasma-bonded to a flat backing slab of
PDMS for acoustic homogeneity. Teflon tubing (PEEK, Up-
church) was connected to the inlet channels through which
3 Acoustic bubble sorting: chip design gas, liquid, and ultrasound contrast agent were supplied. T
outlets were connected to large diameter tubing to ensure at
The chip designs are displayed in Figs. 2A and 3A. We use anospheric pressure at the outlet. The channels were filld wi
chip bulk material with an acoustic impedance similar td tha water immediately after bonding to maintain hydrophilicit
of water to prevent reflections at the channel walls, whieh re  The piezoelectric transducers are positioned such thgt the
sults in bubbles being attracted to the walls. Moreoveruse oscillate perpendicular to the sorting channel, in a slit cu
of an acoustically homogeneous material prevents thedogild - though both PDMS layers parallel to the sorting channel at
of standing waves. A PDMS-water interface has an acoustig distance of approximately 4.5 mm. They were glued using
reflection coefficient of only 2096, whereas for a glass-water PDMS which was locally cured with a hot air gun. Three sizes
or silicon-water interface nearly all the acoustic enemye-  of piezoelectric ceramics were used (surface are@5mnt,
flected. We therefore build all sorting channels in PDMS. thickness 11 mm, & 5 mn?, thickness 2 mm, andx»4 mn¥,
The sorting channels (Fig. 2C) are straight large-asp#otra thickness 1 mm) with center frequencies of 180 kHz, 1 MHz

4| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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co-flow

Fig. 3 Acoustic bubble sorter for the sorting of UCAs. (A) shows design. A microbubble suspension is hydrodynamically $eclin
between two liquid co-flows (B) forming a bubble train (C).teling acoustic wave pushes the bubbles in vertical timeclownstream of
the channel (D). Note: the channel lengths are not drawnaie sc

and 2 MHz, respectively. All transducers were driven atrthei would render the proposed acoustic bubble sorting strategy
thickness mode by an arbitrary waveform generator (Taboimpracticable. One can calculate that it is necessary toespa
Electronics, WW1072) operating in continuous mode. A sinu-the bubbles by a distance> 10R%C,

soidal waveform was applied with amplitudes of 2.4, 2.7, and Two flow focusing geometries were used to cover the gas
2.1V, respectively. A quantitative measurement of the a€ou an( liquid flow rates to produce bubbles in the size range of
tic pressure on-chip using non-intrusive methods can be donjperest, 1-2%um. Bubbles with radii between 10 and 2%n

through indirect radiation pressure measurenfénis using  were produced in a flow focusing geometry with an orifice size
Schlieren imagin@®. However, these techniques are not ap-of 20 um, the smaller bubbles were produced with an orifice
plicable with the low acoustic pressure amplitudes used.her of 3 ;m in size. Optically, the larger microbubbles are easier
We subdivide the chip in two pieces, cut along the sortingio measure and to size. The motivation for the smaller bub-

channel, and we construct a watertight container around thgjes was to study the response of bubbles with a size similar
part containing the piezo by positioning it between two glas

slides and sealing it with PDMS, see Fig. 4. A calibrated hy-

drophone (Onda HNR-050) connected toxay+z translation :

stage was put in the water-filled container and moved along -~ hydrophone —
the sorting channel at a stand-off distance of approximatel
0.2 mm. The piezo transducer was driven at the experimental
conditions to estimate the applied pressure and the peessur
distribution inside the sorting channel. It was verifiect i
water level above the channel did not influence the pressure
measurements. Also the hydrophone did not suffer from elec-
tromagnetic interference and crosstalk from the piezostran
ducer. —
The sorting strategy was first tested by connecting a flow :‘-;\
focusing geometr§# to the sorting channel (Fig. 2B). In the ;
flow focusing geometry a gas thread is focused between two
co-flows through a narrow orifice. Bubbles are produced serjqg 4 pressure calibration setup. The sorting chip was cut in two
quentially to form a train of equally sized and equally sghce halves along the sorting channel. A watertight containes wa
bubbles. The spacing between the bubbles is important to mirconstructed around the chip using two glass slides and 4 set o
imize the attractive forces between the bubbles which leadBDMS slabs. A calibrated hydrophone was moved along thengthan
to bubble clustering. Two or more bubbles attached to eachxis to measure the acoustic pressure.

other have a completely different resonance behdtjerhich

water

glass slides

PDMS slabs

sorting channel

sorting chi
B g chip

piezo

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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to those of UCA microbubbles. The sizing of these bubbles” <= B R -
suffers from the effects of Mie scattering, in addition tattbf . el -l e e o oM
optical diffraction. . - - -
The bubble size was varied by varying the gas pres- ) - ’ = :
sure. Nitrogen gas flow is controled by a pressure regulator
(Omega, PRG101-25) connected to a pressure sensor (Omega .
DPG1000B-30G). Both liquid co-flows contain a surfactantto g
stabilize the bubbles and are comprised of a 5% w-w solu%
tion of dish washing liquid (Dreft, Procter and Gamble) in de § *°
ionized water. The flow rate is controled by a high-precisiong
syringe pump (Harvard Apparatus, PHD 2000, Holliston, MA, ° 2°
USA).
The outlets of the flow focusing geometries enter at the 0 15 20 2 % 25 5 75 10
half width of the sorting channel for symmetry, a co-flow is radius [um] radius fum]
addgd here to compensate for the_‘ bigger cross Sezcuon' Trﬁg. 5 The acoustic bubble sorter in operation for bubbles prodiuce
sorting channels had a cross section of X1300 um= and e flow focusing geometries. Bubbles with a resonance
14 x 200um? for the larger and smaller flow focusing geom- frequency higher (A) and bubbles with a resonance frequtevogr
etry, respectively. Both sorting channels had a total ket  (C) than the ultrasound frequency are displaced less thiipldsi
1 cm. The height of the channels was the same throughoudriven at resonance (B). Figure D shows the measured displewat
flow focusing part and sorting channels alike. The flow ratesas a function of the bubble radius (dots) for bubbles digaldn a
for the flow focusing experiments with the larger bubblesaver 185 kHz wave. The solid red line shows the modeled displaneme
35 uL/min for the flow-focusing and 1 mL/min for the conflu- Figure E shows the measured displacement as a function bféoub
ent flow. For the smaller bubbles, the flow rates wegg.imin ~ radius (dots) for bubbles displaced by a 1 MHz wave.
and 10uL/min, respectively. All liquid and gas flows were fil-
tered by an in-line syringe filter to prevent channel clogdig

dust particles. mode using fiber illumination (Olympus ILP-1) connected to
A perfluorobutane-based ultrasound contrast agent (BraccQ q|iimation objective (18 Olympus Plan Achromat 0.25

BR-14, Bracco Research Geneva) was supplied in a 5 miya) positioned below the fluidic chip to maximize the light

vial. The bubbles form a suspension once water is injeCte%tensity at the imaging position. All high-speed recogin

into the vial and the stabilizi_ng shell is formed by a mixture o o captured at 5000 frames per second giving a temporal
of DSPC/DPPC phospholipids surrounded by a PEG emulieqqytion of 0.2 ms and the shutter time was set ta:$60
sifier. The bubble suspension was focused between two CQxinimize motion blur.

flows _(Fig. 3B) to form_ a train of bu_bl:_)les Wit_h sufficientl)_/ The high-speed movies were processed frame by frame in
large interbubble spacing and then injected into the sprtin \, x1) AR First a background graylevel was subtracted from

cEanne:, as beforezégig. 320)' :]'he cross section of thelfprtineach frame, second the frame was converted to a binary image
channel was 14« pm". The syringe pump controliing using a thresholding algorithm. From the binary image the

the_ U.CA flow was positioned vertically with the needle tip center of the bubble was determined and it was used to trans-
pointing upward at a level several tens of cms lower than th‘?orm the cartesian imagéx,y) into polar coordinategr, ).

_sorting chip._With the bubbles being _bUOYa”t* the aid_of 9radV e intensity values of the original image were averaged ove
ity helped inject the bubble_suspensmn into the Sqmn@‘Ch' all 6 angles to suppress noise in the intensity profile of the
The contrast bubbles were infused at a rate pil4min and image of the bubble and to achieve a sub-pixel precision. The

the liquid co—flgw had a total flow r{:lte of aﬂL/r.nin. inflection point on the intensity profile was then taken as the
The translation of the bubbles in the sorting channel was,ius of the bubble.

imaged using a high-speed camera (Photron SA1.1) connected

to a microscope (Olympus BX-FM modular system) equipped

with a water-immersion objective (Olympus, LUMPlanFL). 4 Results

A 20x magnification objective was used for the flow focus-

ing experiment with the largest microbubbles, a4tbjective  Figure 5 shows the acoustic bubble sorter in operation. Fig-
during the flow focusing experiment with the smaller bubblesure 5A-C were taken from the high-speed recordings and
and a 6 objective during the UCA sorting experiments. The show the displacement of the bubbles in thalirection
obtained resolution wasgm, 0.5um, and 0.3um per pixel, (R = 13.2um, 15.0um, and 19.8um). The displacement
respectively. The system was illuminated in transmittgtli  of 566 bubbles normal to the direction of the channel flow is

80 45

® experiment E e experiment
=——model =——model

o

(]
o

splacel
displacement [um]
>

H
3,
LY
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shown in Fig. 5D. The bubbles had a size range fronu i 100

to 22 um. The open dots indicate the displacement of the bub-

bles from the top figures. 80}
The displacement curve shows the resonant behaviour of

the bubbles. The solid red line in Fig. 5D represents the mod-

eled displacement. Input to the model were the ultrasowed fr

quencyf = 185 kHz, the speed of sound in water 1490 m/s,

the density of watep = 1000 kg/n?, and the measured pres-

surePa. The pressure drop over the sorting chamyiek 5 kPa

was calculated from the applied flow rate and was used in

equation 5 as input to the local hydrodynamic pres&yrée-

ing the atmospheric pressure plus the channel pressuréwhic ot

decreases linearly with increasimg The bubbles produced

here were coated with a surfactant and in the model we set _20 ; ; ; ;

the surface tension to = 0.03 N/m*4, and the surface ten- 0 2 4 6 8 10

sion of the gas-liquid interface was assumed not to vary with Radius [um]

the bubble radius. The bubbles were also assumed to oscillat

isothermally, therefore the polytropic gas constant wascse Fig. 6 Experimentally obtained displacement of UCA bubbles as a
K=1. function of the bubble size (dots). The red line shows theetextl

. . displ t of ted bubbl ith an initial surfaceitensf
Figure 5E shows the displacement of 1876 bubbles as splacement o1 coated bubbies WIth an infia suriacel

. . . 85103 N/m and the blue line shows the modeled displacement for
function of the bubble radius for the smaller flow focusing de a initial surface tension of:210~3 N/m. Varying the initial surface

vice. Here the bubbles range in size between 2.5 angi5  tension between these two values (gray area) show excellent
The solid red line shows the modeled displacement usinggreement with the measured displacement.

the measured acoustic pressure amplitude, as before. The
pressure drop over the sorting channel was calculated to be
AP =100 kPa. The input parameters to the model are the ul-
trasound frequencf/= 1 MHz, the other input parameters, i.e.
the speed of sound in water, the density of water and the sur-

face tension of the surfactant interface, were taken agbefo o i )
flaStICIty and rate-dependent shell viscosity. The vaygimell

Figure 6 shows the scatter plot of the displacement of 48 S .
BR-14 UCA microbubbles by a 2 MHz traveling ultrasound _surfactant concentration is captured in a parameter tetheed

wave. The displacement was measured 7 mm downstream bqitial surface tensiom.(Ro)SO. To induce the ﬂ.OW the pres-
the entrance of the sorting channel. The size range is batwe sure drop over the sorting channel was approximately 100 kPa

0.5 um and 10um, and corresponds to the typical size distri-eSUCh a large overpressure may compress the contrast bubbles

bution of BR-14. The typical acoustic pressure used here w hich results in bubbles ending up in their buckled statetor

15 kPa. Extensive research on the dynamical behavior of uI-eaSt close to buckling, with an initial surface tensiorseio

trasound contrast agents has been performed in th8%p#st <"

More recently it came to the attention that the nonlinear har

monic response of UCA is governed, not only by the classi- Numerical simulations of the displacement were performed
cal Rayleigh-Plesset-type nonlinear bubble dynamicstdut using the measured acoustic pressure amplitude and the data
a great extent also by the nonlinear properties of the bubbléor BR-14 bubbles from Overveldet al.>2. They showed
shel*®49. |t was also shown that the shell surfactant concenthat BR-14 bubbles are characterized by a shell elastidity o
tration had a major impact on the generation of the harmoni®.5 N/m together with a shell viscosity of 6:0 10~ ° kg/s.
response, i.e. even for bubbles of the same size a very diffhe initial surface tensioor(Ry) of contrast microbubbles in
ferent acoustic response can be obset%&H The bubbles their suspension varied between zero and 0.035 N/m. A poly-
can oscillate in an elastic regime with a low concentratibn o tropic gas constant of = 1.07 for perfluorobutane (4F10)
phospholipids and finite surface tension, or they can @deill gas was used and all properties of the surrounding liquiéwer
in a buckled regime owing to the high concentration of phoskept as before. Figure 6 shows the modeled displacement of
pholipids with virtually no surface tensiéf The viscoelastic bubbles with an initial surface tension between 503 N/m
properties of the phospholipid shell of BR-14 contrast bub-(in red) and 2< 102 N/m (in blue). The gray area fills all
bles can be incorporated into the bubble dynamics equatiomossible displacement curves between the two extremes and
Eq. (3), by adding pressure contributions for an effecthls  we find very good agreement with the measured results.

e experiment
— O(RO) =6-10° N/m

— o(R ) =210 N/m

Displacement [um]

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |7
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5 Discussion mal damping of bubbles with a size near & are dominant
over the other damping contributions, such as acoustidiera

Typically one to ten billion bubbles are injected in a humanation and viscous dissipation. To cover all these (unknown)
perfusion study. Injecting an enriched bubble suspensitm w damping contributions we introduced a single damping facto
a narrow size distribution may dramatically decrease time-nu  Jadq as a pressure contribution in the fordagqo; WRR as in
ber of bubbles that is needed during such an imaging procezatocket al.>°. The width of the modeled displacement curves
dure, a decrease of 20-40 times is expected in favorable coin Fig. 5 were fitted to the measured displacement curves by
ditions. Still, with the single sorting channel, operatedier ~ varying d.q¢ We find a total damping of 0.24 and 0.40 for
the conditions as described here, it would take severalshoutthe 15um and 3um bubbles, respectively. The total damping
to fill a vial with millions of resonant bubbles. Massive para and the maximum displacement are highly coupled. More-
lelization of the sorting method may be achieved by stackingver, the modeled displacement strongly depends on the inpu
microfluidic channel layers in close proximity to each offfer ~ acoustic pressure amplitude which was measured using an in-
which will then reduce the sorting time to under one minute. trusive technique with a potential bias in both its ampléud

Flow focusing techniques are capable of producing up t&nd position. The combination of all these factors led us to
10° bubbles per second from a single orifiee While flow scale the modeled displacement in figures 5D and E to the
focusing techniques have an excellent track record in produ experimental data with a scaling factor of 1.7 and 1.4, respe
ing highly monodisperse bubble suspensions, also for doatetively, while keeping good agreement in the overall shape of
bubbles, with a polydispersity index down to 0.2%, there isthe displacement curve. For the contrast agent microbabble
very little knowledge on the details of the coating chardste ~ We incorporate the visco-elastic shell parameters (skesitie-
tics and on the dynamic process of coating during formationity, shell viscosity and surfactant concentration) diefiom
Thus, it can be very helpful, even for monodisperse bubbléxperimental microbubble characterization stuefeand we
production facilities, to sort the suspension of bubblesin find good agreement for the displacement curves and its sort-
subsequent step based on their acoustic property, not-necd8g capabilities.
sarily on size. The microbubbles in our sorting channels are always close

In preclinical small animal models, only a small amount of to the PDMS walls of the chip. There is a large inconsistency
bubbles can be safely injected. For these protocols it igthe between the available theoretical models that describdythe
fore of great importance to inject only those bubbles that ar namics of microbubbles close to a compliant wall. Doikinov
acoustically most responsive. Hence it would be beneficial t €t al.°° model the dynamics of contrast agent microbubbles
use sorted bubbles with high echogenicity instead of a poly€ar a polystyrene Optic&ll membrane and their model pre-
disperse suspension containing a large fraction of smatidr dicts an increase of the resonance frequency for a bubkde clo
larger non-resonant bubbles. This feature becomes evem mof© the wall. Hayet al.>" find a decrease of the resonance fre-
important when using the contrast bubbles in harmonic imagduency for a bubble between two viscoelastic layers. Recent
ing as all nonlinear harmonic behavior is concentrated nea@xPeriments by Helfieldt al.> show very different acoustical
resonance. Thus, the injection of non-responsive largef bu behavior for bubbles close to an agar wall (with a small diffe
bles will primarily contribute to a substantial scatteriagho ~ €nce in acoustic impedance, hence little change in the bubbl
at the fundamental frequency and to attenuation of the tranglynamics) as compared to an Opticell membrane with consid-
mit signal, thereby limiting the scattering to attenuatiatio ~ €rably larger changes. The acoustic transparency of PDMS
(STAR) of the nonlinear echo. Acoustic bubble sorting ipals Suggests a minor influence of the bubble-wall interacticth wi
beneficial for targeted bubbles for molecular imaging and tdimited change to the dynamics of the bubbles. Experiments
sort drug and gene loaded bubbles. The bubbles passing t/9é single microbubbles with a given stand-off distance to a
bubble sorter at the waste outlet may be reinjected in anothdPMS wall or between two PDMS walls, e.g. using optical
chip to be sorted at a different frequency for use in anothetweezers®, should clarify the details of bubble-wall interac-
treatment. Finally, the expensive drug load and/or tangeti tions relevant for our sorting chip.
ligands may also be recycled from the waste collection chan-
nel. Conclusions

A few words on the modeling efforts are in order. We have
added a linear damping term to the Rayleigh-Plesset model td/e have demonstrated a simple lab-on-a-chip device to sort
account for the energy dissipation of the radial oscilladio coated microbubbles on-line in a travelling acoustic wave
These arise first of all from the presence of a surfactantlayebubbles are sorted to their acoustic property rather than to
to stabilize the bubbles produced in the flow focusing geomtheir size, which makes the proposed sorting strategy ighl
etry and secondly from the interaction of the bubbles withefficient for injection of a smaller dose, yet highly resofian
the PDMS walls. Finally, we know from Devifl that ther-  enriched bubble suspension for preclinical small animaljm

8| Journal Name, 2010, [vol]1-10 This journal is © The Royal Society of Chemistry [year]
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ing, for targeted molecular imaging using ultrasound, and f

drug and gene delivery applications.
15
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