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ABSTRACT 
 
 
 
 

This Thesis describes applications of standing-wave ultrasonic traps for sensitive 
biomedical analysis. Two major approaches have been investigated where functionalized 
microparticles are employed in bioaffinity assays. In the first approach, a longitudinal flow-
through capillary ultrasonic trap is used for size selective separation and retention of 
differently sized microparticles. This device may be used for detection of particle pairs, 
which are formed during the initial stage of microparticle immunoagglutination. The 
performance of the capillary ultrasonic trap for enrichment and counting of particle pairs is 
characterized by a model system of differently sized homogeneous fluorescent 
microparticles. The selectivity of this detection method relies on the characteristics of the 
force field inside the narrow bore capillary, which is formed by the competition between 
acoustic radiation forces and viscous drag forces from the fluid flow. 

The second approach is an investigation of the potential for sensitive protein 
quantification by combining ultrasonic enrichment and confocal laser-scanning fluore-
scence detection. Here, the design of the ultrasonic trap is tailor-made for the imaging 
properties of a confocal microscope, resulting in rearrangement and concentration of 
suspended microparticles into single, dense layers that is scanned by a focused laser beam. 
The bioaffinity assay employed is based on detecting the target molecules via fluorescent 
tracer antibodies immobilized on the surface of each single particle. 

The final part of the work presented in this Thesis is a thorough investigation of both 
the biochemical and the physical properties that determine the performance and potential 
sensitivity of the particle doublet assay. In this investigation, a novel approach is presented 
for doublet detection, namely fluorescence-microscopy-based classification of doublets and 
singlets by a pattern recognition algorithm. The experimental results are also compared 
with the results from flow cytometry analysis. Furthermore, the initial stage of immuno-
agglutination is theoretically investigated by a model based on diffusion-limited 
agglutination combined with a steric factor determined by the geometry of the bio-
molecules and the amount of specific and non-specific binding that is present in the 
particular assay. 

To conclude, the Thesis presents several approaches where standing-wave ultrasonic 
fields may be used for sensitive particle-based biomedical analysis. The best prospect for 
high sensitivity was found for the confocal laser-scanning fluorescence detection system, 
with a detection limit of the order of 10-14 M. On the other hand, the agglutination-based 
assay may give sensitivity of the order of 10-11-10-10 M with very simple and inexpensive 
equipment. 
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1 INTRODUCTION 
 
 
 
 

The work presented in this Thesis describes applications of standing-wave ultrasonic 
traps in microparticle-based bioaffinity assays. The goal is to perform enrichment of 
biologically active microparticles for enhanced sensitivity in immunoassay-based biomedical 
analysis, e.g., for quantification of trace amounts of proteins or other macromolecules. 
Different approaches have been investigated, of which the most important are the 
implementation of ultrasonic trapping in a capillary electrophoresis system and in a 
confocal microscopy system. Two different particle assays are investigated, first an assay 
based on the formation of particle pairs, doublets, and finally a single-particle assay in 
combination with fluorescent tracer molecules. Both assays are based on the sandwich 
assay format, which means that the target molecule in captured between two antibodies. 
The antibodies used are fluorescence-marked free antibodies in solution and/or solid-phase 
particle-immobilized antibodies. 

This chapter gives a brief introduction to the field of biomedical analysis and particle-
based bioaffinity assays. A short motivation of the potential gain using ultrasonic traps is 
given. Chapter 2 presents the theory of acoustic radiation pressure and acoustic radiation 
forces in standing waves, and discusses the design and applications of ultrasonic resonators 
for microparticle manipulation. Chapter 3 introduces the wide field of particle-based 
immunoassays in general and discusses different approaches, performances and potentials 
for existing sensitive protein quantification technologies. Chapter 4 and Paper 5 introduce 
an alternative approach for the doublet assay based on image analysis. Finally, Chapters 5 - 
6 together with Papers 1, 3 and 4 describe the implementation of ultrasonic traps to 
microparticle bioaffinity assays performed at the Royal Institute of Technology. The work 
is the result of several collaborations, mainly between the division of Biomedical and X-Ray 
Physics, Royal Institute of Technology, the Laboratory of Biophysics, University of Turku, 
Finland, the Laboratory of Laser Photochemistry, Novosibirsk State University, Russia, the 
division of Molecular Biotechnology, Royal Institute of Technology, and the division of 
Technical Analytical Chemistry, Lund University. 
 
 

1.1 Background 
 

Identification or quantification of proteins or other biomolecules is 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 medical 
diagnostics, the presence, or absence, of a specific protein in biological tissue or fluid, e.g., 
in human serum sample, is in many cases the basis for the diagnosis. Examples of diseases 
correlated with specific proteins that have received a lot of publicity the last two decades 
are prion protein diseases, e.g. BSE (mad cow disease), scrapie in sheep and goats and 
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Creutzfeldt-Jacob’s disease in humans [1, 2]. However, a common problem is that the 
protein of interest is often present in extremely low concentrations, especially at the early 
stage of the disease. Furthermore, the sample may as well contain lots of other 
biomolecules in various concentrations. For that reason, highly sensitive and selective 
bioanalytical methods are needed to enable early stage diagnosis, which can facilitate the 
treatment. In particular, there is a growing demand for simple, easy-operational and cost-
effective methods for protein quantification that can be easily implemented at clinics and 
laboratories for routine diagnosis. 
 
 

1.2 Microparticle assay formats 
 

Today, immunoassay-based tests constitute the largest share of the worldwide in-
vitro diagnostics sales. If antibodies can be produced against the target protein that is 
subject for analysis, the immunoassay concept is the choice in most of the existing 
detection technologies. An example of a popular and widely used commercially available 
immunoassay test is the enzyme-linked immunosorbent assay (ELISA) test [3]. Basically, 
the ELISA test employs microtiter plates with immobilized antibodies on the well bottoms, 
and the sandwich assay format using secondary tracer antibodies (cf. Fig 1a). Many other 
assay concepts are developments and modifications of the ELISA concept, where the 
analyte (target molecule) is first bound to a solid-phase-immobilized capture antibody and 
then identified by a labeled secondary tracer antibody. 

Microparticles, or microspheres, have been used in clinical diagnostics for decades. 
The first application of a particle-enhanced immunoassay test was born already in the 
1950s, with the invention of the latex agglutination test (LAT) by Singer and Plotz [4]. The 
idea was to transfer the natural biological process of cell coagulation to synthetic latex 
microparticles. By coating the particles with antibodies, coagulation, or agglutination, 
occurred in the presence of an antigen, resulting in a turbid precipitation that could be 
detected visually or by light scattering techniques (cf. Fig. 1d). The LAT is still widely used 
by both analysts and researchers due to its simplicity and cost-effectiveness, but is generally 
considered as an insensitive method. More recently, new particle assay technologies have 
emerged where the analysis is more or less performed on the surface of a single particle, 
often combined with advanced optical detection techniques [5]. Here, the assay concept is 
very similar to the ELISA sandwich assay concept, but the solid-phase plate bottom 
capture area is exchange by the surface area of the particles (cf. Fig 1c). Other related 
technological assay concepts combines particles with plane surfaces [6] (cf. Fig 1b), or 
particles with different sizes [7] (cf. Fig. 1e). What began 50 years ago with the classical 
paper by Singer and Plotz has today become a myriad of different technological concepts 
where the particles may be purchased in different sizes from few nanometers to hundreds 
of micrometers, in different materials (polymers, glass, silica, gold, silver), 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 magnetical properties, and 
coated with a large variety of different biomolecules. The benefits of using particles for 
biomedical analysis are several. Firstly, the high surface-to-volume ratio of a particle 
suspension enables larger binding capacity compared to traditional microtiter plates. 
Furthermore, the mobility of suspended particles increases the speed of the assay and 
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allows for flexible scaling of reagent. Multiplexing is possible by the simultaneous use of 
several subpopulations of encoded particles coated with different molecules [8]. But the 
most important benefit for the work presented in this Thesis is the possibility to perform 
field-assisted manipulation of the particles for separation and/or enrichment. 

The different particle assay concepts discussed in this introduction are summarized 
and schematically illustrated in Fig. 1. First, the traditional ELISA format is shown (a), 
where no particles are used, followed by the different related particle-based assay concepts 
(b-e). Principally, particles can be used as labels (b), as solid-phase capture surfaces (c), or 
as both (d, e). In Chapter 3, the different technological approaches for implementation of 
the different particle assay formats is presented. 
 
 

 
 
Figure 1. Different assay formats. (a) The ELISA format. (b) Particles as labels, analyte 
captured on solid surface. (c) Particles as solid-phase. (d) The latex agglutination test (LAT) 
format. (e) Particles as both labels and solid-phase. 
 
 

1.3 Ultrasonic manipulation of particles in 
assays 

 
This Thesis explores the possibility to enhance the performance of particle-based 

bioaffinity assays by the use of acoustic radiation forces from standing-wave fields. Two 
different assay formats have been employed, the doublet assay (cf. Fig. 2) and a single-
particle assay (cf. Fig. 1c). Ultrasonic manipulation of the doublet assay is combined with a 
capillary electrophoresis system, and ultrasonic manipulation of the single-particle assay is 
combined with confocal laser-scanning fluorescence detection. 
 
 

1.3.1 Ultrasonic separation in a capillary electro-
phoresis system 

 
The first investigated application is based on size-selective ultrasonic separation of 

doublets from single particles in capillaries. The doublet assay is a modification of the 
traditional LAT format, based on particle immunoagglutination. An illustration of the 
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doublet assay is given in Fig. 2. The idea is to detect low analyte concentrations by 
monitoring the presence of particle pairs, doublets. In the very first step of 
immunoagglutination, the single particles, singlets, combine into doublets. This assay 
format has a high sensitivity potential since each doublet may ultimately represent very few 
molecules of the analyte. Furthermore, higher specificity may also be obtained by 
employing particles coated with two different monoclonal antibodies directed against two 
spatially separated epitopes of the analyte. Each type of monoclonal antibody is coated on 
one particle population, and the two particle populations with different antibodies can be 
encoded with different dyes. 
 
 
 

 
 
Figure 2. The doublet assay. Single antibody-coated particles (singlets) may form particle 
pairs (doublets) in the presence of antigens. 
 
 

The capillary ultrasonic trap (CUT) is described in detail in Chapter 4, and in Papers 
1 and 3. Basically, a focused MHz-frequency ultrasonic standing wave is coupled into a 
flow-through capillary system. In the CUT, doublets may be trapped, retained, enriched 
and size-selectively separated from singlets. The separation principle is based on the 
competition between standing-wave acoustic radiation forces and viscous drag forces from 
the surrounding fluid, as illustrated in Fig. 3. By adjusting the acoustic intensity to the 
proper level and keeping the flow rate constant, the doublets are trapped while the singlets 
pass through the trap. 
 
 
 

 
 
Figure 3. The principle of size-selective trapping in a flow-through system. At a certain 
acoustic intensity level a doublet is trapped at force equilibrium between the acoustic force 
(Fa ) and the viscous drag force (Fv ). At this level, the viscous force will still dominate on 
the singlet and it will pass through the trap. 
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In Papers 1 and 3, the CUT performance is thoroughly evaluated using a model 
system of differently sized latex particles simulating doublets and singlets. Thus, the 
doublet is replaced in our model by a homogeneous particle of equal volume, i.e., by a 
particle of diameter 1.3 times the diameter of the singlet. In the experiments, a mixture of 
fluorescent latex particles having size ratios 1.3-1.6, and with sizes ranging from 2-5 µm, 
are used to investigate the separation efficiency and detection capabilities of the system. 
The flow system used with the ultrasonic trap is based on a pressure gradient or electro-
osmosis. The pressure-induced flow is the most simple, but it limits the separation 
efficiency due to its parabolic velocity profile. The electro-osmotic flow (EOF) is induced 
by a high electric potential gradient, resulting in a uniform velocity profile suitable for high 
size-selectivity. The instrumentation for the latter flow is a capillary electrophoresis system. 
Thus, the instrumentation for the EOF-CUT system for doublet separation described here 
is an ultrasonic trap, a capillary electrophoresis system and a laser-induced fluorescence 
detection system. 
 
 

1.3.2 Ultrasonic enrichment in confocal laser-
scanning fluorescence detection 

 
The other investigated application is the combination of ultrasonic enrichment of 

particles and confocal laser-scanning fluorescence detection. The assay format here is the 
single-particle assay, shown in Fig. 1c. In this assay, single particles in suspension are used 
as solid-phase local concentrators of the analyte and the amount of particle-bound analyte 
is quantified by fluorescence-labeled tracer antibodies. In the same way as for the doublet 
assay, the single-particle assay may also be used in the highly selective mode with different 
monoclonal antibodies on the particle and as tracer labels. 
 The detection is performed by measuring the fluorescence from the surface of single 
particles by a confocal laser-scanning detection system. Here, the idea is to concentrate the 
 
 
 

 
 
Figure 4. The principle of ultrasonic enrichment in confocal laser-scanning fluorescence 
detection. The plane of trapped particles and the laser scanning plane is combined (dotted 
line), and the fluorescence is detected confocally from the single-particle assay. 
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suspended particles into a distribution that is well compatible with the confocal scanning 
system. This is accomplished by a miniaturized, flexible ultrasonic particle concentrator 
(UPC), described in detail in Chapter 4 and in Paper 4. The UPC is a standing-wave 
focused ultrasonic transducer combined with a 96-well microtiter plate, forming an 
ultrasonic resonator. The UPC traps the suspended particles into single-layer, dense 
aggregates matching the focal plane of the laser-scanning system. The principle is illustrated 
in Fig. 4. 
 The potential gain of ultrasonic enrichment in confocal laser-scanning fluorescence 
detection is the scaling of capture antibodies and analyte. More diluted particle reagent 
means higher analyte to particle ratio, and higher fluorescence signal per particle. Thus, if 
the suspended particles are redistributed and concentrated to small detectable regions, the 
detection limit is scaled with the particle dilution. 
 
 

1.4 Image analysis in fluorescence 
microscopy for doublet detection 

 
Finally, an alternative non-ultrasonic approach for the doublet assay has been 

employed in combination with fluorescence microscopy. Here, image analysis based on 
pattern recognition algorithms, performed on large amounts of fluorescence-microscopy 
image data, allows for classification of doublets and singlets in a separation-free single-step 
immunoagglutination assay. The algorithms are based on fitting Gaussian base functions to 
the imaged particles, which allows for robust identification of singlets and doublets even 
under non-optimized imaging conditions. Furthermore, a theoretical model describing the 
kinetics of cluster evolution is presented and used for comparison to the experimental data. 
The model is based on diffusion-limited particle agglutination combined with a steric factor 
determined by the biochemical interactions and the geometry of the involved biomolecules. 
The image analysis method is described in Chapter 4 and in Paper 5. The theoretical model 
is presented in Sects. 3.4.1-3.4.2, and applied to a biotin – streptavidin assay in Paper 5. 

The theoretical model is useful for investigation of the amount of specific and non-
specific binding that is present in the particular assay. The non-specific binding (NSB) is 
often the limiting factor in particle-based assays, especially in agglutination-based particle 
assays. The NSB is discussed in Sect. 3.4.2 and in Paper 5. 
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2 ACOUSTIC TRAPPING 
 
 
 
 

2.1 Introduction to standing-wave acoustic 
trapping 

 
It has been known since the 19th century that an object in a sound field is effected 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 [9]. 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. This experiment has been used to 
visualize standing wave properties for educational purposes, but the non-linear effect that 
causes steady-state forces in a sound wave is more seldom discussed when Kundt’s tube is 
demonstrated. Nevertheless, the phenomenon of trapping, levitation, separation or 
manipulation of objects by acoustic radiation forces is today well known and have found 
many applications [10-12]. 

The theory of acoustic radiation pressure and acoustic radiation forces is discussed in 
Sect. 2.2. Basically, the 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. For a propagating sound wave, the radiation force is 
proportional to the sixth power of the ratio of the object diameter to the sound 
wavelength. This relationship is valid for an object with size smaller than the acoustic 
wavelength. Thus, since this ratio is much less than 1, the radiation force in a propagating 
wave is too low to have significant effect in most practical cases. However, the effect is 
much larger in standing waves, where the force is proportional to the third power of this 
ratio. For that reason, most applications of acoustic trapping use standing waves. 

The principle of acoustic trapping in a longitudinal standing wave is illustrated in 
Figs. 5 and 6. Here, spherical objects with size considerably smaller than the acoustic 
wavelength are suspended in a liquid medium where the density of the spheres is higher 
than of the medium. The initial configuration of the spheres is shown in Fig. 5a. When the 
sound is turned on, the spheres start to migrate towards the velocity antinodes in the 
standing wave propagating along the z-axis (Fig. 5b). The acoustic displacement velocity 
(the velocity of a volume element in the medium) is schematically shown as vertical lines in 
the figure, marking the peak-to-peak values. The direction of the migration is dependent on 
the geometrical properties of the standing wave. Most often, the axial component of the 
primary acoustic radiation force (Fp, ax) is dominating, and the spheres are quickly moved in 
a direction parallel to the propagation direction of the acoustic wave. When the spheres are 
redistributed into the antinodal planes of the standing wave, the average distance between 
the spheres will decrease considerably. Then, due to the force component from the 
scattered acoustic field from nearby spheres (Fs), and due to the primary force component 
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Figure 5. Illustration of the general principle of acoustic trapping of microspheres. If no 
other forces are present, the particles are trapped in the velocity antinodes of the standing 
wave. Typically, the spheres form dense bands in the nodal plane, each separated by half 
the wavelength. 
 
 
from the lateral distribution of the acoustic displacement velocity (Fp, lat), the spheres will 
further move towards the center axis of the acoustic wave (Fig. 6b). Finally, the spheres 
may be packed close together in a single layer if the acoustic resonator is designed properly 
and if the material properties are carefully chosen (Fig. 5c). The different force components 
acting on the spheres are shown in Fig 6, and theoretically described in Sect. 2.2. 
 
 

 
 
Figure 6. The primary and secondary force components of the acoustic radiation force, Fp 
and Fs, respectively. The primary radiation force is due to the incident standing-wave field 
geometry, and is often divided into a strong axial component (Fp, ax) and a weaker lateral 
component (Fp, lat). The secondary radiation force (Fs) is due to the scattered acoustic field 
between spheres at close distance. 
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2.2 Theory 
 

In this section, a summary of the theoretical background to the derivation of the 
acoustic radiation forces on spherical objects is presented. The first theoretical 
investigation of the acoustic radiation pressure was performed by Lord Rayleigh [13]. He 
calculated the time-averaged acoustic pressure on an absorber in a sealed tube, known as 
the Rayleigh radiation pressure. Shortly afterwards a theoretical study of the acoustic 
radiation force on a spherical object was completed by Bjerknes, who calculated the force 
on an air bubble in an oscillating fluid [14]. A more detailed derivation of the forces was 
accomplished by King [15]. He calculated the acoustic radiation pressure on a rigid sphere 
in a compressible but frictionless fluid by integrating the incident and scattered acoustic 
fields around the sphere. In King’s model, both progressive and standing waves were 
treated. Later, the theory was extended to also include the case of compressible spheres 
[16], the case of objects with arbitrary shapes [17] and to the case of cylindrical and 
spherical progressive wave fields [18, 19] An excellent and very useful expression of the 
radiation potential in an arbitrary acoustic field was derived by Gor’kov [20]. He also 
showed that his expression was equivalent to King’s in the case of a plane standing wave. 
Nyborg was one of the first to consider acoustic trapping of biological particles (i.e., cells), 
and he presented a derivation of the radiation force acting on a small rigid sphere [21]. 
Finally, Crum has given a comprehensive treatment of the force acting on a liquid sphere in 
a standing wave field [22]. He showed that the radiation force could be expressed as the 
sum of the force obtained if the liquid sphere is treated as a rigid sphere plus the 
contribution due to its compressibility alone. 
 
 

2.2.1 Acoustic radiation pressure 
 

In this section, an introduction is given to the concept of time-averaged acoustic 
radiation pressure, here discussed for a plane, progressive wave. An acoustic wave is a 
mechanical disturbance propagating through a medium. The disturbance should be 
considered as a spatial displacement of a small volume element from its equilibrium 
position in the medium hosting the wave. Often, the volume element of the host medium 
is simply called a particle, especially when addressing the velocity of the volume element 
(i.e., particle velocity). A displacement also involves compression or expansion of the 
volume element. Thus, the pressure in the medium is affected by the mechanical 
disturbance. The instantaneous pressure, p(z´, t), in a small volume element caused by a 
longitudinal harmonic wave propagating along the z-axis is described by [23] 
 
 )sin(),( 0000 zktvcptzp ′−+=′ ωρ ,       (2.1) 
 
where p0 is the equilibrium static pressure in the undisturbed fluid, v0 is the particle velocity 
amplitude, c0 is the speed of sound in the fluid, ρ0 is the density of the fluid, ω is the 
angular frequency and k = ω/c. The coordinate system z´ follows the instantaneous position 
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of the particle, whose undisturbed position at equilibrium is z. The relationship between 
the two coordinates is [24] 
 
 ),( tzszz ′+=′ ,           (2.2) 
 
where s(z´, t) is the particle displacement. In the linear approximation, there is no 
distinction between z and z´, and the instantaneous pressure in the fixed coordinate system 
(along the z-axis) is a sinusoidal function. The time-averaged pressure, < p(z)>, is given by 
integrating the instantaneous pressure over a period in time. It should be noted that in all 
of the equations below, the bracket < > signifies a time-average and the index (1) signifies 
the first order approximation while the index (2) signifies the first and second order 
approximations. Thus, in the first order linear approximation the sine-term is averaged out, 
resulting in 
 
 01 )( pzp =>< .           (2.3) 
 

Thus, for small particle displacements, no radiation pressure is obtained and the first 
order time-averaged pressure, < p1(z)>, equals the static equilibrium pressure in the fluid. 
However, if the particle displacement amplitude is higher, Eq. (2.2) must be inserted into 
Eq. (2.1) before calculating the time-average pressure as a function of z (i.e., in the fixed 
coordinate system). This requires a variable substitution (from z´ to z) before integrating 
the time-average pressure. Due to the variable substitution, the real instantaneous pressure 
in the fixed coordinate system will be expanded to an infinite series of terms. In the 
second-order approximation, the time-averaged pressure is given by [24] 
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1)( vpzp ρ−=>< .         (2.4) 

 
Thus, at higher particle velocity amplitudes (v0), the static pressure is lowered in the 

fluid in the case of a progressive acoustic wave. The second term in Eq. (2.4) is the acoustic 
radiation pressure, equivalent to the acoustic Bernoulli pressure, or the dynamic pressure in 
the fluid. An explicit expression of the instantaneous pressure in a plane, propagating wave 
at a fixed point, p2(z), is given if Eq. (2.2) is approximated by 
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Then, by inserting Eq. (2.5) into Eq. 2.1, the following expression is given 
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This expression is plotted at a fixed spatial position as a function of time in Fig. 7, 

where the particle velocity amplitude is heavily exaggerated to illustrate the non-linear 
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Figure 7. The distorted shape of the non-linear instantaneous pressure at a fixed point, 
plotted as a function of time. 
 
 
shape of the waveform. It can be seen that the time-integral over a cyclic period of this 
function is less than the equilibrium pressure, p0, in agreement with Eq. (2.4). 
 
 

2.2.2 Acoustic radiation forces 
 

If an object is placed in a sound field, the medium hosting the sound may exert a 
time-averaged force on the object. The size and direction of the force depend on the 
acoustical properties of the object compared to the medium (e.g., density, sound velocity 
and compressibility), and on the geometry of the sound field. The highest forces are given 
if the sound field has large gradients in the pressure and particle velocity amplitudes, 
respectively. Such a condition is obtained if the sound is focused or absorbed. However, as 
previously discussed, the most practical way to obtain high and controlled field gradients is 
to employ standing waves, possibly combined with focusing. 

The following treatment follows the formalism of Gor’kov [20], who derived a very 
useful potential function for the time-averaged radiation force in a sound field of arbitrary 
geometry. The expression is valid for most field geometries, except for fields similar to a 
plane progressive wave (i.e., fields with low gradients in the pressure and particle velocity 
amplitudes). Gor’kov’s approach is based on principles of fluid dynamics, and is derived 
within the framework of the linear theory. Thus, the potential function is correct up to 
terms of second order of the particle velocity. By adding the incident and scattered field, 
and then express the scattered field entirely in terms of incident field quantities [25], 
Gor’kov obtained the following expression for the time-averaged force potential, U, on a 
spherical object with radius r 
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where V is the volume of the sphere (4πr3/3), and Epot and Ekin are the time-averaged 
potential and kinetic energy densities, respectively, given by 
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Here, < p2> and < v2> are the mean-square fluctuations of the incident pressure and 
velocity of the acoustic field at the point where the object is located. The factors f1 and f2 
are dimensionless correction taking the compressibility of the object into account, and are 
given by 
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where ρ0 and ρ are the densities of the medium and the sphere, respectively, and c0 and c 
are the sound velocities in the medium and the sphere, respectively. In the case of a rigid 
sphere, f1 = f2 = 1. The Eq. (2.7) is valid under certain conditions for the size of the sphere, 
namely 
 

,, 0 ωλ vrr >><< .         (2.10) 
 
Thus, the sphere radius must be much less than the wavelength, but also much larger than 
the displacement amplitude. 
 If the acoustic field geometry is known, the acoustic radiation force on a spherical 
object is obtained from the force potential by the expression 
 
 F U−∇= .            (2.11) 
 
Thus, the force on a spherical object is given by the (negative) gradient of the force 
potential U. In standing waves, strong axial gradients are obtained if higher frequencies are 
used. Thus, most practical applications of acoustic trapping employ ultrasound in the 
frequency range 104-107 Hz. The axial component of the radiation force is proportional to 
the frequency of the wave, and is further discussed in Sect. 2.3, where different resonator 
designs and acoustic field geometries are treated. 

The sphere follows the direction of maximum (negative) gradient in the force 
potential, and is trapped in positions of local minima, satisfying F = 0. The nature of the 
local minima is determined by studying the force potential in the immediate neighborhood 
of the equilibrium position of zero radiation force. If the sphere is displaced from the 
equilibrium position by a small random external force, the restoring force that will draw 
back the sphere may be written as 
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where Fi is the restoring force component in the ith direction, xi is the ith coordinate and 
κi is the ith restoring force constant defined as 
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For a single isolated minima, all ith restoring force constants must be negative, otherwise 
the trap in unstable. The value of κi is also useful for estimating the degree of stability for a 
sphere trapped in a potential well. For example, it can be used for calculating Brownian 
motion of a trapped sphere [26]. Assuming a one-dimensional harmonic potential well (in 
the ith direction), the rms stochastical displacement is [27] 
 
 irms kTx κ= ,           (2.14) 
 
where k is the Boltzman constant and T is the temperature. The natural oscillating 
frequency of the trapped sphere is defined by 
 
 min κω = ,           (2.15) 
 
where m is the mass of the sphere. 
 

Finally, a simplified, intuitive interpretation of the acoustic radiation force is given if 
the force potential is applied on a rectangular rigid block. Then, the force potential is 
equivalent to the product of the volume of the block and the energy density of the acoustic 
field. On the other hand, energy density is equivalent to radiation pressure. On each side of 
the block, a steady-state radiation pressure is present, resulting in a radiation force acting 
on the area of the block side. Thus, if V is the cube volume, A is the area on the sides 
perpendicular to the propagation direction (x) of the wave, L is the block length, and E1, 
E2, P1, P2, F1 and F2 are the energy densities, radiation pressures and radiation forces on 
the two sides (1 and 2), respectively, the following (qualitative) derivation can be made for 
the block: 
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Thus, the net force that acts on the block, Fx, is the difference between the two radiation 
forces acting on each side of the block. Interestingly, this simplified calculation also shows 
that the force acting on a rectangular block is proportional to the volume of the block 
independently on its orientation. However, it is important to note that Eq. (2.16) should 
only be used for explaining the physical principle of the acoustic radiation force on an 
arbitrary object in a sound field. 
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2.2.3 Interparticle forces 
 

As introduced in Sect. 2.1, the trapping force is often divided into primary and 
secondary forces (cf. Figs. 5 and 6). The primary force is the acoustic radiation force 
discussed in the previous section due to the interaction between the scattered field from a 
single sphere and the incident (primary) acoustic field [20]. When two spheres are present 
in the acoustic field, the total incident field on one of the spheres includes the primary field 
and the scattered field from the other sphere. The result is a secondary force component, 
which is due to the interaction between the two spheres [28]. The separate contribution of 
the acoustic interaction force to the total acoustic radiation force was first calculated by 
Bjerknes [29]. For that reason, the acoustic interaction force is often called Bjerknes force. 
If the acoustic wavelength is much greater than the sphere spacing and sphere radius, a 
simplified model was obtained by Weiser [30], who used the same superposition of a rigid-
sphere term and a compressibility term as Crum [22]. Thus, the time-averaged interaction 
force Fi (z) or the Bjerknes force is given by 
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where d is the center-to-center distance between the spheres, θ is the angle between the 
centerline of the particles and the propagation direction of the incident acoustic wave and 
β and β0 are the compressibilities of the sphere and the host medium, respectively. The 
first term inside the brackets is dependent of the particle velocity amplitude v(z) and the 
second term is dependent of the acoustic pressure amplitude p(z). The sign convention 
defines a positive force to be repulsive, while a negative force is attractive. The velocity-
dependent term is repulsive when the spheres are lined up in the direction of the acoustic 
wave (θ = 0°), and attractive when the spheres are perpendicular to the acoustic wave 
(θ = 90°). The pressure-dependent term is independent on the sphere orientation and 
always attractive. Since the particle velocity and the acoustic pressure have a phase 
difference of π/2 in a standing wave, the first term vanishes in the velocity nodes while the 
second term vanishes in the velocity antinodes. The magnitude of the terms decreases fast 
with the distance d, but might be significant if the spheres are at very close distance (less 
than the radius of the spheres). 

For rigid or near-rigid spheres that are driven to the velocity antinodal planes by the 
primary radiation force, the Bjerknes forces will cause the particles to form clusters in thin 
bands perpendicular to the propagation direction of the acoustic wave. This effect is a 
combination of all involved forces. In a standing wave, the force potential U is often very 
steep in the axial direction (primary radiation force) due to the high frequency of the wave 
(typically several MHz). Thus, the spheres are quickly collected in the velocity antinodal 
planes. The lateral component of the primary radiation force is typically several hundred 
times lower, but once collected in the velocity antinodal planes, the lateral forces causes the 
spheres to slowly concentrate around the wave propagation axis. When the spheres are very 
close, the Bjerknes force finally bring them together in a compact arrangement. The 
Bjerknes forces are further discussed in Chapter 4 and in Papers 1 and 4. 
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2.2.4 Material properties: Effect of density and 
compressibility 

 
 The force potential U is calculated in Fig. 8 for a standing wave propagating along 
the z-axis, and having a Gaussian distribution in the lateral direction (r). The geometry of 
this standing wave is further discussed in Sect. 2.3.2. Here, six different sphere materials are 
suspended in a water medium hosting the acoustic wave; an ideal incompressible sphere (a), 
a glass sphere (b), a polystyrene sphere (c), a liquid oil sphere (d), a polyethylene sphere (e) 
and a rubber sphere (f). As can be seen, all curves have several potential wells, each 
 
 

 
 
Figure 8. The force potential U (in arbitrary units) on a spherical object, for a standing 
wave with a Gaussian profile propagating along the z-axis. Six different sphere materials are 
investigated, a rigid sphere (a), a glass sphere (b), a polystyrene sphere (c), a (liquid) oil 
sphere (d), a polyethylene sphere (e) and a rubber sphere (f). The scale of U is in arbitrary 
unit, proportional to the sphere volume. The velocity antinodes are at positions z/λ = 0, 
0.5, 1, 1.5. The velocity nodes are at positions z/λ = 0.25, 0.75, 1.25. The variance of the 
Gaussian distribution is arbitrary chosen, and the diagrams are only shown for qualitative 
comparison of the potential shape between different materials. The material properties 
used in the calculations (sound velocity and density) are taken from Ref. 31. 
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separated by half the wavelength. The shape of the potential and the positions of the 
potential wells where the sphere is trapped depend on the signs of the factors f1 and f2 in 
Eq. (2.7). The factor f1 in the pressure-dependent term of U depends on the 
compressibilities of the sphere and the medium, and the factor f2 in the velocity-dependent 
term of U depends on the densities of the sphere and the medium, respectively. On the 
other hand, the compressibility (β) depends on both density and sound velocity, defined as 
 
 

2

1
cρ

β = .            (2.17) 

 
In principle, f1 and f2 can be both positive, both negative, one positive and the other 
negative, or vice versa. As a rule of thumb, a sphere with higher density than the medium is 
trapped in the velocity antinodes (cf. Fig. 8a-c) and a sphere with lower density than the 
medium is trapped in the velocity nodes (cf. Fig. 8d). However, some materials have a 
more complicated force potential. In Fig 8e, a polyethylene sphere, which has lower density 
than water, but higher sound velocity, does not have any pure potential wells. The lowest 
points along the z-axis are instead saddle points, resulting in weak but still significant lateral 
force components directed away from the z-axis. Thus, stable trapping of such a material is 
impossible. More favorable is the rubber sphere potential in Fig. 8f, where the lateral 
component is attractive towards the z-axis independently on z. Most rubber materials have 
higher density than water, but lower sound velocity. 
 Many practical applications of acoustic trapping use polystyrene spheres (latex 
spheres) due to their availability and biocompatibility. As shown in Fig. 8c, the lateral force 
component for polystyrene is very weak in comparison to the axial component. A more 
rigid sphere, e.g., a glass sphere or a metal sphere, have stronger lateral forces in 
comparison to the axial forces, making them more suitable for three-dimensional trapping 
and manipulation. Different microsphere materials for bioapplications are further discussed 
in Chapter 3. 
 
 

2.2.5 Material properties: Effect of viscosity and 
absorption 

 
So far, only the effect of compressibility has been taken into account for the acoustic 

radiation pressure on real objects. Other physical properties that influence the radiation 
force are viscosity and absorption (sound attenuation). Several authors have investigated 
the influence of viscosity [32, 33, 34]. Basically, the fluid viscosity effect results from losses 
within the boundary layer of the sphere and is particularly significant for small spheres 
(nm-size) and low frequencies (~kHz). The viscosity effect can be rather large for 
progressive waves, but is generally weaker for standing waves [12]. However, in some 
practical applications (e.g., treatment of emulsions), conditions of high viscosity might have 
to be considered. In such cases, the result is rather complicated. For example, the radiation 
force may change sign due to viscosity. Thus, particles that are driven to the velocity 
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antinodes in the non-viscous case are instead driven to the velocity nodes. However, in 
most application of solid particle manipulation in water-based medium, the effect of 
viscosity does not have to be considered. 

The second effect of interest is the absorption of sound. The attenuation of sound 
due to absorption in the host medium causes a decrease in the pressure and particle 
velocity amplitudes as the wave propagates along the medium. The attenuation, together 
with losses in reflections, result in quasi-standing waves [35]. The absorption increases with 
the square of the frequency, and is a problem at higher frequencies (>10MHz). A quasi-
standing wave can be regarded as a superposition of a progressive wave and pure standing 
wave, resulting in a contribution to the radiation force also from the progressive wave. 
However, the progressive-wave contribution to the force on small spheres is very weak, 
proportional to the sixth power of the ratio of the sphere diameter to the acoustic 
wavelength (compared to the third power of this ratio for a standing wave). In addition, 
most practical applications employ frequencies below 10 MHZ and acoustic cavity lengths 
ranging from sub-mm to a few cm. 

We may conclude that the effect of both viscosity and absorption on the acoustic 
radiation force is negligible in most practical cases of MHz-frequency standing-wave 
acoustic trapping of small objects. On the other hand, those effects may instead cause 
another important phenomenon, namely acoustic streaming [36]. The principles of acoustic 
streaming are discussed in Sect. 2.4. 
 
 

2.3 Resonators for acoustic trapping 
 

This section presents the designs of standing-wave resonators and discusses several 
different field geometries that are used in applications of acoustic trapping, from both a 
theoretical and practical point of view. Furthermore, the importance of material choice and 
layer thicknesses for piezoelectric ceramics, reflectors, lenses or other matching layers is 
also discussed. In the treatment of the principles and theory of acoustic radiation forces, 
the term “acoustic” have been employed since the phenomena of steady-state radiation 
pressure and radiation forces are of general nature. However, when it comes to 
applications, ultrasound is exclusively used due to the favorable frequency-dependence of 
the radiation force. Furthermore, at MHz-frequencies the cavitation problem is also 
avoided [37]. Cavitations is the formation and collapse of gas bubbles in a fluid due to local 
pressure drop below the vapor pressure, and may cause damage to the trapped object. 
Thus, typical frequencies for acoustic/ultrasonic trapping are 1-10MHz for manipulation of 
suspended particles in fluid systems, or from 10 to a few 100 KHz for air-borne 
acoustic/ultrasonic levitation. 

The most widely used piezoelectric material for ultrasound transducers is lead 
zirconate titanate (PZT) [38]. PZT is a mixture of various amounts of PbZrO3 and PbTiO3, 
and may be denoted Pb(ZrxTi1-x)O3, where 0 < x < 1. PZT ceramics have a high electro-
mechanical coupling factor, and are available in a variety of different shapes and sizes, e.g., 
as plates, discs, focusing bowls, rings and tubes, and with sizes ranging from millimeters to 
several centimeters. Electrodes are attached to the ceramics as thin layers of silver or gold, 
typically 10 µm thick. Resonance is achieved by applying an AC voltage of a frequency 
matching the eigenfrequency or an odd multiple of the eigenfrequency of the piezoceramic. 
The eigenfrequency f0 is given by 
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20 = ,            (2.18) 

 
where c and d are the sound velocity and the thickness of the piezoceramic. Thus, the 
thickness at resonance corresponds to half the wavelength in the material. 
 There exists three different practical ways to generate standing waves. The purest way 
is to combine two identical transducers in opposite directions. Another more practical way 
is to combine a transducer with an acoustic reflector. The advantage for the latter case is 
the simple alignment, but more effort must be made on minimizing losses at reflections. 
The simplest way is to use cylindrical (tubular) transducers, which may generate standing 
waves directly from the transducer geometry. In the following section, the different 
resonator geometries that are employed in applications of acoustic trapping are briefly 
described. 
 
 

2.3.1 The plane-parallel resonator 
 

The most widely used resonator geometry is the plane-parallel resonator [39]. This 
resonator is illustrated in Fig. 9. A plane transducer placed at z = 0 is combined with 
another plane transducer or a plane reflector. The result is an acoustic field that can be 
approximated by a plane, one-dimensional standing wave. In an idealized case, no losses 
are considered (e.g., due to non-perfect reflections or absorption). If the distance between 
the transducer and the other transducer or reflector is chosen as a multiple of λ/2, the 
phase of the wave is the same after each roundtrip in the resonator. This is important if 
multiple reflections are considered. Then, the mean-square fluctuations of the acoustic 
pressure and particle velocity along the propagation axis (z) are given by 
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Figure 9. The plane-parallel transducer. The resonator length is a multiple (m) of λ/2. The 
vertical lines indicate the velocity antinodal planes, each separated by λ/2, and the first and 
last planes at λ/4-distance from the boundaries (transducer or reflector). 
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where p0 is the pressure amplitude and k = 2π/λ. At the boundaries, the pressure has 
antinodes, and the velocity has nodes. If Eq. (2.19) is inserted into Eq. (2.7), the following 
expression of the force potential U is obtained: 
 

 

),2cos(
2
3

8

)(sin
2
3)(cos

4
)(

212
00

2
0

0

2
2

2
12

00

2
0

kzff
c

Vp
U

kzfkzf
c

Vp
zU

⎟
⎠
⎞

⎜
⎝
⎛ ++=

⎟
⎠
⎞

⎜
⎝
⎛ −=

ρ

ρ       (2.20) 

 
where U0 is a constant that can be set to zero. The axial radiation force is given by 
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This force expression, derived from Gor’kov’s general expression for the force potential of 
an arbitrary field [20], is equivalent to that derived by King [15] and Yosioka and Kawasima 
[16], valid for plane standing waves. The expression shows that the radiation force varies 
spatially with the period λ/2, and that the force is proportional to the volume of the sphere 
(V), the intensity I of the sound wave (via 00

2
0 2/ cpI ρ= ), and the frequency ν of the 

sound wave (via πν 2/ck ⋅= ). The other parameters are defined in Sect. 2.2. A typical 
value of the radiation force acting on a latex particle is, e.g., maximum 4 pN for an acoustic 
intensity of 10 W/cm2 and a particle diameter of 2 µm. In Fig. 10, F is plotted versus z. 
The sign convention for the force is indicated by the arrows. As pointed out in Eq. (2.13), 
the slope of the force curve (marked with dotted lines in Fig. 10) must be negative for 
stable trapping. The value of the slope, κz in Eq. (2.13), is a measure of the trapping 
stability and can be used for, e.g., Brownian motion calculations (cf. Eqs. (2.14) and (2.15)). 
The plane-parallel resonator is useful in applications where two-dimensional trapping is 
wanted, i.e., trapping into a single or several planes. Furthermore, since the lateral 
distribution of the acoustic field is not considered, the constant level of U (at zero acoustic 
 
 

 
 
Figure 10. The acoustic radiation force in a plane-parallel resonator. The trapping 
positions, separated by λ/2, are found where F = 0 and where F has a negative slope. 
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intensity) in comparison to the maximum and minimum levels is of no significance. Thus, 
the discussion on the influence of compressibility and density (Sect 2.2.4) is not valid for 
two-dimensional trapping. For that reason, almost any material can be stably trapped in a 
plane-parallel resonator. However, a drawback with the plane-parallel geometry is the high 
demand of parallelism of the two components (transducer/transducer or 
transducer/reflector). If one of the components is tilted a small angle relative the other, the 
direction of the back-reflected wave will deviate from the main propagation axis of the 
resonator. This deviation angle will grow larger for every added roundtrip, resulting in 
losses in the stored energy in the resonator. Finally, it should be noted that the influence of 
non-perfect reflectivity and energy losses are discussed in Sect. 2.3.5. 
 
 

2.3.2 The hemispherical and confocal resonator 
 

In a hemispherical or confocal resonator, one or both of the plane components in 
the plane-parallel resonator is exchanged by a spherically curved component. The 
component is either a transducer or a reflector. The two resonator geometries are 
illustrated in Fig. 11. If a high focusing effect is demanded, the distance between the 
resonator boundaries (L1 and L2, respectively) should be close to the radius of curvature (R) 
of the curved surface for the hemispherical geometry, and close to 2R for the confocal 
geometry. However, in analogy with laser resonator theory [40], the choice L1 ≥ R or 
L2 ≥ 2R may result in unstable and lossy resonators and should be avoided. Besides those 
criteria for the resonator lengths, the same condition (L = m⋅λ/2) as for the plane-parallel 
resonator still holds, but is under certain circumstances slightly modified. Those 
circumstances are discussed later in this section. A more detailed discussion of the choice 
of resonator lengths in a hemispherical resonator is given in Paper 4. 

The focusing geometries allow for higher acoustic intensities and large-scale gradients 
in both axial and lateral directions, suitable for three-dimensional trapping. The distribution 
in the lateral direction depends on several factors. Basically, the incident acoustic wave is 
focused into the resonator by plane-wave diffraction from a curved circular transducer. 
 
 
 

 
 
Figure 11. The hemispherical and the confocal resonators with resonator lengths L1 and 
L2. 
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In the focal region, the mean-square fluctuations of the pressure and the particle velocity 
are approximately given by 
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where the constant C depends on the diameter (D) of the transducer and the radius of 
curvature (R) in comparison to the wavelength, and the resonator length, L. The expression 
is valid for near-plane waves in the focal region of hemispherical or confocal resonators 
with L >> λ, where the effect of multiple reflections in neglected. The last r-dependent 
factors in Eq. (2.22) will create a significant lateral component of the primary acoustic 
radiation pressure in comparison to the plane-parallel resonator. Typically, for a 10-MHz 
confocal resonator with R ≈ 2D and L >> λ, the magnitude of the lateral component is 
one order of magnitude weaker than the axial component of the radiation force [26]. Still, 
three-dimensional trapping of µm-sized objects is feasible with confocal or hemispherical 
acoustic trapping. 
 If multiple reflections are considered in confocal or hemispherical resonators with 
low losses, the lateral distribution will turn into Gaussian shaped. This situation is 
equivalent to the formation of modes in a laser cavity [40]. The lowest-order mode in such 
resonator have steady-state pressure are particle velocity distributions as 
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where w is the narrowest radius of the beam where the intensity is exp(-2)≈14% of the axial 
intensity. The Gaussian shape is a good approximation in low-loss hemispherical and 
confocal resonators for a large variety of geometrical parameters. It is valid in both the 
near-field and the far-field, and for any L that fulfill the condition L1 ≥ R or L2 ≥ 2R, for 
the hemispherical and confocal geometries, respectively. Furthermore, by choosing L1 ≈ R 
or L2 ≈ 2R, a strong focusing effect may be achieved in the focal region, suitable for single-
node three-dimensional trapping. On the other hand, by choosing L1 < R or L2 < 2R, a 
more stable but still uniform standing-wave distribution through all nodes in the resonator 
is achieved in comparison to the plane-parallel geometry. This geometry is widely used in 
air-borne kHz-frequency acoustic levitation systems [41], and it is also employed in the 
MHz-frequency fluid system in Paper 4. The reason for higher stability in the latter case is 
that a high focusing effect also results in strong divergence around the narrowest part of 
the beam. If the boundaries (i.e., the transducer or reflector diameters) are not large 
enough, energy may leak out of the resonator. When the resonator length is decreased, the 
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divergence, and thus the beam diameter in general are also decreased. The stability criteria 
of a hemispherical resonator are further discussed in Paper 4. 
 We may conclude that if the standing-wave axial distribution is combined with a 
lateral Bessel distribution (due to diffraction from a circular transducer) or a Gaussian 
distribution (due to multiple reflections), three-dimensional potential wells in the force 
potential U are formed. The first case (Bessel distribution) may also lead to the formation 
of side wells parallel to the axial wells. The shape of the force potential for a standing wave 
with a Gaussian lateral distribution is plotted in Fig. 8 (Sect. 2.2.4), where the influence of 
compressibility and density was discussed. When the lateral force components are 
considered, attention must be paid to the signs and values of the factors f1 and f2 in Eq. 
(2.9). For some materials, a lateral focusing may result in the opposite effect, e.g., driving 
the particles away from the center of the resonator. 
 A thorough investigation of the dependence of the acoustic trapping performance on 
geometrical parameters has been performed by Xie and Wei [42]. They used a numerical 
approach to calculate the acoustic field distribution in the near field of a hemispherical 
resonator. In their investigation, two other effects were observed not yet discussed in this 
Thesis. Firstly, a near-field effect results in a symmetry deviation of the force potential. In 
the pressure nodes nearest the boundaries of the resonator, the potential wells are circle-
shaped. This has been observed in air-borne levitation system, where a levitated sample 
near the reflector or the transducer head deviates from the cylindrical axis [43]. The other 
observed effect by Xie and Wei was the condition for the resonator length in comparison 
to the wavelength. In plane-wave geometries, the resonator length L is tuned into a 
multiple of λ/2. In hemispherical or confocal geometries, the resonant state is found when 
L is slightly larger than a multiple of λ/2. This effect is larger for smaller diameters of the 
resonator boundaries. Furthermore, the distance between the pressure nodes where the 
objects are trapped is also slightly larger than λ/2. This is believed to result from the 
divergence of the acoustic field. The wave vector k in the periphery (off-axis) of the 
acoustic field has both a lateral and an axial component, and the shorter axial component is 
equivalent to a slightly longer wavelength in the axial direction. 
 
 

2.3.3 The cylindrical resonator 
 

In the discussion of the plane-parallel, hemispherical and confocal resonator, only 
plane waves are considered. This approximation is valid in the plane-parallel resonator and 
in the focal region of the hemispherical and the confocal resonator. Another commonly 
used geometry is the cylindrical resonator [44]. This geometry is obtained if tubular 
transducers are used. The advantage with a tubular transducer is the simplicity, since a 
standing wave is formed in the interior of the tube without any need for reflecting 
boundaries or alignment. Furthermore, a strong focusing effect is also achieved, with high 
acoustic intensity in the center of the resonator. If only waves propagating in the radial 
direction are considered, the expressions for the mean-square fluctuations of the pressure 
and the particle velocity are given by [45] 
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Inserting Eq. (2.24) into Eq. (2.7), the following expression for the cylindrical force 
potential is given 
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and the corresponding radial force becomes 
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The force field in a cylindrical resonator is plotted versus the radius in Fig. 12. As can be 
seen in the plot, there are some important differences in a cylindrical geometry in 
comparison to the plane-wave geometry. The periodic function is decaying with r, and the 
restoring force constant (κ in Eqs (2.12) and (2.13)) is also decreasing with r, as indicated 
by the dotted lines. Another difference is the distance between the trapping positions. The 
first trapping position is a ring near the tube center with radius 0.33λ, and the distance 
between other trapping rings is approaching 0.5λ farther out from the center. The slightly 
longer distance than λ/2 between the inner rings of the cylindrical resonator is a similar 
phenomenon as observed by Xie and Wei for the hemispherical resonator [42], and is 
typical for strong focusing geometries. Finally, it should be noted that there also exists 
boundary-independent angular modes, traveling in circles. The coupling between radial and 
angular modes results in minima of the force potential described by lines parallel with the 
tube axis. 
 
 

 
 
Figure 12. The acoustic radiation force in a cylindrical resonator. The dotted lines (the 
slope of the radiation force) are the restoring force constants (κ) for each trapping position. 
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2.3.4 The two-dimensional rectangular resonator 
 

In some resonators, there are boundaries in more than one propagation direction of 
the acoustic field. This situation is typical for microfluidic resonators where the resonator 
length is of the same order of magnitude as the acoustic wavelength. Here, coupling 
between modes in different directions may occur. For example, it is possible to excite the 
resonator in the vertical direction, but obtain a standing-wave field in the horizontal 
direction. Furthermore, the coupling between several modes may result in potential minima 
as isolated points or lines, which are the intersections of certain nodal force surfaces 
oriented in different directions. A thorough theoretical investigation of the acoustic 
radiation potential in different enclosure geometries have been performed by Barmatz and 
Collas [46]. They derived expressions for the radiation potential and the force field in 
rectangular, cylindrical and spherical enclosures. As an example of an acoustic radiation 
force field with components in more than one direction, a flow channel with rectangular 
cross-section is considered. Here, the wavenumber is given by 
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where kx and ky are the components in the x and y directions respectively. Two different 
resonance criteria exists, namely 
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where mx and my are integers and Lx and Ly are the resonator lengths in the x and y 
direction, respectively. (We assume that no resonance may be obtained in the z direction.) 
The mean-square fluctuations of the pressure and the particle velocity are given by 
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and the corresponding force potential is 
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The acoustic radiation force in the x direction is given by 
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The corresponding expression for Fy(x,y) is given by interchanging x↔y in Eq. (2.32). 

An illustration of a rectangular-cross-section flow-channel resonator is shown in Fig. 
13. This resonator is simply the superposition of two plane-parallel resonators, one in the x 
direction and one in the y direction. The flow direction is parallel with the z axis, where no 
resonance can occur in the described model (Eqs. (2.27)-(2.32)). By choosing proper 
resonator width and height according to Eqs. (2.28) and (2.29), the potential minima are 
described by lines along the flow channel. The lines are the intersections of the nodal 
planes formed in each direction. If only one condition is fulfilled, the situation is the same 
as in Sect. 2.3.1, i.e., a single axis plane-parallel resonator. 
 
 

 
 
Figure 13. A two-dimensional rectangular resonator. The superposition of both horizontal 
and vertical nodal planes may result in trapping lines along the intersection of the planes. 
 
 

2.3.5 The layered resonator 
 

So far, the boundaries in the different described resonator geometries have been 
considered as transducers or perfectly reflecting surfaces. In reality, the surfaces are non-
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perfect reflectors, and a part of the acoustic energy is lost through the boundaries. 
Therefore, it is important to minimize such losses by careful design of the layer thicknesses 
and layer materials forming the resonator. Several authors have investigated the theory and 
design of layered plane-parallel resonators from different points of view [12, 47-57]. In the 
following treatment, the impedance transfer model [56,57] is used. 

The pressure reflection coefficient in the boundary between two materials having 
characteristic acoustic impedances Z1 and Z2, respectively, is given by [58] 
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where Z=ρc. The expression is valid for an incident acoustic wave from layer 1 that is 
reflected in layer 2 of infinite thickness. The sign of the reflection coefficient reveals some 
characteristics of the formed standing wave; a positive r creates a pressure antinode while a 
negative r creates a pressure node at the surface. If the reflecting layer is of finite thickness, 
the complex pressure reflection coefficient is [58] 
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Figure 14. The absolute value (solid lines) and the phase (dotted lines) of the complex 
pressure reflection coefficients (r) versus layer thicknesses (L2) for three different reflector 
materials, a polystyrene reflector (a), a glass reflector (b) and a molybdenum reflector (c). 
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where Z3 is the characteristic acoustic impedance of the backing layer behind the reflecting 
layer 2, and L2 is the thickness of layer 2. In a typical ultrasonic trapping application, the 
resonator chamber (layer 1) is basically water and the backing layer is often air with a 
thickness that can be approximated to infinite. In Fig. 14, the absolute value and the phase 
of the pressure reflection coefficient are plotted for some different reflector materials 
versus thickness of the reflecting layer, with water and air on each side of the layer. The 
different reflector materials are polystyrene (a), glass (b) and molybdenum (c) with acoustic 
impedances 2.5×106, 12×106 and 63×106 kg/m2s, respectively. When the reflector thickness 
is an odd multiple of λ/4, the reflected amplitude (the absolute value of r) is very close to 1 
and the phase shift is zero, independently on the reflector material. The reason for the high 
reflectivity for such thickness-matched layers is the very low characteristic acoustic 
impedance of air (~400 kg/m2s). On the other hand, the material choice and the layer 
thickness is only important for the phase of the reflected wave in a practical situation. For 
the low-Z polystyrene reflector, having a characteristic acoustic impedance of the order of 
the impedance of water (Zwater = 1.5×106 kg/m2s), the phase shift is significantly changed 
when the layer thickness deviates from λ/4 (or an odd multiple of λ/4). On the other 
hand, for the high-Z molybdenum reflector, the thickness matching is not very important, 
since the reflectivity is 1 and the phase shift is zero within a large interval around λ/4. The 
chosen reflector materials are those used in the papers, a polystyrene layer (a) in Paper 4 
and a molybdenum layer (c) in Papers 1 and 3. The glass layer (b) is the most commonly 
used reflector material in other applications. 
 A typical model of a layered resonator that is used in many applications of particle 
manipulation in suspensions is illustrated in Fig. 15. It consists of a piezoelectric layer (P), a 
 
 

 
 
Figure 15. The layered resonator, consisting of an air layer (A), the piezoelectric layer (P), a 
matching layer (M), the fluid layer (F), the reflecting layer (R), and terminated by another 
air layer (A), with corresponding thicknesses LA (= ∞), LP, LM, LF, LR and LA (= ∞), 
respectively. The applied voltage (UAC) causes a forced oscillation in the surface between P 
and M. 
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matching layer (M), the fluid layer (F) and the reflecting layer (R). On each side of the 
layered resonator, air layers (A) of infinite extent are present. The matching layer is used in 
many applications where the direct contact between the electrodes on the piezoelectric 
layer and the fluid layer is unsuitable. It can also be used as a refracting component, e.g., as 
an acoustic lens [59]. The latter case is employed in Paper 4. The piezoelectric layer is 
driven by an applied voltage (UAC) of a frequency close to an odd multiple of the 
fundamental eigenfrequency of the transducer, resulting in a forced oscillation of the 
surface between the piezoelectric layer and the matching layer. For each boundary in the 
layered resonator, the relation between the thickness-mode force acting on the surface and 
the velocity of the surface is given by the input mechanical impedance to the layer, which is 
coupled to the corresponding input impedance to the next layer as [58] 
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where 12

~Z  is the input mechanical impedance from layer 1 to layer 2, 23
~Z  is the input 

mechanical impedance from layer 2 to layer 3, S is the cross-sectional area of the resonator 
and Z2,  k2 and L2 are the characteristic acoustic impedance (ρ2c2), the wavenumber and the 
thickness of layer 2, respectively. For the next layer, the expression (Eq. (2.35)), is 
transferred by the interchange 1↔2, 2↔3, 3↔4, and so on until the terminating layer is 
encountered. Here, the terminating impedance is simply calculated from the characteristic 
acoustic impedance of the backing medium, usually air. Thus, by recursively employ the 
impedance transfer model described above, the total input mechanical impedance from the 
piezoelectric layer to the whole stack of layers forming the resonator may be calculated. 
 The total input mechanical impedance, 0

~Z , relates the applied voltage, UAC, over the 
piezoelectric layer to the force, F0, acting on the boundary between the piezoelectric layer 
and its nearest layer (the matching layer in Fig. 15) by the expression [60] 
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where ϕ is a transformation ratio between electrical and mechanical quantities, UAC is the 
input voltage and scZ~  is the mechanical impedance of the transducer at the output 
terminals when the electrical terminals are short-circuited. 
 When the impedances are known for all layers, the acoustic pressure and particle 
velocity along the fluid layer may be expressed as [56] 
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with 
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where the index M, F and R refers to the notation in Fig. 15 (the matching layer, the fluid 
layer and the reflecting layer, respectively), and x is the coordinate in the fluid layer starting 
with x = 0 at the boundary M/F. Eq. (2.38) reveals that the pressure at the boundary M/F 
is coupled to the total input mechanical impedance ( 0

~Z ) and to the electrical characteristics 
of the transducer via Eq. (2.36). 
 The major important differences between the layered plane-parallel resonator and the 
single layer plane-parallel resonator (Sect. 2.3.2) are the resonance frequency shifts and the 
node position shifts in the fluid layer at resonance. In the single-layer model, the pressure 
nodes are separated by λ/2 and the distance from the resonator boundary to the first 
pressure node is λ/4 (reflection in a medium with higher acoustic impedance). In the 
layered resonator, the distance between the nodes is still λ/2, but there is a possibility to 
place the nodes at arbitrary positions relative the boundaries of the fluid layer. This can be 
explained by the coupling of single-layer resonances, resulting in new resonance 
frequencies for the whole stack of layers. Typically, the fundamental resonance frequency 
of the transducer, corresponding to a λ/2-thickness of the piezoelectric layer, is split into 
several resonances around the fundamental frequency. For a given combination of layer 
thicknesses, the transducer may be driven at any of these resonance frequencies for 
efficient operation. Each resonance frequency corresponds to a given set of node positions 
in the fluid layer, according to Eqs. (2.37)-(2.38). Thus, by switching the driving voltage 
between different resonance frequencies, the trapping positions in the fluid layer may be 
repositioned. This has recently been applied in a microfluidic ultrasonic separator, where 
the predetermined placement of pressure nodes is performed by optimizing the layer 
thicknesses [61, 62]. 
 
 

2.4 Acoustic streaming 
 

In addition to the acoustic radiation forces discussed so far there also exists drag 
forces on suspended objects caused by acoustic streaming. The phenomenon of acoustic 
streaming is typically associated with high-intensity ultrasonic fields in fluids at MHz-
frequencies, although it also has been observed in gases. The streaming arises because of an 
energy dissipation mechanism in the bulk phase caused by absorption in the fluid and 
losses at the cavity boundaries. Furthermore, intensity gradients arising from the geometry 
of the acoustic field may also be the source to acoustic streaming, e.g., in focused standing-
wave fields. In general, the streaming velocity is proportional to the square of the frequency 
of the acoustic wave [24]. There exists three different categories of acoustic streaming, each 
operating at different scales [63]. The first category is the boundary layer Schlichting 
streaming, induced inside the viscous boundary layer near obstacles [64]. This streaming 
has a rotational character with scale << λ, and is of less importance in acoustic trapping 
applications. The second type is the Rayleigh streaming, which typically occurs due to 
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energy dissipation in the viscous boundary layer of the resonator cavity or other solid 
surfaces present [65]. The Rayleigh streaming has also a rotational character, but with 
vortices of sizes ~λ/4 [66], see Fig. 16. This streaming is more important in acoustic 
trapping since the vortices are of the same size as the distance from a pressure antinode to 
a pressure node. Both Schlichting and Rayleigh streaming are vortex flows that have the 
same origin, but operate at different scales and rotate in counterdirections. Finally, the last 
type of streaming is the Eckart streaming, also known as the “quartz wind”, with scale 
>> λ [67], see Fig. 16. The Eckart streaming typically occurs in lossy standing-wave 
resonators resulting in a traveling wave component in the standing wave, e.g., due to 
insufficient reflectivity or alignment of the reflector in the resonator. This type of streaming 
is often larger in focusing geometries where the shape and amplitude of the acoustic wave 
have large changes along the propagation axis [26], or in resonators where the cavity 
diameter is larger than the transducer diameter. 

The two categories of acoustic streaming illustrated in Fig. 16 - the Eckart streaming 
and the Rayleigh streaming - are often present in practical acoustic trapping. The result may 
be that trapped objects are driven out of the desired positions by the viscous drag force 
induced by the streaming. Therefore, the streaming should be eliminated or at least 
minimized. There are several ways to minimize the Eckart streaming, e.g., using small 
resonator chambers [68], matching layers [69], or acoustically transparent thin foils [26]. By 
careful design of the resonator, it is possible to eliminate the Eckart streaming [70]. On the 
other hand, the Rayleigh streaming is more difficult to eliminate. Several authors have 
studied the competition between the Rayleigh-streaming-induced viscous drag force (FR) 
and the primary acoustic radiation force (FP, see Sect. 2.1) on a suspended object [71-74]. 
In the axial direction, FP is most often much larger than FR. However, in the lateral 
direction, FP is much weaker and comparable to FR. In addition, the Rayleigh streaming is 
directed away from the sound beam axis at the pressure nodes where the suspended objects 
are trapped, as shown in Fig. 16. A practical example of the interaction between the 
acoustic radiation force and the Rayleigh streaming has been described by Spengler et al., 
who studied the migration of suspended particles in a single half-wavelength 
“minichamber” [74, 75]. In their application, the particles were first driven away from the 
center of the pressure node due to the Rayleigh streaming. Then, mini-clusters were 
formed off axis, which could overcome the viscous drag and be trapped on-axis. The 
reason for this two-step procedure is the size dependence of the forces involved. While 
 
 
 

 
 
Figure 16. Illustration of the Eckart streaming (“quartz wind”) and the Rayleigh streaming. 
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FP is proportional to the volume of a particle (or a particle cluster), FR is approximately 
proportional to the size (diameter) of a particle (or a particle cluster). Furthermore, the 
interaction force (Fi), often referred to as the Bjerknes force (see Sect. 2.2.3) is also 
involved in the formation of the mini-cluster described above. The high axial radiation 
force will continuously concentrate the particles to the lateral periphery of the pressure 
nodal plane. Once trapped in the pressure nodal plane, the Bjerknes force allows for mini-
cluster formation, and the mini-clusters may then be concentrated to the center of the 
pressure nodal plane, where a large cluster (aggregate) is finally formed. This application is 
an excellent example of an application where all the forces discussed so far are involved, 
the axial and lateral primary acoustic radiation forces (FP, ax and FP, lat), the interaction 
force/Bjerknes force (Fi) and the Rayleigh-streaming-induced viscous drag force (FR). The 
forces induced by flows (i.e., viscous drag forces in general) are further discussed in Sect. 
5.1. Finally, it should be noted that the problem with Rayleigh streaming is typical for 
resonator geometries where the lateral force is weak, i.e., in the plane-parallel resonator. An 
effective way to reduce the problem with the Rayleigh streaming is to employ the 
hemispherical resonator. Here, the lateral forces are stronger, even in a slightly focusing 
resonator where the resonator length is smaller than the radius of curvature of the 
reflector. The stability gained with a hemispherical resonator is further discussed in 
Paper 4. 
 
 

2.5 Applications of acoustic trapping 
 

Despite that the phenomenon of acoustic trapping was discovered more than a 
century ago, the wide implementation into practical use have waited until the last two 
decades. One of the first applications was introduced already in the late 1960s by Nyborg, 
who studied the interaction between a cell membrane and steady-state non-linear acoustic 
fields [76]. Shortly after, Crum discussed the possibility of contamination-free positioning 
of liquid droplets suspended in clean host liquids [22]. However, it was first in the 1980s 
when applications of acoustic trapping became widely spread. Early examples of 
applications are the study of mechanical properties of liquid drops and biological material 
in suspensions [77, 78] and levitation and positioning of mm-scaled objects in air for 
containerless processing [79]. In particular, the latter application has been the subject for 
many further investigations of air-borne acoustic levitation of liquids [80-85], solids [86-89] 
and gases [90-92]. Those systems typically employ the hemispherical resonator and 
frequencies of the order of 104-105 Hz, corresponding to mm-scale distances between 
pressure nodes. More recently, levitation of very heavy materials, such as tungsten, iridium 
and mercury have been demonstrated by careful design of a hemispherical airborne 
levitator [42, 93-95]. A suggested application using those devices is containerless processing 
of advanced materials [96-99]. 

Another large field in ultrasonic trapping is separation of suspended particles [12, 69, 
100, 101]. Different arrangements have been suggested for flow-through separation/ 
filtering of liquids from µm-sized particles, e.g., to dewater slurries and sludges [102-105]. 
Here, the plane-parallel resonator is the most commonly employed. Acoustic separation 
within porous media has been used for high-efficient filtration by combining acoustical and 
physical screening methods [106-109]. Flow-through fractionation and separation between 
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different types of suspended particles on the basis of size [110] or acoustic properties such 
as density and compressibility [111-113] have been employed by utilizing flow splitters. 
Here, the idea is similar to the flow-through size-selective separation method described in 
Papers 1 and 3, with the exception that the particles are redirected instead of trapped and 
retained. 

Other applications of acoustic particle manipulation include the combination of 
traveling and standing waves for particle separation [114], non-resonant multi-axis acoustic 
positioning by the use of crossing ultrasonic fields [115, 116], particle positioning by either 
stepwise frequency change in single-transducer resonators [117-120] or by phase-difference 
change [121, 122] and frequency-difference change [123] in dual-transducer resonators. 
Furthermore, acoustic radiation forces have been used for stabilization of liquid capillary 
bridges in air [124] or to enhance optical particle sizing equipment [125]. Besides practical 
applications, more fundamental studies have also been performed, e.g., investigations of 
the competition between acoustic radiation forces and electrostatic forces [126, 127], van 
der Waal’s forces [75, 128] and Brownian motion [129], or investigation of acoustic 
trapping under microgravity conditions [81, 130, 131] and acoustic trapping of irregular 
shaped objects [120, 132]. 

Recently, the implementation of acoustic trapping in microfluidic devices has gained 
attention [61, 62, 68, 133-139]. Standing-wave ultrasonic manipulation is particularly 
suitable in microfluidic chips since the wavelength has the same scale as the channel 
dimension (typically a few 100 µm). For example, by choosing an ultrasonic frequency 
corresponding to a channel width of λ/2, a single pressure node is formed in the middle of 
the channel. Furthermore, two resonant directions may occur simultaneously in a channel 
with a square cross-section, as discussed in Section 2.3.4.  
 
 

2.5.1 Biomedical applications of acoustic trapping 
 

Of particular interest for this Thesis are the biomedical applications of acoustic 
trapping and manipulation [140]. Here, there exists two major branches of applications, 
manipulation of microorganisms and manipulation of biologically active microparticles. 
The first area includes cell concentration and retention in biosensors or bioreactors [71, 
141-145], three-dimensional manipulation/positioning of microorganisms or particles [26, 
120, 146], separation of cells and suspending phase [147, 148] and fractionation or selective 
retention of cells [149, 150]. Many authors have applied acoustic trapping to the 
manipulation of erythrocytes, e.g., for clarification of plasma from whole blood [151-154] 
and for autologous blood recovery/wash by separating fat embolies from blood cells [136]. 
Other microorganism applications include acoustic manipulation of bacteria [155-159]. 
There also exist several studies of the possible damage of cells when they are exposed to 
ultrasound for standing-wave manipulation applications [160-163]. 

The other branch of biomedical applications of acoustic trapping is within the field 
of particle-enhanced bioaffinity assays. The work presented in this Thesis falls under this 
category, and is presented in Chapters 5 and 6 and in more detail in Papers 1, 3 and 4. The 
largest field of acoustic trapping in particle-enhanced assays is ultrasonic enhancement of 
rate and sensitivity of latex agglutination tests [44, 128, 164-175]. Here, concentration of 
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particles by standing-wave ultrasonic trapping artificially induces particle collisions, which is 
beneficial for both the sensitivity and the speed of the test. The employed resonator 
geometry is in most cases a cylindrical tube (as described in Sect. 2.3.3) combined with a 2-
mm-diam. sample capillary along the tube axis, as illustrated in Figure 17. The particles are 
latex microspheres in the size range 0.2-1 µm, and the acoustic frequency is typically 2-4 
MHz. Thus, inside the sample capillary, high acoustic forces (~100 times greater than off-
axis forces) concentrate particles into a vertical band with circular cross-section. The 
reported sensitivity of ultrasound-enhanced latex agglutination testing is of the order of 10 
pM (with 0.3 µm streptavidin-coated silica particles and biotinylated bovine serum albumin 
(bBSA) as analyte) [128]. The immunoagglutination assay is further discussed in Sect. 3.3.3. 

Besides the latex agglutination tests, more fundamental studies of the morphology 
and stability of latex particle aggregates in different buffer solutions have been performed 
with the aim to investigate the forces involved in the agglutination procedure [74, 75]. 
Typical forces considered here are electrostatic forces and van der Waals forces, and their 
values compared to the acoustic forces (i.e., the primary acoustic radiation force and the 
Bjerknes interaction force). 
 
 
 

 
 
Figure 17. The Cardiff ultrasonic reaction chamber for ultrasound-enhanced 
immunoagglutination testing, developed at the School of Pure and Applied Biology, 
University of Wales. The sample of analyte and receptor-coated particles is placed in a 
capillary tube, and the capillary is placed along the axis of a cylindrical standing-wave 
ultrasonic resonator. The sample volume in the reactor (a) is sonicated, resulting in 
particle concentration into a circular cross-section along the capillary (b), followed 
by sedimentation of clumped particles onto the bottom meniscus (c). Figure adapted 
from [44]. 
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Furthermore, the air-borne acoustic levitator [79, 80] has been used for bioanalytical 
chemistry in levitated drops [176-184]. The advantages with this novel concept of “air-born 
chemistry” are the elimination of sample adhesion to the container walls and the possibility 
to study pL-volume bulk samples. Furthermore, solvent evaporation of the levitated drop 
allows for sample enrichment. 

Finally, in a novel thesis by Lilliehorn [139], the implementation of acoustic trapping to 
parallel biomedical analysis in microarray devices is presented. Here, localized trapping of 
biologically active particles in a microtransducer-array microfluidic device is proposed for 
bioaffinity dynamical arraying. 
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3 MICROPARTICLE-ENHANCED 
BIOAFFINITY ASSAYS 

 
 
 
 

3.1 Microparticles 
 

The most commonly used particles in bioaffinity assays are latex microparticles, 
which are synthesized by emulsion or suspension polymerization of primarily styrene [185]. 
Latex particles, or polystyrene particles, may be produced within a wide range of sizes, 
from a few nm to hundreds of µm [186]. Typically, the available sizes of emulsion-
synthesized particles are sub-µm or a few µm. Characteristic for latex particles is the 
extremely high uniformity in both size and the spherical shape. Polystyrene is the most 
common particle material, but there also exist other organic particle materials (e.g., 
polymethyl methacrylate, polyvinyltoluene, styrene-butadiene and styrene-divinylbenzene) 
[187], as well as inorganic particles made of silica (SiO2) [188] and magnetic particles with 
iron oxide crystals added during the polymerization process [189]. The choice of particle 
materials is defined by, e.g., the preferred density, refractive index, surface characteristics, 
and color or fluorescence properties needed for the particular particle assay. 

Latex particles are often produced with a surface coating of hydroxyl groups 
(COOH) or amino groups (NH2). There are two major reasons for choosing such 
microparticles. The first reason is due to the hydrophobic property of latex that often 
results in undesired particle clumping in aqueous solution. A surface modification of e.g., 
carboxyl groups, makes the particle more hydrophilic in buffer solutions, which is 
important for the colloidal stability of the particle suspension. In addition, for carboxylate-
modified latex particles there is a certain ratio between the number of COOH groups and 
COO- groups on the particle surface determined by the pH of the buffer solution. By 
choosing a slightly basic buffer pH, electrostatic repulsion is also contributing to the 
colloidal stability of the particle suspension. The other reason for choosing a surface 
modified latex particle is the possibility to covalently couple biomolecules to the particle 
surface. For example, all biomolecules that have amino groups anywhere on their surface 
may be covalently coupled to carboxylate-modified latex particles via amino bonds. This 
bond is the natural link between all aminoacids building up the proteins, and therefore all 
types of proteins and antibodies are easily coupled covalently to latex particles. 

Latex particles in bioaffinity assays are often coated with a biomolecule, such as a 
protein or an antibody. Today, there is a wide range of available particles from several 
particle manufacturers, both protein/antibody-coated and “semi-manufactured” surface 
modified particles suitable for “home-made” coating with any desired molecule. Besides 
the biochemical properties of the particles, they may be purchased custom-made with any 
of the other properties mentioned above. 
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3.2 Bioaffinity assays 
 

A bioaffinity assay is a technological concept involving an interaction between a 
ligand and a receptor. Both the ligand and the receptor are biomolecules of various kinds, 
e.g., proteins, antibodies, haptens, enzymes and oligonucleotides. If the interacting 
molecules are a protein and an antibody, the bioaffinity assay is an immunoassay. The 
interaction between the ligand and the receptor is quantified by the affinity of the assay, 
which is a measure of the overall free energy of the interaction. The significance of the 
interaction is primarily determined by the concentrations of the ligand and receptor 
molecules, respectively. The kinetics of the bioaffinity assay is treated in more detail in Sect. 
3.2.1 and 3.5. In Sect. 3.2.1 and 3.2.2, two bioaffinity assays of importance for the work 
presented in this Thesis are briefly described, namely the immunoassay and the biotin – 
streptavidin interaction assay. 
 
 

3.2.1 Immunoglobulins and antibody – antigen 
interactions 

 
Antibodies are specific binding proteins that constitute the natural defense system in 

humans and animals against foreign intruders [190]. There exist five main types of 
antibodies, of which Immunoglobulin G (IgG) is the most common. The structure of IgG 
is illustrated in Fig. 18. Despite the large variety of different types of immunoglobulins, 
they all have essentially the same structure. The molecule is Y-shaped, consisting of two 
identical pairs of heavy and light polypeptide chains linked together by disulfide bridges. 
The base of the molecule is called the Fc region, and the two identical arms are the antigen-  
 
 
 

 
 
Figure 18. Structure of the IgG molecule. To the left, the important parts of the molecule 
is schematically shown. To the right, the secondary structure of the alpha-carbon backbone 
of the molecule is depicted. 
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binding Fab regions. More specifically, the binding sites are situated at the tips of the Fab 
regions, in between the heavy and light chain (gray and black part), respectively. The size of 
each of the three regions (left Fab, right Fab and FC) in the IgG molecule is approximately 
10 nm (length) × 4 nm (thickness) [191], and the molecular weight is around 150 kDa. The 
hinge marked in Fig. 18 is a flexible region linking the three parts together. The flexible 
hinge allows for both wagging and rotation of each region relative the other two regions. 
Therefore, the Y-shape shown in Fig. 18 is just one of many configurations that the IgG 
molecule can adopt in solution. Antibodies with identical configurations and amino acid 
sequences are called monoclonal antibodies, which are produced by a single hybridoma cell 
line that is capable of continuous growth. Monoclonal antibodies are often desirable due to 
their well-defined specificity. 
 The ligand bound to an antibody, the antigen, is a protein that the antibody 
recognizes. The antigen-antibody interaction is quantified by an equilibrium reaction given 
by 
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where A is the antigen, Y is the antibody, AY is the antigen-antibody complex (the 
immunocomplex) and k+1 and k-1 are the association and dissociation kinetic rates, 
respectively. The ratio 
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is the dissociation constant of the reaction,  given by 
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where [A], [Y] and [AY] are the concentrations of A, Y and AY, respectively. Eq. (3.3) states 
that the concentration ratio of free to bound antigen is inversely proportional to the 
concentration of free antibody. Furthermore, if the antigen concentration is equal to the 
dissociation constant, half of the antigens are bound to the antibodies. The value of KD 
varies greatly for different types of immunoassays. However, a typical value of KD is within 
the range 10-9 – 10-5 M. 
 
 

3.2.2 The biotin – streptavidin interaction 
 
  One of the most commonly used bioaffinity assays is the biotin – streptavidin 
interaction. This interaction is primarily characterized by its unusually high affinity, with 
dissociation constant (KD) of the order or 10-15 – 10-14 M [192], which makes the interaction 
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Figure 19. Structure of the biotin and streptavidin molecules. The biotin molecule is a 
hydrocarbon ring assembly with a spacer arm terminated by a carboxyl group. The 
streptavidin molecule is built up by four identical subunits, each binding one biotin 
molecule. 
 
 
almost irreversible (or, “quasi-covalent”). The streptavidin molecule is a tetrameric protein 
with molecular weight 4×13 kDa and size ~5 nm [193], where each monomer binds one 
biotin molecule. The biotin molecule, also called vitamin H, is a small molecule with 
molecular weight of 260 Da. In Fig. 19, the two molecules are schematically depicted. The 
biotin molecule may easily be conjugated to another biomolecule via the carboxyl group at 
the tip of its spacer arm. This is the main reason for the widespread use of the biotin – 
streptavidin interaction in diagnostic assays [192]. Besides the very high affinity of the 
assay, another reason for choosing the biotin – streptavidin interaction is its well-defined 
and stable behavior in different solutions. The biotin – streptavidin interaction is 
investigated in detail for the doublet assay in Paper 5, where the biotin is conjugated to a 
monoclonal antibody. 
 
 

3.3 Microparticle immunoassays 
 

In a particle-based bioaffinity assay, the analyte (target molecule) is captured on a 
receptor-coated particle. The receptor on the particle surface can be an antibody or another 
protein, e.g., a streptavidin molecule. Actually, the term “particle immunoassay” refers to a 
particle-based antibody – antigen interaction, but is in the following discussion used as the 
term for a more general bioaffinity assay. 

Microparticles are used in bioaffinity assays as either solid phase or as labels [194]. In 
Chapter 1, different particle assay formats are illustrated in Fig. 1. If particles are used as 
solid phase, the large total surface area of the suspended particles allows for high local 
concentration of the analyte on the particles. Thus, the particles “harvest” the reaction 
sample making the local concentration of analyte up to 104 times higher than in the total 
reaction volume [195]. For example, less than 0.2 g of particles of size 1 µm is needed to 
obtain a total active surface area of 1 m2. This is one of the advantages of particle-based 
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assay in comparison to the traditional test tubes and the wells of microtiter plates, where 
the analyte is coupled to a plane, continuous surface. Besides the high surface-to-volume 
ratio of a particle suspension, a particle-based assay is also much faster than the traditional 
assay. However, one of the greatest advantages with particles as solid phase is the 
possibility to perform fast, easy and flexible scaling of reagent. If the binding capacity of 
the particles is known, the particle concentration can be optimized for each assay 
conditions, e.g., for the analyte concentration and for the affinity of the assay. This is 
further discussed in Sect. 3.4 and in Paper 5. 

The other utility of particles in assays is as labels [186]. Here, functionalized particles 
are used for indication/localization of a biological event, to amplify the signal or as carriers 
of binding reactants [196-199]. For example, fluorescent antibody-coated particles can be 
used for selective identification of cells via membrane proteins [200, 201]. Furthermore, 
labeled nanoparticles combined with solid-phase microparticles (cf. Fig 1e) is a novel 
approach for increased signal in ultrasensitive protein detection [202]. 

The applications pointed out above are some examples of the wide use of 
functionalized microparticles. The particle-enhanced immunoassay techniques of interest 
for the work presented in this Thesis, namely sensitive detection of biomolecules, are 
discussed in Sect. 3.5. 
 
 

3.3.1 The sandwich assay 
 

The sandwich assay is one of the most widespread immunoassay detection principles, 
also referred to as the immunometric assay. The sandwich assay is a two-step reaction, 
where the analyte is first bound to a capture antibody, and then bound to a tracer antibody. 
The capture and tracer antibodies can be free molecules in the solution or bound to a 
surface or a particle. An example of a sandwich assay is the single-particle assay, shown in 
Fig. 1c (Chapter 1) and employed in Paper 4. In the single-particle assay, one epitope of the 
analyte is bound to a particle-immobilized antibody (capture antibody), and another 
spatially well-separated epitope of the same analyte is bound to a fluorophore-conjugated 
antibody (tracer antibody). The single-particle (sandwich) assay is illustrated in Fig. 20. As 
seen in the figure, the analyte can either first bind to the capture antibody, or first bind to 
the tracer antibody. Each reaction is an equilibrium process, described by the concentration 
levels and affinities according to Eq. (3.1)-(3.3). The amount of sandwich assays on the 
particle surface at equilibrium is determined by the two different dissociation constant, the 
analyte – tracer antibody interaction and the analyte – capture antibody interaction, 
respectively. 

The fluorescence intensity from the surface of the particles may be used as a measure 
of the amount of analyte in the sample. Different instrumental approaches for the 
measurement of the binding reactions are discussed in Sect. 3.5. For the sandwich assay, 
the measured signal is increasing with the analyte concentration up to a certain saturation 
level. At this level, the analyte concentration is so high that no free tracer antibodies are left 
for binding to the analyte – capture antibody complex. This phenomenon is called the 
“Hook-effect”, and is illustrated in Fig. 21. Thus, the Hook-effect defines the upper limit 
of the dynamic range of the assay. The lower limit is typically defined by the affinity of the 
assay. 
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Figure 20. The sandwich assay. The amount of fluorophores on the particle surface is used 
a measure of the concentration of analyte in the sample. 
 
 
 
 
 

 
 
Figure 21. The Hook effect. Too high analyte concentration results in reduced 
fluorescence signal due to saturation. 
 
 

3.3.2 The competitive assay 
 

Another assay is the competitive immunoassay, illustrated in Fig. 22. Here, the 
analyte and the tracer antibody have both affinities to the capture antibody, resulting in a 
competition of the available capture antibody sites on the particle surface. The major 
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difference between the sandwich assay and the competitive assay is that the signal is 
inversely proportional to the concentration of analyte for the latter assay. Thus, the 
competitive assay involves an indirect measurement, since the number of sites not 
occupied by the analyte is measured. Typically, this assay is less sensitive than the sandwich 
assay, and is not used in this Thesis. 
 
 
 

 
 
Figure 22. The competitive assay. The amount of fluorophores on the particle surface is 
inversely proportional to the concentration of analyte in the sample. 
 
 

3.3.3 Ambient analyte conditions 
 

The traditional way to design a sandwich assay is to use excess amounts of both 
receptors on the solid-phase active surface and labeled tracer molecules in the reaction 
volume, in comparison to the concentration level of the analyte. Similarly, competitive 
assays are traditionally designed to use analyte concentrations Y > KD, where KD is the 
dissociation constant of the assay. A direct consequence of this is that the detection limit is 
of the order of the dissociation constant, which typically is at best ~nM for immunoassays. 
However, Ekins showed in 1989 that it is possible to employ immunoassays also in 
conditions where the amount of capture antibodies is very low, called ambient analyte 
conditions [203]. The idea is that if the amount of capture antibodies is very low (e.g., of 
the order of 0.01×KD), the fractional occupancy of the capture antibodies is significant even 
at very low analyte concentrations. Ekins showed both theoretically and experimentally that 
even in ambient analyte conditions, a signal proportional to the analyte concentrations in 
the reaction volume could be measured in both the immunometric assay (the sandwich 
assay) as well as in the competitive assay. 

The application of ambient analyte conditions proposed by Ekins is microspot array 
technology [204]. Here, minute amounts of capture antibodies are immobilized in small 
spots on a solid surface, similarly as for the ELISA format (cf. Fig. 1a, Chapter 1). The 
small size of the microspots relative the sample volume allows for ambient analyte 
conditions, and the fluorescence from the solid-surface bound tracer molecules is measured 
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by a confocal microscope. The technology is well suited for multiplexing by immobilizing 
different antibodies spatially isolated within the solid-phase carrier. Today, it is possible to 
handle chip-based arrays consisting of >10000 microspots by precise liquid handling 
robotics [205]. Microspot arrays have been developed for both protein bioaffinity assays 
[205, 206] and for DNA chip applications [207], However, they have not become popular 
in the field of quantitative immunoassays, since the reaction kinetics are often very slow. 

In particle-based immunoassays, the concept of ambient analyte conditions has not 
yet been fully implemented. However, in Paper 4, the possibility of ultrasensitive particle-
based immunoassay detection is discussed by combing ultrasonic enrichment and low-
particle-concentration samples. This is further discussed in Chapter 6. 
 
 

3.3.4 The immunoagglutination assay 
 
  The traditional latex agglutination test (LAT) slide is based on the 
immunoagglutination assay, shown in Fig. 1d (Chapter 1). This assays has long been 
popular in point-of-care tests for diagnostic purposes due to its simplicity, low cost and 
speed [186]. Only during the last decade there exist over 400 publications in medicine and 
veterinary journals where LAT were employed [208]. In its simplest format, the sample is 
placed on a test slide and the agglutination is observed visually as a qualitative “yes/no” 
indication. An extension of the LAT slides is immunoassays based on the measurement of 
scattered or absorbed light by turbidimetry or nephelometry [209, 210]. 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 particles in the size range 0.01-0.8 µm are used. 
 The LAT is based on the sandwich assay described in Sect. 3.3.1. However, the solid-
phase particle serves here also as the label since the binding events are indicated by the 
formation of particle clusters (immunoagglomerates). In addition, the LAT is a 
homogeneous, single-step assay, which means that the whole incubation of the assay is 
performed in one step without the need for several labor-intensive washing steps. The 
latter is typically associated with ELISA-type formats, where the unbound reagent must be 
separated from the bound before the measurement. The distinction between separation-
free and separation-based methods is further discussed in Sect. 3.5. 
 Generally, the immunoagglutination assay format is not considered to be very 
sensitive and typically analyte concentrations in the nM range can be detected [186]. One of 
the reasons for the low sensitivity is the problem with non-specific binding (NSB) or non-
specific agglutination (NSA). Any microparticle-based bioaffinity assay suffers from NSB. 
The problem is particularly significant for polystyrene particles due to the hydrophobic 
properties of latex in aqueous solutions, as discussed in Sect 3.1. Preventing NSA in LAT, 
or preventing NSB in general, is a wide field of great concern and several authors have 
suggested different methods for optimizing the colloidal stability of a suspension of 
biomolecule-coated particle suspension [208, 211-214]. In this Thesis, a theoretical model 
for the initial stage of immunoagglutination is presented in Paper 5 and in Sect. 3.4, where 
both specific and non-specific agglutination is considered. 
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3.3.5 The doublet assay 
 

The doublet assay, which is the assay format employed and discussed in Papers 1-3 
and 5, is a variant of the immunoagglutination assay, based on the very initial stage of the 
agglutination process. Here, only the interaction between two single unagglutinated 
particles (singlets) is considered. If this initial stage can be detected, a potentially higher 
sensitivity is obtained. Different instrumental approaches for doublet detection is discussed 
in Sect. 3.5. 

Besides the potentially higher sensitivity achieved, the advantage with detecting 
doublets in comparison to large particle clusters is the possibility to increase the specificity 
by using two different subpopulations of differently functionalized particles. For example, 
two different monoclonal antibodies against two different spatially well-separated epitopes 
on the same analyte molecule may be used for increased specificity. This is investigated in 
Paper 2, where capillary electrophoresis is used for detection. Furthermore, it is possible to 
encode such differentiated particles, e.g., by the use of two different fluorophores for each 
subpopulation. 
 
 

3.4 Reaction kinetics 
 

The basic equations describing the antibody – antigen interaction are presented in 
Sect. 3.2.1. The equilibrium state of the reaction is quantified by the ratio between the 
kinetic rates for association and dissociation (k+1 and k-1), respectively. The affinity of the 
reaction is most often quantified by the association constant, KA = k+1/ k-1. However, in 
the following treatment, the dissociation constant (KD = 1/KA) is used since it has the 
dimension concentration (measured in M), which allows for flexible comparison between 
the affinity of the reaction and the analyte and receptor concentrations. In the following 
sections (Sects. 3.4.1-3.4.2), a theoretical model for the kinetics of immunoagglutination of 
small particle clusters (singlets, doublets and triplets) is presented, following the treatment 
given by Surovtsev et al. [215] and the extended model including the non-specific binding 
[Paper 5]. The immunoagglutination assay is the most important for the work presented in 
this Thesis, since it is the employed assay in Papers 1-3 and 5. The kinetics of the other 
investigated assay (Paper 4), the single-particle assay, is presented in Ref. 5. 
 
 

3.4.1 The initial stage of immunoagglutination 
 

The first step in the immunoagglutination process is the binding of the analyte 
(antigen), Y, to the receptor (capture antibody), A, on the particle. This is described by Eq. 
(3.1). The second step is the linking of particles, Li, with the attached analyte molecule to 
the receptor of another particle, Lj 
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where i and j are the number of monomer units in the particle clusters. A general 
assumption is that the rate of particle – particle binding is much less than the rate of 
analyte – receptor binding. Therefore, the reaction (3.1) can be treated in equilibrium, and 
the amount of analyte – receptor complexes, NAY, on a single particle (singlet) surface is 
determined by the amount of free analyte in the medium, Y, the amount of free (not 
occupied) receptors on the particle, NA, and the dissociation constant, KD, as [215] 
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where Y0 is the initial concentration of analyte in the sample, and I0 is the maximum 
amount of analyte – receptor complexes that can be formed on the particle surface per unit 
volume of the system. Thus, I0 is given by 
 
 max10 )0( NnI = ,           (3.7) 
 
where n1(0) is the initial concentration of singlets, and Nmax is the binding capacity of the 
particles given by 
 
 AYA NNN +=max .          (3.8) 
 
If the size of the analyte is small in comparison to the average distance between the 
receptors on the particle surface, Nmax is simply given by the number of receptors on each 
particle. However, in many cases the receptor density is so high that steric hindrance will 
prevent the analyte molecules to bind to every available free receptor molecule. In such 
cases, the effective binding capacity must be determined experimentally for every receptor-
coated particle – analyte system. 
 If the particle – particle binding is considered as an irreversible process, the evolution 
of aggregates may be described by von Smoluchowski coagulation kinetics [216], 
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where ni is the concentration of clusters containing i particles, and k(i,j) is the rate kernel, 
which may be considered as the probability of particle collisions per time unit and 
concentration unit. For example, if only the evolution of singlets, doublets and triplets are 
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considered, i.e., if the concentration of clusters containing four particles or more is 
considered to be negligible, the kinetics is described by 
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In the model proposed by Surovtsev et al. [215], the rate constants k(i,j) for specific 
immunoagglutination of small particle clusters may be approximated by∗ 
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where kD(1,1) ≈ kD(i,j) is the diffusion-limited rate constant (for small clusters) given by 
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where kB is the Boltzman constant, T is the temperature and η is the viscosity of the 
medium. For example, in water at room temperature, kD(1,1) = 400 nM-1

 min-1. The other 
parameters in the expression for k(i,j) is the cluster-surface steric hindrance coefficient, 
ch(i,j), 0 < ch(i,j) < 1, taking into account that not all surface of a particle cluster is 
available for contact with another cluster. Furthermore, the parameter β is the probability 
for specific agglutination at each particle collision, and is given by [215] 
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where b is the radius of a circular binding site of the receptor and R is the particle radius. 
Thus, the probability of specific binding at a collision event is dependent on the size of the 
binding site in comparison to the whole surface area of a particle, and on the number of 
free and occupied binding sites. 

The maximum rate of agglutination is reached when the product NANAY has 
a maximum. If Eq. (3.13) is combined with Eqs. (3.5) and (3.8), the product NANAY can be 
written 
 

                                                           
∗ In the paper by Surovtsev et al. [215] the coefficient ch(i,j) was not implemented in the expression for k(i,j). 
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Therefore, the maximum value of the product NANAY is reached when KD = Y, 
corresponding to NA = NAY. Thus, the maximum rate of agglutination is reached for a 
fractional occupancy of the binding sites of the receptors of 50%. In terms of particle 
concentration and dissociation constant (taking into account Eqs. (3.14) and (3.6)), the 
maximum rate of agglutination is given by 
 

 
DD KNnKIY +=+= max1max0max0 )0(

2
1

2
1 .      (3.15) 

 
This expression is very useful when optimizing an agglutination assay, since it defines an 
upper limit of the useful analyte concentration interval. The agglutination rate will increase 
with the analyte concentration up to the maximum rate when Y0 = Y0max. For Y0 > Y0max, 
the agglutination rate will decrease with the analyte concentration due to saturation (the 
Hook effect). Furthermore, Eq. (3.15) reveals that for very low dissociation constants (e.g., 
for a biotin – streptavidin system), the maximum rate of agglutination is only dependent on 
the particle concentration and the binding capacity of the particles. 
 
 

3.4.2 Non-specific agglutination 
 

So far, only the parameters that define the dynamic range of the immuno-
agglutination assay is discussed. However, of even more interest are the factors that 
determine the sensitivity of the assay. Generally, the sensitivity in a particle-based assay is 
limited by the amount of non-specific binding (NSB), or for agglutination assays, the 
amount of non-specific agglutination (NSA) present in the system. If the rate of NSA is 
assumed to be independent on the amount of analyte – receptor complexes on the particle 
surface, the rate constant k(i,j), given by Eq. (3.11) can be modified to account for both 
specific and non-specific agglutination as 
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where the parameter α is the probability of NSA per one collision between particles. The 
detection limit can be estimated from the theoretical model as the analyte concentration 
when the specific agglutination rate is equal to the non-specific agglutination rate. The 
NSA-limited sensitivity of the doublet assay has been investigated both theoretically and 
experimentally in Paper 5, where the immunoassay is modeled by a biotin – streptavidin 
system. By fitting experimental data to the theoretical model, an estimated sensitivity of the 
order of 10-10 M is achieved. 
 The highest obtained sensitivity for a traditional latex agglutination test (LAT) is of 
the order of 10-11 M [128, 173]. This sensitivity was reported for a biotin – streptavidin 
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agglutination assay, where 0.3-µm silica particles were used and the LAT was also treated 
by ultrasound for increased incubation speed (see Sect. 2.5.1). The advantage of using silica 
particles for agglutination purposes is the more hydrophilic property of silica in comparison 
to latex, which reduces the problem with NSA. Furthermore, since silica also is less porous 
than latex, less problem with steric hindrance for analyte immobilization on the particle is 
also expected. However, silica particles are less suitable for detection systems based on 
detecting the particles by their fluorescence. On the other hand, silica particles are actually 
more suitable than polystyrene particles for acoustic trapping application due the higher 
density. 
 
 

3.5 Applications of microparticle-enhanced 
bioaffinity assays 

 
The particle-based bioaffinity assays for sensitive biomolecule quantification can be 

divided into two main categories, separation-based (heterogeneous) and separation-free 
(homogeneous) assays. Many of the separation-based methods are influenced by traditional 
analytical methods for biochemical analysis, e.g., chromatography and electrophoresis 
[217]. In a heterogeneous assay, the analyte must be separated from the remaining chemical 
environment before detection. This is not required in a homogeneous assay, where the 
binding reactants often are mixed with the analyte in a single step followed by detection in 
the bulk sample [186]. 
 
 

3.5.1 Separation-based microparticle assays 
 

Several variants of the traditional ELISA-format have been employed with 
microparticles. Typically, such methods involve incubation of analyte to solid-phase 
capture antibodies, followed by several washing steps, then incubation of labeled tracer 
antibodies, followed by further washing steps, prior to the detection [203, 218]. The 
purpose of the labor-intensive washing steps is to separate the unbound from the bound 
analyte – tracer complexes in the solution to reduce the background signal of the 
measurement. Increased sensitivity has been obtained by combining the same assay format 
with time-resolved microfluorometry [219]. Here, long-decay lifetime fluorescent labels and 
pulsed laser light excitation are employed, and a detection limit is of the order of 10-13 M. 
Other heterogeneous methods are based on the immobilization of functionalized particles 
to spatially localized spots a solid-phase surface. For example, the immunochromato-
graphic assay is a technology where a sandwich assay is formed by antibody-coated 
colloidal gold immobilized via the analyte to capture antibodies on a nitrocellulose 
membrane [220]. The method utilizes the chromatographic concept of retention of the 
mobile analyte by a solid phase. The particle size in colloidal gold applications is typically 
1-100 nm, and the detection is performed by light absorption. A similar technology, called 
thin-layer chromatography has been reported for dyed latex particles, where the detection is 
made visually [6, 221]. The two latter methods suggest the use of monoclonal antibodies 
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directed against different epitopes on the analyte. Reported detection limits are in the range 
10-10-10-9 M. 

The doublet assay has been employed in optical chromatography, which is a 
technology combing optical radiation forces and a medium flow [222]. Inside a fused silica 
capillary, a few latex particles are retained by optical radiation forces from a focused laser 
beam. An agglutination event between two singlets results in a separation of the formed 
doublet from the singlets, due to the competition between optical radiation forces and 
viscous drag forces from the fluid flow. Nanomolar concentrations have been measured 
with this technique. 

In Paper 2, the doublet assay is employed in a capillary electrophoresis (CE) system. 
The immunoassay is the same as suggested in Ref. 6, i.e., two different types of monoclonal 
antibodies immobilized to two different subpopulations of latex particles. The separation 
idea is based on the fact that the two different monoclonal antibodies have different 
charges, resulting in different electrophoretic mobilities for the two particle populations. 
The definition of the electrophoretic mobility is given in Sect. 5.1.3. The electrophoretic 
mobility for a doublet is an average of the mobilities of each single particle in the doublet, 
since the electrophoretic mobility in CE is defined by the charge-to-size ratio of the object 
[223]. Thus, the CE doublet assay is a highly specific assay, since only a doublet that consist 
of two different latex particle types will have an electrophoretic mobility that differs from 
the singlet mobilities. On the other hand, it is impossible to differentiate large from small 
agglomerates. Thus, the method is not very sensitive, and the reported detection limit of 
the order of 10-9 M. 

In Papers 1 and 3, the CE doublet assay is combined with a longitudinal ultrasonic 
trap for sample enrichment and sensitivity enhancement. The principles of ultrasonic 
trapping in a capillary electrophoresis system are described in Chapter 5. 
 
 

3.5.2 Separation-free microparticle assays 
 

There exist several separation-free (homogeneous) methods based on the 
measurement of the fluorescence from individual particles. Flow cytometry was suggested 
for microparticle assays already in the 1970s by Horan and Wheeless [224]. The flow 
cytometer, originally designed for cell analysis, can discriminate between particles on the 
basis of both the particle size and the fluorescence. Typically, the single-particle assay 
(Sect. 3.3.1) is employed. Recently, the possibility of multiplexing in flow cytometry by the 
use of subpopulations of differently encoded particles and spectrally resolved detection has 
gained a lot of publicity, referred to as suspension array technologies (SAT) [225]. The 
encoding is implemented by incorporating distinct proportions of different fluorescent 
dyes into the particle subpopulations, and the analyte may be detected by a tracer antibody 
tagged in another color than the encoded particles. In Paper 5, flow cytometry was 
performed for immunoagglutination detection as a reference measurement to the image 
analysis method presented in Chapter 4. 

A related technological concept to flow cytometry is TPX technology [226], 
combining both scattered light particle detection and analyte quantification by a 
fluorescence measurement. In TPX technology, the fluorescence of two-photon excitation 
from single particles in bulk solution is measured in a small confocal volume element, by 
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employing the single-particle 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, making the method very sensitive. The laser focus is scanned 
through the sample volume and when a particle appears near the focus of the beam, optical 
forces draw the particle to the lateral center of the focus and push the particle along the 
laser axis during a well-defined 50-ms time window. This time window defines the available 
two-photon excitation fluorescence measurement time, which is suitable for both sensitive 
and robust detection. Typically, the detection limit is in the pM-range. 

Confocal microscopy techniques have been used in a similar way as for TPX 
technology. In “macro-confocal” laser-scanning fluorescence detection, a 100-µm axially 
elongated laser beam is focused and laterally scanned on the bottom of a microplate well 
[227]. The microsphere fluorescence is measured on the particles on the bottom of the 
well, and the “macro-confocal” concept allows for suppression of the background signal 
from unbound tracer antibodies. The reported sensitivity of this method is similar to the 
sensitivity of TPX technology. In Paper 4, a confocal laser-scanning fluorescence detection 
system on a 96-well microplate platform was combined with an ultrasonic particle 
concentrator (UPC) for particle enrichment into the scanning region of the laser focus. 
This application is presented in Chapter 6. 

There also exist non-fluorescence-based sensitive detection methods for single-
particle-based assays. In the scintillation proximity assay (SPA) [228], emission of beta-
radiation from tritiated (H3) tracer antibodies induces visible or UV photon emission from 
scintillant microparticles. The background from the unbound tracer is reduced due to the 
very short range of the beta-radiation. In electrochemiluminescence (ECL) [229], solid-
phase magnetic particles are attracted to an electrode and the tracer antibody is conjugated 
with an electrochemiluminescence chemical compound, i.e., organometallic complexes of 
ruthenium and osmium. Low voltages applied to the electrode trigger a localized cyclic 
oxidation – reduction process of the chemical compound involving light emission. 

Another technological approach for separation-free, single-step ultrasensitive assays 
is single-molecule detection. The dynamics of single molecules can be statistically resolved 
by fluorescence correlation spectroscopy (FCS) [230, 231]. Here, the time-resolved 
fluorescence fluctuations from labeled biomolecules are detected in a small confocal 
volume element, and the autocorrelation function is used for calculation of the diffusion 
coefficient [232, 233]. For example, a ligand – receptor binding event can be monitored by 
the reduction in diffusion speed of the complex in comparison to the free molecules. In 
general, particles are not used in single-molecule detection techniques. However, 
nanoparticles have been used in a technology closely related to FCS, called fluorescence 
intensity distribution analysis (FIDA) [234]. In contrast to FCS where the time course of 
the fluctuating fluorescence signal is measured, FIDA analyzes the statistical distribution of 
the number of photons counted in consecutive time intervals of a fixed width [235]. The 
benefit of nanoparticles in FIDA is the local concentration of analyte on the particle 
surface, and the increased contrast between bound and unbound ligands (analyte and tracer 
molecules). FIDA is more suitable for particle-enhancement than FCS, since the particles 
has a very long diffusion time in comparison to a free biomolecule. The sensitivity of nano-
particle enhanced FIDA is typically ~pM. Other benefits are low sample volumes and very 
fast measurement times (~s). 

The other separation-free assay format is based on the immunoagglutination assay, 
presented in Sect. 3.3.4. The widespread latex agglutination test (LAT) is discussed in 
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Sects. 3.3.4 and 2.5.1 (the latter section including ultrasound-enhanced LAT). Besides the 
traditional turbidity measurement techniques [209, 210], particle counting technique have 
been employed in flow cells based on light scattering of particle cluster [236, 237]. Here, 
the number of particles per cluster has been determined for particles with size smaller than 
the wavelength. Furthermore, this technology has recently been implemented in small-
scale, where the particle sample is hydrodynamically focused in a microfluidic device [238]. 
However, for µm-sized particles light scattering evaluation of immunoagglutination 
remains a problem. 

Scanning flow cytometry (SFC) has recently been used for immunoagglutination 
measurement [215]. SFC is based on light scattering measurement of particle clusters, but 
the whole angular dependency of the scattered light is measured. Therefore, SFC provides 
much more detailed information of the size and shape of particle clusters in comparison to 
other particle counting techniques and ordinary flow cytometry. 

Finally, a very sensitive method for doublet detection in bulk samples is the 
luminescent oxygen channeling immunoassay (LOCI) [239]. The LOCI method uses two 
different 175-nm particles, a donor particle and a receptor particle, and monitors the 
doublet formation by chemiluminescence. By laser-exciting the donor particle at 680 nm, 
ejection of single-state oxygen radical, 1∆gO2, converts the laser light to emission light from 
the acceptor particle 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 great sensitivity potential and may also monitor 
the reaction in real time. The reported detection limit is of the order of 10-13 M. 
 



 

51 

 
 

4 DOUBLET DETECTION BY 
IMAGE ANALYSIS IN 

FLUORESCENCE MICROSCOPY 
 
 
 
 

In this chapter, an alternative approach for detection of particle pairs (the doublet 
assay) is presented, based on classification of small particle clusters in a single-step 
immunoagglutination assay by image analysis and fluorescence microscopy. This chapter is 
a brief summary of the work presented in Paper 5. 

On of the major drawbacks of the traditional latex agglutination test (LAT) is the 
requirement of large cluster formation [209, 210]. On the other hand, the LAT has the 
advantage of being very simple and does not require any advanced instrumentation. The 
idea of the image analysis method is to adopt the simplicity of the LAT, but to achieve 
higher sensitivity by measuring the very first formed immunoagglomerates, namely the 
doublets. The employed particles in Paper 5 are 0.9-µm fluorescent streptavidin-coated 
polystyrene particles, image by a standard epi-illuminated fluorescence microscope. The 
immunoassay is simulated by a biotinylated antibody (the analyte) and the biotin-binding 
particle-immobilized streptavidin (the capture antibodies). 
 
 

4.1 Pattern recognition analysis 
 

There exist image analysis methods for LAT evaluation that are based on measuring 
the area of an imaged particle cluster [168]. These methods are not suitable for 
classification of singlets and doublets, since the doublets may be oriented in different 
direction relative the image plane. In addition, imaged sub-µm-sized particles in direct 
contact are often hard to resolve in conventional light microscopy. The suggested approach 
presented in Paper 5 is to develop an image analysis algorithm that is based on identifying 
the shape of an image particle instead of an algorithm that is solely based on measuring the 
intensity or the size of a particle cluster. If a doublet could be recognized by its shape, the 
method would be less sensitive to variations in illumination properties and particle 
orientation. 

The shape of an imaged fluorescent particle is close to Gaussian, described by a 
lateral distribution given by 
 
 ( )2

0max )/(2exp)( rrIrI −×= ,        (4.1) 
 
where Imax is the maximum intensity at the center of the imaged particle and r0 is the 
“Gaussian radius”. For this reason, the image analysis algorithm is based on fitting 
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Gaussian base functions to a region in the image that contains a single particle or a small 
particle cluster. The details of the image analysis algorithm are described in Paper 5. In Fig. 
23, a summary of the algorithm is presented by a flowchart. The input and output of the 
image analysis method is schematically illustrated in Fig. 24, where four different objects 
are shown, a singlet, two differently oriented doublets and a triplet. The output of the 
method is a set of parameters describing the fitted Gaussian distributions to each particle 
or particle cluster. The parameters are position (x and y coordinates), maximum intensity 
(Imax) and variance (Gaussian radius, r0). A singlet is always represented by a single base 
function, making the classification very simple. The product Imax×r0 is used for the singlet 
classification. A doublet is in most cases represented by three base functions, a large 
Gaussian distribution positioned at the center of gravity of the particle complex, and two 
satellite distributions marking the positions of each particle. The distance between the 
satellite distributions is efficiently used for classifying if the particles are in direct contact 
and the sum of the three products, 
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is used for verification of the two-particle criterion. In Fig. 24, the image data b and c are 
taken from images of the same moving doublet and as can be seen, the image analysis 
algorithm can successfully classify doublets even when it is hard to classify manually. 
Finally, an agglomerate that contains three particles or more (e.g., as in Fig. 24d), can be 
classified either by having more than three base functions, or by having a too large sum-
products (cf. Eq. 4.2)). 
 
 

 
 
Figure 23. Overview of the image analysis method presented by a flowchart. The feedback 
loop (dashed line) is not implemented in Paper 5, but is a suggestion for future automation. 
 
 

4.2 Fluorescence microscopy 
 
 The image analysis method is implemented in a very simple experimental context, by 
analyzing bulk samples of incubated particles of the homogeneous single-step immuno-
agglutination assay format on a fluorescence microscopy platform. Typically, the analysis is 
performed on µL-volume samples placed on glass slides with coverslips on top, forming 
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Figure 24. Input (raw image data) and output (fitted Gaussian base functions) of the image 
analysis method. The position (x and y coordinates), intensity (Imax) and variance (r0) of the 
fitted Gaussian base functions are schematically illustrated by circles where the radius is 
proportional to r0 and the gray level is proportional to Imax (cf. Eq. (4.1)) (a) A singlet. (b) A 
doublet parallel to the image plane. (c) The same doublet with overlapping single particles. 
(d) A triplet. 
 
 
thin sample slices of ~10 µm height. The image acquisition procedure is performed 
manually, but future improvement allows for implementation of a totally automatic analysis 
by a feedback loop (as illustrated in the flowchart in Fig. 23). The Gaussian intensity 
distributions obtained from the particles are typically due to the fact that the particles are 
dyed with fluorophores through the whole volume. The imaging system used consists of 
Mercury-lamp illumination, fluorescence filter sets designed for FITC-equivalent 
fluorophores, 100×/0.95NA objective and 1600×1200-pixel cooled CCD detection. For 
each analyzed sample, typically 100 images are collected corresponding to ~5000 particles. 
 Despite non-optimized imaging conditions, e.g., non-uniform excitation light 
distribution, particle bleaching and off-image-plane particles, the image analysis method has 
proven to be very reliable and robust. In Paper 5, the method is compared with manual 
inspection and flow cytometry analysis and the method is at least equally good as both 
other methods. However, the benefit with the image analysis method is the simplicity of 
both operation and instrumentation, especially in comparison to the flow cytometry 
analysis. Furthermore, the analysis is performed on equipment that already exists in many 
laboratories. The sensitivity of the method is dependent on the biochemical properties of 
the assay, e.g., the concentration and binding capacity of the particles, the affinity of the 
immunoassay, and in particular, the amount of non-specific agglutination. The sensitivity of 
the doublet assay has been investigated by applying the theoretical model presented in Sect. 
3.4 for a biotin – streptavidin assay. The results presented in Paper 5 indicate a sensitivity 
of the order of 100 pM at the present level of non-specific binding, where the probability 
of specific binding at each particle collision is ~20 times higher than the probability of 
non-specific binding. 
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5 DOUBLET DETECTION BY 
ULTRASONIC SEPARATION IN A 

FLOW-THROUGH CAPILLARY 
SYSTEM 

 
 
 
 

In this chapter, a summary of the work presented in Papers 1 and 3 is given, 
describing the development of a flow-through capillary ultrasonic trap (CUT) for size-
selective separation of microparticles. The heterogeneous assay for separation of doublets 
from singlets is modeled by differently sized spherical particles with a volume ratio 
corresponding to that of the doublet – singlet system. The separation principle is based on 
the competition between standing-wave acoustic forces and viscous drag forces from the 
fluid flow inside a narrow-bore capillary. The acoustic radiation forces have been described 
in Sect. 2.2. The basic principles of the forces from the fluid flow are described below in 
Sect. 5.1. 
 
 

5.1 Capillary flows 
 

The employed capillaries are typically made of fused silica with inner diameter 50-75 
µm and wall thickness 30-40 µm. Two different flow types have been investigated, a 
pressure-induced hydrodynamic flow (Paper 1) and an electric-field induced electro-
osmotic flow, EOF (Paper 3). 
 
 

5.1.1 The viscous drag force 
 

Consider a spherical particle inside the capillary, retained in a flow of the surrounding 
medium. The viscous drag force acting on the spherical particle is given by Stokes’ law as 
[240] 
 
 vaFv ηπ6= ,           (5.1) 
 
where a is the radius of the particle and v is velocity of the fluid at the position of the 
particle. However, the viscous drag force is slightly different for a doublet than for a singlet 
of equal volume. If a doublet consisting of two spherical particles of radius a is considered, 
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and with the two particles separated by 2.01×a, the viscous drag forces is approximately 
given by [241] 
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where Fv, ⊥ and Fv, // are the viscous drag forces on the doublet for orientation perpendi-
cular and parallel to the flow, respectively. For a particle of radius 1 µm (similar to the 
employed particles in the experiments), the space between the particles is 
0.01×1 µm = 10 nm, which is a reasonable distance for a doublet immunocomplex 
considering the size of the antibody-analyte-antibody complex linking the two particles 
together. Thus, the viscous force on a doublet is 1.29 – 1.42 times larger than the 
corresponding force on a singlet, depending on the doublet orientation. In the proof-of-
principle experiments presented in Papers 1 and 3, the doublet is modeled by a 
microparticle of twice the volume of the singlet. This corresponds to a radius 21/3 = 1.26 
times the radius of the singlet. Since the viscous drag force is proportional to the particle 
radius, the force is 1.26 times larger for the doublet-simulating larger particle than for the 
singlet, which should be compared with Eq. (5.2) when estimating the validity of the 
chosen model system. 
 
 

5.1.2 Hydrodynamic flows 
 

The most common and widely used flow in tubes is laminar hydrodynamic flow 
caused by a longitudinal pressure gradient. The pressure gradient is simply applied by a 
pressure difference between the ends of the tube, e.g., by a height difference or by placing 
one end in a pressurized chamber. The velocity profile of such a flow can be described by 
Poiseuille’s law [240], 
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Figure 25. The flow profile of a pressure-induced flow (a) and an electro-osmotic flow (b). 
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where ∆p is the pressure difference along the distance L in the capillary, η is the viscosity 
of the fluid, r is the radial distance from the capillary axis and R is the capillary (inner) 
radius. Eq. (5.3) states that the velocity profile of a pressure-induced laminar flow is 
parabolic (see Fig. 25a). The reason is the viscosity of the fluid, forcing the surface layer of 
fluid in contact with the inner wall of the capillary to zero velocity. Since the velocity varies 
along the radial position inside the capillary, the viscous drag force on a retained particle in 
a hydrodynamic flow is dependent on the radial position of the particle trajectory. 
 
 

5.1.3 Electro-osmotic flows 
 

The electro-osmotic flow (EOF) is a typical phenomenon in capillary electrophoresis 
systems where a high voltage (typically 102-103 V/cm) is applied over the fluid inside the 
capillary [223]. The EOF is created by the migration of a diffuse layer of dissolved ions in 
the buffer solution (typically a few tenths nm), attracted to the charged capillary wall, under 
the influence of a high electric field [242]. The result is a radially uniform velocity profile 
through the capillary, called a plug profile (see Fig. 25b). An important condition to obtain 
a true plug-flow profile is that the capillary dimension is within a proper interval. If the 
capillary is too thin (< 1 µm), the diffuse layer of ions near the wall might overlap, and the 
uniformity of the EOF is damaged. On the other hand, if the capillary is too wide (>200-
300 µm), the surface tension becomes insufficient to uniformly drag the center portion of 
the liquid at the velocity generated at the capillary wall, resulting in disruption of the 
profile. The capillary dimensions used in this work, and in CE in general, are of the order 
of 50-75 µm, perfectly suitable for an EOF plug profile. 
 Besides the viscous drag forces, there are also electric forces present if EOF is used. 
The electric forces are used in capillary electrophoresis separation, but are not needed for 
the ultrasonic separation. However, the charge properties of the particles must be 
controlled so that the electrical forces do not interfere with the separation performance. 
The electric force, Fe, on the particle is given by 
 

EqFe = ,            (5.4) 
 
where q is the charge of the particle and E is the electric field. At steady state, Fe equals Fv 
(Eq. (5.1)), and the electrophoretic velocity, ve, can be expressed as a function of the 
electric field, E, as 
 
 Ev ee µ= ,            (5.5) 
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The proportionality factor µe is denoted the electrophoretic mobility. According to Eqs. 
(5.5) and (5.6), the velocity of a spherical particle in an electrophoretic separation is 
determined by the charge-to-radius ratio. Thus, large and low-charged particles will move 
slowly, while small and highly charged particles will move faster. The charge q of the 
particle is dependent on the surface properties and the chemical environment, e.g., on the 
pH and the ion strength of the buffer solution. In the model system presented in Paper 3, 
the particles are coated with bovine serum albumin (BSA) to investigate the performance 
of a ultrasonic – flow separation system without interference by the electric force. On the 
other hand, the separation principle employed in Paper 2 (capillary electrophoresis 
separation) is based on the doublet assay with two different types of monoclonal antibodies 
with different charge properties. Despite the possible interference from the electric filed, 
the EOF is favorable in comparison to the pressure-induced flow for ultrasonic separation 
due to the very high radial uniformity, given that the acoustic intensity profile inside the 
capillary also is uniform. Furthermore, it is very easy to tune the EOF with high precision 
by the applied electric field over the capillary. 
 
 

5.2 Ultrasonic separation in capillary 
electrophoresis 

 
The idea of the capillary ultrasonic trap (CUT) is to trap, retain, count and enrich 

doublets in the sample, while singlets should pass through the CUT to the drain. This is 
performed by applying a constant flow velocity of the sample and then tune the acoustic 
intensity to a level where doublets are trapped but not singlets. The chosen model system 
consists of differently sized homogeneous particles with size ratio close to 1.26, 
corresponding to the volume ratio between a doublet and a singlet. In Paper 1, 3.0 and 
4.7-µm particles are used (size ratio 1.6) and in Paper 3, 2.8 and 2.1-µm particles are used 
(size ratio 1.3). 
 
 

 
 
Figure 26. The capillary ultrasonic trap (CUT) system, including the capillary 
electrophoresis system for EOF generation. 
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The experimental arrangement for the CUT is depicted in Fig. 26, and described in 
more detail in Papers 1 and 3. Basically, an 8.5 MHz focusing transducer is combined with 
a high-acoustic-impedance molybdenum reflector, placed near the focal plane of the 
transducer. The generated standing wave is longitudinally coupled into a narrow-bore 
capillary (inner diameter 50-75 µm) along the propagation direction of the ultrasonic wave. 
In the region near the reflector, high acoustic radiation forces are generated, competing 
with viscous forces from the fluid flow. The sample enters the trap from the reflector side, 
where the acoustic intensity is highest. The net force acting on the differently sized 
particles is the sum of the viscous drag force (Eq. (5.1)), proportional to the particle radius, 
and the primary acoustic radiation force in the axial direction (Eq. (2.21) in Sect. 2.3.1), 
proportional to the particle volume. A calculation of the net force is plotted in Fig. 27 with 
experimental parameters according to Paper 3. In the calculation, the intensity is chosen as 
the highest possible that still results in a positive net force for the smaller particle for all z. 
As can be seen in the diagram, the trapping position for the larger particle (at z = 0) is not 
at the pressure nodes,* what would be the case without the competing viscous drag force. 
The trapping performance and stability for the larger particle can be estimated by the slope 
of the net force at the equilibrium position (z = 0). The slope is equal to the restoring force 
constant (Eq. (2.13) in Sect. 2.2.2), which can be used for calculation of the escape 
probability due to Brownian motion of the trapped particle in a harmonic potential well 
(cf. Eqs. (2.14) and (2.15)). For the conditions in Fig. 27, the rms stochastical displacement 
 
 

 
 
Figure 27. The net force F (the sum of the acoustic radiation force and the viscous drag 
force) along the capillary axis (z) on a 2.8-µm particle (a) and a 2.1-µm particle (b). The 
curves are calculated for a flow velocity v = 1 mm/s, an acoustic intensity I = 100 W/cm2 
and an acoustic frequency of 8.5 MHz. The particles are polystyrene spheres suspended in 
water. The dotted line is the restoring force constant, κ = 2.2 pN/µm, (cf. Eq. 2.13) at the 
trapping position for the larger sphere. 
                                                           
* The pressure nodes are not marked in the diagram, but the displacement of the trapping positions relative the 
pressure nodes is indicated by the vertical offset of the sinusoidal curves. 
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xrms (cf. Eq. (2.14)) is 50 nm, and the natural oscillating frequency ωn (cf. Eq. (2.15)) is 2.5 
kHz. Since the probability for a particle to deviate far from the trapping position is very 
low (e.g., ~10-15 at 300 nm distance), and ωn is very low, a trapped particle should 
essentially never escape from the trap due to Brownian motion. The ultimate performance 
of the CUT is determined by other effects, e.g., the uniformity of the acoustic field, the 
level of acoustic streaming or the level of clogging at high rates of doublets. 

The detection and identification of the particle size are performed by a laser-induced 
fluorescence LIF imaging system, consisting of a 458-nm Ar-ion laser, a 568-nm Kr-ion 
laser and a stereo microscope that images the trapping zone of the capillary near the 
reflector. The laser excitation lines are optimized for the fluorophores of the particles used, 
fluorescein-5-isothiocyanate (FITC) for the larger particle (2.8 µm) and rhodamine for the 
smaller particle (2.1 µm), emitting in the green and red wavelength regions, respectively. 
The two different laser lines used for each fluorophore, respectively, enable the possibility 
to image each sphere size separately. A typical view from separation experiments is shown 
in Fig. 28. The first two images (a and b) illustrate the trapping principle inside the 
capillary. Here, 4.7-µm green-fluorescent particles are driven through the capillary (a), and 
when the sound intensity is turned on, they are trapped in planes perpendicular to the 
capillary, each separated by λ/2 = 90 µm. The following images (c – f) are taken from a 
 
 
 

 
 
Figure 28. Fluorescence images from CUT experiments. (a) and (b): 4.7-µm particles 
inside the capillary with sound off (a) and on (b) [Paper 1]. (c) – (f): A video sequence from 
an experiment illustrating the separation performance [Paper 3]. Here, three 2.8-µm 
particles (green) are trapped and retained. During a 6-second period, four 2.1-µm particles 
(red) enter and pass the trap. The time interval is 2 s between each image and the distance 
between the trapping positions where the green particles are trapped is 180 µm (2×λ/2). In 
the images (c) – (f), the contrast and colors have been enhanced. 
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video sequence during an experiment with 2.1-µm red-fluorescent and 2.8-µm green-
fluorescent particles [Paper 3]. In the 6-second sequence, three green 2.8-µm particles are 
trapped while four 2.1-µm particles enter and pass the trap. The separation efficiency of 
the capillary ultrasonic trap with EOF is of the order of 95%, i.e., < 5% of the trapped 
particles are 2.1-µm particles (“false doublets”), at the present ratio 1:10 between large and 
small particles [Paper 3]. 
 The advantage with the CUT for doublet detection in comparison to other 
separation-free methods is the possibility to simultaneously perform detection and sample 
enrichment in relatively large sample volumes (~mL). In Paper 3, the physical limitations of 
the CUT system for ultrasensitive detection are thoroughly investigated. From a physical 
point of view, the detection limit is primarily determined by the uniformity of the force 
field inside the capillary. However, even if there are practically no physical limitations for 
the possible sensitivity that can be obtained by the CUT method, the sensitivity of the 
suggested CUT assay, the doublet assay, is limited by biochemical parameters, e.g., the level 
of non-specific binding. The biochemical parameters that determine the sensitivity of the 
doublet assay are investigated in Paper 5. Still, the CUT method is promising for sensitive 
biomedical analysis. 
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6 ULTRASONIC ENRICHMENT IN 
CONFOCAL LASER-SCANNING 

FLUORESCENCE DETECTION 
 
 
 
 

This chapter describes the application of ultrasonic standing waves in confocal laser-
scanning fluorescence detection, and is a summary of the work presented in Paper 4. Here, 
the main idea is to increase the sensitivity of a single-particle assay (described in Sect. 3.3.1) 
by ultrasonic enrichment of particles into well-defined regions matching the focal plane of 
the confocal laser-scanner. 
 
 

6.1 The ultrasonic particle concentrator 
 

The experimental arrangement of the system is shown in Fig. 29. The ultrasonic 
particle concentrator (UPC) consists of a miniaturized focused transducer assembly (FTA) 
and the polystyrene bottom of a commercially available 96-well mictotiter plate. A 
 

 
 
Figure 29. The experimental arrangement for the ultrasonic particle concentrator (UPC). 
An air-backed plane 4-MHz PZT transducer is combined with a focusing acoustic lens, 
forming the focused transducer assembly (FTA). When the FTA is combined with the 
microtiter plate bottom, a confocal standing-wave resonator is formed between the lens 
and the plate bottom, and suspended particles may be trapped in the velocity antinodes of 
the UPC. 
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detailed description of the UPC is given in Paper 4. The FTA and the mictrotiter plate, i.e., 
the UPC, form a confocal standing-wave resonator, which is described in Sect. 2.3.2. As 
can be seen in Fig. 29, the resonator length L is much shorter than the focal length of the 
acoustic lens, F, and the radius of curvature of the curved surface of the lens, R. The 
reason is the stability conditions for the spatial mode of the resonant acoustic field. In the 
experiments the best performance of the UPC, in terms of trapping stability and acoustic 
streaming minimization, was observed for L ≈ 0.5×R. This can be explained by a theoretical 
investigation of the acoustic intensity distribution of a Gaussian wave in a hemispherical 
resonator [Paper 4]. For the employed resonator lengths in the experiments, the acoustic 
mode has a low divergence, which results in lower acoustic streaming, low energy losses at 
the acoustic lens and the possibility to concentrate particles into all velocity antinodes of 
the standing wave. In addition to the mode shape stability criterion, the resonator length 
must also to be tuned into a wavelength-dependent stability criterion, where each resonant 
state is found at sharp λ/2-intervals. Furthermore, the reflector material of the microplate 
well bottom is polystyrene, whose reflectance is calculated in Fig. 14, Sect. 2.3.5, and 
further discussed in Paper 4. 
 
 

6.2 Confocal laser-scanning fluorescence 
detection 

 
In contrast to the ultrasound method described in Chapter 5, where the analyte 

detection is performed ultrasonically, the detection is here performed by measuring the 
amount of fluorescence from tracer antibodies on the surface of the particles. A high 
signal-to-background is obtained by the confocal arrangement of the detection system, 
which is built around an inverted confocal microscope (see Paper 4 for further details). The 
gain in sensitivity is achieved by employing very diluted particle reagents mixed with the 
analyte. This is similar to the ambient analyte conditions suggested by Ekins [203], but 
applied to dilute particle reagents instead of the microspot technology [204]. Thus, if both 
the analyte concentration and the particle-immobilized capture antibody concentration are 
decreased, the sensitivity is scaled with the particle concentration. The ultrasonic 
enrichment makes the detection possible, since the small confocal laser focus would have 
to be scanned very long time before finding any particles without any enrichment. 

In Paper 4, the performance and sensitivity potential of the method are investigated 
using the thyroid stimulating hormone (TSH) assay. In Fig. 30, the UPC performance and 
trap geometry are illustrated by both scattered light imaging (a) and confocal fluorescence 
imaging (b). As can be clearly seen in Fig. 30a, the UPC allows for stable enrichment and 
trapping of the particles into single layers in a dense geometry. In Fig. 30b, a typical 
fluorescence image is shown, here for a concentration of 1 mIU/L. The measured response 
curve for the assay is shown in Fig. 31. The solid line is the actual incubated analyte 
concentration, with a detection limit of 0.3 mIU/L (corresponding to 2 pM for the TSH 
assay). However, the measurement was performed after further 100× dilution of the sample 
after the incubation, corresponding to the ambient analyte conditions with 100× lower 
particle concentration and 100× lower analyte concentration. Assuming that the reaction 
kinetics allow for such a scaling, the results indicate that it may be possible to detect 
0.003 mIU/L by combing the confocal measurement with ultrasonic enrichment. This 
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corresponds to a detection limit of 20 fM for the current assay, indicating that the method 
is truly ultrasensitive competing with the most sensitive methods for trace detection of 
biomolecules. 
 
 

 
 
Figure 30. Illustration of the geometry of the trapped particles. (a): Reflected light from 65 
particles trapped in the middle of the ~40 µL active sample volume. This trapping position 
is the 4th node from the acoustic lens, corresponding to a distance of ~0.6 mm, and 
approximately the same distance from the 6.35-mm wide well bottom of the microplate. 
 
 
 

 
 
Figure 31. The measured and theoretical response curves for the TSH assay. 
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7 CONCLUSIONS AND OUTLOOK 
 
 
 
 

The combination of hemispherical ultrasonic traps in particle-based immunoassays is 
a novel approach for sensitive biomedical analysis. Microparticles are suitable for ultrasonic 
manipulation due to the particle size in comparison to the acoustic wavelength. Particles in 
the µm size range are easily manipulated by MHz-frequency transducers. In comparison to 
other nonintrusive manipulation methods, e.g., optical, magnetic or dielectrophoretic 
trapping, ultrasonic trapping has the advantages of allowing flexible field geometry by 
different resonator geometries, cheap manufacturing by the use of PZT ceramics (~1 Euro 
per PZT wafer), and long-range force fields in the mm-scale. Furthermore, no particular 
material property of the particles is needed, since the acoustic radiation forces are only 
determined by the density difference between the particles and the surrounding medium. In 
this context is worth to notice that the applied particle material in this Thesis, polystyrene, 
is quite hard to trap acoustically due to the small density difference with water. Polystyrene 
is simply used for the high availability and diversity, e.g., polystyrene particles are available 
with a large variety of different coatings and fluorescence properties. However, other 
particle materials with higher density, such as silica, would result in higher acoustic forces. 
To conclude, ultrasonic trapping has several advantages in comparison to other 
manipulation methods, and is particularly suitable for manipulation of functionalized 
microparticles in bioaffinity assays. 

The investigated applications of ultrasonic enrichment in particle-based bioaffinity 
assays presented in this Thesis are ultrasonic separation in capillaries (Papers 1 and 3) and 
ultrasonic concentration in confocal laser-scanning fluorescence detection (Paper 4). The 
two employed particle assays are the doublet assay (Papers 1-3 and 5), and the single-
particle solid-phase assay (Paper 4). In addition, an alternative approach for doublet 
detection has been developed based on image analysis in fluorescence microscopy (Paper 
5). Furthermore, a theoretical model is presented, which describes the initial stage of 
immunoagglutination based on diffusion-limited coagulation theory combined with a steric 
factor determined by the biochemical reaction. This model allows for optimization of the 
particle reagents in an immunoagglutination-based assay (such as the doublet assay) and 
evaluation of experimental data in terms of the amount of specific and non-specific 
binding, as well as the geometrical properties of the biomolecules in the assay and their 
binding sites. In paper 5, the geometrical properties of a biotin – streptavidin-based assay, 
and with a biotinylated antibody as the analyte, have been thoroughly investigated by 
employing the theoretical model to the experimental data. Typical parameters that may be 
estimated by the model are the experimental affinity constant of the assay, the size of the 
involved biomolecules in the assay, possible steric hindrances for binding and the size of 
the binding-sites on the molecules. It is also possible to estimate the detection limit based 
on the level of specific and non-specific binding that is present in the particular assay. 

Of the methods investigated in this Thesis, the ultrasonic enrichment in confocal 
laser-scanning fluorescence detection was found to have the best potential for high 
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sensitivity. Here, the detection limit is of the order of 10-14 M. On the other hand, the 
doublet assay also has potential for very sensitive measurements. A suggestion for future 
development is to combine silica particles (with low non-specific binding), ultrasound-
induced particle collisions according to the “Cardiff model” (cf. Fig. 17, Sect. 2.5.1), 
followed by doublet detection by image analysis or ultrasonic separation in capillaries. At 
present the image analysis method is the simplest and most robust method for doublet 
detection. However, at very low singlet-to-doublet ratio, the ultrasonic separation method 
is promising from a physical point of view. 

Finally, another suggestion for future improvement is to implement the ultrasonic 
enrichment / trapping / manipulation methods in microfluidic devices. This has already been 
investigated by several authors [61, 62, 68, 136, 139], and more research within this field 
would be very valuable. Smaller scale of the resonator dimension is also suitable to 
combine with higher acoustic frequencies, resulting in even higher acoustic forces. 
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8 SUMMARY OF ORIGINAL WORK 
 
 
 
 

The papers are the summary of three different main projects. Papers 1-3 describe the 
implementation of acoustic trapping to a capillary electrophoresis system, employing the 
doublet assay. Paper 4 describes the implementation of acoustic trapping to confocal laser-
scanning fluorescence detection, employing the single-particle assay. Paper 5 describes a 
different non-acoustical approach for doublet detection by fluorescence-microscopy-based 
image analysis, and theoretically investigates the sensitivity potential of the doublet assay. 
 
Paper 1 investigates the possibilities for size-selective ultrasonic separation of micrometer-
sized particles inside narrow-bore capillaries for detection of particle pairs (doublets), by 
combining standing-wave acoustic trapping and pressure-induce laminar flow. Proof-of-
principle experiments are performed with 4.7- and 3.0-µm latex spheres (size-ratio 1.6) as a 
model system of the doublet – singlet separation. 
 
Paper 2 implements the immunoagglutination assay to capillary electrophoresis separation, 
by the use of differently charged monoclonal antibodies immobilized to latex 
microparticles. Experiments are performed where immunoagglomerates are separated 
electrophoretically from free latex particles, and the possibilities for enhanced sensitivity 
using an acoustic trap is discussed. 
 
Paper 3 presents the first quantitative evaluation of the ultrasonic-trap separation 
capability, where electro-osmotic flow is employed for increased selectivity. Estimated 
sensitivity based on physical properties is discussed and experiments demonstrate 
separation of smaller particles (size ratio 1.3) with enhanced color-based fluorescence 
imaging detection. 
 
Paper 4 demonstrates the possibility to perform ultrasensitive biomedical analysis by 
ultrasonic enrichment of microparticles in a confocal laser-scanning fluorescence detection 
system. A small-scale ultrasonic trap is combined with a 96-well microtiter plate. The 
single-step solid phase homogeneous TSH-assay is employed to investigate the sensitivity 
potential for particle enrichment 
 
Paper 5 introduces another approach for doublet detection by employing pattern-
recognition-based image analysis and fluorescence microscopy. The image analysis results 
are compared with the results obtained by flow cytometry, and a theoretical model of the 
initial stage of immunoagglutination is applied to the experimental data. The dependence of 
specific and non-specific binding to the sensitivity is discussed and estimated for a biotin – 
streptavidin assay. 
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Papers 1-3 are the result of a collaboration with the Division of Technical Analytical 
Chemistry, LTH, Lund. Paper 4 is a collaboration with the Laboratory of Biophysics, 
Turku University, Turku, Finland. Paper 5 is a collaboration with the Division of Molecular 
Biotechnology, KTH and the Laboratory of Laser Photochemistry, Novosibirsk State 
University, Novosibirsk, Russia. The author has written and has been the main responsible 
for Paper 1 and Papers 3-5. In Papers 1 and 3, he has done the design and implementation 
of the capillary ultrasonic trap and the laser-induced fluorescence detection system, and is 
responsible for all planning, performance and evaluation of the measurements presented in 
Paper 1 and Paper 3. The author has not been involved in the capillary electrophoresis 
measurements presented in Paper 2, neither was he involved in the bovine-serum-albumin 
coating of the microspheres used in the measurements in Paper 3. In Paper 4, the author 
has done the design and implementation of the ultrasonic particle concentrator combined 
with the microtiter plate. He has contributed to the planning and performance of all 
experiments except the TSH assay experiments. In Paper 5, he is responsible for all 
planning, performance and evaluation of the image analysis measurements. He has 
contributed to the planning, performance and evaluation of the flow cytometry 
measurements. The author has not contributed to the development of the theoretical 
model for immunoagglutination, to the fitting of the model to the experimental data, and 
to the construction of the core algorithm of the image analysis program. 
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