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Acoustofluidics 11: Affinity specific extraction
and sample decomplexing using continuous flow
acoustophoresis
Per Augustssona and Thomas Laurellab
DOI: 10.1039/c2lc40200a
Acoustic standing wave technology

combined with ligand complexed

microbeads offers a means for affinity

specific selection of target analytes from

complex samples. When realized in

a microfluidic format we can capitalize on

laminar flow and acoustic forces that can

drive cells or microbeads across fluid

interfaces. Given this, we have the ability to

perform carrier fluid (suspending medium)

exchange operations in continuous flow in

microfluidic chips based solely on

acoustofluidic properties. A key issue here

is to ensure that a minimum of the original

carrier fluid follows the cells/particles

across the fluid interface. Simple

processing protocols can be achieved that

may outperform macroscale magnetic

bead-based sample extraction or

centrifugation steps, which can also be

straightforwardly integrated with

downstream analytical instrumentation.
aDepartment of Measurement Technology and
Industrial Electrical Engineering, Division of
Nanobiotechnology, Lund University, Sweden.
E-mail: per.augustsson@elmat.lth.se; thomas.
laurell@elmat. lth.se
bDepartment of Biomedical Engineering,
Dongguk University, Seoul, Korea

Foreword

In the the eleventh paper of 23 in the Lab on

affinity specific extraction and sample deco

tutorial is the ability to perform a medium sw

centrifugation and washing but in a continu

well as important experimental considerati

hydrodynamic interactions between particle

Andreas Lenshof – coordinator of the Acoust

1742 | Lab Chip, 2012, 12, 1742–1752
This tutorial outlines some basic fluidic

configurations for acoustophoresis based

sample decomplexing and details the

different system parameters that will

impact the outcome of an acoustophoresis

based affinity extraction experiment or

a cell medium exchange step. Examples are

given of both targeted extraction of

microbes and selective elusion of molecular

species.
1 Introduction

Affinity specific separations using mi-

crobeads in microfluidic systems have

emerged as a powerful means of targeted

extraction of biological components in

crude samples. This has thereafter been

a standard in chromatography based

systems, with packed microbead

columns, for purification or enrichment

of molecular species. Extraction of

microbial and cellular targets from crude

suspensions, however, has had limited

success in packed bed based systems. A

breakthrough for cell based separation

along this line was the introduction of

magnetic microbeads/nanoparticles acti-

vated with antibodies against cell specific
a Chip tutorial series of Acoustofluidics, Per

mplexing using continuous flow acoustopho

itch (buffer exchange) of cells and beads using

ous format. Different washing devices with lab

ons such as diffusion, acoustic streaming, a

and fluid.

ofluidics series

This journ
epitopes. In 1977 Molday et al.1 pub-

lished a seminal paper where anti-mouse

immunoglobulin activated magnetic

nanoparticles (diameter z 40 nm)

bound to B-cells were retained in

a magnetic field generated by a horse-

shoe magnet, while unlabeled cells were

washed away. Improved extraction effi-

ciency and process speed was obtained

by passing the labeled cell solution

through a dense network of ferromag-

netic steel wire with the external magnet

applied.2 This provided strong field

gradients localized within the wire mesh

exerting a retaining force on the labeled

cells (Fig. 1). This concept was further

developed by Miltenyi et al.3 and was

commercialized by Miltenyi Biotech

GmbH, providing new methods for

affinity specific cell separation in clinical

preparatory applications of cell based

therapy. More recently, magnetic

gradient based microbead manipulation

has also gained attention in microfluidic

systems after Peyman et al.4 proposed

a continuous flow microfluidic chip for

rapid surface-based bioanalysis.
Augustsson and Thomas Laurell discuss

resis. The basic principle utilized in the

acoustophoresis, a procedure similar to

elled and unlabeled cells are outlined as

coustic effects in liquid interfaces and

al is ª The Royal Society of Chemistry 2012
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Fig. 1 Schematic of the original magnetic bead based trapping where locally enhanced magnetic

field gradients from a horseshoe magnet was achieved by introducing a ferromagnetic wire mesh in

the sample flow. Reprinted from Molday et al.2 with permission from Elsevier.
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Analogous to the use of magnetic

forces to manipulate magnetic microbe-

ads in complex biological samples,

acoustic forces have gained attention as
Per Augustsson
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an effective way to control the localiza-

tion of affinity ligand activated microbe-

ads in microfluidic systems. Acoustic

standing wave manipulation of
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und University in
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separation.

2012
microbeads benefits from flow velocities

up to 30 cm s�1.5 The primary acoustic

radiation force (PRF) for particles in the

1–10 mm range is substantially higher than

the gradient forces reported for magnetic

based microsystems.6,7 The PRF stem

from the intrinsic properties of the parti-

cles, and therefore acoustophoresis put

minimal restriction to the choice of solid

phase allowing also for cell based assays.

Target extraction from complex

samples using affinity microbead

manipulation and acoustic radiation

forces in microfluidic systems has been

reported in several different modes of

operation. Fig. 2(a) shows schematically

an acoustophoresis microsystem oper-

ated in half wavelength mode where

affinity activated microbeads in carrier

fluid A containing the sample are

translated by the PRF into the pressure

node located within the centrally lami-

nated stream of fluid B. The central flow

is subsequently collected, holding a puri-

fied bead population with the target

species bound to the bead surface.8–11

Fig. 2(b) shows a modified mode of

operation where the affinity

microbeads are retained in a central

pressure node as they move with the

carrier fluid A. Along the flow path,

a transversal flow of fluid B replaces

carrier fluid A while the microbeads are

focused to the channel center and
Professor Thomas Laurell holds

a position as Professor in

Medical and Chemical Micro-

sensors and has since 1995 built

his research activities around

microtechnologies in biomedi-

cine (http://www.elmat.lth.se/

forskning/nanobiotechnology_

and_labonachip). Laurell

recently started a new applied

nanoproteomics laboratory at

the Biomedical Centre in Lund,

integrating microfluidics and

nanobiotechnology develop-

ments with medical research.

on new microchip technologies in the areas

istry and nanobiotechnology, with a focus

diagnostic microsystems and miniaturised

aurell also leads the clinically oriented

CellCARE, (www.cellcare.lth.se), which

eparation utilising ultrasonic standing wave

horesis) as the fundamental mode of

Lab Chip, 2012, 12, 1742–1752 | 1743
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a purified bead fraction with target

species is obtained at the main outlet.14

A third mode, Fig. 2(c), of affinity bead

operation in microfluidic systems utilizes

the possibility to trap beads in a flow

channel by generating a local acoustic

standing wave field that display a lateral

acoustic force potential strong enough to

retain the microbeads against the flow.

As sufficient numbers of target binding

beads have been trapped in the complex

fluid A, the input fluid flow is changed

to fluid B, whereafter a clean bead

suspension with the target species can be

released from the trap.12,13

The goal of affinity extraction can

either be to measure the occurrence of

a target species in a sample or to extract

a biological target that best matches an

affinity ligand from a large population

of competitive targets. The latter is

commonly performed in the extraction

of high affinity binders from engineered

molecular libraries of e.g. antibodies or

aptamers. This may also be practised in

situations where efficient extraction of
Fig. 2 Schematic of three different operational mod

microbeads from a complex sample (A) into a clean

and particles are transferred transverse to the flow by

center of a channel by the PRF while fluid A is se

branching off on both sides of the main flow.14 (c)

a local acoustic field while the fluid is exchanged.12,

1744 | Lab Chip, 2012, 12, 1742–1752
rare species is requested, e.g. subspecies

of T- or B-cells from blood.

In essence, what constitutes a bio-

affinity assay are the following steps:

i. mixing of the sample and the affinity

ligand activated solid phase (in this

tutorial commonly referred to as

affinity microbeads)

ii. incubation of the sample with the

bead affinity mixture

iii. carrier fluid exchange/washing, i.e.

the affinity microbeads are transferred

into a fluid free from the complex

sample background.

The incubation step is often a rate

limiting stepcontrolledby thediffusive and

convective conditions of the system as well

as the affinity constant, Ka, of the affinity

ligand to its target, and is often performed

off-chip. The washing step is typically

repeated several times to accomplish

sufficient suppression of the background

matrix. The manual procedures often

involved in the washing commonly induce

loss of the targeted compound after going

through several centrifugation and re-
es for acoustic force based extraction of affinity

fluid (B). (a) Fluids A and B are flow laminated

the PRF.9,11 (b) Particles are retained along the

quentially exchanged via an array of channels

Particles are trapped in a region of the flow by
13

This journ
suspension steps andhence integrationand

automation of these steps are desirable,

which is why microfluidic implementation

can offer attractive alternatives.

This tutorial will describe different mi-

crofluidic solutions for affinity bead

handling utilizing acoustic standing wave

forces. There will be a discussion on

considerations that may be valuable to

take into account when designing and

optimizing an affinity-bead-based acous-

tofluidicmicrosystem.The focuswill be on

continuous flow based affinity acousto-

phoresis. Acoustic trapping-based bead

affinity systems will be described in more

detail in the forthcoming tutorials Acous-

tofluidics 20 (ref. 15) and 21 (ref. 16).
2 Theoretical background

2.1 Acoustic resonances

A key unit operation in affinity acousto-

fluidics is the transfer of suspended mi-

crobeads or cells by means of acoustic

radiation forces. The force potential

stems from a local distortion in a resonant

sound field due to scattering from the

particle, as described in depth in Acous-

tofluidics 7 (ref. 17). Such 1-, 2- or 3-

dimensional resonant acoustic fields can

be set up by tailoring of a fluid filled cavity

with acoustically hard walls, as presented

in Acoustofluidics 5 (ref. 18). From

Acoustofluidics 2 (ref. 19), we know that

such rectangular cavities can be brought

into resonance for frequencies fulfilling

fnx ;ny ;nz ¼
co
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2x
l2
þ n2y
w2

þ n2z
h2

s
(1)

where l, w, and h are the channel dimen-

sions, co is the speed of sound in the fluid

and nx, ny, and nz are the number of half

wavelengths along each dimension. In one

dimension, e.g. if (nx, ny, nz) ¼ (0, 1, 0),

eqn (1) reduces to f ¼ co/(2w) ¼ co/l. In

experimental reality, if any of the re-

maining dimensions (here x or z) are

much longer than the dimension of the

primary resonance, a fraction of the

acoustic energy will inevitably also reso-

nate along this dimension.
2.2 The acoustic radiation force

A particle (a microscopic object such as

a microbead, a cell, or a bacterium in

a suspension) subjected to a resonant

acoustic pressure field, p1, will
al is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2lc40200a
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experience a force, Frad, along the

acoustic pressure gradient. In one

dimension, the pressure field and the

resulting force can be expressed as:

p1 ¼ pacos(kyy) (2)

Frad ¼ 4p Fa3kyEac sin(2kyy)ey (3)

F ¼ f1
3
þ f2

2
¼ 1� ~k

3
þ ~r� 1

2~rþ 1
(4)

Eac ¼ p2ako
4

(5)

where p1 is the first order pressure field of

amplitude pa, y ¼ 0 at the channel wall

(most often the pressure variations are

maximal at the walls), a is the particle

radius, ky ¼ 2p/l is the wave vector, Eac is

the acoustic energy density, F is the

acoustophoretic contrast factor, k is the

compressibility of the carrier fluid, and ~k

and ~r are the relative compressibility and

density of the particle with respect to the

carrier fluid.17,20 From eqn (4) we see that

F increases with relative density and

decreases with relative compressibility.

Most particles such as polymer beads,

cells and other biological objects will

move towards the pressure node in the

center of the channel, if suspended in e.g.

water or PBS. For particles lighter and/or

more compressible than water, the sign of

F becomes negative and the particles

move towards the channel walls.
2.3 Acoustophoretic velocity

Balancing eqn (3) with the Stokes drag

force, we arrive at an approximate
Fig. 3 Schematic of trajectories for particles

flowing through an acoustic radiation force

potential. The potential minimum (blue) is

aligned along the center of the channel. In all

applications covered by this tutorial, the

motion ux, along the channel is dominated by

the Poiseuille flow profile. Adapted from ref.

23, Lund University, Sweden.

This journal is ª The Royal Society of Chemistry
expression for the acoustophoretic speed

urad of a suspended particle.

urad ¼ 2F

3h
a2kyEac sin

�
2kyy

�
(6)

Here h is the dynamic viscosity. It should

be noted that the acoustic radiation force

amplitude often displays a variation along

more than one direction in a cavity.21

Such, most often, undesired variations are

sometimes observed as periodic pertur-

bations of the focusing pattern of the

particles.22 Along the direction of the flow

(here x), any effect of the variations in the

acoustic field will average out.

When a suspension flows through an

acoustic cavity, the particle trajectories

will be governed by the acoustic force

potential and the pressure-driven Pois-

euille flow. The motion along the channel

is mainly dictated by the parabolic flow

profile, which depends strongly on the

particle position in the transverse cross

section, while the transverse motion is

attributed to the acoustic radiation force

(Fig. 3).
2.4 Acoustic streaming

The onset of an acoustic resonance will

inevitably induce acoustic streaming in

the fluid, which is sometimes referred to as

Rayleigh streaming. The theory and

applications of acoustic streaming will be

covered in depth in upcoming Acousto-

fluidics tutorials (13 through 16, ref.

24–27). The acoustic streaming emanates
Fig. 4 Schematic of acoustic streaming in the t

channel induced by the harmonically oscillating first

lower part shows a close up view of the boundary

steady second order streaming velocity field (red ar

Sweden.

2012
from the thin viscous boundary layers at

the walls of the acoustic cavity. Inside this

thin boundary layer of typical thickness

d ¼ 0.5 mm, oscillatory acoustic energy is

converted into a time invariant convective

re-circulating flow. Due to the confined

geometry, the streaming inside the

boundary layer drives a current in the

bulk of the fluid, as indicated in

the schematic of the channel cross section

(Fig. 4). Notably, the direction of the

streaming is a function of y and zwhile the

velocity urad of a particle (F > 0) induced

by the acoustic radiation force is always

directed towards the central velocity

maxima.

Combining the result of Lord Rayleigh

for the boundary layer streaming induced

by a plane standing wave28 with eqn (6)

yields an approximate relation between

the magnitudes of the streaming velocity

and the acoustophoretic velocity for

a particle.

ustr
urad

¼ 9h

8pFa2rof
¼ 9hu

4pFa2roco
(7)

For a polystyrene particle suspended in

a cavity actuated at a resonance frequency

of 2 MHz, a critical radius ac z 1 mm can

be estimated, for which the streaming

speed equals the acoustophoretic speed.

Notably, for higher frequencies the influ-

ence of acoustic streaming diminishes.

Hags€ater et al.29 showed experimentally

that the streaming patterns in a straight

acoustophoresis microchannel may be far
ransverse cross section of an acoustophoresis

order acoustic velocity field (black arrows). The

layer of thickness d (green dashed line) and the

rows). Adapted from ref. 23, Lund University,

Lab Chip, 2012, 12, 1742–1752 | 1745
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Fig. 6 (a) Schematic of the device for contin-

uous cell washing presented by Hawkes et al.9

(b) Yeast cells suspended in fluorescein solution

was injected through inlet B while yeast and

fluorescein free fluid was injected through A.

(c) The half wavelength acoustic resonance

deflected particles to the mid height of the flow

while the original medium remained near the

channel floor. At the outlets C and D the flow

streams were split and the cells were separated

from the fluid containing fluorescein. Repro-

duced from ref. 9 with permission of The Royal

Society of Chemistry.
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more complex than the pattern suggested

in Fig. 4. Experimental and theoretical

quantification of such complex streaming

patterns has not yet been satisfactory

reported.

3 Continuous flow carrier fluid
exchange of particles or cells in
acoustophoresis microsystems

As alreadymentioned in the introduction,

the ability to transfer particles from one

carrier fluid to another is crucial in chip

integrated bead-based bio-affinity proto-

cols. Below follow some examples of

devices intended for carrier fluid exchange

of cells or microbeads. Thereafter, we

evaluate some important transport

phenomena that ultimately determine the

efficiency of these devices.

3.1 Devices

Particles can be transferred between two

carrier fluids by flow lamination of the

original suspension alongside the new

fluid and applying a force field perpen-

dicular to the flow direction. The funda-

mental principle of such a separation

strategy, also known as a split-flow thin

(SPLITT) separator, was first proposed

by Giddings in 1985, using gravitational
Fig. 5 (a) Schematic of the thin flow SPLITT f

separate particles of different mass and/or size. R

permission of The Royal Society of Chemistry. (b

fractionator presented in 1995. Reprinted from b

Elsevier.

1746 | Lab Chip, 2012, 12, 1742–1752
force to discriminate between large and

small particles (Fig. 5(a)).30 The first im-

plementation of SPLITT fractionation

relying on acoustic radiation forces was

presented by Johnson et al.31 in 1995 in an

mm-scale device intended primarily for

particle size discrimination (Fig. 5(b)).

The width across this device was 3 mm,

corresponding to an acoustic actuator

frequency of 250 kHz. The main purpose

of the above two devices was to separate

particles based on size, but implicitly

a carrier fluid exchange was also

performed.

The implementation of microscale

devices operating in the 1–10 MHz

frequency range was a substantial

improvement in carrier fluid exchange

and size based separation systems since

the acoustic focusing rates for microscale

systems are considerably faster. For sub

MHz systems, acoustic cavitation in the

fluid is also more pronounced as the

cavitation threshold pressure pcav
increases with frequency.

pcavff1/a (8)

where az 2 for water.33 Cavitation is not

desirable since it causes rupture of the cell

membranes and mixing of the carrier

fluid, which is detrimental in laminar flow
ractionator relying on gravitational forces to

eproduced from Lenshof and Laurell32 with

) The first acoustic continuous flow SPLITT

y Johnson and Feke31 with permission from

This journ
based separation systems. A higher cavi-

tation threshold allows for higher

acoustic energy input and thereby faster

acoustic focusing and hence enabling

a higher throughput in the device. The

cavitation threshold in water extends

above 300 kPa, for an ultrasound

frequency of 2 MHz, while most experi-

ments are carried out in the range 10 to

100 kPa.

In 2004 Hawkes et al.9 presented

a micro-scale acoustic SPLITT-separator

for continuous cell washing andmixing. It

was demonstrated on a model sample of

yeast cells in an aqueous suspension con-

taining dissolved fluorescein dye

(Fig. 6(a–c)). In essence, the device is

comprised of a flat resonance chamber

between parallel plates of quartz and

steel, positioned 250 mm apart. Adjusting

the actuator frequency to �3 MHz re-

sulted in a half wavelength resonance

across the channel so that cells could be

transferred from their initial position near

one of the walls at the inlet, to the pressure

node centered between the plates. This

particular channel was 10 mm wide and

the volume flow rate was typically 10 mL

min�1, which is truly remarkable for

a microfluidic system. By expanding the

width of the cavity, the volume

throughput can be increased
al is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2lc40200a


Fig. 7 The carrier fluid exchange principle introduced by Petersson et al.11 (a) Particles (white) in

contaminated carrier fluid (blue) were introduced through a common side inlet. Particles were drawn

to the centre of the channel by the acoustophoretic force potential while the blue fluid remained

unaffected at the sides. Experimental images of (b) the inlet of the channel, the trifurcation outlet (c)

before onset of ultrasound, and (d) during ultrasound actuation. Reproduced from Augustsson

et al.8 with permission of Royal Society of Chemistry.

Fig. 8 The principle of the sequential acoustic carrier fluid exchange channel.36 (a) Cells or mi-

crobeads are initially focused to the center of the flow. The carrier fluid is thereafter exchanged in

a number of sequential flow junctions allowing the cells to be exposed to a number of different buffer

conditions. (b) If the side channel volume flow rate is set to 1/3 of the main channel flow, a buffer

solution infused through e.g. side inlet 2 will exit through outlet 5, containing the eluted molecules

from the interaction between cells and buffer. (c) At each intersecting flow junction, the particles will

follow the fluid flow to the side of the channel and a new buffer will occupy the central part of the

channel.
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proportionally, while maintaining the

same flow velocity and acoustic field

amplitude.

In 2005, Petersson et al.11 presented

a device for acoustophoretic carrier fluid

exchange of blood cells in a silicon/glass

microchannel structure (Fig. 7). The

proposed areas of applications were

blood component washing and bioaffinity

assays. A particle suspension was intro-

duced along the side walls of a transverse

mode acoustophoresis microchannel

while the exchange/wash fluid was infused

via a central inlet. As the particles flowed

along the channel, the acoustic radiation

force potential drove them towards the

center of the channel, into the stream of

exchange fluid. At the end of the channel,

the flow was split into a central outlet for

the particles in the new carrier fluid, and

two side outlets containing the original

fluid and particles of low acoustophoretic

mobility. The symmetric layout of the

inlets and outlets is well suited for half

wavelength resonators which have

a central acoustic pressure node. While

the channel width, w, in these systems

matches half a wavelength resonance

condition, the channel height, h, is often

kept well below half a wavelength to

avoid any secondary resonance compo-

nent along this direction.

Although high volume throughputs

and relatively high recoveries of particu-

late material were achieved, neither of the
This journal is ª The Royal Society of Chemistry
above publications report washing effi-

ciencies sufficiently high to be applicable

for bioaffinity assays. As we shall see later

in this tutorial, this fact may be attributed

to cross contamination due to diffusion,

acoustically induced streaming, and/or

too high particle/cell concentrations.

In 2008, Persson et al.10 used the above

mentioned transverse mode acousto-

phoresis microchannel to select candi-

dates from antibody-displaying

bactreriophage libraries (phage display)

and thereby outlining a microfluidic

based mode of automation of such

processes. Microbeads coated with an
2012
antigen were incubated with a library of

antibody-expressing phages prior to

selection. High affinity bacteriophages

would thus bind to the microbeads and

were separated from low affinity bacte-

riophages in the chip due to the vast

difference in acoustic velocity of the mi-

crobeads as compared to the individual

phage particles. To achieve sufficient

washing efficiency, two serially linked

fluid exchange units were incorporated on

the same device. Any one out of two

antibodies from a small scale model

library could be enriched 103 to 105-fold

with respect to the other by coating mi-

crobeads with the corresponding antigen.

From a full library comprising �109

different antibodies, it was shown that

acoustic washing of microbeads yielded

antibodies that were indeed specific to the

grass pollen allergen Phl p 5 that had been

coated on the microbeads. A single run

through the device was found to be

comparable to 4 manual magnetic bead

washing steps, in terms of washing effi-

ciency, for non specific antibodies. The

same device was later used for sample

decomplexing prior to mass spectrometry

readout.8 A phosphorylated peptide

spiked in BSA could be extracted using

metal oxide affinity capture beads from

the background of highly abundant

molecules.

Lenshof et al.34 used an all-glass-

fabricated transverse mode acousto-

phoresis channel for sample preparation

of fluorescently labeled cells prior to

FACS analysis. Samples of blood were

incubated with fluorescently tagged
Lab Chip, 2012, 12, 1742–1752 | 1747
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Fig. 9 Schematic of a generalized acoustophoresis carrier medium exchange channel. Q denotes

volume flow rate in the inlets and outlets. Microbeads or cells are focused onto the center of the

channel by the force exerted on them through the acoustic resonance. Minute species, e.g. non-

specific molecular material (gray) remain flow laminated along the channel walls. Each lamina has

been assigned a width (w), which can be tuned by adjusting the relative volume flow rates (Q) in the

inlets and outlets. Adapted from ref. 23, Lund University, Sweden.
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antibodies prior to osmotic RBC-lysis.

60% of the RBC-debris was removed

while recovering 99% of the WBC-frac-

tion. The unbound fluorescent dye label

was reduced to 1% of the initial

concentration.

In 2008, Augustsson et al.14 proposed

a method for sequential carrier fluid

exchange of cells or microbeads, sche-

matic Fig. 8. The method is similar to that

proposed by Yamada et al.35 using

hydrodynamic filtration which was

demonstrated for studying cell lysis in the

millisecond time scale. Particles were

initially focused into the center of an

acoustophoresis pre-alignment channel,

depleting the regions of the flow near the

channel walls. At a first intersecting flow

junction, a fraction of the main channel

flow was extracted on one side of the

channel while new carrier fluid was in-

jected on the opposing side. After

escaping this flow junction, particles were

re-focused into the center of the main

channel flow. The process of shifting new

medium into the main channel was then

repeated in a sequence of consecutive flow

junctions. The benefit of this design is the

ability to achieve high washing efficiency

also for particle rich suspensions. This is

possible since the number of sequential

shifts can be increased according to the

washing requirements. It should be noted

that the improved performance comes to

the price of an increase in complexity of

the fluidic network. An attractive feature

of the design is the possibility to perform

multiple sequential buffer exchanges,36

where biological and bioanalytical

process steps can be performed in a serial

fashion avoiding sample loss and facili-

tating sample handling. Cell surface

bound peptides were extracted in contin-

uous flow by arranging the side channels

flow as a sequence of buffers of increasing

pH. The pH gradient resulted in a pI

related dissociation of peptides and

proteins from the cell surface in each

buffer stream. The corresponding buffer

aliquots were collected and were analyzed

using on-line solid phase extraction and

MALDI-TOF mass spectrometry.
3.2 Experimental considerations

To understand how to design highly effi-

cient devices for carrier fluid exchange of

cells and microbeads we will go through

some of the fundamental transport
1748 | Lab Chip, 2012, 12, 1742–1752
mechanisms of suspended and dissolved

components, respectively. The funda-

mental operation in these systems is to

transfer particles or cells from their initial

suspending fluid near a wall, to a new

carrier fluid occupying the central part of

the channel, while minute amounts of the

original sample fluid, such as antibody-

carrying phages, cell debris, dye mole-

cules, or peptides, preferably should

remain near the channel walls. Fig. 9

introduces the setting where the particles,

which are to be translated into a new

carrier fluid (white), enter the system in

the sample fluid (gray) along the channel

side walls. We recall that x, y, and z

denote positions along the length, width,

and height, respectively, y being the axis

along which the sound propagates.

3.2.1 Recovering the particles. To

recover the cells or microbeads in the

central outlet while discarding the back-

ground, the volume flow rates (Q) in the

inlets and outlets should be balanced with

the acoustophoretic velocity urad. This

can be achieved by tuning the acoustic

energy density Eac such that the particles

reach the channel center before arriving at

the outlet trifurcation. Here the center of

the channel refers to the part of the flow of

width waperture, marked with a blue line in

Fig. 9, which is determined by the relative

flow rates Qaperture and Qwaste. According

to eqn (6), the transverse velocity urad of

a particle is proportional to the square

of its radius a, and any minute species of

radius� awill be efficiently filtered away,

regardless of their acoustic properties. We
This journ
shall see, however, that other effects come

into play that may interfere with this

statement.

By adjusting the relative flow rates to

the inlets, Qsample and Qwash, and the

outlets, Qaperture and Qwaste, it is possible

to tune the distance wclearance that

a particle must travel in order to reach the

central outlet. To maximize wclearance the

central fluid flow Qwash can be increased

relative to Qsample while minimizing the

central outlet flow rate Qaperture. The

washing efficiency and stability of the

system can be expected to depend

strongly on wclearance. Such a clearance

will only exist under the condition Qwash/

Qsample > Qaperture/Qwaste. To avoid

diluting the central outlet fraction, one

can set Qsample ¼ Qaperture. Some level of

contamination in the central outlet is

inevitable and can be attributed to any or

one of the following sources:

1. Diffusion of the contaminant

2. Acoustically induced streaming in

the lateral cross-section of the flow

3. Non-specific binding of the contam-

inant to the particles

4. Hydrodynamic interactions between

particle and fluid

5. Perturbations in the flow induced by

either bubble formation or oscillations

in the external fluidics.

6. Mixing of carrier fluids due to

destructive radiation pressure in the

fluid interface

By quantifying the effect of these

phenomena we can estimate the minimum

clearance width necessary to maintain

high separation efficiency.
al is ª The Royal Society of Chemistry 2012
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Fig. 10 (a) Rayleigh streaming in the lateral cross section induces a swirling motion of minute

objects as they are convected through the channel. (b) Experimental evidence of fluorescently labeled

lipoproteins (VLDL) exhibiting streaming motion in an acoustophoresis channel. The diameter of

the vesicles 50 < d < 100 nm is small enough for acoustic streaming to dominate their motion while

being sufficiently large for diffusion to be minimal. Adapted from ref. 37, Lund University, Sweden.
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3.2.2 Diffusion. Diffusion of

a contaminant from the side inlet to the

central outlet can be investigated by

comparing the retention time in the device

spass z Lwh/Qtot, to the typical diffusion

time sdiff over the distance wclearance. For

small ions the diffusion constant D is in

the order of 10�9 m2 s�1. E.g. for a clear-

ance wclearance ¼ 100 mm, the passage time

in the device should be less than 1 to 10 s

to avoid any notable influence of diffu-

sion. The broadening wdiff of the sample

stream can be expressed as:

udiffz
ffiffiffiffiffiffiffiffiffiffiffiffi
Dspass

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
D
Luh

Qtot

s
(9)

which verifies that cross contamination

due to diffusion is minimized if the flow

velocity in the device is high. This can be

achieved either by increasing the volume

flow rate Qtot, or by reducing the channel

dimensions. Ref. 9 reports that for the

system shown in Fig. 6, diffusion effects

were pronounced for fluorescein mole-

cules (D z 5 � 10�10 m2 s�1). It was sug-

gested that by increasing wclearance, the

cross contamination due to diffusion

could be reduced. This statement can be

verified by insertion of the given diffusion

coefficient and the channel geometry into

eqn (9) which yields the broadening of the

sample stream wdiff z 20 mm caused by

diffusion. The clearance width in the

device was approximately 15 mm, given

the flow configuration and the parabolic

flow profile. By narrowing the hydrody-

namic aperture waperture by approximately

10% the separation outcome would be

dramatically improved. The influence of

diffusion is further supported by the

higher washing efficiencies reported in ref.

11 (shown in Fig. 7) in which the clearance

width was approximately 40 mm, the

diffusion rate of the contaminant was also

lower, and the flow velocity was higher,

yielding a 98% removal of the back-

ground (blood plasma) and a recovery of

95% of red blood cells.

3.2.3 Acoustic streaming. Lateral

acoustic streaming, often referred to as

Rayleigh streaming, can convect fluid in

the transverse cross section of the channel

and thereby transfer minute species to the

central outlet. Again taking a look at

Fig. 4, we note that for z¼ 0 and z¼ h the

streaming is directed opposite to the

acoustophoretic motion of the particles
This journal is ª The Royal Society of Chemistry
and can therefore not cause transfer of

any contaminant to the central outlet. For

z ¼ h/2, however, the streaming velocity

ustr coincides with the acoustophoretic

velocity of particles urad. During the

passage time spass the broadening wstr due

to streaming can be expressed as:

ustr ¼ ustrTpass

¼ ustr
u=2

ustr þ urad
z

u=2

1þ 4Frocoa
2ky

9h

(10)

where spass is expressed in terms of the

time it takes for a particle to traverse the

distance w/2 under the influence of both

the acoustic radiation force and the

acoustic streaming. Here we have used

eqn (7) to approximate the expression for

a given system. Again we remind

ourselves that acoustic streaming in mi-

crochannel acoustophoresis to a large

extent is uncovered ground. Eqn (10) can,

however, still yield useful information

designing experiments and evaluating

operating conditions. For a 5 mm poly-

styrene bead in aqueous suspension, the

maximal streaming broadening is wstr z
25 mm, given an actuator frequency f ¼ 2

MHz and that the acoustic energy density

Eac is well matched to the flow. For a cell

of the same size, more acoustic energy
2012
would be required for it to focus in the

channel, given its lower acoustic contrast

F, and consequently wstr would increase.

Fig. 10(a) is a schematic of the helical

motion of two particles caused by

acoustic streaming within the bulk fluid of

a rectangular shaped microchannel.

Fig. 10(b) shows an experimental image

of the phenomena, as viewed by confocal

microscopy, where a stream of fluo-

rescently tagged lipoproteins enters the

system from the side inlets.37 The image

should be viewed as a length wise (along

the channel) image slice of the distribu-

tion of the fluorophore as it follows the

Rayleigh stream while going with the

flow.

Ref. 11 reports that polyamide mi-

crobeads were washed from a dye in

a configuration where the system was

initially tuned such that particles were

focused precisely before the end of the

channel. By adjusting the piezo actuator

voltage Upiezo, the acoustic energy was

increased 5-fold (EacfU2
piezo), resulting in

a dramatic increase in contaminant

transfer. This suggests that the streaming

velocity in the fluid, in the case of the 5-

fold acoustic energy, was of the same

magnitude as the acoustophoretic bead

motion for the first setting. Similarly, in

ref. 9, yeast cells were reported to reach

their intended outlet already at 25% of the
Lab Chip, 2012, 12, 1742–1752 | 1749
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Fig. 11 (a) Schematic of the experimental set-up of Hertz et al.,38 demonstrating the effect of

radiation pressure at the interface between two liquids having different acousto-physical properties

(water above and aniline below). (b) The interface curvature of the liquid interface due to an

incoming sound beam in water and the beam reflected from the plate submerged in aniline. The

acoustic force induced on the interface is dependent of the acoustic energy density in the two media

and hence independent of the incident direction of the sound as evidenced by the interface curvature

from the reflected sound. Reproduced from ref. 38 with kind permission from Springer Science +

Business Media.
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energy level required to induce substantial

amount of acoustic streaming.

Based on this reasoning, it is recom-

mended that the flow conditions and the

actuator power is tuned in regards to the

species of interest for each particle wash

experiment to suppress carry-over from

the original carrier fluid.

3.2.4 Acoustic radiation pressure in

liquid interfaces. When an acoustic

sound beam wave impinges on an inter-

face between fluids of different acoustic

properties the interface will deform due to

the acoustic radiation pressure (Fig. 11(a

and b)).38 This effect is also present in

resonant systems, and Johansson et al.39

demonstrated that it could be used to

induce fluid mixing at interfaces.

Fig. 12(a–c) shows an experiment where

acoustically induced relocation of fluids

of different acoustic properties is
Fig. 12 Acoustic radiation pressure acting at the in

contrast. (a) Schematic of a trifurcation inlet mean

with green dye is infused along both sides of MilliQ

meander. (c) After the onset of ultrasound, the sali

flow due to its higher acoustic contrast. Reproduced

University, Sweden.

1750 | Lab Chip, 2012, 12, 1742–1752
performed. The effect was present when

the acoustic impedance (Z ¼ rc) of the

central fluid was lower than that of the

side flows. In acoustophoresis carrier fluid

exchange systems this type of acoustic

switching may occur where the contami-

nant fluid relocates to the central position

of the flow. Blood cells can, for example,

not be straightforwardly extracted

directly from undiluted plasma (i.e.whole

blood) into PBS due to the difference in

acoustic properties between the two

fluids. The high protein content of blood

plasma makes it less compressible and

denser than PBS. For a configuration

where plasma is flow laminated along

each side of PBS, the onset of an acoustic

resonance renders an inward pointing

acoustic radiation pressure on the inter-

face between the two fluids. Any inho-

mogeneity in the acoustic field along the

channel will cause the delicate balance to
terface between two media of different acoustic

dered microchannel. (b) Saline solution spiked

water. Diffusion is pronounced at the second

ne solution is focused to the central part of the

with kind permission fromCarl Grenvall, Lund

This journ
collapse and the fluids to relocate. Dilu-

tion of the plasma and/or alteration of the

central fluid stream are suggested to

circumvent the problem.

3.2.5 Non-specific binding. In the

sample inlet, each bead is associated with

an average number of non-specific

contaminant molecules. The total number

of molecules that can potentially be

transferred to the central outlet through

non-specific binding is therefore propor-

tional to the concentration of beads in the

suspension. Ref. 8 reports an evaluation

of washing efficiencies for particle

concentrations evaluated in the range 5 �
106 mL�1 to 109 mL�1. In that range, the

contamination per bead was indeed found

to be constant. It can be speculated to

what extent any weakly adsorbed mole-

cules have time to displace from the

surface of a microbead during the passage

of wclearance. The number of molecules

bound to a surface at a specific time point

is related to the concentration of mole-

cules in the fluid and the affinity constant:

Ka ¼ on-rate

off-rate
(11)

which relates the probability for a mole-

cule to remain on the surface to the

probability of a molecule to displace.

When the surrounding fluid is exchanged,

the system is out of equilibrium and

molecules of high off-rate will displace

from the surface and result in background

carry-over.

3.2.6 Hydrodynamic interactions

between particle and fluid. When

a sphere is dragged through a fluid by

a force Frad, it will exert that same force

on the fluid through friction at the surface

(Fig. 13(a)). The overall volume force

exerted on the fluid is proportional to the

number of suspended particles and

increases linearly with the particle radius

for a given particle concentration and

velocity. This volume force causes

convection of the fluid, and when this

velocity becomes substantial relative to

the velocity of the individual particles, the

particles can be considered to be hydro-

dynamically coupled (Fig. 13(b)).

Modeling of such hydrodynamic coupling

has been reported by Mikkelsen et al.40 in

2005. Numerical calculations for para-

magnetic beads (a¼ 0.5 mm) in amagnetic

field yielded that the hydrodynamic
al is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2lc40200a


Fig. 13 (a) Schematic drawing of a sphere moving through an interface between two fluids. The

concentration profile of the contaminant (red: high, blue: low) is affected by the drag from the

sphere. (b) The combined drag from two closely spaced spheres will convect more contaminant than

two largely spaced spheres due to hydrodynamic coupling. Adapted from ref. 23, Lund University,

Sweden.
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interaction between spheres was minimal

for concentrations up to 108 mL�1, which

corresponds to an average inter particle

distance of d z 20 mm. For higher

concentrations the interaction increases

exponentially, and at 1010 mL�1 (d z 5

mm) the particles are fully coupled and

drag along all intermediate fluid. Ref. 11

reports a washing experiment with

particle concentrations ranging from 5 �
1010 mL�1 to 2 � 1011 mL�1, using poly-

amide beads (a ¼ 2.5 mm). From that

experiment it is clear that the washing

efficiency decreased dramatically for

concentrations above 1011 mL�1. Ref. 9

reports a breakdown in washing efficiency

at a concentration of yeast cells of 108

mL�1. It is reasonable to assume that this

type of break down is caused by hydro-

dynamic coupling between particles.

3.2.7 Flow perturbations. Repro-

ducibility and efficiency of the system rely

on stable flow conditions. Consider

a situation where the flow in the channel is

temporarily disrupted by a short plug of

air entering the channel inlet and passing

through main channel, causing complete

mixing of the two inlet streams. Before

and after this disturbance the separation

is ideal, i.e. no contaminant is transferred

to the central outlet. The impact of such

a perturbation can be estimated from the

channel dimensions, and the flow rates in

the inlets and outlets. The number of

molecules in the channel at complete

mixing can be expressed as

Nchannel ¼ CsampleVchannelQsample

Qtot

(12)
This journal is ª The Royal Society of Chemistry
The central outlet concentration will be

the fraction of those molecules that reach

the central outlet sample divided by the

final volume of the processed sample.

Coutlet ¼ NchannelQaperture

QtotVoutlet

(13)

Insertion of some relevant numbers for

a separation setup and a processed

volume of 1 mL yield a contamination

level of 10 ppm in the central outlet frac-

tion. Ref. 10 and 8 deal with separation of

microbeads from non-specific material. In

the context of bacteriophage antibody

library selections, it can be noted that this

level of contamination corresponds to

a two times repeated manual washing

procedure. This type of disturbance to the

flow is one of the main concerns regarding

stability and reproducibility in micro-

fluidic cell and bead handling systems in

general and washing applications

specifically.

3.2.8 The timing dynamics. A

minimum requirement for continuous

flow carrier fluid exchange is that the

particles must outrun diffusion, which for

the smallest ions implies an acousto-

phoretic velocity urad in the order of 100

mm s�1. Evander et al.5 report a maximal

flow velocity of 25–30 cm s�1 while

focusing microbeads in a 3 cm long

acoustophoresis glass device, which

corresponds to an approximate acousto-

phoretic velocity urad z 1–2 mm s�1. For

continuous flow mode of operation, heat

dissipation in the transducer at elevated

actuation power is the main limitation
2012
regarding particle transition time and

implicitly also the volume flow rate. In the

experiments the net power delivered to the

device was 0.5 W and this did not cause

any substantial heating of the device.

For transient onset of sound, transition

times of less than 20 ms per 100 mm have

been reported41 and the transition time

can probably be further shortened to only

a few milliseconds. An ultimate limit is

difficult to predict but it can be concluded

that transient onset times much shorter

than 1 ms are problematic since the high

quality factor (100 < Q < 1000, ref. 42) in

these systems implies a resonance buildup

time s ¼ Q/f ranging from 0.1 to 1 ms.

3.2.9 Temperature stability. The

influence of temperature fluctuations in

these systems deserves some attention

since most of the delivered electric power

is dissipated in the assembled actuator/

microchip device and converted into heat.

Since compressibility and density are

temperature dependent parameters,

a temperature change will alter the reso-

nance mode in the cavity. According to

ref. 21 the frequency shift due to

a temperature change was 2 kHz �C�1.

Since the resonance peak width was

measured to be only 8 kHz, a temperature

shift of only 1 �C would dramatically

affect the acoustic amplitude in the

channel. It should be stressed, however,

that systems of lower Q-factor, i.e. more

lossy and/or bulkier, are likely to be less

sensitive to temperature fluctuations. For

example, Hawkes et al.43 report

a frequency shift of 5 kHz �C�1 and

a corresponding peak width of�100 kHz.

In order to ensure that temperature vari-

ations are not affecting the outcome of the

acoustofluidic experiment, it is advised to

measure the temperature dependency for

each platform, or to ensure that the chip

temperature is not changing significantly

during the experiment. Temperature can

be straight forwardly controlled using

a Peltier element and a temperature

sensor.21
4 Outlook

Affinity based extraction of components

from complex samples is a key unit

operation in many analytical, bio-

analytical and clinical applications. The

most widely used methods today are

either centrifugation or magnetic bead
Lab Chip, 2012, 12, 1742–1752 | 1751
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based systems. Affinity acoustophoresis is

a relatively new means to accomplish the

corresponding result, and it was not until

the past few years that the possibility of

performing targeted extraction in

a continuous flow system has shown

promising results. The ability to carry out

basic operations in acoustic particle or

cell washing clearly demonstrate the

benefits of acoustophoresis, especially in

systems where a centrifugation step

otherwise is the entry point for down-

stream analysis. A key benefit in this

respect is the elimination of manual

intervention in the sample handling

process, which opens the route to fully

integrated analytical systems where

a crude sample enters the system and an

analytical readout is obtained, cf. the

above described sample washing prior to

FACS analysis. It can also be noted that

in comparison to other microfluidic

principles of bead handling and affinity

extraction, acoustic standing wave based

systems generally display a higher

throughput, often operating in a range

from 100 mL min�1 to 10 mL min�1. An

attractive outlook to acoustic systems is

the design of sequential acoustophoresis

systems that can perform multiple carrier

fluid transfers. We have seen an example

of this in the sideways translation of the

carrier fluid (Fig. 8). This modality could

also be realized in a serial fashion,

enabling controlled sequences of ligand

interaction, washing, secondary binders

etc. In such systems it will be of impor-

tance to tune flow conditions such that the

duration of each step is sufficient, but

once in place this would indeed constitute

an attractive sample-to-answer system.

Crude sample in – data out.

Affinity based particle processing and

washing can be performed in other

acoustic configurations as well where e.g.

the particles/cells are retained in an

acoustic trap and the background carrier

fluid is sequentially replaced by a clean

fluid. Acoustically controlled affinity

interaction can also be performed at

ligand complexed surfaces by adjusting

the acoustic standing wave position in
1752 | Lab Chip, 2012, 12, 1742–1752
proximity with the resonator wall in

a microfluidic cell. Both these modalities

will be covered in the forthcoming Tuto-

rial issues, Acoustofluidics 20 (ref. 15) and

21 (ref. 16).
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