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Ultrasonic radiation forces can be used for non-intrusive manipulation and concentration

of suspended micrometer-sized particles. For bioanalytical purposes, standing-wave

ultrasound has long been used for rapid immuno-agglutination of functionalized latex beads.
More recently, detection methods based on laser-scanning fluorometry and single-step
homogeneous bead-based assays show promise for fast, easy and sensitive biochemical analysis.
If such methods are combined with ultrasonic enhancement, detection limits in the femtomolar
region are feasible. In this paper, we review the development of standing-wave ultrasonic
manipulation for bioanalysis, with special emphasis on miniaturization and ultrasensitive

bead-based immunoassays.

Introduction

Immunoassay-based techniques for identification and quanti-
fication of proteins or other biomolecules are of great
importance in biomedical and biochemical analysis, e.g., in
clinical diagnostics, in drug discovery/proteomics research,
and in food-industry quality controls. In particular, there
is a growing demand for sensitive, selective, simple, easy-
operational and cost-effective assays that can be -easily
implemented at clinics and laboratories for routine diagnosis.
Here, important factors are reduction in consumption of
biochemical reagents and simplification of the assay protocols.
Therefore, assay development is moving towards miniaturiza-
tion, parallelization and the separation-free format. An
interesting alternative to standard methods is to employ
functionalized beads and external force fields for bead
manipulation. Here, we review ultrasonic enhancement in
bead-based assays and the potential for such techniques in
miniaturized systems.

Today, assays based on nanometer or micrometer-sized
beads are often employed, either as solid support or as labels."
Beads are advantageous to use in immunoassays for several
reasons.> In comparison to planar surface-binding assays,
beads allow much higher binding area per unit volume. This
results in high local concentration of the analyte on the beads,
which could be several orders of magnitude higher than the
concentration of analyte in the total reaction volume.*
Furthermore, the mobility of suspended beads increases the
speed of the assay and allows for flexible scaling of reagent.
For example, if the binding capacity of the beads is known, the
bead concentration can be optimized for each assay condition,
e.g., for the analyte concentration and for the affinity of the
assay. Beads are also perfectly suitable for use in miniaturized
systems such as chip-based assays.> An important factor
for the increasing popularity of bead-based assays is the
commercial availability of beads. Today, beads may be
purchased in different sizes from a few nanometers to
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hundreds of micrometers, in different materials, with different
surface properties, dyed with fluorophores, chemiluminescent
molecules or photosensitizers, dyed with combinations of
several fluorophores or with various amounts of a single
fluorophore, with light-transmitting, electrical or magnetic
properties, and coated with a large variety of different
biomolecules.!*> Together with new beads, new assays are
developed. An example is suspension array technology (SAT),
where multiplexing in a single sample is possible by the
simultaneous use of several subpopulations of encoded beads
coated with different molecules.® However, most important for
the context of this paper is the possibility of enhancing a bead-
based assay by the use of field-assisted manipulation.’
In contrast to assays with planar binding surfaces, e.g.
ELISA-type assays on slides or small spots (microarrays),>’
beads can be concentrated, separated and trapped by the use of
external force fields. Examples of different techniques for
contactless manipulation of microparticles that have been
implemented in microsystems are optical,'® magnetic,'! dielec-
trophoretic'? and acoustic'®> manipulation.

This review will focus on ultrasonic standing-wave (USW)
manipulation systems used in bead-based immunoassays.
USW manipulation is a powerful tool for large-scale mani-
pulation of suspended microparticles, and can be used for
enhancement of bead-based assays.'* Here, the term large-
scale refers to the possibility of performing simultaneous
manipulation of all particles in a suspension, in contrast to
single-point manipulation methods like optical tweezers'® and
dielectrophoresis.'? Still, the assay format can be miniaturized
in terms of small sample volumes (~pl), and applied to
microsystems (e.g., microfluidic chips and microtiter plates).
Three different reported approaches to ultrasonic enhance-
ment in bead-based assays exist. The first approach employs
the immuno-agglutination assay format, where antibody-
coated beads form aggregates in the presence of the antigen
(the analyte), see Fig. la. Here, USW technology has been
used to enhance the bead collision rate for increased speed and
sensitivity.'” The second approach is based on the very initial
stage of immuno-agglutination, where two beads form a pair
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Fig. 1 (a): The bead-based agglutination assay. Beads with capture
antibodies are mixed with the analyte, resulting in a bead aggregate.
(b): The bead-based doublet assay. The initial stage of agglutination.
(c): The bead-based singlet assay. Beads with capture antibodies are
mixed with labeled tracer antibodies and the analyte, resulting in
sandwich assays on single beads.

singlet
assay

(the doublet assay), see Fig. 1b. Here, USW has been used to
separate and enrich doublets from single beads in microfluidic
capillaries.'® The last approach is to employ bead-immobilized
capture antibodies and fluorophore-labeled tracer antibodies,
and sandwich the analyte between the capture and tracer
antibodies on single beads (the singlet assay), see Fig. lc. In
this assay, USW technology has been used for enrichment and
positioning of bead-immobilized receptors in microtiter plates
or microfluidic chips, followed by fluorescence detection.'”'®
The latter method shows promise for ultrasensitive detection
with sensitivity in the femtomolar range. In this paper, we
evaluate the performance and sensitivity of USW-enhanced
bead-based assays in comparison to other available ultra-
sensitive assays.

Principles and theory of USW manipulation

It has been known since the 19th century that an object in a
sound field is affected by a steady-state acoustic radiation
force. In a classical experiment, Kundt and Lehman trapped
dust particles in a tube by applying a standing-wave field."”
The dust particles were collected in several lateral lines along
the tube, each separated by a distance corresponding to
half the wavelength of the sound wave. However, it is only in
the last decades the phenomenon has found widespread
application.’®2* More recently, the technology has been
successfully implemented in miniaturized systems, such as
microfluidic chips,'*?*3? microfluidic capillaries'® and micro-
titer plates'’ (see Fig. 2a—c).

The acoustic radiation force is a result of a non-linear effect
in the time-averaged radiation pressure around an object in
a sound wave, also known as the time-averaged acoustic
Bernoulli pressure. The theoretical treatment below follows the
formalism of Gor’kov,*> who derived a very useful potential
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Fig. 2 (a): Multiplexed alignment of 2 pm beads in a silicon
microchip with USW field perpendicular to the flow, ~12 MHz
frequency. Image adapted from ref. 32. (b): Single-layer, two-
dimensional aggregation of 3 um beads in a microtiter plate,
~3 MHz frequency. Image adapted from ref. 17. (c): Trapping,
enrichment and size-selection of 4 um beads in a microfluidic capillary,
~8 MHz frequency. The capillary walls are marked in gray with
correct scale. Image adapted from ref. 16.

function, U, for the time-averaged radiation force on a
spherical object with radius r, in an arbitrary shaped
standing-wave field:

. 3
U= V(flEpot_ §.f2Ekin)a (1)
where V' is the volume of the sphere (4mr3/3), and Epop and Eyip

are the time-averaged potential and kinetic energy densities,
respectively, given by
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Here, {p*> and {»*) are the mean-square fluctuations of the
incident pressure and velocityt of the acoustic field at the point
where the object is located, and py and ¢, are the density and
the sound (phase) velocityf of the medium. The factors f; and

+ The velocity, v, of the acoustic field refers to the velocity of an
oscillating volume element of the medium hosting the acoustic wave,
and should not be mistaken for the phase velocity, ¢, of the sound field.
i The phase velocity, ¢, is most often called the sound velocity.
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/> are dimensionless corrections taking the compressibility of
the object into account, and are given by

2(p—po)
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where p and ¢ are the density and the sound velocity of the
sphere. In the case of a rigid sphere, f; = f> = 1. Eqn (1) is valid
under certain conditions for the size of the sphere, namely

rL A > 8 4)

where / is the acoustic wavelength in the medium and s is the
medium volume element displacement amplitude.

If the acoustic field geometry is known, the acoustic
radiation force on a spherical object is obtained from the
potential function by the expression

F=-VU (5)

Thus, the force on a spherical object is given by the
(negative) gradient of the potential function U. A stable
trapping point is localized in positions of local minima of the
potential function U, satisfying F = 0. If only axial forces are
considered and assuming a harmonic sound source, the force,
F = F(z), is given by

0 T

3 .
F(Z)=—EU(Z)=m(f1+§fz) Vpdv sm(2ni). (6)

The expression shows that the radiation force varies
spatially with the period A/2, and that the force is proportional

to the volume of the sphere (V), the intensity / of the sound
wave (via I = p3/2poco), and the frequency v of the sound wave.
A typical value of the radiation force acting on a latex bead
suspended in water is, e.g., maximum 30 pN for an acoustic
intensity of 10 W cm ™2, an acoustic frequency of 5 MHz and a
particle diameter of 5 pm.

In Fig. 3, the potential function U is plotted as a function of
z (the axial coordinate) and r (the lateral coordinate), for
different materials, assuming a Gaussian intensity distribution
of the standing wave. A Gaussian distribution can be obtained
if the acoustic wave is focused (see next section for more
details). In the diagrams, six different sphere materials,
suspended in water, are compared; metal (a), glass (b),
polystyrene (c), oil (d), polyethylene (¢) and rubber (f). The
positions of the potential wells and the shape of the potential
around the wells depend on the signs of the factors f| and f>
(cf. eqn (3)). From a material’s point of view, the signs of f;
and /5 are determined by the density and the compressibility of
the sphere and medium. As a rule of thumb, a sphere with
higher density than the medium is trapped in the pressure
nodes (cf. Fig. 3a—c) and a sphere with lower density than the
medium is trapped in the pressure antinodes (c¢f. Fig. 3d).
However, some materials have a more complicated potential
function. In Fig. 3e, polyethylene, which has lower density and
higher sound velocity than water, does not have any stable
potential wells. Here, the lateral force component is directed
away from the z axis for all z. Thus, stable trapping of such a
material is impossible. More favorable is a potential like
rubber’s (cf. Fig. 3f), where the lateral component is attractive
towards the z-axis independently of z. Most rubber materials
have higher density than water, but lower sound velocity. A
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Fig. 3 The force potential U (in arbitrary units) on a spherical object, for a standing wave with a Gaussian profile propagating along the z-axis.
The potential is calculated for six different sphere materials; an ideal rigid material, e.g., metal (a), glass (b), polystyrene (c), oil (d), polyethylene (e)
and rubber (f). A pressure node is located at position z/4 = 0, and two velocity nodes are found at positions z/4 = —0.25 and 0.25. The potential is
repeated in half-wavelength intervals (i.e., z/A = z/4 — 0.5). The variance of the Gaussian distribution is arbitrarily chosen, and the diagrams should
only be used for qualitative comparison of the shape of U between different materials.
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nice application of USW manipulation based on the different
force fields obtained from objects with different acoustic
properties is separation of erythrocytes from lipids in whole
blood.?” In a microfluidic system, the erythrocytes are driven
to the pressure node (¢f. Fig. 3c), while lipid embolies are
driven to the pressure antinodes (¢f. Fig. 3d).

Most bead-based assays employ polystyrene spheres (latex
spheres), mainly due to their availability and biocompatibility.
As shown in Fig. 3c, the lateral force component in the
pressure nodes for polystyrene is very weak in comparison to
the axial component, even if the sound field is highly focused.
Another problem is that the lateral force in between the
pressure nodes is much steeper than in the pressure nodes, and
also directed away from the z axis. Therefore, a sphere initially
located in the pressure antinode may first move away from the
z axis, simultaneous with the axial movement. When the sphere
enters the pressure nodal plane, there is a risk that it is too far
away from the z axis for the weak lateral force to drag it back
to the potential well. A more rigid sphere, e.g., a glass sphere
or a metal sphere (¢f. Fig. 3a-b), has stronger attractive lateral
forces in the pressure nodes, making them more suitable for
three-dimensional trapping and manipulation. However, even
if the lateral shape of the potential function is not optimal for
latex, it is often advantageous to employ latex in bead-based
assays due to the relatively slow gravitational settlement,
which keeps them in homogenous suspended phase during the
assay incubation time.

In the theoretical treatment given above, the origin of the
radiation force is due to the interaction between the scattered
field from a single sphere and the incident (primary) acoustic
field. However, when two or more spheres are present in the
acoustic field, the total incident field on one of the spheres
includes both the primary field and the scattered field from the
other spheres. The contribution to the acoustic radiation force
due to the scattered field from a nearby sphere is called the
acoustic interaction force, F; (z), and is given by**

Fi(z)=

(P—ﬂo)2(300526_1) 2 _‘U2po(/3—ﬁo)2 2 @)

4ma® Spod® v(z2) of p(2)],

where «a is the radius of the two spheres, d is the center-to-
center distance between the spheres, 0 is the angle between the
centerline of the spheres and the propagation direction of the
incident acoustic wave, ff and [}, are the compressibilities of
the sphere and the host medium, respectively,  is the angular
frequency of the acoustic wave, v(z) is the particle velocity
amplitude and p(z) is the acoustic pressure amplitude. The sign
convention defines a positive force to be repulsive, while a
negative force is attractive.

An interesting phenomenon in many standing-wave traps is
the formation of compact, two-dimensional and single-layer
particle aggregates.'”*>*® This can be explained by the two
well-compatible force fields, the primary force, F (eqn (5)), and
the secondary force, F; (eqn (7)). In a typical application,
suspended particles move initially in the direction of maximum
gradient of the potential function U, (ie., parallel to the z
axis). The result is a quick redistribution of all particles into

the pressure nodal planes. Once inside these planes, the
particles move slower in the lateral direction (towards a
minimum of U) due to the weaker lateral gradient (cf. Fig. 3).
Simultaneously, interaction forces, F;, become significant
when the particle spacing is of the order of the particle size.
Interestingly, the second term in eqn (7) vanishes in the
pressure nodes, and the remaining first term has a magnitude
and direction dependent on the orientation of the particles
(the angle 0). In or near the pressure nodes, this term is
repulsive when the spheres are lined up in the direction of the
acoustic wave (0 = 0°), and attractive when the spheres are
perpendicular to the acoustic wave (0 = 90°). Thus, the
interaction force strongly contributes to the formation of
stable single-layer aggregates perpendicular to the propagation
direction of the acoustic wave.

Instrumentation and resonator design

The fundamental tools needed to produce a resonant ultra-
sonic standing wave are a sound source and a cavity of proper
dimension. The sound source is typically an ultrasonic
transducer based on e.g., lead zirconate titanate (PZT)
piezoceramics.?” In the simplest case, the cavity should consist
of two plane and parallel surfaces that have high acoustic
reflectivity and that are separated by a multiple of half the
acoustic wavelength. Such a plane-parallel resonator design
(cf. Fig. 4a) is the most widely used in USW applications.*®
The frequency of USW manipulation in liquid suspensions
typically falls in the range 1-10 MHz. For a one-node trap, the
width of such a half-wave resonator is 75-750 um (assuming a
sound velocity in water of ~1500 m s~ ). This is one of the
reasons for the high compatibility of USW technology in
microfluidic devices, since any microfluidic channel with a
well-defined rectangular cross section, hard material (e.g.,
silicon) and width in the range >75 pm, can be used as a USW
resonator. It is also possible to superpose standing-wave
fields in several directions.'*31*° For frequencies higher than
10 MHz, absorption that causes acoustic streaming is the
limiting factor for high sound intensities, and for frequencies
lower than 1 MHz, high pressure amplitudes may cause
cavitation.*! Thus, there is a suitable frequency window
between 1-10 MHz, where relatively high acoustic intensities
can be employed with low streaming and without occurrence
of cavitation. In this frequency range, particles with sizes in the
range 1077-10"* m can be manipulated. In addition, several
ways exist to minimize the streaming problem, e.g., by
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Fig. 4 (a) The plane-parallel resonator. (b) The cylindrical resonator.
(c) The hemispherical resonator. (d) The confocal resonator.
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shielding the streaming by the use of microchannels with
smaller size than the acoustic wavelength.'®

As discussed in the theory section, the lateral acoustic
radiation force is often low in comparison to the axial force,
at least two orders of magnitude lower for the plane parallel
resonator. Higher lateral forces and higher stability of the
trap can be obtained if focusing resonators are employed.
Typically, the lateral force is one order of magnitude weaker
than the axial component of the radiation force in a focusing
resonator arrangement.”! The different designs of focusing
resonators are illustrated in Fig. 4b-d. The cylindrical
geometry*? is the most simple, but limits the visual access to
the reaction chamber. In comparison to the confocal arrange-
ment,?! the hemispherical resonator is easy to align and may be
operated in either a focusing mode,'® or in a near-plane-
parallel mode but with higher lateral stability.!” The reflecting
boundaries of a resonator are typically quarter-wavelength
thick layers of glass or metal.*® Such hard materials with high
acoustic impedance and low acoustic absorbance are prefer-
able to use as acoustic reflectors. However, if the thickness of
the reflector is thin, carefully matched with the wavelength and
backed with air, almost any material can be used, e.g.,
platstics.17 Most often, one of the reflectors also serves as the
ultrasound source (e.g., a transducer combined with a coupling
layer),*® but in some cases the transducer is not part of the
resonator.”> The resonances are found either by tuning the
frequency of the transducer®® or by tuning the resonator length
in modular designs.!” Accurate modeling of multilayer
resonators can be used for optimization of the resonator
design, e.g., for optimization of the energy deposition in the
fluid layer and for prediction of the node positions and the
resonance frequencies.**** For example, even if the distance
between the nodes in a multilayer resonator is always half the
acoustic wavelength, there is a possibility of placing the nodes
at arbitrary positions relative to the boundaries of the fluid
layer by matching the layer thicknesses.*’

USW manipulation in bead-based assays

One of the first biological applications of USW manipulation
was introduced in the late 1960s by Nyborg, who studied
the interaction between a cell membrane and steady-state
non-linear acoustic fields.*® However, it was not until the
1980s when USW applications became widespread, first with
air-borne acoustic levitation,*” and later with separation of
particles in suspensions.*® For the purposes of this paper,
however, we will concentrate on applications of USW
manipulation in bead-based assays and discuss the possibility
of miniaturization. A more general review of USW applica-
tions is found in, e.g., ref. 14.

Today, bead-based assays are often divided into homo-
geneous and heterogeneous assays. One of the most widely
spread heterogeneous assays is the ELISA assay (Enzyme-
Linked Immunosorbent Assay). Significant for an ELISA
assay is the need for separation of the solid phase (e.g.,
antibody-coated beads) from both unbound analyte and
unbound label. This requires at least two washing steps, which
makes the assay complex and labor-intensive. In general, the
sensitivity of ELISA tests is in the pM-range.49 A bead-based

homogeneous assay is an assay where the binding reactants
(i.e., the receptor-coated beads) and the analyte-containing
sample is mixed, incubated and detected in bulk solution
without the need for any separation steps. Such single-step,
separation-free assays have the advantage of being more
simple and straightforward, which results in low costs, fast
solution-phase kinetics and reduced test time. In addition,
homogeneous assays are more suitable for miniaturization due
to low sample volume and low waste associated with the
separation-free format. Here, we will focus on assay formats
that have been enhanced by ultrasound, namely, agglutina-
tion-based assays (the agglutination assay and the doublet
assay) and assays performed on single beads (the singlet assay).

I. Bead-based agglutination assays

The first bead-based homogeneous assay was proposed
already in the 1950s, with the invention of the latex
agglutination test (LAT) by Singer and Plotz.>® The idea was
to transfer the natural biological process of cell coagulation to
synthetic latex beads. By coating the beads with antibodies,
coagulation, or agglutination, occurred in the presence of an
antigen, resulting in a turbid precipitation of aggregated beads
(¢f. Fig. 1a). LAT has long been popular in point-of-care tests
for diagnostic purposes due to its simplicity, low cost and
speed. During the last decade there has been over 400
publications in medicine and veterinary journals where LAT
was employed, and more than 300 different biomolecules can
now be detected by LAT.*! In its simplest format, the sample is
placed on a test slide and the agglutination is observed visually
as a qualitative ““yes/no” indication. Such a simple test that is
familiar to most people is a standard pregnancy test, where
beads coated with human chorionic gonadotropin (HCG) is
mixed with a drop of urine. An extension of the LAT slides is
agglutination assays based on the measurement of scattered
or absorbed light. These methods allow for quantitative
monitoring of the analyte concentration by measuring forward
scattered (turbidimetry)®* or side scattered (nephelometry)>
light through the test tube. Typically, small beads in the size
range 0.01-0.8 um are used. Another quantitative approach is
to use larger beads (~1 um) and particle counting detectors
based on light scattering measurements combined with flow
cells.>* These systems monitor the reduction in counting rate in
a flow cell when the particles are agglutinated, or the number
of unagglutinated particles by light-scattering-based discrimi-
nation. Other light scattering instruments based on low-angle
light scattering have been used for investigation of particle
aggregation.”® Here, the number of particles per cluster has
been determined for particles with size smaller than the
wavelength. More recently, flow cytometry has been used for
latex agglutination detection, where the combination of
scattered light and fluorescence also allows for multiplexing.>®
This method has also been introduced in a microfluidic
device.”” However, most agglutination tests suffer from low
sensitivity with detection limits in the nM-range.** The limiting
factors are mainly the relatively high bead concentrations
needed for sufficiently high particle collision rates, and non-
specific agglutination (NSA) of beads. These factors will be
described in more detail below.
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II. USW enhancement of bead-based agglutination assays

Ultrasound has long been used for enhancement of agglutina-
tion assays.'> The basic idea is to increase the probability of
bead collisions by the use of ultrasonic forces, instead of
relying on Brownian motion, gravity or microvortices pro-
duced by agitation of the sample. Initially the method was
applied to enhancement of a haemagglutination assay for the
detection of Hepatitis B virus.”® In this device, erythrocytes
were agglutinated in a glass capillary by a 1 MHz plane-
parallel USW resonator, and the results were compared with a
conventional microwell plate assay. The same device, but
operating at 3 MHz, was also employed for improved
detection of Legionella pneumophilia by agglutination in a
bacterial cell suspension.” In both investigations, the stand-
ing-wave field was formed by reflection in the upper interface
between the liquid sample and air. Later, several commercially
available test kits based on cell, bacteria or latex agglutination
were investigated by USW enhancement in a multiplexed
format.®® The slightly modified device used here is depicted in
Fig. 5. A cylindrical 2 MHz USW resonator creates forces in
the center of the cavity with magnitude ~ 100 times higher
than off-axis forces. In the center of the cavity, a 2 mm inner-
diameter glass capillary is placed that contains multiple sample
plugs separated by air spaces. The ~50 pl volume sample
plugs are placed one-by-one in the middle of the reaction
chamber and sonicated, resulting in concentration of particles
into the cylindrically shaped pressure nodes followed by
sedimentation of agglutinated particles to the bottom of the
meniscus (the interface between the sample plug and the air
space). The LAT kits tested with USW enhancement showed
firstly improvement in speed (between one and two orders of
magnitude).’* However, by diluting the reactants (i.e., the
bead concentration), an increase in sensitivity (between one
and three orders of magnitude) was also observed.®' The
USW device shown in Fig. 5 has been used to demonstrate
improvement in speed and sensitivity for a variety of different
analytes of diagnostic interest,>’> and compared with
alternative methods such as PCR®” and immuno-gold lateral
flow test.”” The same technique has also been used for

capillary—_|

i

Fig. 5 The device for USW enhancement of bead-based agglutination
assays. The sample of analyte and beads is placed in a capillary tube,
and the capillary is placed along the axis of a cylindrical USW
resonator. The sample volume in the reactor (a) is sonicated, resulting
in concentration of beads into the pressure nodes (b), followed by
sedimentation of aggregated beads onto the bottom meniscus (c).
Figure adapted from ref. 60.
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quantification of analyte concentration, either by measuring
the aggregate size with microscopy-based image analysis,”* or
by turbidimetry.®® A simplified instrument, based on a free
sample droplet placed on a piezo-ceramic wafer, has demon-
strated USW-enhancement in a LAT for diagnosis of
tuberculosis.”* A summary of different USW enhanced
LATs, including the analytes, reagents and detection methods
used and their sensitivity, is given in ref. 15. In the clinical
context, USW enhancement in LAT detection of meningo-
coccal antigen has received the most attention because of the
urgent need for rapid diagnosis of aggressive bacterial
meningitis.”* This clinical application has resulted in a com-
mercial instrument, Immunosonic (Electro-Medical Supplies,
Wantage, UK).

Effort has been made to investigate the lowest limit of
detection that can be obtained by USW enhancement in
agglutination assays. Several parameters are important for
optimizing the sensitivity, e.g., bead size, bead concentration,
bead material, bead capacity (receptor density) and buffer
composition.5 ! Without USW enhancement, smaller bead size
would lead to higher bead collision rate, but smaller beads also
results in smaller aggregates that are more difficult to detect.
Therefore, the bead size must be optimized for each
agglutination assay and detection method. In USW-enhanced
LATSs, a decrease in detection limit with increased bead size
has been reported.”® The bead concentration (proportional to
the receptor concentration) is the parameter of greatest
importance for the sensitivity. Lower bead concentration
directly leads to higher sensitivity since the ratio of occupied
to free receptors on each bead increases (and thus, the
probability of specific crosslinking of beads at collisions).
However, lower bead concentration also results in slower
speed of the assay. Under such conditions, USW will lead to
enhancement in both speed and sensitivity, due to an increased
probability of bead collisions per time unit, as well as an
increased probability of specific cross-linking of beads at each
collision. However, a general problem that is present in any
agglutination assay is non-specific agglutination (NSA).”” The
mechanism of NSA is complex, where unspecific colloidal
forces such as van der Waals, hydrophobic and electrostatic
forces compete with the specific antibody—antigen interaction
force (where the specific forces often have the same physical
origin as the unspecific forces). In USW enhanced LATs, NSA
has been suppressed by the use of silica beads instead of
latex.”® Silica has generally higher colloidal stability in water
due to the more hydrophilic nature of silica compared to latex.
In addition, silica is also much more suitable for USW
manipulation than latex due to higher density and compres-
sibility (¢f. Fig. 3b—c). Detailed calculation and experimental
verification have shown that silica beads, compared to latex,
(i) experience higher primary acoustic forces (eqn (5)-(6)),”® (ii)
are pushed closer together in the pressure nodes by higher
attractive van der Waal’s forces and higher ultrasonic interac-
tion forces (eqn (7))’® and, (iii) can be retained in the pressure
nodes even if acoustic streaming occurs.”® Interestingly,
acoustic streaming is also more suppressed if a square-shaped
microchannel is employed instead of a cylindrical micro-
channel.”® This observation is of importance for all USW
applications in the lab-on-chip format.
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The major drawbacks with a bead-based agglutination assay
are the poor sensitivity and the qualitative nature of the
assay.”® Even if USW enhancement can increase the sensitivity
of LATs by several orders of magnitude, the lowest reported
detection limit is in the range of 10~'! M (for a model system
with streptavidin-coated silica beads and biotinylated bovine
serum albumin as the analyte).”® The reason for the difficulties
of using LATs for quantitative measurements lies in the
principle of agglutination. A specific crosslinking of two beads
requires that an analyte-receptor complex on one bead is
bound to a free receptor on the other bead. Thus, the
probability for crosslinking will increase with the analyte
concentration up to a level where half of the receptors on the
beads are occupied. At even higher analyte concentrations,
the probability will instead decrease, resulting in inhibition of
the agglutination. For example, a low analyte concentration
that causes 5% receptor occupancy and a high analyte
concentration that causes 95% receptor occupancy will result
in exactly the same amount of agglutination. This effect, the
hook-effect or the prozone phenomenon,®® can be suppressed
to some extent with USW enhancement, but not eliminated.®°
However, USW-enhanced LATs offer a simple, cheap, fast and
reliable alternative to more advanced methods for a lot of
diagnostic purposes. Furthermore, the method is suitable to
implement in the lab-on-chip format, something that still
remains to be demonstrated.

I11. Bead-based doublet assays

Another approach is to measure the very initial stage of
agglutination where two single beads (singlets) form a bead
pair (doublet), see Fig. 1b. This technique shows promise for
improved sensitivity compared to traditional agglutination
assays that require the formation of larger complexes. Besides,
the kinetics of initial agglutination is well understood. For
example, theoretical modeling can be used to optimize a
doublet assay in terms of sensitivity and dynamic range as well
as to estimate the affinity, receptor surface density, sizes of the
molecules and their binding sites in the immunoassay and
the level of non-specific binding that is present in the assay.>®
The doublet assay has been employed in flow-through systems,
e.g., in capillary electrophoresis (CE)*!*? and scanning flow
cytometry (SFC).®* The latter method is powerful for resolving
the number of beads in small agglomerates, and is an extension
of low-angle light scattering detection.”> However, both
CE and SFC have limited reported sensitivity (~1071 M
detection limit at best).®! An alternative to the flow-through
methods are detection methods in bulk samples. An elegant
and sensitive doublet assay in bulk samples is the luminescent
oxygen channeling immunoassay (LOCI).** The LOCI method
uses two different 175 nm beads, a donor bead and a receptor
bead, and monitors doublet formation by chemiluminescence.
By laser-exciting the donor bead at 680 nm, ejection of single-
state oxygen radicals, lAgOz, converts the laser light to
emission light from the acceptor bead at 520-620 nm by a
chemiluminescence reaction. Since the oxygen radical has a
short diffusion range (~250 nm), emission light is only
detected if the donor and acceptor have combined to a
doublet during the 0.3 s reaction lifetime. The time-resolved

LOCI-detection of doublets has significant potential for high
sensitivity and may also monitor the reaction in real time. The
reported detection limit is of the order of 10~ "> M.** Finally, a
simplified bead-based doublet assay has recently been reported
based on counting of singlets and doublets by image analysis
in fluorescence microscopy.’® Here, pattern recognition
algorithms allow for classification of singlets and doublets
with high reliability even with limited image quality. The
method is simple and straightforward, and has significant
potential for implementation to the lab-on-chip format. High
sensitivity would be possible if the method was combined with
USW enhancement prior to detection.'*

IV. USW enhancement of bead-based doublet assays

Ultrasound has been suggested for size-selective separation of
doublets from single beads.'®® Very high size selectivity can
be obtained by combining the USW technique and an electro-
osmotic flow.®> This device, illustrated in Fig. 6, is built
around a capillary electrophoresis system, and the separation
method also includes sample enrichment. In a well-defined
segment of the capillary, starting from the acoustic reflector,
doublets may be retained in the pressure nodes of the standing
wave while single beads elude the trap. The separation
mechanism is based on competition between the acoustic force
and the viscous fluid drag from the electro-osmotic flow. The
system works as a high-precision filter where the “pore size” is
carefully controlled by the acoustic intensity. However, even if
the size selection and sample enrichment is very efficient,
the method does not enhance the agglutination mechanism.
Therefore, the sensitivity is not better than ~nM." On the
other hand, the method has high potential for miniaturization,
since only the ultrasound source is macro-scaled. In addition,
higher sensitivity could be obtained if ultrasound is used in two
steps, first to enhance the doublet formation (as described in
Section II) and then to enrich and detect doublets (as described
here). Finally, it should be mentioned that a similar method
for size-selection and USW trapping inside a capillary has
been proposed, based on transverse acoustic waves or a

high

a voltage ‘\

USW separator

capillary
\
—~—
flow

reflector y.|——

transducer

-<—drain

sample—»

pressure chamber—

Fig. 6 The device for USW doublet detection in a microfluidic
capillary. The sample is injected in the USW trap by an electro-osmotic
flow, generated by a capillary electrophoresis system. Inside the
capillary USW trap, doublets may be trapped, retained, enriched and
separated from single beads by the competition between acoustic
forces and viscous forces from the fluid drag. The standing wave is
longitudinally coupled into the capillary by a hemispherical resonator
aligned parallel to the capillary. Figure adapted from ref. 85.

This journal is © The Royal Society of Chemistry 2006

Lab Chip, 2006, 6, 1279-1292 | 1285



combination of bulk and flexural acoustic modes.**#” The
latter method is called “ultrasonic chromatography”, with
reference to a similar method (“optical chromatography’)
based on optical forces.®

V. Bead-based singlet assays

The singlet assay, shown in Fig. lc, differs from the
agglutination assay and the doublet assay since it is performed
on individually antibody-coated beads in combination with a
labeled second antibody. The label, or tag, could be an enzyme
or a fluorescent, a radioactive or a chemiluminescent molecule.
In principle, the assay can be performed on a single bead, even
if many beads usually are measured to obtain a statistically
significant result. When the beads are mixed with the sample
and the label, the analyte is sandwiched between bead-
immobilized capture antibodies and the labeled molecule.
The amount of label on each bead could then be used as a
measure of the analyte concentration in the sample. The singlet
assay is particularly suitable for miniaturization, since very low
sample volumes (~pl or sub-ul) can be used. However, the
main problem in singlet assays is the handling of individual
beads. Therefore, the singlet assay can be efficiently improved
by the combination with USW manipulation. This is a
novel approach in bead-based assays that has potential for
ultrahigh sensitivity.

The singlet assay has long been employed in methods based
on flow cytometry.® Here, scattered light and fluorescence are
used to discriminate beads on the basis of both the size and the
color of the bead. Beads encoded with various amounts of
several fluorophores has resulted in a novel technological
concept, suspension array technology (SAT),® and this method
has also been commercialized (e.g., Luminex Corporation,
Austin, TX, USA). Characteristics for flow cytometric
methods are very high throughput but limited sensitivity.
Another approach is to scan a laser focus in a bulk solution
instead of using a flow-through system. This is performed
in two-photon excitation (TPX) technology.”® Here, the
fluorescence of two-photon excitation in bulk solution is
measured in a small confocal volume element, by employing
the singlet assay. Since two-photon excitation is a quadratic
process with respect to the illumination intensity, only
fluorophores in the clearly restricted vicinity of the laser focus
are excited. This results in efficient suppression of the
background noise. In a TPX singlet assay, the laser focus is
scanned in the bulk sample, searching for beads. When a bead
appears in the focus, the scanner is stopped and the TPX
fluorescence is measured. An advantage using this method is
the possibility of monitoring the reaction kinetics, since the
measurement can be performed simultaneously with the
incubation. Typically, the detection limit is in the pM range.
The TPX concept has been commercialized by Arctic
Diagnostics (ArcDia TPX, Arctic Diagnostics Oy, Turku,
Finland). A similar approach to TPX technology is confocal
microscopy-based techniques. In ‘“‘macro-confocal” laser-
scanning fluorescence detection, a 100 um axially elongated
laser beam is automatically focused and laterally scanned
on the bottom of a microplate well.”! The fluorescence
is measured on beads on the bottom of the well, and the

“macro-confocal’” concept also allows for suppression of the
background noise from unbound tracer antibodies. The
reported sensitivity of this method is similar to the sensitivity
of TPX technology (~pM). Both TPX and confocal detection
techniques employ a single-step assay, where the detection is
made directly without the need for washing away unbound
tracer reactants.

Several non-fluorescent and sensitive singlet assays also
exist, e.g., scintillation proximity assay (SPA)°?> and electro-
chemiluminescence (ECL).”> ECL especially is considered as
an ultrasensitive assay with sub-pM detection limits. The ECL
assay employs magnetic beads and has been commercialized by
e.g., Igen Inc. (Origen®, Igen Inc., Gaithersburg, MD, USA)
and Roche Diagnostics GmbH (Elecsys®, Roche Diagnostics
GmbH, Mannheim, Germany).

One of the most important factors for the sensitivity of a
singlet assay is the concentration of beads in the sample. This
is a consequence of the concentration of bead-immobilized
capture antibodies in relation to the analyte concentration. In
1989, Ekins proposed the concept of the ambient analyte
immunoassay, where much higher sensitivity can be obtained if
the concentration of capture antibody is very low (<0.01/K,
where K is the affinity constant of the binding reaction).”* In
ambient analyte conditions, the analyte and tracer concentra-
tions are much higher than the capture antibody concentra-
tion, which results in a fractional occupancy of the capture
antibody binding sites that is dependent on the concentration
of analyte only. For the bead-based singlet assay, ambient
analyte theory proposes that if the concentration of beads is
decreased, the amount of analyte and tracer on each bead
increases, resulting in a lower detection limit. Ekins used this
concept in microspot array technology,” where a minute
amount of capture antibodies in small spots on a solid surface
allows for ultrahigh sensitivity in combination with confocal
fluorescence detection. Ekins’ theory is one of the best
examples of the power of miniaturization.

VI. USW enhancement of bead-based singlet assays

USW manipulation has been used with a single-step, homo-
geneous singlet assay combined with confocal laser-scanning
fluorometry.!” This technique shows promise for ultrahigh
sensitivity; preliminary results indicate a possible detection
limit of the order of fM for a human thyroid stimulating
hormone (hTSH) singlet assay.!” The system, depicted in
Fig. 7, consists of three parts: an inverted confocal microscope,
a 96-well microtiter plate and a miniature focused transducer
assembly (FTA). The FTA and the optically transparent
bottom of the microplate form a USW resonator in a
hemispherical arrangement (c¢f. Fig. 4c), where the resonator
length can be carefully tuned into resonance by axial
positioning of the FTA. First, the sample is placed in one of
the wells in the microplate and incubated with the beads and
label. Then, the FTA is placed in the well and aligned into
resonance. At resonance, the beads in the sample are driven
into the pressure nodes of the standing wave. Eventually, the
beads are arranged in compact, hexagonal and two-dimen-
sional aggregates in several horizontal planes, each separated
vertically by a distance corresponding to half the acoustic
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Fig. 7 The device for USW enhancement of bead-based singlet
assays. A miniature 4 MHz focused transducer assembly (FTA) is
submerged into one of the microplate wells containing the sample. The
USW resonator is formed by the FTA and the bottom of the
microplate well. The USW resonator length, L, is tuned into
resonance, and the beads are trapped and enriched in compact two-
dimensional aggregates in the pressure nodes. Finally, the confocal
laser-scanning fluorescence system scans horizontally each aggregate
one-by-one. Figure adapted from ref. 17.

wavelength. The mechanism of the formation of such two-
dimensional aggregates is described in the theory section. The
fluorescence from the planar aggregates is detected by the
confocal laser-scanning system. The geometry of the USW-
trapped aggregates is perfectly matched to the scanning area of
the confocal microscope. The vertical and lateral positions of
the centerpoints of the pressure nodes are predefined and in
principle, the scanning unit of the microscope can be pre-
programmed to scan each aggregate one-by-one.

The idea of using USW manipulation in a singlet assay is to
improve the sensitivity according to Ekins’ theory of ambient
analyte conditions. By reducing the concentration of beads in
the microplate well, a higher fluorescence signal can be
measured from each bead. However, when the bead concen-
tration is reduced, the probability per time unit of finding a
bead when scanning the laser focus in the sample is
significantly reduced. The USW method is used here for bead
enrichment into the scanning area of the confocal detection
system. The system shows a remarkable high enrichment
factor. Typically, the beads in a 100 pl sample containing
~2500 beads (corresponding to a volume fraction of ~1077),
are rearranged into 6 aggregates each containing ~ 50 beads
(¢f. Fig. 8)."” The volume of each aggregate is ~ 150 fl, and
since ~10% of the beads are trapped the enrichment factor is
between 10° and 107, This can be compared with sedimentation
or centrifugation, which has an enrichment factor of maximum
10° for a similar sample. However, at very low bead
concentrations, the affinity of the assay is the limiting factor.
This is illustrated in Fig. 9, where the amount of analyte on
each bead is calculated as a function of the bead concentration
for the h'TSH assay. The calculation is based on the theory
presented in ref. 56. Without USW enhancement, the confocal
detection system can handle samples with bead concentrations
>10°ml~'. When the bead concentration is decreased, the gain
in signal from each bead is increased up to a level where an

Fig. 8 (a): Reflected light from 65 beads trapped in the middle of the
~40 pL active sample volume. This pressure node is the 4th from
the transducer, corresponding to a distance of ~0.6 mm from the
transducer, and approximately the same distance from the bottom of
the microplate. (b): Fluorescence light from a 10 s long confocal scan
of approximately 20 trapped beads. The image is taken from a human
thyroid stimulating hormone (hTSH) assay experiment with an analyte
concentration of 70 pM. Images adapted from ref. 17.

10°—

analyte concentration:
20 fM

2 500 000 beads/mL

4.7 analytes/bead

Bound analytes per bead

F---F-------425 000 beads/mL

102 10° 10t 10°  10® 10
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Fig. 9 Calculation of the average amount of analyte bound to each
bead at equilibrium as a function of the bead concentration for the
human thyroid stimulation hormone (hTSH) assay. In the calculation,
a constant analyte concentration of 20 fM (the experimental detection
limit) is used to illustrate the dependence of signal-to-background of
the detection system to the concentration of bead-immobilized
receptors. The two bead concentrations that can be handled by the
system with (2.5 x 10* ml™!) and without (2.5 x 10° ml"!) USW
enrichment are marked in the diagram. Typically, ~100 analyte
molecules can be discriminated from the background if the amount
of analyte and label (tracer antibodies) bound to each bead is assumed
to be equal.

affinity-related saturation effect occurs. Besides, dilution of the
beads also results in a slower assay. However, bead samples
diluted 2 or 3 orders of magnitude still results in amplified
signal and reasonable incubation times. This indicates that
the theoretical detection limit for the h'TSH assay is at the low
fM-level, corresponding to the detection of 10-100 tracer
fluorophores per bead.

Another approach for USW enhancement of a singlet assay
in a microfluidic chip has been demonstrated by Lillichorn and
coworkers.'® They use a microfabricated flow-through system
with parallel microchannels and microtransducers integrated
in the chip, see Fig. 10. In principle, this system could be
used as a flexible bead-based microarray chip, where small
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Fig. 10 Illustrations of the concept of dynamic arraying showing insertion of the solid phase of different specificity (a) through inlets (A, B, ..., X),
trapping of antigen specific bead clusters using the ultrasonic transducer array (b) and perfusion/incubation of sample (c) through inlets (1, 2, ..., Y)
followed by fluorescence read-out. Figure reprinted from ref. 18 with permission from Elsevier.

agglomerates of beads can be trapped above each transducer
element before the sample is flushed through the chip. This
concept of dynamic arraying of beads is very interesting for
multiplexing by USW manipulation, and is also fully
integrated in a lab-on-chip system that employs pl sample
volumes. However, in comparison to USW enrichment in
microtiter plates, this method is more complex and more
difficult to make ultrasensitive since the system is not designed
for handling of samples with very low bead concentrations.
Finally, it should also be mentioned that USW enhancement
has been reported in a fiber-optic biosensor for the detection of
Salmonella cells.’® Here, latex beads are used to improve the
enrichment of the cells into the pressure nodes, by the forma-
tion of cell-bead aggregates prior USW operation. Similar
approaches have also been reported for improved detection of
bacterial spores or cells, where USW manipulation is used for
particle deposition to an immunosensor surface.?®°7-%8

VII. Other field-assisted manipulation methods in bead-based
assays

Other reported methods for field-assisted enhancement of
bead-based assays exist, based on other techniques than
ultrasound. For example, LATs have been employed with
magnetic beads in a microfluidic format.'" In the presence of a
magnetic field, superparamagnetic beads form linear aggre-
gates, and the length and number of aggregates can be used as
a measure of analyte concentration. The authors claim a
detection limit of 10 fM for a biotin—streptavidin-based assay.
However, this very high sensitivity needs to be verified by more
experiments. Other field-assisted methods include electric
field-enhanced LATs,” dielectrophoresis-controlled adhesion

of beads to electrode microarrays for affinity assays'® and
doublet detection by optical chromatography.®®

Conclusion and summary

The performance and characteristics of the different USW
techniques for enhancement in bead-based assays is compared
in Table 1. The most established method is USW enhancement
in latex agglutination tests (LATs), which has resulted in
thorough investigations, clinical evaluations and a commercial
device. The strength with this technique is that it employs an
inexpensive, simple and accessible assay, where USW enhance-
ment makes a significant difference in both speed and
sensitivity. However, the drawback is that more advanced
alternative methods, e.g., PCR, are often superior even if
LATs are faster. On the other hand, USW enhancement in
LATs still has potential for improvements, e.g., miniaturiza-
tion that can increase the level of automation and detection of
doublets instead of large aggregates. Detection especially is
problematic in qualitative LATSs, since the interpretation of
agglutination is often considered to have an element of
subjectivity.” The second proposed method, USW-based
separation and enrichment of doublets in capillaries, has high
potential in applications where sensitive size-selection is
needed, but the technique is hardly of benefit to the bead-
based doublet assay. The reason is that ultrasound is only
used to detect and enrich doublets that are already cross-
linked, and not to enhance the agglutination mechanism. The
last proposed method, USW enrichment in the singlet assay,
has the highest potential for ultrahigh sensitivity. For the TSH
assay, preliminary results indicate a detection limit at the low
fM level. This is about 1-2 orders of magnitude lower than the

Method USW agglutination enhancement USW doublet detection USW bead enrichment
Assay format Agglutination of beads Agglutination of beads, initial Individual beads and label (singlet)
stage (doublet)
Sensitivity 1071077 M ~1071°M ~107%M
USW frequency 2-5 MHz 8 MHz 4-10 MHz
USW resonator Cylindrical Hemispherical Hemispherical and plane-parallel
Bead size 0.3-1.0 pm 1-5 pm 3-7 um
Detection Microscopy, image analysis, Size-selective USW separation Confocal laser-scanning fluorometry,
turbidimetry fluorescence microscopy
Miniaturization Possible Yes (microfluidic capillaries) Yes (microwell plates and microfluidic chips)
Potential Detection of the initial Combine with USW agglutination Smaller beads, amplified labels, multiplexing
improvements stage of agglutination, enhancement

miniaturization
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detection limit of standard ELISA methods'®! and equivalent
to the detection limits of some of the most sensitive methods
that are commercially available.'? Furthermore, the USW
method is cost-effective by the use of transducers made of
~1-Euro PZT wafers, disposable commercially available
microtiter plates and confocal microscopes that are available
at many laboratories and clinics. However, the reported results
are still of a preliminary nature. Several improvements can
be made, both instrumentation-related (optimization of the
transducer—microplate system, and even further system
miniaturization'®?) and assay-related (e.g., optimization of
the assay in terms of bead size, bead capacity, and choice of
label). The dynamic arraying concept opens new possibilities
for miniaturization and parallelization, and should be further
investigated for higher sensitivity. Finally, when comparing the
USW methods in the agglutination assay and the singlet assay,
it is important to note that the hook-effect, discussed above for
the former method, is present in any single-step, homogeneous
assay including the singlet assay. However, the effect is of less
importance for the singlet assay. The reason is the higher
flexibility resulting from the different nature of the solid phase
capture antibodies (i.e., the beads) and the label (i.e., the tracer
antibodies). In the agglutination assay, the solid phase and the
label are one and the same (i.e., the beads). In addition, the
agglutination assay has a more complicated non-specific
binding, which limits the sensitivity. For the singlet assay,
the level of non-specific binding is most often very low or
even absent due to the low concentration of the label.'®
Furthermore, the background interference in complex bio-
logical samples, which may compromise the sensitivity, has not
turned out to be a major problem.'®

Another approach for improved sensitivity in bead-based
assays, that can readily be implemented in USW-enhanced
assays for even further sensitivity enhancement, is to employ
different techniques for amplification of the label. Such
techniques show promise for extremely high sensitivity, even
at the sub-fM level.!°® In principle, the sensitivity gain due to
USW enhancement and due to label amplification is not
interfering and can therefore be multiplied. The amplification
is often based on the use of nanobeads as carriers of the label.
In such an assay, each bound analyte molecule on the solid
phase capture bead is represented by a large amount of
nanobead-immobilized label, where the label could be either
DNA-code (oligonucleotides)!®® or fluorophores.!**!1%7 The
fluorescence-based nanobead label is the most interesting for
potential use in a single-step homogeneous USW-enhanced
singlet assay, due to its simplicity.'**

It is interesting to compare the positive attributes of
suspension array technology (SAT)® and microspot array
technology,” with the attributes of USW enhancement in the
singlet assay.!” SAT offers multiplexing in a single microplate
well and fast solution-phase kinetics with an assay performed
on suspended beads. On the other hand, microspot array
technology offers ultrahigh sensitivity by the use of very small
amounts of capture antibodies arranged in small spots on a
planar surface, in agreement with Ekins’ ambient analyte
theory.94 In this context, USW enhancement of the singlet
assay can be considered as a microspot array performed in
the suspension array format. With the ultrasound method, the

highly diluted beads that are suspended in the sample are
rearranged and enriched into microspots at well-defined
positions in the pressure nodes of the standing wave. First,
the incubation of the assay is made in the homogeneous
format with freely suspended beads, followed by the “USW-
production” of bead-based microspots that can be screened
by the detection system. While planar microspot arrays
must be prefabricated as discrete items by printing of
antibodies into predefined and spatially separated microspots
on the binding surface, bead-based suspension arrays have
the advantage of lower production cost, higher yield and
quality control since antibody-coated beads can be produced
in large batches. Therefore, USW technology in bead-based
assays offers a novel and versatile approach for both ultrahigh
sensitivity and cost-effectiveness in the detection of different
analytes of interest.
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