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Printed by: ProefschriftMaken || www.proefschriftmaken.nl

This thesis is part of NanoNextNL, a micro and nanotechnology innovation con-
sortium of the Government of the Netherlands and 130 partners from academia
and industry. More information on http://www.nanonextnl.nl.

http://www.nanonextnl.nl


Optical scattering of rotating
dimers for biosensing

applications

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de

Technische Universiteit Eindhoven, op gezag van de

rector magnificus, prof.dr.ir. F.P.T. Baaijens, voor een

commissie aangewezen door het College voor

Promoties, in het openbaar te verdedigen
op woensdag 31 oktober 2018 om 16:00 uur

door

Roland Willibrordus Lambertus van Vliembergen

geboren te Venlo



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:

voorzitter: prof.dr.ir. G.M.W. Kroesen

1e promotor: prof.dr.ir. M.W.J. Prins

copromotor: dr. L.J. van IJzendoorn

leden: prof.dr. A.P. Mosk (Universiteit Utrecht)

dr. R.J. de Vries (Wageningen University & Research)

dr.ir. I.K. Voets

adviseur: dr. J.J.H.B. Schleipen (Philips Research)

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd
in overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.



C O N T E N T S

1 introduction 1

1.1 In-vitro diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Agglutination assays . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Magnetic agglutination assays . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Rotating Optomagnetic Cluster assay . . . . . . . . . . . . . . . . . 3

1.5 Scattering of magnetic clusters . . . . . . . . . . . . . . . . . . . . . 4

1.6 Research goal and outline of thesis . . . . . . . . . . . . . . . . . . . 6

2 simulations of light scattering from rotating dimers 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Simulation code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.2 Refractive indices . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Mie scattering simulations for single dimers . . . . . . . . . . . . . 15

2.6 Ensemble effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6.1 Polydispersity . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6.2 Brownian rotation . . . . . . . . . . . . . . . . . . . . . . . . 17

2.7 Different refractive index . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.8 Inter-particle distance . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.10 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.10.1 Geometric cross-section . . . . . . . . . . . . . . . . . . . . . 23

2.10.2 Magnetic dipole-dipole energy . . . . . . . . . . . . . . . . 24

2.10.3 Angle dependence for s polarization . . . . . . . . . . . . . 25

2.10.4 Distance dependence for s polarization . . . . . . . . . . . . 25

2.10.5 Distance spread . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 inter-particle distance within dimers measured by light

scattering 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Materials & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Results & Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3.1 Scattering simulations . . . . . . . . . . . . . . . . . . . . . . 34

3.3.2 Inter-particle distance model . . . . . . . . . . . . . . . . . . 35

3.3.3 Experimental Fourier ratio versus modeled distance . . . . 39

3.3.4 Determining the distance using more Fourier components . 40

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

v



vi contents

3.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.1 SEM image of particles . . . . . . . . . . . . . . . . . . . . . 43

3.5.2 Zeta potential . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.3 Simulated scattering signals . . . . . . . . . . . . . . . . . . . 44

3.5.4 Particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 single-plane optomagnetic cluster analysis 47

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.5 Experimentally controlled inter-particle distance . . . . . . . . . . . 53

4.6 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.7 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.7.1 Broadening effects . . . . . . . . . . . . . . . . . . . . . . . . 61

4.7.2 Distance dependence trimer signals . . . . . . . . . . . . . . 62

5 multiplexed detection of differently sized particle dimers 65

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Principles of Cluster Discrimination . . . . . . . . . . . . . . . . . . 66

5.3 Measured Cluster Discrimination . . . . . . . . . . . . . . . . . . . . 70

5.3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . 70

5.3.2 Fourier analysis . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.3.3 Experimental discrimination with Fourier components . . . 74

5.3.4 Fitting the signals . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5.1 Size Polydispersity . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5.2 Transmission signals . . . . . . . . . . . . . . . . . . . . . . 81

5.5.3 Fourier-based reconstruction at different field strengths . . 82

5.5.4 Fit-based reconstruction at different field amplitudes . . . . 83

5.5.5 Evolution of signals . . . . . . . . . . . . . . . . . . . . . . . 84

6 conclusions and outlook 85

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Design parameters of the assay . . . . . . . . . . . . . . . . . . . . . 86

6.2.1 Cuvette shape . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.2.2 Particle size distribution . . . . . . . . . . . . . . . . . . . . . 86

6.2.3 Distance measurements . . . . . . . . . . . . . . . . . . . . . 87

6.2.4 Miniaturization . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.5 Multiplexing . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.3 Risks related to the use of particles . . . . . . . . . . . . . . . . . . . 88

6.4 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89



contents vii

bibliography 91

curiculum vitae 98

list of publications 99

acknowledgments 101





S U M M A RY

Colloidal magnetic particles can be manipulated with magnetic fields and are
therefore widely used in affinity assays. A solution-based assay concept is the
rotating cluster assay, which is based on light scattering from clusters of mag-
netic particles that rotate in a magnetic field. These clusters, mainly dimers,
are formed when target molecules are captured and form bonds between the
particles. Previously, it has been shown that the concentration of target molecules
can be sensitively quantified in undiluted blood plasma by measuring the time-
dependent light scattering intensity at a single scattering angle. In this thesis, we
analyze in detail the angle dependence of the scattering, by simulations as well
as experiments, and demonstrate that the inter-particle distance can accurately
be quantified. Furthermore, an in-plane device geometry is demonstrated and
the feasibility to distinguish mixtures of particle types in the scattering signals is
studied.

The time-dependent scattering signals of dimers formed from 1 micrometer
diameter magnetic particles, appear to have a very characteristic pattern with
a series of peaks: at a scattering angle of 90 degrees, 10 to 12 oscillations of
the light scattering intensity are observed for a single rotation of the dimers. In
order to understand these scattering signals, Mie scattering simulations have
been performed. To reproduce the experimental scattering signals, it appears
to be necessary to assume an additional distance between the particles. The
position of the peaks in the scattering signals cannot be explained by particle size
polydispersity, Brownian rotation, or the refractive index of the particles. As the
simulated scattering signals depend so strongly on the inter-particle distance,
the rotating cluster assay can be used to accurately measure the inter-particle
distance.

The dependence of the scattering signals on inter-particle distance has been
studied experimentally. The distance between the particles was varied system-
atically by tuning the electrostatic repulsion and magnetic attraction between
unbound particles. Using the interaction energies, the distance between the par-
ticles has been modeled. In the experimental scattering signals, with changing
modeled distance, a clear change in both the number of peaks, the position of
these peaks, and the Fourier components is observed. As a first approach the ratio
of the 8f and 10f Fourier components is studied as a function of the modeled dis-
tance, which shows a strong relation, but unfortunately not a one-to-one relation.
By fitting 6 of the measured Fourier components to simulations, a fitted distance
can be determined, which has an rms distance accuracy of 12 nm. The comparison
between model and experiment leads to the conclusion that the center-to-center
distance is offset by an additional 83 nm. We attribute the underlying offset of
repulsive force to charged protrusions related to particle surface roughness.
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The abovementioned experiments were performed with an out-of-plane ar-
rangement, where the plane of optical scattering is perpendicular to the plane of
cluster rotation. In order to be able to miniaturize the setup, or to stack multiple
setups, we designed and tested a setup with an in-plane geometry, where the
optical scattering plane is identical to the cluster rotation plane. Again, time-
dependent scattering signals with series of peaks were observed, albeit with
very different patterns. The distance information is again present in the shape
and Fourier components of the signal. By varying the electrostatic and magnetic
interactions, also in the in-plane setup the conclusion was drawn that the studied
dimers have an inter-particle distance offset of around 100 nm.

Finally, measurements have been performed to study the feasibility to distin-
guish different cluster types within a mixture. Two different kinds of particles
were combined in different ratios: Ademtech Masterbeads, with an average ra-
dius of 500 nm, and MyOne particles with an average radius of 1050 nm. Clearly
different signals were observed for the Masterbeads and the MyOnes. For differ-
ent mixing ratios, a gradual change from a Masterbead-dominated signal to a
MyOne-dominated signal was obtained. However, the large size dispersion of the
Ademtech Masterbeads limits the accuracy of determining the relative occurrence
of the various kinds of clusters.

In the final Discussion and Outlook chapter of the thesis, the applicability of
the results and future directions are discussed.



1I N T R O D U C T I O N

1.1 in-vitro diagnostics

In-vitro diagnostics (IVD) [1, 2] refers to tests performed on a sample that has
been taken from the body, such as a droplet of blood. Such a sample is studied
in order to detect the presence or concentration of molecules [3] or cells. An
example could be a test for a pharmaceutical drug, in order to adapt the dose
that is to be given to a patient. Measured molecules can also reflect the response
of a patient to a treatment or can indicate the disease condition of a patient. For
example, C-reactive protein (CRP) is measured as a marker for inflammation, and
cardiac troponin is a biomarker that is used to diagnose myocardial infarction.

Samples for in-vitro diagnostic testing are typically sent to a centralized lab-
oratory, where large numbers of samples are tested on automated instruments.
Alternatively, tests can be performed on smaller instruments, for rapid testing
near the patient, so-called point of care testing (POCT). Such tests are becoming
increasingly important for diagnosing and monitoring patients at the general
practitioner (GP) [4]. Rapid tests also find applications at home, for example
glucose meters are used by diabetes patients and hCG tests are used to determine
pregnancy [5].

Several approaches are being taken to realize devices for point of care testing.
One approach has been to miniaturize multi-step assays that were originally
developed for large automated instruments. An important assay type is the
enzyme-linked immunosorbent assay, commonly abbreviated as ELISA. This is a
multi-step assay that starts with the binding of biomarker molecules to antibodies
on a surface. Thereafter non-binding molecules are washed away and secondary
antibodies are added to bind to the biomarkers, forming a molecular sandwich
arrangement. This is again followed by a washing step, then an optional labeling
step, and finally by an enzymatic detection step based on the addition of an
enzymatic substrate. Due the many steps, complete ELISA assays are difficult to
integrate into a point of care testing device.

ELISA assays involving binding to a surface and washing steps are generally
referred to as heterogeneous assays. In contrast, assays that occur in solution with-
out any washing steps are known as homogeneous assays. Such assays involve only
the addition of reagents in solution, and thereafter a direct signal readout. An ad-
vantage of homogeneous assays is that the assay procedure is much simpler than
ELISA, especially if the reagent are added in only one step, but a disadvantage
is that there are no separation steps, which makes the assay more susceptible
to non-specific binding and makes it more difficult to reach a high analytical
sensitivity.

1



2 introduction

An example illustrating the utility of homogeneous assays was published by
Eyer et al. [6]. The authors developed an assay based on magnetic particles for
use in high-throughput droplet microfluidics, with a single cell and the necessary
assay reagents combined in a single droplet. The sandwich assay consisted
of magnetic particles coated with capture molecules and fluorescently labeled
antibodies in solution. They demonstrated the detection of antibodies produced
by individual B cells following immunization. The readout was used to quantify
the antibody production and affinity maturation. Concentrations were detected
down to about 20 thousand antibodies in a 40 pL droplet, i.e. around 0.8 nM. This
level of sensitivity was well-suited for the targeted biotechnological application,
but for the quantification of picomolar biomarker concentrations, homogeneous
assays with higher sensitivities are needed.

1.2 agglutination assays

Agglutination, aggregation, or cluster assays are assays in which particles bind to
each other in dependence of target molecules in solution. The number and size
of the clusters is a measure of the amount or concentration of target molecules.
The first agglutination assays were developed in the mid-1950s by Singer and
Plotz [7] using latex particles and detection based on sedimentation. In subse-
quent years cluster assays were developed with cluster counting by a Coulter
counter [8], turbidimetry and quasi-elastic light scattering spectroscopy [9], and
nephelometry [10]. All these techniques enable homogeneous cluster assays, but
the incubation times are long, typically longer than one hour. Long incubation
times are related to a low particle encounter rate in solution. Several techniques
have been investigated to enhance the encounter rate between the particles. Castro
et al. [11] demonstrated a cluster assay within a small aqueous droplet-in-oil in a
microfluidic channel. The flow inside the channel mixes the fluid in the droplet
and thereby speeds up the cluster formation. Another methodology is to use
magnetic attraction between particles, as explained in the next section.

1.3 magnetic agglutination assays

Superparamagnetic particles contain a large number of small grains of magnetic
material inside a non-magnetic matrix, so that the particles exhibits a magnetic
behavior that is similar to that of a paramagnetic material with a very high
magnetic susceptibility [12, 13]. In the absence of an external field, the magnetic
moments are randomly aligned, so the net magnetization is zero. In the presence
of an external field, the magnetic moments align with the field, so that already
at a low field strength a significant magnetization is achieved, proportional to
the field strength. At high field strengths saturation occurs when all magnetic
moments align with the external field.
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When an ensemble of superparamagnetic particles is present in solution, the
application of an external magnetic field provides all particles with a magnetiza-
tion in the same direction, which causes the particles to self-organize into chains.
Baudry et al. demonstrated that the magnetic chaining enhances the encounter
rate of the particles and can be used to speed up a cluster assay [14]. An incuba-
tion time of under 5 minutes became possible, without affecting the sensitivity of
the assay. Detection was performed by turbidimetry, i.e. an increased optical scat-
tering due to cluster formation. Recently even shorter magnetic actuation times
were demonstrated, with picomolar detection limits and linear dose-response
curves [15].

Magnetic actuation can also be used to enhance the detection step. Park et
al. [16] and Ranzoni et al. [17] demonstrated that magnetic rotation of particle
clusters in a cuvette leads to a modulation of optical signal that can be detected
with high sensitivity. Park measured a modulation of transmitted light while Ran-
zoni measured a modulation of scattering at an angle. Magnetically-modulated
detection has also been integrated in a microfluidic disk format [18, 19]. A con-
stant magnetic field was used for the magnetic chaining step and detection was
based upon modulated transmission with an oscillating magnetic field in the
laser direction.

1.4 rotating optomagnetic cluster assay

The work of Ranzoni et al. focused on developing the magnetic actuation prin-
ciples for the rotating optomagnetic cluster assay, see Fig. 1.1 [17]. The rotating
optomagnetic cluster assay is an agglutination assay in which magnetic actuation
is used both to speed up the cluster formation and for detection. Rotating mag-
netic fields are generated by a quadrupole electromagnet. In the presence of a
magnetic field, chains of particles are formed that orient along the field. As the
field is rotating, the particle chains lag behind the field. If the rotation frequency
is very high, the magnetic torque that is responsible for the alignment of the
particle chains cannot overcome the torque induced by the hydrodynamic drag,
causing the chains to perform a wiggling motion [20, 21]. The critical frequency,
below which the clusters follow the field, is thus given by balancing the magnetic
and hydrodynamic torque, which depends on the length of the particle chain.

The detection of clusters is based on light scattering. A laser beam is focused
into a cuvette at the center of the quadrupole magnet, and the light scatters from
the clusters in the cuvette. The scattering cross section depends on the orientation
of the clusters. As they follow the magnetic field, the clusters are alternatingly
aligned with the laser beam and oriented perpendicular to it. The scattering cross
section is to first order given by the geometric cross section of the cluster in the
laser beam: a maximum occurs when both particles are illuminated by the laser
beam (the dimer is oriented perpendicular to the laser beam), and a minimum
occurs when the dimers are aligned with the laser beam. The scattering was
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Figure 1.1: Schematic overview of the optomagnetic setup developed by Ranzoni et al.,

image copied from Fig. 1a in reference [17].

measured using a photodiode located at an angle of 30° with respect to the laser
beam.

For single particles, no field-dependent scattering is observed. Single particles
move randomly in the cuvette due to Brownian motion, thus their scattering is
unrelated to the rotating field. A method to detect signals from rotating clusters
is to use Fourier analysis, at frequencies that are a multiple of the field frequency.
The first such frequency is at twice the field frequency (2f), due to the point
symmetry of the clusters. The amplitude of the 2f Fourier component can thus
be used to quantify the number of clusters present [17]. Using this method and
a poly-ethylene glycol based surface chemistries on the particles, Ranzoni et al.
demonstrated a limit of detection for measuring prostate-specific antigen (PSA)
in blood plasma of about 0.5 picomolar [22].

1.5 scattering of magnetic clusters

To further advance the understanding and application potential of the optomag-
netic cluster assay, this thesis studies in detail the scattering of clusters of magnetic
particles. The scattering depends on the shape, size, and on the refractive index of
the particles. For spherical particles, an important parameter is the size parameter
x, given by

x =
2πR

λ
, (1.1)

with R the radius of a particle, and lambda the wavelength of the light.
The scattering of very small particles (x << 1) that have a refractive index

close to that of the surrounding medium, is known as Rayleigh scattering. This is
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the process that is responsible for among others the blue color of the sky, as the
white sunlight is scattered by the gas molecules in the atmosphere. The scattering
cross section for Rayleigh scattering is inversely proportional to the fourth power
of the wavelength, so that it affects blue (short wavelength) light much stronger
than red light (longer wavelength). For Rayleigh scattering, backward scattering
and forward scattering are equally likely. Perpendicular scattering only occurs
if the polarization of the light has a component perpendicular to the scattering
plane.

Fig. 1.2a shows the calculated differential scattering cross section for 660 nm
light scattering from particles with a diameter of D = 10 nm, which is about
100 times smaller than the diameter used in the experiments of this thesis. Even
though the refractive index of the particles (n = 1.68 + 0.005i) is quite a bit
larger than the refractive index of water (1.33), the scattering closely resembles
Rayleigh scattering. For polarization in the scattering plane (p polarization)
no perpendicular scattering occurs, and forward and backward scattering are
equal in magnitude. For polarization perpendicular to the scattering plane, the
scattering is almost independent of the scattering angle.
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Figure 1.2: a) Mie scattering calculation for a 10 nm particle, which shows Rayleigh

scattering behaviour. The s polarized light is scattered equally in all directions, while the p

polarized light is not scattered perpendicularly. b) Mie scattering calculation for a 1.05 µm

diameter particle. Most light is scattered in the forward direction. As such, the vertical

scale is logarithmic, which reveals an oscillating behavior as a function of the scattering

angle.

For bigger particles, such as water droplets in clouds and the magnetic particles
used in this research, the particles are too large for Rayleigh scattering to apply.
In general, for all x and all values of the refractive index, Mie scattering [23]
can be used as this is a full solution to the Maxwell equations. The scattered
light is described by an infinite series of vector spherical harmonics, which can
typically be terminated after at most x + 4.05 3

√
x + 2 terms [24]. The first of these

terms corresponds to Rayleigh scattering. The presence of the higher order vector
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spherical harmonics creates a complicated spatial pattern of scattering, already
for a single particle.

An example of such a complicated spatial pattern is depicted in Fig. 1.2b, in
which the calculated differential scattering cross section is shown for a single
D = 1050 nm particle. In contrast to Rayleigh scattering, forward scattering, at
small scattering angles, is strongly preferred. At higher scattering angles, an
oscillatory behavior occurs as a function of the scattering angle. Due to these
oscillations, particles in a cluster alternatingly scatter more or less light towards
each other, which causes them to scatter a different amount of light towards the
detector. Therefore, rich scattering signals may be expected in the optomagnetic
cluster assay.

Calculations of the scattering behavior of two proximal particles are compli-
cated. In 1935, Walter Trinks analyzed two small (x < 1) particles interacting
with each other, as a means of extending Mie theory to slightly higher particle
concentrations. Further progress was slow, because the calculations required ex-
tensive numerical computation and the algorithms that had been developed were
initially not efficient enough. This changed in the early 1970s, as Bruning and Lo
published two manuscripts, one on the modeling of such particle dimers [25], and
one comparing experiments to numerical results [26]. The first of these papers
presented a more efficient method of performing the calculations, which enabled
the comparisons in the second paper. An interesting aspect of their experimental
approach was the macroscopic scale: they used spheres with diameters of several
inches and microwave excitation. This allowed the authors to accurately vary the
distance between the particles and to systematically scale the size parameter by
varying the wavelength.

1.6 research goal and outline of thesis

The aim of this research is to investigate the characteristics and utility of the
scattering signals in the optomagnetic cluster assay. More specifically, we compare
experiments to Mie scattering simulations, and study the dependence of the sig-
nals on the scattering geometry, inter-particle distance within the dimers, particle
size, and particle mixtures. The longer term aim is to widen the applicability of
the technology, for biosensing and beyond.

In Chapter 2, we study a single scattering experiment in detail. A lot of
aspects can potentially influence the measured scattering signals, so several
parameters were varied in the simulations. The shape of the cuvette, particle
properties, scattering angles, and polarization were studied. Fig. 1.3a shows that
the simulations match the structure in the experimental 30° scattering signals,
which earlier could not be explained based upon the geometric cross section [17].

In Chapter 3, the influence of the distance between the particles in a dimer
on the scattering signals is studied. Experiments were performed in which this
distance was varied, and a model for this distance has been created. As an



1.6 research goal and outline of thesis 7

0 180 360 540 720

�
s
=22°

sc
at

te
rin

g 
in

te
ns

ity
 (

a.
u.

)

dimer angle, �
d
 (°)

�
PD

=30°a)

9.5 9.6 9.7
0

20

40

0

20

40
B=10 mT

 

[NaCl]=10 mM

P
D

 s
ig

na
l (

a.
u.

)

t (s)

[NaCl]=30 µMb)

c)

0,0 0,2 0,4 0,6 0,8 1,0

0,0

0,2

0,4

0,6

0,8

1,0

8 mT

R
el

at
iv

e 
co

nc
en

tr
at

io
n 

(a
.u

.)

MyOne fraction

MyOne dimers

Masterbead dimers

d)

Figure 1.3: a) The scattering simulations (red, dashed) reproduce the structure seen in the

experiments (blue, solid). b) Experimental signals at different particle-particle distance

(by varying the electrostatic repulsion) have a clearly different shape. c) A schematic

representation of the new single-plane setup. d) Based upon the scattering behavior,

differently sized dimers have been measured simultaneously, at different Masterbead to

MyOne mixing ratios.

illustration, Fig. 1.3b shows the perpendicular scattering signals change shape
when the distance between the particles is changed. Also, scattering simulations
were performed and compared to the experiments.

Chapter 4 introduces a novel scattering geometry, illustrated in Fig. 1.3c, in
which the scattering plane and rotation plane are identical. This should ultimately
enable a more compact device. A different scattering geometry also leads to
different scattering signals. We report a comparison between experiment and
simulations, including a dependence on the distance between the particles.

In Chapter 5, we introduce a method to allow the simultaneous detection of
different cluster types. The feasibility of an approach based on different particle
sizes was studied. Dimers consisting of two small particles scatter light differently
compared to dimers consisting of two large particles, which should allow for
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a measurement of both cluster types simultaneously, as shown in Fig. 1.3d. We
firstly demonstrate that in theory such an approach should work, and continue
with an experiment using two different kinds of magnetic particles.

Finally, Chapter 6 summarizes the conclusions and presents an outlook.



2S I M U L AT I O N S O F L I G H T S C AT T E R I N G F R O M R O TAT I N G
D I M E R S

abstract

Aggregation processes of colloidal particles are of broad scientific and techno-
logical relevance. The earliest stage of aggregation, when dimers appear in an
ensemble of single particles, is very important to characterize because it opens
routes for further aggregation processes. Furthermore, it represents the most
sensitive phase of diagnostic aggregation assays. Here, we characterize dimers
by rotating them in a magnetic field and by recording the angle dependence of
light scattering. At small scattering angles, the scattering cross-section can be
approximated by the total cross-sectional area of the dimer. In contrast, at scatter-
ing angles around 90 degrees, we reveal that the dependence of the scattering
cross-section on the dimer angle shows a series of peaks per single 2π rotation of
the dimers. These characteristics originate from optical interactions between the
two particles, as we have verified with two-particle Mie scattering simulations.
We have studied in detail the angular positions of the peaks. It appears from
simulations that the influence of particle size polydispersity, Brownian rotation
and refractive index on the angular positions of the peaks is relatively small.
However, the angular positions of the peaks strongly depend on the distance
between the particles. We find a good correspondence between measured data
and calculations for a gap of 180 nm between particles having a diameter of 1

micrometer. The experiment and simulations pave the way for extracting distance-
specific data from ensembles of dimerizing colloidal particles, with application
for sensitive diagnostic aggregation assays.

2.1 introduction

Aggregation processes of colloidal particles and macromolecules are scientifically
of strong interest and are important for many technological applications. The
aggregation of macromolecules such as amyloid proteins is related to several
diseases, such as Alzheimer’s and Parkinson’s disease [27, 28]. The aggregation
and self-assembly of colloidal particles is being studied in order to develop new
functional nanostructures [29, 30]. Furthermore, macromolecules can play a key
role in inducing the aggregation of colloidal particles. This is for example the
case in aggregation assays where the formation of particle clusters reveals the

This chapter is based on Van Vliembergen et al., Optics Express, vol. 24, pp. A123–A138, 2016.

9
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presence of analyte in solution, for the sensitive and fast detection of diagnostic
biomarkers [14–17, 22].

Within aggregation processes, the earliest stages of aggregation (dimers, trimers)
are most important to understand as they induce cascade pathways toward larger
aggregates. For instance, the first phase of amyloid aggregation consists of the
association of monomers, which then trigger the growth of fibrils [28]. And for
the colloidal self-assembly of nanostructures, it is important to quantitatively un-
derstand the interaction forces leading to dimers and trimers, as these represent
the nuclei around which larger structures are formed [30].

The earliest stages of aggregation are hard to resolve in aggregation processes,
because low numbers of clusters need to be detected against a background of
a high concentration of unclustered particles. An established analytical tool is
Dynamic Light Scattering (DLS), which is able to quantify the average diameter
of particles in a colloidal solution [31]. Unfortunately the method is not suited to
study and quantify the earliest stages of particle aggregation, because the signals
are dominated by the background of unclustered particles rather than the low
numbers of clustered particles.

In earlier work we have developed a technique to study superparamagnetic
dimers by rotating them in a magnetic field while measuring the laser light scat-
tered by the dimers [17, 22]. Because of the rotation, the dimers are alternatingly
aligned with the laser beam and perpendicular to the laser beam, which gives
an oscillating light scattering cross-section. This is inherently a background-free
detection method: individual particles do not rotate, nor have a scattering cross-
section that depends on rotation, so only the dimers (and trimers, etc.) give a
signal.

Ranzoni et al. [17,22] focused on 500 nm particles and scattering at small angles
(30°), which produced scattering signals with high similarity to the geometric
cross-section of the dimers. In this paper, we demonstrate that the use of larger
scattering angles (mainly 90°) and somewhat larger particles (1 micrometer)
leads to rapidly oscillating scattering signals which can be used to reveal detailed
information about the dimers. Simulations and experimental results are presented,
asserting the influence of the refractive index, size polydispersity, Brownian
rotation, and inter-particle distance. These results show that the distance between
the particles is a key parameter to explain the rapid oscillations in the rotation-
induced scattering signals. Finally we conclude by discussing the impact and
applications of these findings for the study of aggregation processes and for
diagnostic aggregation assays.

2.2 experimental

The experiments presented in this paper have been performed with a setup
similar to that used by Ranzoni et al. [17], displayed schematically in Fig. 2.1a. A
square cuvette with internal size of 1 mm and glass walls of width (0.2 ± 0.1)mm
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is in the center of the setup. It is filled with a solution containing the magnetic
particles. Around this cuvette is a magnetic quadrupole, which in the presented
experiments is used to create a 5 mT rotating magnetic field. Finally, a laser beam
is focused in the cuvette, and scatters from the particles.

The experiments have been performed using superparamagnetic carboxylic
MyOne particles (Dynabeads MyOne Carboxylic Acid, Thermo Fisher). Without
the presence of a magnetic field, the particles are non-magnetic and unbound,
and move randomly due to Brownian motion. In the presence of a magnetic field,
they attract each other, because of the magnetic dipole-dipole interaction, and
form magnetic dimers. In contrast to the experiments described by Ranzoni et
al. [17, 22], the particles have not been functionalized and no chemical bond is
formed between the particles.

The particles are first magnetically washed five times in MilliQ water, and a
sonic needle is used to break up any clusters. Then the particles are dispersed at
a concentration of 0.1 mg/mL in a mixture of 0.09 % Phosphate Buffered Saline
(PBS) solution and 99.91 % MilliQ water. Just before the experiment, the solution
is vortex mixed, and inserted into the cuvette using a syringe.

The zeta potential of these particles has been measured in a 1 mM sodium
chloride solution, using a Malvern Instruments Zetasizer Nano ZS. The found
zeta potential has an average of (−61 ± 2)mV with a rms spread of 5 mV. A zeta
potential of this magnitude means that the particles repel each other, and form a
stable colloidal suspension. I.e. in absence of a magnetic field no aggregation of
the particles occurs.

The light source used to illuminate the cuvette is a diode laser (Opnext
HL6545MG) with a wavelength λ = 660 nm, which is focused with a 150 mm lens.
The waist of the laser beam in the focus is (15 ± 5)µm and the depth of focus of
the beam is (2.5 ± 0.5)mm, so that the beam diameter is roughly constant over
the entire length of the cuvette. In the experiments, the laser beam is horizontally
polarized, using the intrinsic polarization of the laser diode. For the scattering
in the (y, z) plane this implies that the incident light is p polarized. Light scat-
tered from the cuvette is measured using an amplified photodiode (PD, Thorlabs
PDA36A). Before it reaches the photodiode it is collected by a 75 mm lens and
passes a polarizer that blocks vertically polarized light, i.e. only the light having
identical polarization to that of the laser is transmitted.

In Fig. 2.1b the scattering geometry is represented schematically. A rotating
magnetic field (angle α f ) is used to rotate the particle dimers in the (x, z)-plane
and at a given time the dimers are oriented at an angle αd with respect to the
z-axis. The light is detected in the (y, z)-plane with the scattering angle βs with
respect to the z-axis.

In the experiments a rotating magnetic field with a frequency of 5 Hz is used.
While the dimers are rotating, they also experience a viscous drag from the
solvent. As a result of this, the dimers lag behind the field by a constant phase lag
α f − αd [20], in this case (16 ± 3)°. At higher field rotation frequencies than those
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Figure 2.1: Overview of the experiment. a) Schematic overview of the setup, showing

part of the laser beam scattering from a dimer, and the scattered light being collected

by a photodiode. b) Schematic overview of geometry: the dimer angle αd and the time-

dependent angle of the magnetic field α f are in the rotation (x,z) plane (blue), and the

scattering angle βs is in the scattering (y,z) plane (red). c) Refraction and reflections at

the surfaces of the cuvette cause light scattered at an angle βs to be split into different

fractions f (i) leaving the cuvette at angles γ(i). Black photographic tape is used to block

light leaving in the y-direction at the corners. d) Measured scattering signals at PD angles

of 30° (blue) and 90° (black), compared to the calculated geometric cross-section (gcs,

dashed). The dimers have a phase lag of (16 ± 3)°, which is used to convert the field angle

(top) to the dimer angle (bottom).
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used in the experiments, the drag forces can become so large that the dimers can
no longer keep up with the field.

It is important to realize that the angle at which the light is scattered by the
dimers is generally not identical to the angle of the scattered light outside of the
cuvette, which is a whole set of angles γ(i), with i an index used to enumerate
them. This is illustrated in Fig. 2.1c. The scattered light experiences refraction
and reflections when it passes from water, through glass to air. As a consequence
a fraction f (i) of the light scattered at βs leaves the cuvette in direction γ(i). Only
for light scattered at βs = 90° the angle outside of the cuvette is the same as the
scattering angle. As an example, for βs = 22°, γ(1) = 30°.

Because of the rounded corners of the cuvette, it would however also be possible
that light scattered at different angles experiences refraction in the corners and is
still emitted at 90 degrees. To counter this, a slit is cut out of black photographic
tape and is attached to the front of the cuvette, as shown schematically in Fig.
2.1c. This way, the light refracting in the corners is absorbed by the tape.

The conversion from βs to the photodiode angle, γPD, has been modelled for
the idealized case of a perfectly non-rounded square cuvette, using the Fresnel
coefficients to determine the fractions f (i).

In the experiments, the field is alternatingly on for 10 seconds, and off for 10

seconds. While the field is on, short chains of particles are formed, which fall
apart again when the field is off due to Brownian motion. These short chains
mainly consist of dimers, based on the measured (16 ± 3)° phase lag. This value
is between the calculated 13° for dimers and 19° for trimers, and is consistent
with about 75 % dimers and about 25 % trimers. Probably also some still longer
chains are present, causing this estimate of the relative dimer concentration to be
an underestimate.

During the magnetic actuation the scattered laser light is collected by a photo-
diode. The scattering signal of the ensemble of chains formed during each pulse
is averaged over 32 pulses to improve the signal to noise ratio. Depending on the
angle at which the photodiode is placed, signals appear with different shapes,
see Fig. 2.1d. Especially at PD angles around 90 degrees, many peaks appear:
approximately 10 per full rotation of the field. At relatively small PD angles, up
to around 60 degrees, the signals only contain two peaks per full rotation of
the field. This behavior has previously [17] been approximated by the geometric
cross-section for two touching spheres (equation and derivation in section 2.10.1).
This approach cannot describe the oscillations in the dimer angle dependence
that are observed at scattering angles larger than approximately 60 degrees. In
order to obtain a better understanding of the angle dependent scattering of the
dimers and the resulting frequency spectra, Mie scattering simulations have been
performed that are described in the next paragraph.
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2.3 simulation code

Two-particle Mie scattering simulations have been performed, using the MSTM v.
3.0 code written by D. W. Mackowski [32].

The simulations have been performed for both s and p polarization of the light,
with similar results. All figures in this article will be restricted to p-polarization,
as was used in the measurements. The corresponding figures for s-polarization
can be found in the appendix of this chapter, sections 2.10.3 and 2.10.4.

2.4 input parameters

2.4.1 Diameter

The diameter of the particles (D) is 1.05 µm according to Fonnum et al. [33], with
a coefficient of variation (CV) of 1.9 %. These values are in agreement with the
manufacturer’s specifications, except for the CV for which the manufacturer-
specified value of 3 % will be used.

2.4.2 Refractive indices

The refractive index of the MyOne particles is not specified by the manufacturer,
nor are there any published measurements. An estimate can be obtained by
calculating an effective refractive index based upon the contents of the particles.
MyOne particles consist of polystyrene and iron oxides. These iron oxides predom-
inantly consist of maghemite (γ−Fe2O3) [33]. MyOne particles contain 255 mg/g
of iron [33]. Assuming the iron is all contained in the form of maghemite (density
4.87 g/cm3 [34]) implies that including the oxygen, 365 mg/g of the particles
consists of maghemite, i.e. 0.0749 cm3/g particles. The remainder then consists of
polystyrene, which has a density of 1.05 g/cm3 [35], corresponding to 0.605 cm3/g
particles. I.e. the volume fraction of maghemite is 11.0 %.

The refractive index of maghemite is approximately 2.63 [36]. Note that the
wavelength for which this value was obtained has not been given in the reference,
and also the refractive index of minerals varies depending on their origin. For
these reasons a relatively large uncertainty range will be used in the refractive
index of maghemite: nFe2O3

= 2.6 ± 0.5.
Bulk polystyrene has a refractive index of 1.5855 at 660 nm [37], but it has

been shown in microparticles that it can have a slightly lower refractive index
of around 1.581 at 660 nm [38]. To incorporate both these values, the refractive
index of polystyrene that is used is nPS = 1.583 ± 0.002.
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The effective refractive index, neff for materials containing sub-wavelength
particles is given by the Maxwell Garnett equation [39], for which the solution in
the case of real refractive indices can be written as

n2
eff = n2

PS

[(

1 + 2 fFe2O3

)

n2
Fe2O3

+ 2
(

1 − fFe2O3

)

n2
PS

(

1 − fFe2O3

)

n2
Fe2O3

+
(

2 + fFe2O3

)

n2
PS

]

, (2.1)

in which fFe2O3
= (11 ± 1)% is the volume fraction of maghemite.

Using Eq. 2.1, the effective refractive index of the MyOne particles was found
to be 1.68 ± 0.05. The uncertainty in this number originates mainly from the
uncertainty in the refractive index of maghemite.

Another effective medium approximation, the Bruggeman equation [40], gives
an identical value and uncertainty after rounding. Both the Bruggeman and
Maxwell Garnett equations were used in a study by I. Bodurov et al. [41]. The
work reports measurements on various metal oxide nanoparticles in water and
shows that both equations are in good agreement with literature values of the
refractive indices of these oxides.

There will also be a small imaginary part of the refractive index. For polystyrene
this is around 5 × 10−4 [38]. For maghemite it will probably be higher, like is
the case for other iron oxides such as hematite, which has an imaginary part of
the refractive index of 0.067 [42]. For now, a value of n = 1.68 + 0.005i will be
assumed for the particles.

Given the low salt concentration of the solution in which the particles are
dispersed, the effect of the salt on the refractive index will be small. Therefore,
the medium refractive index is assumed to be identical to that of distilled water,
namely 1.331 [43] at a wavelength of 660 nm.

2.5 mie scattering simulations for single dimers

First we investigate the influence of the scattering angle βs and the dimer angle
αd on the intensity of the scattered light. The particles in the dimers are assumed
to be touching each other. In Fig. 2.2 the p scattering intensity is plotted versus
these angles. The scattering intensity has been normalized with the maximum
for each scattering angle. The normalization divisor shows that the scattering
intensity decreases by a few orders of magnitude as the scattering angle increases.

For a relatively low scattering angle, like βs = 22° (bottom dashed line in Fig.
2.2), the scattering intensity reaches a maximum when the dimer is perpendicular
to the laser beam. On the other hand it is (almost) minimal when the dimer is
aligned. As γ(1) = 30° for βs = 22° this simulation is a good first approximation
of the PD signal at 30° as shown in Fig. 2.3a.

The scattering intensity at higher scattering angles contains more oscillations.
Up to βs = 140° more and more peaks and valleys appear in Fig. 2.2. Figure 3b
compares the simulation to the measured signal at 90° where the scattering angle
βs equals the photodiode angle γPD. The simulation and the experiment have a
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Figure 2.2: Simulated scattering intensity as a function of the dimer and scattering angle,

normalized for each scattering angle. On the right the normalization divisor is plotted.

similar number of peaks and valleys but they appear at different scattering angles,
as indicated by the arrows. Also, the minimum in the simulations at αd = 180° is
actually a small maximum in the experiments.

2.6 ensemble effects

The simulations presented thus far have focused on individual dimers, neglecting
spread in properties that are present in real experiments. The particles used in
the experiments are not perfectly monodisperse. Additionally, in the experiments
the dimers exhibit an angular spread due to Brownian rotation. These two effects
have been further analyzed.

2.6.1 Polydispersity

In order to model the polydispersity, the size distribution has been assumed
to be Gaussian with standard deviation σ, and has been discretized by taking
σ/5 intervals (≈ 6 nm ≈ λ/100 for the MyOne particles). Simulations have been
performed for all combinations of particle sizes, and an ensemble average has
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Figure 2.3: Simulated scattering signals compared to the measured signals shown in Fig.

2.1d. a) The PD signal at 30° compared to simulations with a scattering angle of 22°. (At

βs = 22°, γ(1) = 30°.) The deviation in the shape is probably due to the other scattering

angles that after refraction also correspond to γPD = 30°. b) The PD signal at 90° compared

to the scattering simulations at 90°. The peak positions do not overlap, as indicated by

the dashed lines and arrows. The deviation is 4° for the peak around 300° and 10° for the

peak around 330°.

been calculated. It turns out that the polydispersity can have a strong effect on the
amplitude of the PD signal at 90°, as can be seen in Fig 4a. The more polydisperse
the particles are, the lower the effective amplitude of the signal gets. However,
the peak positions are hardly shifted by the polydispersity.

Apart from the lower amplitude, at a coefficient of variation of 10 % the peak
positions are very slightly shifted, but not near to the extent that it can explain
the measurements.

At a polydispersity of the MyOne particles used in this research (< 3 %) the
signal is roughly identical to the monodisperse signal, although the amplitude
is slightly lower: around 85 % of the value for monodisperse particles. As such,
the polydispersity will have a relatively small effect in the current experiments
and it cannot explain the peak shifts of the measured signal compared to the
simulations. Polydispersity is however relevant when selecting particles for future
experiments.

2.6.2 Brownian rotation

Another difference between the simulations and the experiments is the presence
of Brownian rotation of the dimers. The angular spread from this Brownian
rotation can be estimated from the magnetic energy involved with this rotation.
The ensemble-averaged magnetic moment of MyOne particles as function of
the external magnetic field can be well described with a Langevin function [44].
Using the values from Lipfert et al. and a particle diameter of 1050 nm, results in
m(2.5 mT) = 1.82 × 10−15 A m2 and m(5 mT) = 3.60 × 10−15 A m2.
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Figure 2.4: a) Influence of size polydispersity on the scattering signals (3 % CV is typical

for MyOne particles), b) Angular spread due to Brownian rotation (5 mT is used in the

experiments), c) Scattering intensity as a function of refractive index and the dimer angle,

normalized for each refractive index. The blue dotted lines indicate the shift of the peak

positions, which can be up to 6° (3° within the error margin) for the peak around 30° (330°

in Fig. 2.3b), and almost nothing for the peak around 60° (300° in Fig. 2.3b). d) Scattering

intensity as a function of inter-particle distance and the dimer angle, normalized for each

inter-particle distance. The blue dotted lines indicate the change in dimer angle of the

signal peaks with the distance: up to 12° for the peak around 30°, and up to 5.5° for the

peak around 60°.
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In order to simplify the calculations, the system is treated for low rotation
frequencies, where the dimers’ magnetic torque can become much larger than
their viscous torque, so that the clusters are nearly aligned with the field. For
comparison, in the experiments the phase lag is (16 ± 3)°.

In this approximation, the magnetic potential energy E for a dimer at an angle
δ with respect to the external magnetic field is given by

E(δ) =
µ0

4π

[m(B)]2

r3

(

sin2 δ − 2 cos2 δ
)

, (2.2)

with r the center-to-center distance between the particles and m their magnetic
moment (derivation in section 2.10.2). The particles are assumed to be touching
each other, so r = D = 1050 nm, the particle diameter.

A Boltzmann distribution is used to determine the angular spread and is
plotted in Fig. 2.4b. For a magnetic field of 2.5 mT the full width at half maximum
(FWHM) is 6.65°. At the magnetic field used in these experiments (5 mT), the
angular spread has a FWHM of only 3.35°. This angular spread causes the
peaks to be less sharp in the experiments than in the simulations. The measured
scattering signals are a convolution of the simulations and this angular spread
probability distribution.

Nevertheless, due to the small amount of angular spread, no systematic shifts
of the peaks in the scattering distributions are found, and angular spread due to
Brownian rotation cannot be the cause of the mismatch between the experiments
and the simulations.

2.7 different refractive index

As has been discussed in the section on the input parameters, there is some
uncertainty in the value of the effective refractive index of the particles. To
check whether a different refractive index can explain the measurement results,
simulations have been performed where the refractive index was systematically
varied. As shown in Fig. 2.4c, a change in the refractive index indeed shifts the
peak locations. The location of the peak around 330° in Fig. 2.3b can deviate
by 3° within the error margin of the refractive index. The location of the peak
around 300° in that same figure does not depend on the refractive index within
the simulated range.

Obviously, the calculated shift is not sufficient to explain the observed shifts
in the experiment. Even by changing the refractive index by twice the calculated
error range does not create a (pair of) valley(s) near αd = 360° as shown in Fig. 2.3.
And also the other peak positions do not shift as much as needed. In conclusion,
the error margins of the refractive index are not so large that the experimentally
measured scattering behavior can be explained.
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Figure 2.5: The simulation result with an inter-particle distance of 180 nm (dashed line

in Fig. 2.4d) compared to the measurement with the photodiode at 90 degrees. The peak

positions are in good correspondence.

2.8 inter-particle distance

In the calculations presented so far, the particles in the dimers were assumed to
be touching each other with a center-to-center distance of 1.05 µm (= D), so an
inter-particle distance h = 0. In the experiments, the inter-particle distance is a
consequence of the force equilibrium that is reached between on the one hand
the magnetic dipole-dipole attraction and on the other hand the electrostatic
repulsion between the particles in the dimer. Also the surface roughness of the
particles can play a role.

To investigate the influence of inter-particle distance, simulations have been
performed at a constant scattering angle of βs = 90° as a function of distance
between the particles. Figure 4d shows that the peaks shift apart at a larger
distance, and for inter-particle separations above h = 150 nm a new peak appears.
At a distance of around h = 180 nm (indicated by the dashed line) the peak
positions in the experiment coincide with the peaks found in the simulations at
γPD = 90°.

In Fig. 2.5 the simulation at h = 180 nm is compared directly with the measure-
ment. As can be seen, including the inter-particle distance in the simulations gives
a very good agreement of peak positions in simulations and in the experiment.

The repulsive interaction between particles depends on their surface charge and
separation. As measured (section 2.2), the zeta potential of the MyOne particles
is (−61 ± 7)mV in a similar buffer as used in the experiments. The attractive
interaction is determined by their magnetization (given in section 2.10.2) and
separation.
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A simple balance of electrostatic repulsion and magnetic dipole-dipole attrac-
tion results in a distance of around 95 nm. Additionally it seems quite likely that
surface roughness increases this distance since the electrostatic repulsion is the
strongest for the charges that are closest together, i.e. on protrusions. From SEM
images it has been observed that there are many protrusions on these particles,
of up to 100 nm in size [45]. Consequently a particle separation of 180 nm in the
experiments is well within the realm of possibilities.

There are still some differences between the experimental signal (Fig. 2.5) and
the simulations. The most significant difference is the slow oscillation with peri-
odicity of 180°, which has a maximum at 270°. Simulations have been performed
to verify whether this is caused by distance spread (see section 2.10.5), but it turns
out that this is most likely not the case. Distance spread does slightly reduce the
amplitude of the signal, and actually increases the scattering around 180°.

A possible explanation for the differences is related to the cuvette shape. To
suppress the collection of light refracted by cuvette side walls, the corners on the
front side of the cuvette were covered with black photographic tape. However,
light can also reflect from the rounded corners at the back of the cuvette. This
means that a part of the light leaving the cuvette at γ = 90° actually was scattered
at angles other than 90°. Because the cross-section for low angle scattering is an
order of magnitude larger than the cross-section for scattering at high angles,
the background signal originating from the rounded corners is expected to have
a dependence on rotation angle that is dominated by the low angle scattering
contribution, i.e. the background signal is expected to have slow oscillations. This
indeed is the case for the measured signal in Fig. 2.5: it shows rapid oscillations
superposed on a slow background oscillation.

2.9 conclusions and outlook

Colloidal dimers are formed during the initial phase of aggregation processes. In
this article we have investigated the scattering properties of an ensemble of rotat-
ing dimers consisting of magnetic particles with a diameter of one micrometer. At
a scattering angle of 90 degrees multiple peaks of the scattering intensity appear
during a single revolution of the dimer. Mie scattering calculations have been
performed to reproduce the experimental data and to show that the intensity
fluctuations strongly depend on the properties of the dimers.

For an ensemble of particles, it turns out that size polydispersity, and mis-
alignment of the dimers due to Brownian rotation, have almost no effect on the
angular positions of the measured peaks. A deviation of the refractive index does
induce a small shift of the angular positions, but the magnitude of this effect is
too small to reproduce the measurements. Finally, variation of the inter-particle
distance was found to have a large influence on the peak positions, large enough
to explain the measurements. Therefore we conclude that the rotation-induced
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scattering oscillations provide a means to obtain the interparticle distance of the
rotating dimers.

Being able to measure the inter-particle distance opens many potential appli-
cations. In self-assembly studies of colloidal particles, this could enable more
detailed information on the forces acting on the particles in the early stages of
assembly. Also in the field of particle-based biosensing [13, 17, 22], knowing the
distance between particles can serve to distinguish e.g. specifically bound from
non-specifically bound particles, thereby improving the performance of these
bioanalytical assays.
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2.10 appendix

2.10.1 Geometric cross-section

The geometric cross-section is the area of the particles illuminated by the laser
beam. Therefore it depends on the x- and y-positions of the particles (see Fig.
2.1b).
During the rotation, x1 = (R + 1

2 h) sin αd, x2 = −x1, y1 = y2 = 0. Therefore the
difference between the particle centers in the x-direction is the only parameter
that determines the geometric cross-section. This distance is ∆ = |x1 − x2| =
(2R + h) sin αd.

Some of the limiting cases of the geometric cross-section have been plotted in
Fig. 2.6.

R R

∆>2R

a)
R R

∆<2R

b)
R

∆=0

c)

Figure 2.6: The limiting cases of the geometric cross-section. The cross-section is twice the

area of a circle minus the area of the overlap.

In Fig. 2.6a the geometric cross-section is simply the sum of the particles’ visible
areas, i.e. Ageometric = 2πR2. In Fig. 2.6c, one of the particles is completely hidden

by the other, i.e. Ageometric = πR2. The intermediate case (Fig. 2.6b) is the hardest
to solve. The area of the lens-shaped region of overlap has to be determined. But
using some geometry,
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(2.3)

For the special case of no distance between the particles, this expression simplifies
to

Ageometric = R2 [2π − 2 arcsin |cos αd|+ | sin(2αd)|] . (2.4)

In Fig. 2.7 the geometric cross-section is plotted for touching particles, and for
particles separated by h = 200 nm. As the distance between the particles increases,
the cross-section is maximal for a longer time. Basically, a larger range of values
of αd results in values of ∆ > 2R.
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Figure 2.7: The geometric cross-section for h = 0 nm and h = 200 nm, for one full rotation

of the dimer, normalized by the cross-section of a single particle.

2.10.2 Magnetic dipole-dipole energy

In this section the magnetic dipole-dipole energy is derived that is responsible
for aligning the dimer of superparamagnetic MyOne particles with the applied
magnetic field. If an external magnetic field is present, these particle get magne-
tized. Because the maghemite grains are small and homogeneously spread over
the particles the magnetization can be approximated to be homogeneous.

For homogeneously magnetized spheres, the field outside of the particles is
identical to that of pure dipoles [26]. As a consequence, for the interaction of
two magnetized spheres only their center-to-center separation r and magnetic
dipole moments m play a role. These dipole moments are assumed to be aligned
with the external field as is the case for ideal non-interacting superparamagnetic
particles. Additionally, the moments are assumed to be equal in magnitude for
both particles. If the particles have a different dipole moment the geometric mean
of their dipole moments should be used as the effective dipole moment.

Using the above approximations, the interaction energy is given by Ref. [26]:

U =
µ0

4π

1

|r|3
[

m · m − 3
(m · r)2

|r|2
]

. (2.5)
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If the dimers are at an angle δ with respect to the external magnetic field and
thus to their magnetization, the inner product m · r = |m||r| cos δ, so that the
above expression simplifies to:

U =
µ0

4π

|m|2
|r|3

(

1 − 3 cos2 δ
)

. (2.6)

For small values of δ this can be approximated by the first terms of a Taylor
series, which gives the following harmonic potential:

U ≈ µ0

4π

|m|2
|r|3

(

−2 + 3δ2
)

. (2.7)

2.10.3 Angle dependence for s polarization

As stated in the main text, for s polarization, similar trends are observed as for p
polarization.

Firstly, the simulation result analogous to Fig. 2.2 is plotted in Fig. 2.8. Here
everything but the polarization direction is identical. Note that just like before,
higher scattering angles correspond to more rapid oscillations of the signal.

One of the at first more striking differences is that the rapid oscillations
continue until scattering angles of almost 165°, while for the p polarization they
end already around 140°.

Another difference is that around βs = 90° the maximum scattering actually
occurs at αd = 0°, which will become more noticeable in the next section, section
2.10.4.

2.10.4 Distance dependence for s polarization

Another interesting thing to consider is the inter-particle distance dependence for
s polarization. This is plotted in Fig. 2.9, while Fig. 2.4d contained the analogous
analysis for p polarization. As can be seen, also for s polarization, there is a strong
distance dependence. However, because it starts with a maximum at αd = 0°, it
does not have the separation of the peaks close to 0°.

On the other hand, the position of the peak around αd = 60° behaves exactly
identical: the dotted line shown is exactly the same as that in Fig. 2.4d. Therefore,
even though the signal itself looks slightly different, it seems highly likely that a
similar method of distance extraction works for s polarization.

2.10.5 Distance spread

In the experiments of this paper, there is no molecular bond present between the
particles, so the inter-particle distance is determined by the particle properties.
This includes local roughness, surface charge, and magnetic content. Therefore,
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Figure 2.8: Scattering intensity for s polarization as a function of the dimer and scattering
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plotted.

it is highly unlikely that all of the dimers have the same inter-particle distance:
probably there is a distribution of distances.

In order to study this, simulations have been performed varying the inter-
particle distance with steps of 1 nm. Gaussian distributions have been assumed
for the inter-particle distance, around an average value of 180 nm. By using these
distributions as weighting functions, it is possible to get a distribution-averaged
signal. These are plotted in Fig. 2.10 for 3 different values of the standard deviation
of the distance, σh.

For all three plotted values of the standard deviation of the distance, the
peak positions remain unchanged. This was quite surprising seeing that the peak
positions do clearly change when changing the average distance. What is different
between the different values of σh is the relative height of the peaks. The scattering
at αd around 180° is higher for more distance spread, while the peaks around
90° are lower. This is the opposite of the difference between experiment and
simulations, so distance spread is very unlikely to be the cause of the observed
difference.
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3I N T E R - PA RT I C L E D I S TA N C E W I T H I N D I M E R S M E A S U R E D
B Y L I G H T S C AT T E R I N G

abstract

We demonstrate a novel approach to quantify the inter-particle distance in
colloidal dimers using Mie scattering. The inter-particle distance is varied in a
controlled way by changing the ionic strength of the solution and the magnetic
attraction between the particles. The measured scaling behavior is interpreted
using an energy-distance model that includes the repulsive electrostatic and
attractive magnetic interactions. The center-to-center distances of particles with a
525 nm radius can be determined with a root mean square accuracy of 12 nm. The
data shows that the center-to-center distance is larger by 83 nm than the value
predicted for perfect spheres. The underlying distance offset can be attributed
to repulsion by charged protrusions, caused by particle surface roughness. The
measurement method accurately quantifies inter-particle distances that can be
used to study cluster formation and colloid aggregation in complex systems e.g.
in biosensing applications.

3.1 introduction

The stability of nanoparticle dispersions lies at the basis of colloid science [46]
and is of prime importance for its applications [47, 48]. The stability behavior
results from the sum of inter-particle forces with different signs and length ranges,
e.g. the Hamaker force [49], electrostatic forces [49], entropic forces such as the
hydrophobic effect [50] and the depletion force [51]. Calculations of these forces
typically assume particles with chemically and physically homogeneous surfaces.
In reality the inter-particle forces depend on the surface roughness and on the
chemical heterogeneity of the particle surface. Particle clustering and particle-
substrate interactions are sensitive to these heterogeneities, but experimental
techniques to address this are scarce.

Methods have been developed to study inter-particle forces as a function
of inter-particle distance, where distances are typically in the nanometer range,
energies in the range of kBT, and forces in the pN range. A commonly applied [52]
tool has been colloidal probe microscopy [53], where a particle is attached to
an Atomic Force Microscope (AFM) tip and consequently brought near to the
surface of another particle that is immobilized on a substrate. The method allows
accurate quantification of the force and inter-particle distance and has been used

This chapter is based on Van Vliembergen et al., Langmuir, vol. 34, no. 1, pp. 179–186, 2018.
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to test interaction models and fit the interaction force constants [54]. However,
a limitation of colloidal probe microscopy is that the precise position of the
interaction planes of the outer surfaces of the particles cannot be measured with
respect to the centers of the particles. Consequently, a potential distance offset of
the inter-particle interaction, for example caused by particle surface roughness or
by molecules adsorbed onto the particles, cannot be revealed. Another approach
to determine the inter-particle distance is to use a long chain of particles, and
use Bragg diffraction [55] or video microscopy to measure the total length of the
chain [56]. These methods determine the average inter-particle distance in a chain,
which has contributions from particle polydispersity as well as roughness.

In a previous theoretical paper [57] we have predicted that it should be pos-
sible to accurately measure center-to-center distances in particle dimers based
on angle-dependent measurements of optical scattering. Here we demonstrate
experimentally that dimers of magnetic particles can be formed and aligned
in solution using magnetic fields, and that the center-to-center distance of the
particles can be quantified with nanoscale precision from the optical scattering
signals. By comparing Mie scattering calculations with measured signals, we
are able to quantify the inter-particle distance in the range between 10 nm and
150 nm. The data clearly indicate that the dimers have a repulsive distance offset
of 83 nm, which can be understood from the surface roughness of the particles.
We will present the experimental method, the optical scattering simulations, the
model for inter-particle forces, and the observed scaling relationships. Finally we
will discuss how the method can be applied to study effects of surface roughness
and molecular adsorption on inter-particle interactions, in solutions with complex
molecular composition and in bioanalytical assays.

3.2 materials & methods

Light scattering of rotating particle dimers (Fig. 3.1a) has been measured using
the setup sketched in Fig. 3.1b [57]. Briefly, the setup consists of a square cuvette
(internal size 1 mm) containing the sample solution, which is surrounded by
an electromagnetic quadrupole. A laser (660 nm) is focused into the cuvette
with a 150 mm lens. The depth of focus of the laser beam is (2.5 ± 0.5)mm, i.e.
bigger than the size of the cuvette, so that the beam diameter is roughly constant
inside the cuvette. Light is collected onto three photodiodes (PDs), one at a
scattering angle of 30°, one at a scattering angle of 90° and one in transmission.
The scattering intensity is a lot smaller at 90° than at smaller scattering angles,
so in order to eliminate these smaller scattering angles from contributing to the
measurements, a slit is attached to the cuvette to block the refracted light from
the rounded edges.

Inter-particle distances have been measured for clusters (mainly dimers) of
carboxylic MyOne particles (ThermoFisher). The particles are pipetted from
the stock solution and magnetically washed three times in a 30 µM solution of
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Figure 3.1: Experiment and measured scattering signals. (a) Schematic representation of

a dimer: two negatively charged particles, each with a magnetic moment ~m due to the

applied magnetic field, and with a surface roughness (see the inset and Fig. 3.7 (Supporting

Information) for SEM images). The magnetic moments cause an attractive magnetic force.

The surface charges cause electrostatic repulsion, partly screened by ions in the solution.

The balance of forces leads to an equilibrium distance h, which will be defined as their

center-center distance ℓ minus 2R, where R is the radius of a sphere of identical volume.

(b) Schematic overview of the experimental setup, showing the quadrupole electromagnet

surrounding the cuvette, a laser beam illuminating the dimers, and scattered light being

collected on a photo diode. (c) Scattering signal measured at 90° for experiments using a

10 mT magnetic field rotating at 5 Hz, for two different salt concentrations: 30 µM (red) and

10 mM (black). (d) Amplitude of the Fourier transform of the scattering signals in panel

c. The 8f component increases with higher salt concentration, while the 10f component

decreases.



32 inter-particle distance within dimers measured by light scattering

sodium chloride, at a particle concentration of 1 mg mL−1. As the stock solutions
always contains a fraction of clustered particles, the colloid is then treated with
an ultrasonic finger in order to break up these clusters. Finally, just before the
experiments the particles are diluted an additional ten times (to 0.1 mg mL−1),
using a solution of sodium chloride with a concentration in the range from 30 µM
to 111 mM (to obtain 100 mM), and the solution is mixed and inserted into the
cuvette using a syringe.

The zeta potential of the particles has been measured at various salt concentra-
tions using a Malvern Instruments Zetasizer Nano ZS. At the lowest used salt
concentration (30 µM) a value of ψ = (−57 ± 3)mV was obtained, while at the
highest salt concentration (100 mM) a value of ψ = (−37 ± 2)mV was measured.
Therefore, the particles are negatively charged in all experiments.

A magnetic field is applied to form and align dimers in the experiments: a
rotating magnetic field (rotating at 5 Hz) is applied during 10 s, after which the
field is turned off, also for 10 s. The rotation frequency of 5 Hz generates stably
rotating dimers over the range of used magnetic fields (3 mT to 12 mT). The
scattering signals are measured over 25 repeated field sequences (10 s field on,
10 s field off). The signals are averaged over these 25 consecutive sequences, to
get rid of most of the variations (mainly due to Brownian motion of the particles).

3.3 results & discussion

The particles used in this paper have a radius of 525 nm, comparable to the
wavelength of the light. As such they exhibit Mie scattering which results in a
spatial scattering pattern with minimums and maximums at different scattering
angles. For dimers, the scattered light from both individual particles is coupled
and results in a spatial distribution of the scattered light that depends on their
mutual distance and the dimer orientation with respect to the laser beam. The
distance dependence is especially apparent for near-perpendicular scattering
angles [57], which is why a photodiode at 90° is used.

In order to control the inter-particle distance in the dimers, the electrostatic
repulsion and magnetic attraction have been varied. The electrostatic repulsion
was varied by altering the Debye screening length via the ionic strength of the
solution, and the magnetic attraction was varied by altering the magnetization
of the MyOne particles via the magnitude of the applied magnetic field. Fig.
3.1c shows the intensity of the scattered light as a function of time for two
experiments, one at a low salt concentration (30 µM, in red) and one at a high
salt concentration (10 mM, in black). The magnetic field strength is 10 mT in both
experiments. The signals in Fig.3.1c show clear oscillations and these depend on
the salt concentration. The dependence is visible in the relative magnitude of
the peaks, the number of peaks, and shifts of the peak positions along the time
axis. In the 30 µM experiment, the central peak (around 9.63 s) has the largest
magnitude, while in the 10 mM case the adjacent peaks are the highest, as marked
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by the arrows. Regarding the number of peaks, at 30 µM an additional peak is
present at around 9.59 s (marked with an arrow), in contrast to the minimum
at the same location at 10 mM. Finally, also the peak positions are shifted, as
can be seen from the dashed lines connecting some of the peaks of the 30 µM
experiment to the horizontal axis. The corresponding peaks occur further apart
in the experiment at 10 mM.

The measured signals can be further studied by analyzing their frequency
spectrum with a Fourier transform, as shown in Fig.3.1d. The frequency spectrum
contains peaks at multiples of the rotation frequency. The amplitude of the peaks
in the frequency spectrum is proportional to the number of dimers, but also
depends on the inter-particle distance. By evaluating the ratio of two Fourier
components, the concentration dependence is divided out, making it a metric
that should depend only on the distance. Fig.3.1d indicates that the amplitudes of
the 8f and 10f Fourier components change significantly, with the 8f being larger
than the 10f component for the 10 mM salt concentration, and the reverse being
the case for the 30 µM salt concentration. Hence the ratio of the 8f and 10f Fourier
components changes with salt concentration and might be a good metric for
determining the inter-particle distance.

In Fig. 3.2a, the ratio of the 8f and 10f components is plotted against the salt
concentration, at a constant magnetic field of 10 mT. This ratio increases by more
than an order of magnitude from 0.2 to 4 as the salt concentration is increased
from 30 µM to 10 mM. At an even higher salt concentration of 100 mM the ratio
decreases to around 2. At two salt concentrations (100 µM and 1 mM) more than
five measurements have been performed using different cuvettes. The observed
cuvette-to-cuvette variability of the 8f/10f ratio is bigger than the errorbars. Most
likely, this is caused by small changes in the exact positioning of the cuvette and
the slit blocking its edges.

In Fig. 3.2b, the ratio of the 8f and 10f components is plotted against the
magnetic field strength, at a constant salt concentration of 500 µM, showing a
clear increase of the 8f/10f ratio with field strength. The errorbars in the Fourier
components have been determined by calculating the 8f/10f ratio for 25 individual
rotating field pulses, and determining the standard deviation.

Fig. 3.2 shows that the ratio of the 8f and 10f Fourier components depends on
both the salt concentration and magnetic field strength. An increased magnetic
field generates higher attractive forces and thus a smaller inter-particle distance.
Likewise an increased salt concentration corresponds to the repulsion decaying
over shorter distances, causing a smaller distance between the particles. In both
cases, the general trend in the measurements is an increasing 8f/10f ratio. In
order to study this in more detail, scattering simulations have been performed to
verify the dependence of the Fourier components on the inter-particle distance. In
addition, a model has been developed to estimate the distance between particles
in a dimer for a given salt concentration and magnetic field strength.
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3.3.1 Scattering simulations

Two-particle Mie scattering simulations have been performed, using the MSTM v.
3.0 code written by D. W. Mackowski [32]. The particles are represented in the
simulations by perfect spheres with a distance ℓ between their centers. The values
for the parameters are identical to those in a previous theoretical paper [57].
Specifically, the diameter of the particles is 1050 nm, the refractive index of the
particles is n = 1.68 + 0.005i, and the refractive index of the solution is 1.331. In
the following, only scattering angles of 90° are considered, as these correspond
to the measured PD signals at 90 degrees.

These simulations have been performed for a range of rotation angles with
a resolution of 0.3°, and for inter-particle distances from 0 nm to 250 nm with
steps of 1 nm. Results for three values of the distance have been plotted in
the Supporting Information, Fig. 3.8a. By applying a Fourier transform of the
simulated time traces (plotted in the Supporting Information, Fig. 3.8b), the
simulated 8f/10f ratio can be calculated as a function of distance, as plotted in
Fig. 3.3.

The ratio of the 8f and 10f Fourier components in the simulations increases
for inter-sphere distances between 0 and 80 nm, and between 180 and 250 nm.
Between 80 and 180 nm inter-sphere distance, the ratio is decreasing. As Fig. 3.2b
showed, the ratio increased with a stronger magnetic field, at a constant salt
concentration of 500 µM, i.e. with decreasing inter-particle distance. Combining
this result with Fig. 3.3, implies that the corresponding value of ℓ− 2R in the
experiments must have been between 80 and 180 nm. More specifically, a ratio of
1.2 implies ℓ− 2R = 141 nm and a ratio of 4 implies ℓ− 2R = 110 nm.

Comparing the simulation results to Fig. 3.2a, it is clear that the decreasing
values of the 8f/10f Fourier ratio at the highest salt concentrations correspond
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Figure 3.3: The ratio of the 8f and 10f Fourier components from the scattering simulation, as
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inset, which shows the 8f and 10f Fourier component amplitudes individually.

to values of ℓ − 2R less than 80 nm. The steep increase observed at the lower
salt concentrations still gets mapped to the part between the 80 and the 180 nm
inter-sphere distance. A value of 0.18 as observed for 30 µM salt concentration
corresponds to ℓ − 2R = 180 nm, and the value of 2.1 observed at 100 mM
corresponds to ℓ− 2R = 30 nm.

Apart from simulations on dimers of MyOne particles, also simulations on
trimers and dimers of 100 nm diameter particles have been performed. These are
plotted in the Supporting Information, Fig. 3.8c–f. In general, bigger inter-particle
distances result in higher frequency components being present. This enables using
a ratio of two Fourier components to determine the distance. While the 8f/10f ratio
works quite well for dimers of MyOne particles, for differently sized particles, a
different ratio will work better. For instance, for those 100 nm particles the 4f/2f
ratio increases with distance between 75 nm and 225 nm. The trimer simulations,
especially at larger inter-particle distances, do not resemble our experimental
results, while the dimer simulations do. As such, it can be concluded that the
presented measurements are dominated by the dimer scattering.

3.3.2 Inter-particle distance model

The distance between two particles in a dimer, h, can then be defined as the
distance between the particle centers, ℓ, minus the radii of both particles, where
the radius is defined as the radius of a sphere of identical volume. For a dimer
consisting of two magnetic particles with a net surface charge, the inter-particle
distance results from a balance between the electrostatic repulsion and attractive
magnetic dipole-dipole interaction. Here we will model these interactions and
calculate the equilibrium inter-particle distance, hE. In addition, we will discuss
the role of particle roughness and the influence of viscous drag on the inter-
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particle distance in a rotating dimer. Comparing these distances to those obtained
by matching the experiments to the simulations will also allow information on
the roughness of the particles to be extracted, as explained in Fig. 3.4.

a)
Experimental
scattering
signals

Simulated
scattering

Energy
model

ℓfit

hE

∆ℓ =
ℓfit−2R−hE

b)

ℓ hE ℓ+∆ℓ

R
R

Figure 3.4: (a) Schematic representation of the analysis of the experimental data. The

results from the experiments are combined with simulations to obtain the best fitting

center-to-center distance ℓ f it. The energy model leads to a calculated inter-particle distance

hE. This results in a distance difference ∆ℓ = ℓ f it − hE − 2R. (b) For smooth spherical

particles (left) ℓ and hE are well-defined. For rough particles, the surface-surface distance,

h, is determined by the protrusions, leading to an increased center-to-center distance,

which will be larger by a value ∆ℓ.

3.3.2.1 Particle properties

Before discussing the interactions, we will first review a few important properties
of the carboxylic magnetic particles. We measured the zeta potential of the
particles in the solutions that are used in the scattering experiments. For all salt
concentrations, except the highest, the zeta potential was close to −60 mV; for the
highest salt concentration (100 mM), the zeta potential was ψ = (−37 ± 1)mV
(See table 3.1 in the Supporting Information).

SEM images (see Fig. 3.1a and Fig. 3.7 in the Supporting Information) show
that the MyOne particles are rough spherical particles with protrusions that have
a size up to 100 nm [45]. The average diameter of the MyOne particles is 1.05 µm
with a coefficient of variation (CV) of 1.9 %, according to Fonnum et al. [33]. The
manufacturer’s specifications report the same diameter, but a slightly higher CV
(3 %).

The magnetic properties of the MyOne particles have been described by Lipfert
et al. [44] who fitted the vendor supplied magnetization curve of an ensemble of
particles with the Langevin function. In this study we convert the magnetization
to a dipole moment m(B) using the particle radius:

m(B) =
4

3
πR3M(B) = msat ·

[

coth

(

B

B0

)

− B0

B

]

, (3.1)

with the fit parameters msat = 2.62 × 10−15 A m2 and B0 = 12 mT based on
Lipfert et al. [44].
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3.3.2.2 Electrostatic interaction

The electrostatic interaction between particles is determined by the charge on the
particles (related to the zeta potential) and the Debye screening length, κ−1:

κ−1 =

√

ǫrǫ0kBT

2NAe2 I
, (3.2)

with ǫr the dielectric constant of water, ǫ0 the permittivity of free space, kB the
Boltzmann constant, T the absolute temperature, NA the Avogadro number, e
the elementary charge and I the ionic strength of the solution. In the case of
monovalent electrolytes, such as sodium chloride, the ionic strength is identical
to the molar concentration of the electrolyte. Typical values for the Debye length
range from 1.0 nm at 100 mM ionic strength to 56 nm at 30 µM.

An approximation for the interaction free energy valid for all κh, large κR and
up to moderately high surface potentials (ψ . 4kT/(ze)) is given by [58]

∆Ees(h) = 4πǫrǫ0

(

kBT

e

)2

Y(h)2 R2

2R + h
log(1 + exp(−κh)), (3.3)

with z the electrolyte valence, in this case z = 1, and

Y(h) = 4 exp (κh/2) artanh

(

exp (−κh/2) tanh

(

zeψ

4kBT

))

. (3.4)

3.3.2.3 Magnetic dipole-dipole interaction

The MyOne particles are magnetized by the rotating field of the electromagnet
and each particle obtains a magnetic moment described by Eqn. 3.1. The attractive
dipole-dipole force between the particles induces the formation of clusters. The
corresponding free energy for a rotating dimer is [59]:

∆Edd =
−µ0

4π

[m(B)]2

ℓ3
(2 cos(αlag)

2 − sin(αlag)
2), (3.5)

with αlag the phase lag between the applied field and the central axis of the
dimer. This phase lag can be derived from balancing the magnetic torque and the
torque from the hydrodynamic drag, which will be discussed later. For now, we
can neglect the effects of the phase lag on the interaction, setting it to zero, an
approximation that is accurate in the case of sufficiently high magnetic fields.

With the electrostatic free energy and the magnetic dipole-dipole free energy
derived, the inter-particle distance hE can be determined by finding the minimum
of the free energy. The dependence of the free energy on the distance also gives
the spread in distance due to thermal motion, by considering the distances at an
energy of 1 kBT over the minimum of the distribution. However, it will turn out
that the thermal distance spread is much smaller than the distance variability
due to particle properties.



38 inter-particle distance within dimers measured by light scattering

3.3.2.4 Particle surface roughness

Here we analyze the influence of particle surface roughness on the distance
between two particles. Firstly, the protrusions caused by surface roughness limit
the minimal distance between the particles, as the particles cannot physically
overlap. Also, the electrostatic interaction is affected, as it is strong between
protrusions due to the closer proximity. In contrast, the magnetic dipole-dipole
force is not directly affected by surface roughness because it is volume-based
rather than surface-based.

Here, we model the influence of particle surface roughness by an effective
increase in the center-to-center distance of the dimer. This corresponds to the
parameter ∆ℓ introduced in Fig. 3.4. If roughness is dominant, it should be
positive, with its value being a measure for the roughness of the particles. On
the other hand if negative values are found, an attractive interaction between the
particles would be dominant.

3.3.2.5 Viscous drag

The rotating particle pairs experience a viscous drag caused by the interaction
with the fluid. As a consequence, the axis through the centers of the particles
lags behind the field. For particles rigidly bound to each other, the torque from
the hydrodynamic drag can be determined by adding the contributions from the
particles’ translation and rotation [20]. This results in a phase lag:

αlag = arcsin

(

4πℓ3

3µ0m2
·
[

2 · 6πηR · (ℓ/2)2 · ω + 2 · 8πηR3ω
]

)

, (3.6)

with η the dynamic viscosity of the liquid, which for water at room temperature
is 1.0 mPa s, and ω the angular velocity, ω = 10ß rad s−1.

In the experiment of Fig. 3.1, the particles are trapped in an electrostatic-
magnetic inter-particle potential and are not rigidly bound to each other. So
another possible hydrodynamic configuration could be that the particles move
around each other and individually do not rotate. In this case the viscous drag
corresponds to only the Stokes drag, which results in a phase lag:

αlag = arcsin

(

4πℓ3

3µ0m2
·
[

2 · 6πηR · (ℓ/2)2 · ω
]

)

. (3.7)

This equation applies when two particles are far apart and do not experience
any hydrodynamic coupling. However, in our experiment the particles are close
together in a dimer, so there will be hydrodynamic coupling between the particles
and hence the phase lag is expected to be between the limits of Eqns. 3.6 and 3.7.

Both limits for the viscous drag have been explored and are used to calculate the
inter-particle distance. This distance has been calculated by solving the distance
at which the sum of the attractive and repulsive free energies is minimal. The
inter-particle distance is plotted in Fig. 3.5a as a function of the magnetic field
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strength for different salt concentrations. As it turns out, if the magnetic field is
strong enough (in this case above 6 mT) both hydrodynamic limits lead to the
same inter-particle distance.
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Figure 3.5: (a) Modeled distance for various values of the magnetic field strength (x-axis)

and the ionic strength of the solution (different curves). The solid line corresponds to Eq.

3.6 for the viscous drag, whereas the dashed line corresponds to Eq. 3.7. The inset shows

the modeled distance at a fixed magnetic field of 10 mT. (b) The ratio of the 8f and 10f

Fourier components shows a clear correlation with the modeled distance between the

particles. The dashed line is a guide to the eye.

For low magnetic fields, it is known that dimers can exhibit a wiggling motion
[20] with distance oscillations [21]. Meanwhile, the dimers with the highest
magnetic content might still be able to rotate normally. As a combination of
different behaviors is difficult to model, this regime is avoided and only magnetic
fields of 3.6 mT and above are used in the experiments.

3.3.3 Experimental Fourier ratio versus modeled distance

Using the distance model, the magnetic field strengths and ionic concentrations
from the experiments have been converted into distances. Fig. 3.5b shows all
measured 8f/10f Fourier ratio values as a function of the modeled distance be-
tween the particles. The 8f/10f ratio changes by more than an order of magnitude,
and interestingly the data points for all salt concentrations lie on one curve (the
dashed line serves as a guide to the eye). The measured 8f/10f ratio shows a
similar behavior to the simulated ratio in Fig. 3.3. In both cases the ratio increases
to a maximum, at hE ≈ 25 nm and ℓ − 2R ≈ 80 nm, and then decreases to a
minimum at hE ≈ 100 nm and ℓ− 2R ≈ 185 nm, after which the ratio increases
again. Comparing the distances at which the minimum ratio occurs, ∆ℓ should be
about 85 nm. The experimental position of the maximum ratio occurs for hE < ∆ℓ,
so it will be affected by the protrusions on the particles, so for a determination of
∆ℓ the maximum is not meaningful.
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The minimum in the measured 8f/10f ratio is less sharp than in the simulations
(around 185 nm); this is caused by the 8f component not going to zero in the
experiments. This can be attributed to the spread in particle properties such as
the surface charge and magnetic content (also related to the size distribution).
Also, due to the low interaction energy at these larger distances, angular spread
due to Brownian motion and a small amount of dimer breaking and reformation
could play a role in generating a non-zero 8f component at large inter-particle
distances. The size distribution of the particles itself has barely any effect, as
for the 3 % polydispersity the shape of the signal, and thus the ratio of Fourier
components, is almost identical to that for perfectly monodisperse particles [57].

3.3.4 Determining the distance using more Fourier components

Figs. 3.3 and 3.5b show that a 8f to 10f Fourier component ratio does not uniquely
relate to one distance. One way to avoid this ambiguity is to include more Fourier
components. In order to determine the distance we therefore investigated the
following minimized sum of the squared residuals:

S = ∑
(

(n f )meas − A · (n f )sim(ℓ f it)
)2

, (3.8)

where A is an amplitude factor, and ℓ f it is the fitted center-center distance, and
both for the measured, (n f )meas, and simulated Fourier amplitudes, (n f )sim, the
6f, 8f, 10f, 12f, 14f, and 16f Fourier components have been summed. I.e. the sum
is over n with n even and from 6 till 16.

These fitted distances are compared to the modeled distances in figure 3.6.
As can be seen there is a strong correlation between the fitted distances and
the modeled distances. The dashed line corresponds to the points where the
fitted distance equals the modeled distance. On that line, no measured points are
observed. This indicates that an additional distance is present, as indicated by
the dash-dotted line with ∆ℓ = 83 nm.

Now we analyze possible origins of this value of ∆ℓ. Firstly, the average size
of the particles might be different from that specified by the manufacturer, for
example because of batch-to-batch variations. In order to verify this, simulations
have been done of the scattering of particles of different radius, see Fig. 3.9 in the
supporting information. These simulations indicate the scattering is not strongly
dependent on ℓ. Even more so, near the distance where the 8f/10f ratio is minimal,
the 8f/10f ratio does not change for particles 50 nm larger than those specified.
So the only way to get a ∆ℓ of 80 nm in this case would be if the particles are
actually 80 nm larger for identical hE. A discrepancy of this order of magnitude
is highly unlikely. A second explanation could be the inaccuracy in the measured
zeta potential. An increase in zeta potential of 10 % causes an increase in the
electrostatic energy of 8 %. For the lowest salt concentration (λD = 56 nm) this
would cause a 4 nm increase in the distance between the particles, which is very
small. Thirdly, the magnetic content might be different, for example due to batch-
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Figure 3.6: The fitted center-to-center distance based on the 6f, 8f, 10f, 12f, 14f, and 16f

Fourier components, plotted versus the modeled separation distance hE. The bottom

dashed line corresponds to perfectly spherical particles with ℓ f it − 2R = hE: this line does

not match the data. The top dash-dotted line corresponds to particles with a center-to-

center distance that is offset by ∆ℓ = 83 nm. We attribute this offset to protrusions on the

particles, related to surface roughness (see Fig. 3.4b). The data plotted with open circles

corresponds to experiments at high salt concentrations where a high magnetic field is or

has been applied, presumably generating particle pairs with physical contact between the

protrusions.

to-batch variation. If the magnetic content would be lower by 10 %, the magnetic
energy would be lower by almost twice that amount because the energy scales
with the square of the magnetization. This would, at the lowest salt concentration
with λD = 56 nm, cause an increase in distance of 12 nm, which is again a very
small distance.

Therefore we attribute the 83 nm distance offset mainly to the presence of
particle surface roughness. The value of ∆ℓ = 83 nm provides good agreement
for most of the data points, so the used approximations are quite accurate. In
principle ∆ℓ might depend on the inter-particle distance. For the regime where the
data points agree, ℓ f it − 2R > ∆ℓ, the standard deviation of the difference between
hE and ℓ f it − 2R is 12 nm, making this a measure for the distance accuracy of
this method. This small value of the standard deviation is remarkable, in view
of the significant amount of roughness on the particles. Probably the ensemble
averaging inherent to the averaging of the pulses in a pulse train, and the presence
of multiple dimers in the laser volume leads to very reproducible values for the
distance.

The only regime where the data points deviate from ∆ℓ = 83 nm is the regime
where ℓ f it − 2R < ∆ℓ, i.e. the regime where the protrusions might be so close
that actually permanently bound dimers can be formed. The corresponding data
points are shown as open circles. What is especially interesting are the points
around hE = 50 nm. These correspond to experiments where the same solution
was exposed to 3 sets of 25 pulses, with the field strength first low, then high,
and then low again. Initially a high value (> 1150 nm) for ℓ f it is observed. When
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applying the higher field, the particles get bound and have a ℓ f it ≈ 1100 nm.
While applying the original field again, ℓ f it remains small instead of returning to
the initial value, indicating that an irreversible binding has occurred. As such, the
modeled distance in these cases is no longer applicable, as other forces such as the
Hamaker force are responsible for keeping the particles together. Nevertheless,
it is very interesting that this technique is able to distinguish between different
kinds of dimers: the solvent and used magnetic fields are identical, still clearly
different signals are observed before and after the irreversible binding.

3.4 conclusions

We have described a method to quantify the inter-particle distance in particle
dimers rotating in solution. The center-to-center distance between the particles
was obtained from measured optical scattering signals and the inter-particle
distance was modulated by systematically varying the ionic strength of the
solution and the magnetic attraction between the particles. The comparison
between model and experiment leads to the conclusion that the center-to-center
distance is larger by 83 nm compared to perfect spheres, which is attributed to
repulsion by charged protrusions caused by particle surface roughness. To our
knowledge this represents the first measurement of nanoscale distance offsets
between colloidal particles in solution.

The method can now be used to study how inter-particle distances in solution
are influenced by changes of particle properties, e.g. surface roughness of the
particles, adsorption of macromolecules (e.g. protein corona), soft nanoparticles
(e.g. viruses or polymers) or hard nanoparticles (e.g. inorganic nanoparticles),
or how inter-particle distances are influenced by properties of the solution in
which the particles are suspended. The distance resolution of the technique may
be improved by using spherical particles with smooth surfaces, so that even
a sub-monolayer coverage of polymers or proteins might become detectable.
This will be interesting for fundamental research as well as for applications
in solution-based cluster assays for protein detection. [17] Also non-spherical
particles will be interesting to study, e.g. particles with well-defined charge
inhomogeneities or even Janus particles. While this paper demonstrated the
method for particles in solution, it will also applicable for measuring inter-
particle distances within dimers at fluid-fluid interfaces. Controlled rotation of
dimers at a fluid-fluid interface should lead to angle-dependent scattering signals
that can be interpreted in terms of the nanoscale inter-particle distance. Finally,
while in this paper dimers of magnetic particles have been studied, we expect
that this method of determining inter-particle distances may also be applicable
beyond the magnetic domain, e.g. using alignment and rotation based on optical
traps [60], electrical fields [61], or acoustical fields [62, 63].



3.5 appendix 43

3.5 appendix

3.5.1 SEM image of particles

In the SEM image in Fig. 3.7, the roughness of the carboxylic MyOne particles
is clearly visible: all particles seem to be covered with spherical protrusions
of around 100 nm in diameter. The particles are quite monodisperse in size
(manufacturer’s specification: σD/D = 3 %).

Figure 3.7: A SEM image of carboxylic MyOne particles.

3.5.2 Zeta potential

Table 3.1: Zeta potentials measured at various salt concentrations used in the experiments.

salt concentration: 30 µM 1 mM 10 mM 100 mM

zeta potential ψ (mV) −57 ± 3 −62 ± 2 −61 ± 2 −37 ± 2
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3.5.3 Simulated scattering signals

In Fig. 3.8a simulated scattering signals for the MyOne particles have been plotted
as a function of dimer angle. With increasing distance, an additional maximum
occurs at L − 2R = 150 nm and L − 2R = 225 nm. This is similar to the maximum
indicated by the arrow near t = 9.59 s in Fig. 1c. Fig. 3.8d shows the amplitudes
of the corresponding Fourier transform. Note that the 10f Fourier component
increases with the interparticle distance, while the 8f Fourier component is the
highest at L − 2R = 75 nm. This behavior is in agreement with the measurements
in Fig. 1d. In general more higher Fourier components are present for the higher
interparticle distances.

In Fig. 3.8c simulated scattering signals for trimers of MyOne particles have
been plotted as a function of the trimer angle with respect to the laser beam. These
signals are quite similar to the dimer simulations, with the distinction that the
maximums are sharper, and in most of the minimums for dimer scattering small
maximums occur for the trimer scattering. The maximum near αd = 180° increases
a lot more for trimers, enabling an easy verification that the red scattering signals
in Fig. 1c (30 µM NaCl, 10 mT magnetic field) cannot correspond to a situation
with many trimers at distances above L − 2R = 150 nm. Fig. 3.8d shows the
Fourier components for trimers. In general a lot higher frequency components
are present. Again, at higher interparticle distances, more of the high Fourier
components are present.

Finally, it should be made clear that the size of the particles plays an important
role in the shape of the observed signals. Fig. 3.8e shows simulation results for
dimers of 100 nm particles, so particles that are an order of magnitude smaller
than the particles used in the experiments in this paper. One of the clearest
differences is the number of maximums. At small separation distance, L − 2R =
75 nm, the signal is almost a perfect sine, so only one maximum and one minimum
occur per half-rotation. But similarly to the other simulations, as the distance
is increased, an additional maximum occurs at αd = 180 nm. This is also again
apparent in the Fourier spectrum in Fig. 3.8f, as higher Fourier components occur
at higher interparticle distance. Clearly, the distance between such small particles
can be observed in an analogous manner. However, the scattering intensity for
these smaller particles is a lot smaller than that for the larger particles. The vertical
scales of Fig. 3.8a–d are identical, but for Fig. 3.8e–f they have been scaled up by
a factor 1000. So, when using smaller particles a more sensitive photodiode, more
intense laser beam, or longer measuring times will be needed. Alternatively, as
the dimensions in Mie scattering are scaled with respect to the wavelength, using
a laser beam with a shorter wavelength can make smaller distances accessible
without changing the signal shape and relative amplitude. However, the particles
and medium will have a different refractive index and absorption at shorter
wavelengths, which will also affect the scattering behavior, or make measuring
impossible if the medium absorbs too much of the laser light.
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Figure 3.8: Simulated scattering signals for dimers of MyOne particles (a,b), trimers of

MyOne particles (c,d) and dimers of 100 nm diameter particles (e,f) at L − 2R equal to

75 nm (black), 150 nm (red) and 225 nm (blue). a,c,e) Cluster angle dependence of the

scattering, b,d,f) Amplitudes of the Fourier components.
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3.5.4 Particle diameter

In order to see whether or not the size of the particles has an impact on the
scattering behavior as a function of the center-center distance L, some more
simulations have been performed at different particle diameters: 50 nm smaller
and larger than the literature value of these particles. The simulated 8f/10f ratio
has been plotted in Fig. 3.9.
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Figure 3.9: The 8f/10f Fourier component amplitude ratio, as a function of center–center

separation L for three different particle radii.

All curves have similar shapes, but they are slightly displaced and compressed
on the L-axis. As such, it is definitely possible to use a similar sensing method
for (slightly) different particle diameters. Another thing that can be concluded
is that this method of obtaining the interparticle distance is more sensitive to
the center–center distance than to the surface–surface distance. As an example
let’s consider the minimum near 1240 nm for the smallest particles. L − 2R in that
case is 240 nm. The corresponding minimum near L = 1230 nm for the largest
particles corresponds to L − 2R ≈ 130 nm, i.e. the surface–surface distance differs
by 110 nm for the same feature, whereas the center–center distance differs by
only 10 nm.
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abstract

We study a rotating magnetic cluster experiment with light scattering and cluster
rotation in the same plane. The inter-particle distance is systematically varied by
changing the salt concentration and magnetic field strength. We show that the
inter-particle distance can be extracted from the scattering signals, both using
Fourier analysis, and using the shift in cluster angles for which a local maximum
in the scattering intensity is observed. The cluster angles at which maximal
scattering occurs also revealed the presence of trimers at small inter-particle
distances. At larger inter-particle distances, trimers were not observed. Thus the
single-plane geometry enables a determination of the inter-particle distance as
well as the length of the particle chains. These functionalities may help to more
precisely analyze particle aggregation experiments and improve the accuracy of
cluster assays for biosensing.

4.1 introduction

Colloids with micro- or nanoparticles are widely used in both technological and
medical applications [64]. Depending on the application, the particles can consist
of various materials such as metals [65, 66], silica [67], polymers [68] and iron-
oxides [69, 70]. Key to the colloidal stability in aqueous solutions is the particle
surface charge which results in a dynamic equilibrium assisted by electrostatic
repulsion. In general, the onset for cluster formation in colloids is characterized by
the formation of dimers, which can further aggregate to form larger clusters [71].
Particle aggregation only occurs if (some of) the particles can overcome the
repulsive energy barrier, and can hence be tuned depending on the application.
In this respect, particle aggregation can also be used to its advantage which is
demonstrated in the diagnostic medical application of agglutination assays [7,15].
In these assay’s, particles have a biochemically active coating and typically a
subfraction of the particles manages to capture a biochemical target molecule.
During the temporary close proximity of particles in collisions, a biochemical
reaction can occur and particle clusters appear which can be detected among
others by light scattering. In order to study the interactions before (irreversible)
binding occurs, distance measurements between interacting particles can be
performed, at various attractive potentials.

In a recent paper [72], we showed that the inter-particle distance can be retrieved
by studying the light scattering from rotating dimers. In these experiments

47
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magnetic particles were placed in a rotating magnetic field and particle dimers
were formed. The setup had a scattering plane that was perpendicular to the
dimer rotation plane, identical to that used in the opto-magnetic cluster assay
biosensing concept, as introduced by Ranzoni et al. [17]. The amplitude of the
scattering signals is analyzed using the Fourier component of twice the dimer
rotation frequency, and can be used to deduce the number of clusters formed
and thereby the biomarker concentration. A limit of detection of 1 pM for PSA in
blood plasma was obtained, limited by the presence of non-specific clusters.

The geometry used inherently requires a three-dimensional setup, which com-
plicates the design of a miniaturized biosensor. For construction of a small device,
it would be more convenient to have all components in the same plane, i.e. an
in-plane geometry, in which the scattering plane and rotation plane are identical.
In this article, we investigate such a geometry, both using simulations and mea-
surements. The in-plane geometry has also been used successfully by the T.E.S.T.
team in the SensUs competition [73] for a NT-proBNP [74] assay.

For this in-plane geometry a significantly different scattering profile can be
expected both regarding the angular dependence and the scattering intensity. By
studying the dimer angles at which maximums in the scattering signals occur and
analysing the Fourier components of the rotation frequency, we will investigate
whether the onset of cluster formation can be retrieved. Both the ability to reveal
the interparticle distance during dimer formation as well as the possibility to
detect trimers will be investigated.

The photodiode signals measured for the in-plane geometry no longer have
a maximum in the scattering intensity when the dimers are perpendicular to
the laser beam. Instead, for a 90 degree scattering angle, three times higher
maximums occur for dimer angles of 15 or 30 degrees, dependent on the inter-
particle distance. This behavior is reproduced in simulations which also show a
strong dependence of the signal shape on the inter-particle distance. In order to
verify this experimentally, the salt concentration and magnetic field are varied,
and the distance in dimers of unbound particles is studied. In our previous
paper, we showed that this distance can be modeled by minimizing the energy
and observed a distance offset between the particles that is influenced by the
roughness of the particles. Our new data is consistent with this distance offset.
Additionally, we notice the presence of an additional peak in the scattering
signals at small inter-particle distance, which can be explained by a fraction of
the rotating chains being trimers.

4.2 experimental setup

One of the reasons for the single-plane setup is the compactness of a potential
device. A potential cartridge is shown in Fig. 4.1a. A droplet of blood can be
applied to the top of the cartridge, after which it is filtered, and through capillary
action the blood plasma flows towards the detection chamber, dissolving the
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magnetic particles in the process. This cartridge can then be placed into a device,
for which the internals are shown in a front view in Fig. 4.1b. Using such a device,
light scattering can be studied in the plane in which clusters of superparamagnetic
particles (carboxylic Dynal MyOne) rotate.
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Figure 4.1: a) Top view of a potential cartridge. b) Schematic overview of the setup. The

experiments have been performed with a cuvette instead of with a cartridge. c) Schematic

representation of the scattering geometry. d) 90° PD signal during two experiments with

a magnetic field of 11 mT, at 100 µM (red) and 100 mM (black) salt concentrations. The

position of the maximums are labeled with letters. Peaks A and C are further apart at

lower salt concentration. e) Amplitude of the Fourier transform of these signals. The 4f,

8f, 14f and 18f Fourier components are marked with arrows: the 4f and 14f components

decrease with lower salt concentration, while the 8f and 18f components increase.

The experimental setup is identical to the device shown in Fig. 4.1b, except
that a cuvette is used instead of a cartridge. The particles are suspended in
a salt solution (25 µM–1 M NaCl in water), and injected into a cuvette using
a syringe. A laser beam with a wavelength of (660 nm and power of 120 mW)
(Opnext HL6545MG) is focused inside the cuvette, and scatters from the particles.
The scattered light is collected using a photodiode (PD, Thorlabs PDA36A). The
transmitted light can be measured, or sent into a beam dump (BD). A home-built
quadrupole magnet is placed around the cuvette, in the y,z-plane. This magnet is
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used to create a rotating magnetic field with an amplitude of 5 mT to 11 mT, that
aligns and rotates dimers (and larger chains) of particles.

The orientation of the quadrupole magnet is in the scattering plane and is
shown schematically in Figs. 4.1b and c. The angle of the dimers with respect to
the incident light, αd is determined by the rotating magnetic field. As such, the
dimer angle depends on time, as the dimers follow the applied magnetic field.
A rotation frequency of 4 Hz has been used in the experiments. The scattering
angles βs for which the scattering is observed depend on the position of the
PD. In the experiments the PD is placed at 90°. Most of the scattered light being
collected will have scattered at a scattering angle βs ≈ 90°, but also a small
fraction of the light scattered towards the opposite side of the cuvette βs = −90°
will be reflected by the cuvette and can reach the detector. Particle dimers consist
of two MyOne particles, with R = 525 nm. The distance between the particles
can be interpreted in two ways: as a surface-surface distance, hE, or as the center-
to-center distance, ℓ. For smooth spherical particles ℓ = hE + 2R, but for rough
particles the protrusions on the particles will be closer together, so that at the
same center-to-center distance, the surfaces are effectively closer together.

4.3 results

Light scattering has been measured at salt concentrations between 25 µM and
1 M, using 3 values per decade. To form the clusters and to rotate them, magnetic
field strengths of 5 mT, 8 mT and 11 mT have been used. Fig. 4.1d shows some
typical scattering signals at the highest magnetic field strength (11 mT) at salt
concentrations of 100 mM in black and 100 µM in red. At the bottom axis the
time is shown, which has been converted to the dimer angle αd on the top axis.
The signals repeat with a period of αd = 180°. This means that the clusters have
rotation symmetry in the rotation direction, which is the case for straight chains
of particles, such as those that are expected to form by magnetic alignment in
the experiments. The maximums in one period have been labeled with letters
A through H. These letters will be used to refer to these peaks throughout this
article, and later on the full set will be used. For the signals in Fig. 4.1d peaks
B and F are not present, but they will appear at different salt concentrations
and/or magnetic field strengths and will be pointed out later in this article. The
maximum of the signal, peak E, occurs at around αd = 30°. Note that the number
of peaks near the maximum changes from 2 (peaks E and G) to 4 (D, E, G and
H) for the lower salt concentration. When changing the salt concentration, the
position of the peaks A and C changes by the most: these peaks are a lot closer
together at the higher of the salt concentrations. The angular separation between
these peaks might be a good indicator of the inter-particle distance.

Another common method of analyzing periodic signals, is to use Fourier
analysis to study the signal in the frequency domain. In Fig. 4.1e, the FFT
signals are plotted in terms of amplitude of the frequency components. As was



4.4 simulations 51

observed in the discussion of Fig. 4.1d, the signal repeats as the clusters rotate by
180°, which means that the only non-zero Fourier components should occur at
multiples of twice the magnetic field rotation frequency. Some small odd-multiple
components can be seen, which might be related to slight asymmetries in the
clusters, such as particles being slightly different sizes, or a small error in the
applied magnetic field for instance due to a remanent magnetic field in the soft
iron cores. Some of the peaks with clear changes in their relative intensity have
been labeled. With respect to 100 mM, the 4f and 14f components are smaller
at 100 µM, while the 8f and 18f components are larger. By using a ratio of an
increasing Fourier component and a decreasing Fourier component, a strong
dependence on the salt concentration can be achieved. At the same time, the
scaling of the signal with the number of clusters gets divided out, making this
a measure that is related only to the shape of the signal. In order to verify that
the observed effects in Figs. 4.1d and 4.1e are indeed caused by changes in the
inter-particle distance, scattering simulations will be performed.

4.4 simulations

Mie Scattering simulations have been performed, in order to understand the ex-
perimental signals as shown in Fig. 4.1d. The software used for these simulations,
is MSTM version 3.0 by Mackowski [32].

Firstly, the dependence of the scattering on the scattering angle and the dimer
angle is shown in Fig. 4.2, for an inter-particle distance of ℓ − 2R = 150 nm.
For each scattering angle, the scattering has been normalized with respect to its
maximum for that scattering angle. I.e. the normalization is similar to putting
a photodiode at a position and just considering the amplitude relative to the
maximum at that angle. The normalization factor has been plotted in the subpanel
on the right. It can be seen that forward scattering (βs ≈ 0°) is about two orders
of magnitude more intense than the perpendicular scattering (βs = 90°) that is
studied in the experiments. The lowest maximum scattering intensity occurs at a
scattering angle of around 150°, where it is even 3 orders of magnitude smaller
than for the forward scattering.

In Fig. 4.2, a dotted line has been plotted, corresponding to βs = 2αd. In
the regime where this relation is applicable, the dimers effectively behave like
little mirrors, “reflecting” the incoming light. It turns out that this value for αd

corresponds to the maximum scattering intensity for scattering angles between
roughly βs = 25° and βs = 80°. At higher scattering angles, the maximum occurs
at lower αd, roughly in multiples of 15° with respect to βs = 2αd. Approaching
backwards scattering, the maximum scattering occurs at βs = 2 · (αd + 90°).

At βs = 90°, which corresponds to the angle at which the scattering is measured
in the experiments, 6 maximums occur per half rotation of the dimers. Following
the dashed line in Fig. 4.2, these maximums occur at roughly −75°, −15°, 15°,
30°, 60° and 75°.
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Figure 4.2: Simulated scattering intensity for an inter-particle distance of 150 nm as a

function of the dimer angle (horizontal axis) and the scattering angle (vertical axis). The

scattering intensity is a lot more intense at small scattering angles, hence for each value of

βs the scattering intensity has been normalized with the maximal scattering intensity. This

normalization factor is plotted on the right.

In order to study the distance dependence of the signals, as observed in
Fig. 4.1d, simulations have also been performed at a fixed scattering angle of
βs = 90°, identical to the photodiode angle in the experiments. Fig. 4.3a shows
simulated scattering signals for 3 different inter-particle distances: 75 nm, 150 nm
and 225 nm. As can be seen, the position of the peaks around αd = 100° (peak
A) and αd = 170° (peak C) changes with the inter-particle distance. For smaller
distances, the peaks are closer together. This is in agreement with the experimental
trend shown in Fig. 4.1d. Apparently this angular separation of the A and C
peaks can be used as a probe for inter-particle distance. This can also be seen
further on in Fig. 4.7, a contour plot of the simulated scattering intensity as a
function of distance and cluster angle.

Another factor that depends on the position is the relative height of the peaks.
The peaks around 195° (peak D) and 245° (peak H) are much smaller with respect
to the adjacent peaks for smaller separation distances. These peaks also are
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also not visible in Fig. 4.1d at the highest salt concentration. This is most likely
related to the peaks in the experimental data also appearing broader than in
the simulations. Such broadening effects could be the presence of larger clusters
(trimers), size polydispersity, and angular spread, which will be discussed in the
appendix of this chapter, section 4.7.1.
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Figure 4.3: a: Simulated scattering signals for a scattering angle of 90° at three different dis-

tances: ℓ− 2R = 75 nm(black), 150 nm (red) and 225 nm (blue). b: the Fourier components

present in the simulated signals from panel a.

In Fig. 4.3b the angle-dependent signal is converted into the frequency domain,
and the Fourier components are plotted. Comparing the red and the black lines,
just like in Fig. 4.1e, the 4f and 14f components are bigger at the smallest distance
(highest salt concentration in Fig. 4.1e), while the 8f and 18f have an opposite
trend. For even larger distances, the 4f component increases again and the 8f
decreases again. The 18f on the other hand continues to increase with distance,
while the 14f seems constant. As such, a ratio of the 14f and 18f components
could be a good measure of the distance between the particles, and it will be
studied experimentally in this article.

4.5 experimentally controlled inter-particle distance

In order to control the distance between the magnetic particles, two parameters
are varied. These are the Debye length, the length scale over which electro-
static interactions diminish in an ionic solution, and the magnetic field strength,
which determines the magnetization of the particles, and thereby the attractive
dipole-dipole interaction. The Debye length is varied by using different salt
concentrations: from 25 µM up to 1 M. Three different values are used for the
magnetic field strength: 5 mT, 8 mT and 11 mT.

The results from the experiments are analyzed in two ways. Firstly, using the
ratio of the 14f and 18f Fourier components. Secondly, the angular difference
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between the position of the peaks (A) and (C) is analyzed. Both parameters are
plotted in Fig. 4.4.
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Figure 4.4: Results of experiments in which the salt concentration is varied: (a) The 14f over

18f Fourier ratio, and (b) the peak separation. The salt concentrations is varied between

25 µM and 1 M, while the magnetic field strength is 5 mT (black), 8 mT (red) and 11 mT

(blue).

The Fourier component ratio mostly increases with the salt concentration.
However, it has a minimum near a salt concentration of 250 µM, and it increases
again for lower salt concentrations. Consequently, the 14f/18f value is similar for
a 0.025 mM salt concentration and for a 2.5 mM concentration. As such, also not
all distances can be uniquely determined from this ratio.

We therefore investigated whether the peak separation as plotted in Fig. 4.4b
could be used to make the distinction. The peak separation turns out to be a
monotonously decreasing function of the salt concentration. Only at the high end
of the salt concentrations, beyond 50 mM does the peak separation level off. Also,
for salt concentrations above 250 mM no peak separation could be determined, as
the two studied peaks (A and C) are no longer present in the signal, but instead
are replaced by a single peak at −45° (peak B).

For each combination of the ionic strength and the magnetic field strength, the
inter-particle distance can be calculated using a model derived in chapter 3 [72].
The equilibrium distance between the particles is calculated by a minimization of
the sum of the electrostatic and magnetic energy. The roughness of the particles is
not modeled, but for the particles used, it can be incorporated by adding a fixed
distance offset of about 83 nm to the modeled distance [72]. The distance predicted
from this model (without this offset) is plotted versus the salt concentration in
Fig. 4.5.

A high salt concentration corresponds to small inter-particle distances, due to
the shorter range over which the electrostatic force can act. On the other hand, at
the highest magnetic field, hE becomes less dependent on the salt concentration at
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the lowest modeled salt concentration (0.01 mM). The gradient of the electrostatic
potential apparently becomes so low that it is comparable to that of the magnetic
energy.

A higher magnetic field corresponds to a smaller distance between the particles.
Note that this is mainly important at low salt concentrations. At high salt concen-
trations, all curves approach each other as they approach zero. Finally, for the
experimental signals in Fig. 4.1d, the corresponding distances are hE = 66 nm at
100 µM and hE = 5 nm at 100 mM. Including the distance offset from the previous
paper, the measured signal at 100 µM should approximately correspond to the
simulation at ℓ− 2R = 150 nm in Fig. 4.3a, which indeed is the case.

0.01 0.1 1 10 100 1000
0

50

100

150

200

250

300

h E
 (

nm
)

I (mM)

 B=5 mT
 B=8 mT
 B=11 mT

Figure 4.5: Modeled distance.

Using the model described above, the 14f/18f Fourier ratio has been plotted
versus the modeled distance in Fig. 4.6. This has been done both with a linear
distance axis (Fig. 4.6a) and with a logarithmic distance axis (Fig. 4.6b). The
14f/18f ratio reaches a minimum near hE = 70 nm. For distances smaller than
70 nm, a one-to-one correspondence between the measured ratio and the inter-
particle distance exists, with a remarkable sensitivity to distances of 1 nm to
10 nm despite the roughness of the particles.

Using the distance model, the shift in peak positions can now also be in-
vestigated further, and compared to the scattering simulations. In Fig. 4.7, the
simulated perpendicular scattering (βs = 90°) is plotted versus the dimer an-
gle and the inter-particle distance ℓ− 2R. The signal has been normalized with
the maximum intensity, in this case for each value of ℓ − 2R. This maximum
scattering intensity in this case varies only by 30 %, reaching a minimum for an
inter-particle distance of 180 nm.

An interesting transition occurs at an inter-particle distance of approximately
200 nm: the position of the maximum changes from αd = 30° to αd = 15°.
Potentially the relative height of the 15° and 30° peaks can be used to extract the
inter-particle distance.

The position of the relatively small maximums near −75° and −15° shifts
considerably with the inter-particle distance. This corresponds to the separation
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Figure 4.6: The 14f over 18f Fourier ratio plotted versus the modeled distance with a linear

(a) and logarithmic (b) horizontal scale, while the magnetic field strength during the pulses

is 5 mT (black), 8 mT (red) and 11 mT (blue).

of the peaks A and C in Figs. 4.1d and 4.4b. This peak shift has been illustrated
with the dotted lines. The separation between these peaks is also a good candidate
to extract the inter-particle distance.

Apart from simulated signals, Fig. 4.7 also contains all positions of the max-
imums from the experimental scattering signals, marked by black squares. In
order to determine the positions of these maximums the phase lag of the rotating
dimers, the angle between the field orientation and the dimer orientation, has
been taken into account. By using the position of the maximum of transmission
signals, the phase lag has been determined. The dimer angles αd have been deter-
mined by subtracting the phase lag from the field angle. It should be noted that
as the maximums in the experimental signals are broader than in the simulations,
the position of the maximums will be slightly shifted if they are positioned on
the flank of a bigger maximum. This effect is especially clear for the peaks near
60° and 75°, which are shifted to the left. Apart from this, the peak positions are
in close agreement with the simulations.

For small distances, below ℓ− 2R = 120 nm, the experimentally measured peak
positions are not in agreement with the position of the simulated maximums.
Most importantly, the peak separation between the peaks near −75° and −15°
decreases much more strongly with distance than it does in the simulations. We
investigated this discrepancy, by performing additional simulations, including
uncertainties in the refractive index, distance spread due to roughness, and size
polydispersity of the particles. The results of these simulations are presented
in the appendix of this chapter, section 4.7.1. The experimentally measured
peak separation was successfully reproduced by the introduction of a significant
amount of trimers for those higher salt concentrations. Given the magnetic field
strength used in the experiments, it can be envisaged that larger chains are indeed
present under these conditions. Fig. 4.11 in section 4.7.2 shows a contour plot
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Figure 4.7: Simulated scattering intensity at βs = 90° as a function of the dimer angle

(horizontal axis) and the distance between the particles (vertical axis). For each value of

h the scattering intensity has been normalized with the maximal scattering intensity, as

plotted on the right. Peak positions from experiments have been plotted as black squares

with error bars equal to the standard deviation of their position.

for a 50% dimer and 50% trimer mixture, which shows good agreement at these
small distances.

Finally, four dashed lines are plotted at modeled inter-particle distances, hE of
2 nm, 32 nm, 92 nm and 208 nm. These correspond to the experimental signals in
Fig. 4.8. It can be clearly seen that the number of peaks varies: at high separation
distances, such as hE = 208 nm an additional peak (B) appears, while at the
smallest distances, such as hE = 2 nm peaks A and C merge together. Note that
for the measurement at hE = 32 nm, two bumps are already clearly visible on
the flanks, but these only correspond to maximums at slightly bigger separation
distance. The reason why peaks D and H are not observed at small distances is
clearly due to the broadness of the peaks causing them to be hidden on the flanks
of peaks E and G.

The positions of the labeled maximums in Fig. 4.8 are listed in Table 4.1. Peaks
A and C clearly show the biggest change, and are most suited to determine
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Figure 4.8: Experimental PD signals for 4 different modeled distances, illustrating the

different number of and position of the peaks for different distances.

the inter-particle distance. But also peaks D and H, and peaks E and G change
position with distance: they are slightly closer together at larger separation.
However, this effect is relatively small, and the uncertainty ranges are slightly
larger.

Table 4.1: The positions of the peaks in Fig. 4.8, in degrees.

hE (nm) A B C D E F G H

208 −88 ± 2 −43 ± 2 −6 ± 2 20 ± 3 32 ± 3 — 52 ± 2 66 ± 2

92 −80 ± 1 — −14 ± 1 16 ± 1 30 ± 1 — 55 ± 1 69 ± 1

32 −70 ± 1 — −23 ± 1 — 29 ± 1 — 56 ± 1 —

2 — −46 ± 1 — — 28 ± 1 42 ± 1 57 ± 1 —

Fig. 4.9 shows the peak separation between peaks A and C, plotted versus
the modeled distance, both on a linear scale (a) and a logarithmic scale (b). The
experiments with a highest magnetic field seem slightly offset to larger peak
separation, and vice versa for the lowest magnetic field. As this effect is most
clear at small separation distances, it is possible that the magnetic field causes
an increase in the presence of larger clusters. Alternatively, the magnetic field
strength affects peak broadening, among others via the rotational Brownian
motion. At small separation distances (below hE ≈ 32 nm), peaks A and C are
close together and with more broadening (at lower magnetic fields) would seem
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even closer together. On the other hand, at large distances, peak A can similarly
be shifted towards peak G and H, while peak C gets shifted towards peak D and
E, causing the peak separation at smaller magnetic fields to seem larger. This
effect is also visible especially in Fig. 4.9b, making these broadening effects the
most likely cause.
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Figure 4.9: The peak separation angle, plotted versus the modeled distance with a linear (a)

and logarithmic (b) horizontal scale, while the magnetic field strength during the pulses is

5 mT (black), 8 mT (red) and 11 mT (blue).

Despite this small remaining dependence on the magnetic field, the A-C peak
separation is a very good measure for the inter-particle distance. It can however
not distinguish small distances below 10 nm, and it starts to saturate for distances
above 100 nm. In contrast, the Fourier ratio worked well in these regimes, espe-
cially for the very small distances. I.e. these analysis methods complement each
other.

4.6 conclusions and outlook

It has been demonstrated that light scattering from rotating dimers in the plane
of rotation generates rapidly oscillating signals, that depend amongst others on
the distance between the particles in the dimers.

Two methods of analyzing the signals have been demonstrated: one based on
the ratio of Fourier components, and one based on the position of the maximums
in the signal. The Fourier approach shows a strong correlation with the distance
between the particles, especially close to the minimum and for small distances.
On the other hand, the peak separation cannot resolve distances smaller than
10 nm, but it does show a nice monotone increase with inter-particle distance,
and relatively smaller error bars compared to the Fourier analysis. As such, both
approaches can complement each other.
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The positions of the peaks also could be used to distinguish between dimers
and larger clusters. Assuming the presence of only dimers, it was impossible to
explain the peak near αd = 45° and the small peak separation for small inter-
particle distances. Including a significant fraction of trimers shows that indeed
such larger clusters are responsible for these phenomena. As such, apart from
information on the distance between the particles in the clusters, also information
on the number of particles in the clusters is present in the signals.

The results are consistent with the 83 nm distance offset for the Dynal MyOne
particles as observed in [72], where the scattering and rotation plane were per-
pendicular. The new setup however has some clear advantages also in terms of
the light scattering. For one, the amplitude of the perpendicular scattering signals
has increased by roughly a factor 3. Also, the peak separation angle results in
relatively small error bars with respect to Fourier analysis. As a consequence,
in the small-distance regime it is possible to determine the distance between
the particles more accurately. However, for distances hE above 80 nm, the peak
separation starts to saturate, and Fourier components should be used again,
leading to a similar distance sensitivity.

Finally, the functionalities offered by the in-plane geometry described in this
Chapter make it very interesting for future biosensing studies, due to the richness
of the scattering profiles, the detailed information that can be extracted from the
profiles (inter-particle distance, size of clusters) and the fact that cartridge designs
become possible with several planes stacked onto eachother.
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4.7 appendix

4.7.1 Broadening effects

The experimental results show less sharp peaks in the scattering signals than
those that occur in the simulations. A number of causes for this will be considered
in this section. Firstly, the used particles are not all exactly the same size. The
effect of this size polydispersity on the scattering signals can be simulated, in the
approximation that there is no effect on the distance between the particles. Such
simulation results are plotted in Fig. 4.10a. The black line corresponds to the thus
far considered case of all identically-sized particles. The red line corresponds to a
spread in size that is typical for the used particles. A slightly smaller amplitude
of the signal can be observed, but overall the signal shape seems very similar.
Finally, the blue line corresponds to particles with a bigger spread in their radius,
where the standard deviation of the radius is 10 % of the mean radius. In this case,
the signal shape changes clearly. Indeed the size spread can cause a significant
broadening of the peaks. However, this broadening is much more severe than
that which is experimentally observed. Instead of two pairs of sharp peaks (D&
E, and G& H in Fig. 4.8) two broad peaks are present. As a consequence, such
high polydispersity can be ruled out, and the manufacturer’s specification of 3 %
is likely to be correct. I.e. polydispersity cannot explain the broadening effects
observed.
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Figure 4.10: a) The influence of size polydispersity. b) The angular spread due to Brownian

rotation.

A second explanation could be a spread in angular position of the rotating
clusters. Indeed this is possible, due to Brownian rotation. The corresponding
angular spread has been plotted in Fig. 4.10b. A stronger magnetic field gives less
broadening thus sharper peaks. But the broadening in the experiments is much
stronger than this. A related explanation could be that distance spread plays a
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role. In the experiments the particles are not at a fixed distance relative to one
another. If the particles lag further behind the field, they will also experience a
weaker magnetic dipole-dipole attraction force, which would allow an increase
in distance, which also causes the magnetic dipole-dipole interaction to become
weaker, which could again allow a bigger angular spread.

Also, aside from the relation between angular spread and inter-particle dis-
tances, a spread in distances might have a broadening effect on the signals. Just
like for size polydispersity, different signal shapes are generated by different
dimers, which means the peak positions don’t perfectly overlap, and all peaks
get broadened.

4.7.2 Distance dependence trimer signals

In order to find an explanation for the peak at αd = 45°, and for the bigger than
expected peak separation, several parameters have been varied. These include
the refractive indices, the polarization direction, angular and distance spread,
and the presence of larger clusters, represented by trimers. As it turns out, most
parameters have very little effect on the shape of the signal. But the one parameter
that does have a significant impact is the presence of trimers. In Fig. 4.11 the
simulated scattering for a 50/50 mixture of dimers and trimers has been plotted
versus the cluster angle and the inter-particle distance. When comparing this
figure with Fig. 4.7, two key differences can be observed: a peak is present at
αd = 45°, and the position of the peak around −75° and −15° is shifted for
distances below 125 nm.

As such, the measured peak locations can be explained by the presence of an
increasing amount of trimers and probably also larger clusters as hE approaches
zero. The lack of a peak around 45° for larger values of hE suggests that trimers
are no longer are present in significant quantities for hE & 10 nm.
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Figure 4.11: Simulated scattering intensity for a 50% dimer and 50% trimer mixture, at βs =
90° as a function of the cluster angle (horizontal axis) and the distance between the particles

(vertical axis). For each value of h the scattering intensity has been normalized with the

maximal scattering intensity, as plotted on the right. Peak positions from experiments

have been plotted as black squares with error bars equal to the standard deviation of their

position.
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abstract

The ability to detect clusters consisting of differently sized magnetic particles is
interesting for assays with particle-based multiplexing, i.e. assays with differently
functionalized particles within one reaction chamber. In this chapter we study
the feasibility of multiplexed optomagnetic detection, by varying the ratio in
which two differently-sized carboxylic-coated particles are mixed. The total light
scattering signals consist of a combination of the signals for the different cluster
types that can be formed by the particles. We present a theoretical approach
to untangle the different contributions using Fourier analysis, illustrating the
importance of the phase of the Fourier components. This approach is then applied
to the experimental data. Also, an alternative approach based on signal fitting
is presented, with very similar results. In both cases, it is possible to measure
the concentration of the different cluster types. The results show that the size
polydispersity of the particles should not be too large if all cluster types need to
be distinguished.

5.1 introduction

Light scattering from rotating dimers has a unique signature that allows to
distinguish dimers with a different inter-particle distance [72]. The rotating
cluster assay uses this scattering for the determination of the concentration of
biomarkers, and has been applied for the detection of PSA with a sub-picomolar
limit of detection in undiluted blood plasma [22]. In this paper we will investigate
whether the unique scattering properties of dimers with different particle sizes
can be used to distinguish their signals, and allow for detection of several cluster
types simultaneously, as there is great demand for accurate, multiplexed, point
of care biosensors [75].

As the goal is to study the feasibility of multiplexed detection, no assay is
performed, but instead differently-sized carboxylic-coated particles are mixed
in various ratios. Rotating magnetic clusters are then induced using a rotating
magnetic field, while the light scattering signals are studied. These will thus
consist of a combination of different signals, corresponding to particles of different
sizes, added together. In order to extract the individual cluster concentrations,
firstly a theoretical analysis is presented, in which an approach based on Fourier
components is outlined. This method is then applied to the experimental data.

65
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Finally, an alternative approach is presented, in which the signals are fitted to a
linear combination of reference signals.

5.2 principles of cluster discrimination

The particles used in the experiments are actuated using a rotating magnetic field
that causes the clusters to rotate with the field rotation frequency. The size of the
particles is of the same order of magnitude as the wavelength of the laser light,
hence Mie scattering determines the spatial pattern by which the light is scattered
from individual particles, and this spatial pattern depends on the particle size.
Also the presence of another nearby particle (as in a dimer) affects this scattering,
which leads to an angular distribution of the scattered light that also depends
on the orientation of the dimers. For clusters of two identical particles, a dimer
rotation of 180° corresponds to the particles exchanging places, so in this case the
scattering signals repeat with twice the field frequency. As the signal is periodic,
Fourier analysis can be used to study the harmonics in the scattering signal. Due
to the 180° rotation symmetry, all Fourier components are even multiples of the
field frequency.

When using 2 different particle sizes, three different kinds of dimers can be
formed: small-small, small-large and large-large. From now on, the small-large
dimers will be referred to as mixed dimers. In principle a single mixed dimer
does not lead to signals with a period corresponding to a 180° rotation. However,
if a sufficient amount of mixed dimers is present, approximately half of them
will be oriented one way, and half will be oriented oppositely. As a consequence,
the total signal is the average of the two orientations. As such, even these mixed
dimer signals will mainly consist of even Fourier components. The odd Fourier
components that are present in experiments will among others correspond to
particles being different in size due to size polydispersity. So even though both
large-small and small-large dimers are simulated separately, we will study only
the average of these.

In this chapter, we investigate whether we can unravel the contributions of
the different cluster types from the Fourier components present in a sample
containing a mixture of different clusters. But before considering the implications
of such a mixture for the signals, the scattering signals for individual dimers
needs to be simulated. This has been done for small, mixed, and large dimers
using the MSTM version 3.0 code by D. Mackowski [32].

In the simulations we use small particles, which have a diameter of 2Rsmall =
500 nm, and large particles having diameter of 2Rlarge = 1050 nm. These values
are representative for the average particle diameter of the particles used in the
experiments. The refractive index is taken to be n = 1.68+ 0.005i for both particle
types, a value that is based on the composition of the large particles used in
the experiments and the refractive indexes of the components [57]. The distance
between the particles, ℓ − 2R for the various dimer types is assumed to be:
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Figure 5.1: a) Schematic overview of a dimer b) Simulated scattering for the three dimer

types. c) Real (black) and imaginary (red) parts of the Fourier transform of the simulations

in panel b, which are non-zero only for multiples of twice the rotation frequency. d)

Reconstructed fraction of large (blue) and small (red) dimers, using the 2f and 6f Fourier

components. The dashed lines show a flawed reconstruction based upon just the amplitude

data.

ℓsmall − 2Rsmall = 50 nm, ℓmixed − Rsmall − Rlarge = 75 nm and ℓlarge − 2Rlarge =
100 nm. The laser is p polarized, and has a wavelength of 660 nm. The scattering
angle is 90°, corresponding to the photodiode angle in the experiments.

Scattering simulations using the above parameters have been performed for
the three dimer types, and are plotted as a function of the dimer angle in Fig.
5.1b. As discussed previously, indeed all simulated signals are periodic with the
dimer angle with a period of 180°. Comparing the simulations on the large-large
(blue) and small-small (red) dimers shows that larger particles correspond to
more rapid oscillations. Six maximums (and minimums) can be distinguished for
the large dimers, whereas only four are present for the small dimers. The biggest
of these maximums occurs close to αd = 45°, even exactly at that angle for the
mixed dimers (red) and small dimers. For the large dimers the biggest maximum
occurs at αd ≈ 30° and the second biggest maximum occurs at αd ≈ 60°, so
symmetrically around αd = 45°. This 45° angle is intuitive: if the dimers were
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mirrors, this 45° corresponds to the angle at which a mirror would reflect all laser
light towards the detector at 90°.

For the mixed dimers, a total of 4 maximums can be observed. Two of these
occur at αd = 0° and 90°, where none of the other signals have a peak. This
distinctive feature might be useful to extract the number of mixed clusters.
Definitely, if a maximum is observed at these locations this would be a good
indication of the presence of the mixed clusters.

In experiments, the dimers rotate at the same frequency as the magnetic field, as
the field rotation frequency is chosen below the dimers’ critical frequency [20], i.e.
the maximum magnetic torque is larger than the hydrodynamic rotational drag
of the dimers. Therefore, the simulations as a function of angle can equivalently
be considered as a function of time, αd(t) = 2π f t. If a mixture of different cluster
species is present, the total scattering signal, Stotal, is the weighted sum of the
individual scattering signals, Ss(t), where the weights are the number of clusters
of that species, Ns:

Stotal(t) = ∑
s

Ns · Ss(t), (5.1)

where the summation is over all different cluster species s.
As a Fourier transform is a linear operation, applying it to Eqn. 5.1, the

frequency components present in the total signal are simply the weighted sum of
the individual signals’ Fourier components:

Ŝtotal(k f ) = ∑
s

Ns · Ŝs(k f ), (5.2)

with f the rotation frequency, k an integer, and all Ŝ the Fourier transform of the
corresponding S.

In previous publications regarding the rotating cluster assay [17, 22, 57, 72] only
the amplitudes of the Fourier components were used. However, if more than
one cluster species is present, the amplitude of the total signal is not necessarily
identical to the weighted sum of the individual species’ amplitudes:

∣

∣Ŝtotal(k f )
∣

∣ =

∣

∣

∣

∣

∣

∑
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[
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]
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∣

∣
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∣

≤ ∑
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Ns ·
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∣Ŝs(k f )
∣

∣

]

. (5.3)

Equality only occurs if the phase of the k f Fourier component is identical for all
species with Ns 6= 0 (noting that if the k f Fourier component equals 0, the phase
can be freely chosen to match the other phases.) This is the case for only one
species, as was considered to be the case in the publications thus far. However, in
this chapter already three different species of dimers are being considered, and
considering the phase will be essential in converting Fourier components back to
the number of particles. Incorporating the phase is possible by using complex
numbers for the Fourier components, instead of using the amplitude data.

Fig. 5.1c shows the real and imaginary parts of the Fourier components of the
simulated signals from Fig. 5.1b. In all cases, the real parts (black) and imaginary



5.2 principles of cluster discrimination 69

parts (red) of the even Fourier components are plotted as a bar graph. The 2f
component is the largest in all cases, and is mainly imaginary with a negative
imaginary part, which corresponds to a signal mostly in phase with a sine.
Considering the position of the biggest maximums in Fig. 5.1b this makes sense:
this sine has its maximum at αd = 45°.

The signals corresponding to the large-large dimers are the only ones with a
significant amplitude for the Fourier components at high frequencies. Up to 20f
the signals of the mixed dimers also contribute, while the small-small dimers only
lead to significant Fourier components up to 14f. As such, the 24f component
would be a good parameter to deduce the number of large-large dimers. However,
at the frequencies where the mixed and small-small dimers contribute, the large-
large dimers also will contribute, so an approach to separate the contributions is
needed.

Ratios of Fourier component amplitudes as used previously are not an obvious
choice. Such a ratio would depend on the mixing ratio of all three cluster types,
so one ratio is not enough to extract the fractions. Also, for the case of only
two cluster types, such a ratio will depend on the experimental noise in both
Fourier components, and unless the dependence of this ratio on the mixing ratio
is very strong, as it was for distance, this leads to large uncertainties in the mixing
ratio, and thereby the concentration of both cluster types. So instead, we have
developed a different method, which easily generalizes to more cluster types if
needed.

For p cluster species and q different Fourier components, Eqn. 5.2 can be
rewritten as a matrix multiplication: y = Ax, with

y =









Ŝtotal(k1 f )

. . .

Ŝtotal(kq f )









, A =









Ŝ1(k1 f ) · · · Ŝp(k1 f )
...

. . .
...

Ŝ1(kq f ) · · · Ŝp(kq f )









, x =









N1
...

Np









. (5.4)

If less Fourier components than cluster species are used, the inverse problem of
retrieving the number of clusters is underdetermined. However, if at least as many
Fourier components as cluster species are used, it is possible to invert the process,
except in the case where the columns of the matrix are not linearly independent,
which is typically not the case when different even Fourier components are used.
So if p = q we can simply use the inverse matrix. If more Fourier components
are used, an approach analogous to least squares fitting can be used. Then

y = Ax ⇔ ATy = ATAx ⇔ x = (ATA)−1ATy, (5.5)

or in other words, the number of clusters of all species, x, can also be determined
in the case of an overdetermined system. These equations also give the least
squares solution for x, so in the case of experiments, where noise is present, this
approach using more Fourier components than cluster types will increase the
accuracy.
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This approach has been tested with the above simulations using different
combinations of simulated Fourier components and was able to perfectly re-
produce the inputted number of clusters for all three dimer species, no matter
what independent combination of even Fourier components was chosen. In Fig.
5.1d, such a reconstruction has been plotted versus the number fraction of the
large dimers, for a mixture of only large and small dimers, using the 2f and 6f
Fourier components. As a demonstration of the importance of phase, the figure
also contains a flawed reconstruction based on the amplitudes of these Fourier
components, plotted as a dashed line.

The reconstruction based on the 2f and 6f Fourier components including the
phase shows a perfect correspondence to the input data. In contrast, by using
only the amplitudes, an overestimation occurs for the number of large dimers,
whereas the number of small dimers gets underestimated, to the extent that a
negative fraction follows from the reconstruction when the input large dimer
fraction is above 30 %.

The precise behavior of the amplitude-based reconstruction is different if other
Fourier components are selected, but in all cases a deviation occurs, except if each
of the Fourier components only occurs for a specific cluster type. If one Fourier
component is unique to a cluster type, that amplitude can be used to reconstruct
the concentration of that cluster type.

Summarizing, the reconstructed number is based upon a linear combination of
several Fourier components, i.e. a weighted addition and subtraction. It is also
clear how to incorporate more Fourier components than cluster types, which
allows for an improved accuracy. Also, the approach taken in this chapter gen-
eralizes to as many cluster types, as long as sufficient Fourier components can
be incorporated not to get an underdetermined system. These might be different
dimer types as in this chapter, but populations of dimers and trimers or popula-
tions of dimers with and without distance in between them can all be analyzed
in a similar manner.

5.3 measured cluster discrimination

5.3.1 Experimental setup

Fig. 5.2a shows a schematic representation of the experimental setup. A 660 nm
wavelength laser is focused into a cuvette. This cuvette contains the solution
with the clusters. Two differently-sized particle types are used. Firstly, car-
boxylic coated Dynal MyOne particles, with a manufacturer-specified diameter of
1050 nm. Secondly, carboxylic coated Ademtech Masterbeads with a manufacturer-
specified diameter of 500 nm. In the experiments, the solutions of both MyOnes
and Masterbeads are prepared in a similar manner. First, they are washed 3 times
in deionized water. Finally they are washed once and then resuspended in a
100 µM sodium chloride (NaCl) solution. The final particle concentration after
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resuspending the particles in both cases is 0.1 mg mL−1. Next, these solutions are
sonicated using a sonic needle, in order to remove as many non-specific clusters
as possible. Finally, just before the experiment a total of 30 µL of these two so-
lutions (in different combinations, e.g. 0 µL+30 µL or 10 µL+20 µL) is combined
in an eppendorf tube, vortex mixed, and then inserted into the cuvette using a
syringe.

The particles inside the cuvette scatter the light towards an amplified photodi-
ode (Thorlabs PDA36A), placed at a scattering angle of 90° (y-direction in Fig.
5.2a). An identical PD is placed in the transmitted beam, protected with a Neutral
Density (ND) filter. A black slit is manually attached to the cuvettes in order
to prevent light refracted at the corners of the cuvette to be detected by the 90°
photodiode (PD). In order to form clusters of these particles, a rotating magnetic
field is applied in the scattering plane. This induces a magnetic force between
nearby particles, allowing the formation of clusters, which will follow the field
rotation. As long as the field is turned on, the clusters, which are mainly dimers,
will be aligned with each other, and will slightly lag behind the field orientation.
The light scattering by the ensemble of clusters generates periodic signals on the
photodiode.

Fig. 5.2d shows three typical scattering signals, for one full rotation period. For
convenience the simulation results from Fig. 5.1b are repeated in Fig. 5.2e, where
the amplitudes are rescaled to match the experimental concentrations. The start
time (1.08 s) in panel c has been chosen such that it matches 0° in panel d. In
black the scattering signal for a sample of only Masterbeads is shown. Similarly,
in blue the scattering signal for a sample of MyOnes is shown, and in red the
scattering signal for an identical mass of Masterbeads and MyOnes is shown.
The MyOne signal looks very much like the large particle simulation in Fig.
5.2e. The same number of peaks is present, and the overall structure is the same.
The peaks in the simulations are at slightly different positions when compared
to the experiments, which in previous chapters was shown to occur when the
distance between the particles is changed. However, as the salt concentration is
not changed in the experiments carried out here, the distance only depends on
the magnetic dipole-dipole attraction. As long as the signal shape and Fourier
components are compared at the same magnetic field strength, the distance (and
distance distribution due to size polydispersity) will not affect the analysis.

The experimental signal for the Masterbeads has less of a resemblance to the
simulation for the small particles. Most of the higher frequency components are
absent, and mainly the 2f sine-like component determines the shape. This is most
likely caused by polydispersity of the Masterbead particles. Though the typical
diameter is 500 nm, there is a lot of spread in the sizes, as can be seen in the
SEM-images in Fig. 5.2b. The exact parameters describing the distribution are
unknown, but clearly the particle sizes range from 0.15 µm to 0.8 µm. The MyOne
particles used are much more homogeneous in size (Fig. 5.2c). Simulations have
been performed to study the effect of a large amount of polydispersity (with
a coefficient of variation of 22.5 % for the Masterbeads) and are presented in
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Figure 5.2: a) Schematic overview of the setup. b) A SEM image of the Masterbeads, show-

ing the large size polydispersity. c) A SEM image of the MyOnes, showing the similarity in

size and the surface roughness. d) Typical 90° photodiode signals for Masterbeads (black),

MyOnes (blue) and a 50/50 mass mixture of the two (red). e) Simulations from Fig. 5.1b,

rescaled with the number of clusters, where the 50/50 mass ratio simulation is based upon

only the large and small dimers.

section 5.5.1. One of the effects is that peaks in the scattering signals for a dimer
of differently sized particles shift with respect to each other, thereby cancelling
out. This leads to a reduction in the and number of peaks when studying an
ensemble average of these clusters.

The signal for the mixture appears similar to a linear combination of the
MyOne and Masterbead signals, i.e. it is hard to distinguish any signal related
to mixed clusters. Despite the over 9 times bigger molar concentration of the
smaller Masterbead particles, the 50/50 signal much more closely resembles
the MyOne’s signal. Based upon the simulations in Fig. 5.2e, the Masterbead
signals should give the largest contribution, by about a factor two. However, also
for the pure signals the amplitude of the Masterbead signal is almost 5 times
smaller. The polydispersity of the Masterbead particles is probably the reason that
the Masterbead signals are smaller. In section 5.5.1 simulations of polydisperse
particles are presented, and a reduction in amplitude is indeed observed. The



5.3 measured cluster discrimination 73

polydispersity also affects the mixed dimer signals, as these mixed dimers also
contain one of these Masterbead particles. As such, the mixed dimer signals are
also suppressed and contain less structure. So even though they are not visible in
the signals, it is definitely possible that mixed dimers are present, and further
analysis is performed.

5.3.2 Fourier analysis

As was demonstrated in section 5.2, Fourier analysis can be used to discriminate
between different cluster types, and deduce the number of clusters of each type
in the experiment. For this, the first step is to determine the matrix A from Eqn.
5.4. Since the experimental signals deviate from the simulated signals, we obtain
the coefficients of matrix A from the experiments with the pure samples. Since a
sample with only dimers consisting of one MyOne and one Masterbead is not
available, nor easy to create, we do not have a measurement on a pure sample
of mixed dimers. As the mixed signal contribution seems small in Fig. 5.2d, a
reconstruction is carried out based only on MyOne and Masterbead dimers.

As, a first step, the experimental data for the solutions with only MyOne
particles and the solutions with only Masterbeads is analyzed. These solutions
cannot contain mixed clusters, so can be used as reference signals for MyOne
dimers and Masterbead dimers. As mentioned before, the start time in Fig. 5.2d
is based upon obtaining the same phase as Fig. 5.2e to compensate for the phase
lag that is present in the experiments, which apparently is 5 ms, i.e. 9°. This
phase lag can be determined using a transmission photodiode: when the clusters
are perfectly aligned with the laser beam, the transmission has a maximum for
the MyOnes, and a minimum for the Masterbeads (See section 5.5.2. Having
thus determined the phase lag, the fast Fourier transform can be applied, and
the complex Fourier components are plotted in Fig. 5.3. Panel a contains the
experimental results, and panel b contains the relevant simulations from Fig. 5.1c.

For the MyOnes the Fourier components up to the 10f component agree
very well with the simulated components in Fig. 5.3b. The size of both the real
and imaginary parts are very similar, which means that also the phases and
amplitudes are almost identical. For higher Fourier components deviations occur.
In the simulations the 14f and 16f Fourier components are relatively large, while
in the experiments the 18f and 20f are more prominently present. This is likely
to be caused by a slightly different inter-particle distance in the simulations and
experiments, but as the distance will be constant for identical cluster species, this
is not studied in detail here. Another effect that plays a role is that in experiments
the higher Fourier components can be diminished due to Brownian rotation:
the clusters will have a slight angular spread, smoothing out the more sharply
peaked, higher-frequency components.

For the Masterbeads, a big difference between simulations and experiments
is observed. Just like in Fig. 5.2d, many of the higher-frequency features are
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Figure 5.3: Complex Fourier components from the experimental time signals plotted in

Fig. 5.2d. The real part is plotted as a black bar, the imaginary part as a red bar. Only

even Fourier components are plotted. The other Fourier components are negligible in

comparison and are most likely related to noise. a) The experimental results b) The

simulated Fourier components, for comparison.

suppressed. This is most likely due to the very significant size spread of the
Masterbeads. As a consequence, only the 2f component is clearly present. It has a
strong negative imaginary part, i.e. the phase is similar to a sine. The phase of
the 2f component is therefore very similar to that in the simulations.

An advantage of this strong reduction in the number of higher frequency
components, is that all Fourier components beyond the 10f are specific to the
MyOnes. Despite the almost identical 2f phase of the MyOnes and Masterbeads,
this should therefore still allow a measurement of the number of both cluster
types simultaneously.

Now that the complex Fourier components have been determined experimen-
tally, the approach from Eqn. 5.5 can be used to determine the number of clusters
of these types relative to these reference samples.

5.3.3 Experimental discrimination with Fourier components

The matrix A is constructed using the even Fourier components 2f,4f, . . . , 20f from
the experiments with only Ademtech Masterbeads and from the experiments
with only MyOnes. The column vector y contains the corresponding Fourier
components from any experiment at the same magnetic field. Applying Eqn. 5.5
to this matrix and vector results in a complex-numbered vector x corresponding
to the reconstructed Masterbead dimer and MyOne dimer concentrations. As
these concentrations cannot be complex, an additional step is needed in the
interpretation. The phase of these complex numbers is non-zero, due to small
phase differences between the experimental signal and reference signal, and
due to the presence of noise. In both these cases the real part will typically be
reduced, while an imaginary part is introduced. As such, the absolute values of
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the components of the vector x are used as the reconstructed concentrations and
are plotted in Fig. 5.4 for a magnetic field strength of 8 mT. The plotted error
bars are obtained by performing the reconstruction process four times on each
quarter of the pulses, and determining the standard deviation. The plots at 5 mT
and 11 mT look very similar, and can be found in the appendix, Fig. 5.8.
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Figure 5.4: The reconstruction of the MyOne and Masterbead dimer concentrations, based

on the Fourier components, as a function of the weight fraction of the MyOnes. The dashed

lines are not based on a model, but added to guide the eye.

The reconstructed concentrations of Masterbead dimers and MyOne dimers
are normalized with respect to the corresponding reference sample. As such
the concentrations are values between 0 and 1, and a calibration with a known
concentration of dimers is needed in order to attach actual concentration values
to this axis. For the MyOne dimers the relative concentration is monotonously
increasing with the mixing ratio. A trendline y = xc has been added as a guide to
the eye, with c = 1.4 ± 0.1. This trendline corresponds very well to the measure-
ments, and corresponds to a slightly superlinear dependence of the number of
dimers on the concentration of MyOne particles. If all MyOne particles would end
up in MyOne dimers, a linear dependence would occur, which would correspond
to slightly more MyOne dimers being present for all MyOne fractions, aside from
0 and 1. This difference could be caused by some MyOnes not being close to
another MyOne particle to form a MyOne dimer in the first second that the field
is on. For very dilute well mixed samples of only MyOne particles a quadratic
dependence of the amount of dimers on the concentration could be expected. As
the dependence in this case is subquadratic, the experiments might have been
done in an intermediate regime where the behaviour is somewhere between
linear and quadratic. Another explanation for the deviation is the formation of
mixed dimers. The small deviation from linear behaviour in that case is indicative
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of a small amount of mixed dimers, as most MyOne particles still end up in
MyOne dimers.

For the Masterbead dimers, the relative concentration is monotonously decreas-
ing. A similar fit equation, y = 1 − xc, has been used to create a guide to the eye
with c = 1.6 ± 0.7. The reconstructed Masterbead dimer concentration is almost
constant below a MyOne mass fraction of 30 %, i.e. a Masterbead mass fraction of
above 70 %. Due to the 9 times lower mass per particle of the Masterbead particles,
the number density in this regime is over 6 times larger than the maximal My-
One number density in all of the experiments. Due to this high number density,
Masterbead particles are relatively close to each other, and instead of Masterbead
dimers, also trimers and longer chains of particles could be formed. Due to the
lack of structure in the Masterbead signals, because of the size polydispersity, it
is not possible to distinguish different cluster types containing the Masterbeads.

Note that the broad size distribution of the Masterbead also means that the
mixed dimer signals are very similar to the Masterbead signals. As such, the
mixed dimers that are present will probably appear as Masterbead dimers in the
reconstruction. As these mixed dimers are mainly expected when both a high
concentration of MyOnes and a high concentration of Masterbeads is present, this
leads to a higher reconstructed number expecially for MyOne fractions between
0.6 and 0.9. Therefore, the reconstructed Masterbead dimer concentration in this
case should be considered as an upper limit.

Apart from the statistical uncertainty in the experimental results, which pro-
vides the error bars in Fig. 5.4, also some systematical errors occur. As an example,
for one MyOne fraction (66 %), both concentrations are relatively low with respect
to the trend, and for one MyOne fraction (83 %) both concentrations are relatively
high. This is probably due to cuvette-to-cuvette variation, as similar deviations
also occur at these concentrations for the other magnetic field strengths using the
same cuvette. This cuvette-to-cuvette variation is most likely caused by variability
in the slit position, as it is manually attached to the cuvette. For example, if the
slit is slightly wider more light will reach the detector, which causes a bigger
amplitude in the oscillations, thereby bigger Fourier components, and ultimately
leading to an apparently higher concentration.

In conclusion, the reconstruction of the concentrations using Fourier compo-
nents works very well, especially for the MyOne dimers, for which the reconstruc-
tion has a small pulse-to-pulse variability. Due to the big size polydispersity, the
Masterbead signals have a limited amount of unique Fourier components. Conse-
quently, the Masterbead dimer reconstruction has more uncertainty, especially
since the signals from mixed dimers and Masterbead trimers cannot be excluded.

5.3.4 Fitting the signals

Another approach of determining the concentration of the different subspecies
consists of fitting the signals with a linear combination of the signals from the
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samples containing only Masterbeads, and the samples with only MyOnes, i.e.
with a fit equation resembling Eqn. 5.1. A disadvantage of such an approach is
that non-periodic contributions to the signal, such as noise can have a bigger
impact on the outcome. However, as can be seen in Fig. 5.2d, the noise is relatively
small with respect to the signals, and is only really apparent in the Masterbead
signals, where the noise is around one percent of the signal amplitude. The
contribution of noise can however be reduced significantly by applying a Fourier
filter to the reference signals, removing all frequencies that are not a multiple of
the field frequency.

An advantage with a fitting approach is that no Fourier analysis is needed,
avoiding complications with the phase of the signal, and complex concentrations
following from the reconstruction. As such, this approach can be useful to
verify the outcome from the Fourier-based analysis. If the results are similar,
that suggests that the Fourier-based approach indeed works in the presence of
experimental variability.

The residual after fitting can also provide additional information. A bigger
residual can just imply a larger contribution of 1/f noise such as that due to
Brownian motion, but if it is periodic it could indicate the presence of clusters
that were not expected. As such, the residual gives an indication of the presence
of mixed clusters, for which we have no reference signal, as explained in the
previous section. A selection of signals with corresponding fits can be found in
Fig. 5.5a and the corresponding residuals are plotted in Fig. 5.5b.

The fits in Fig. 5.5a in general match the experimental data closely. However, as
the residuals in panel b reveal, for all mixtures a maximum occurs in the residual
around 1.42 s, 1.52 s and 1.62 s. As this maximum is periodic and consistent for
the different mixtures, it is quite likely that this residual can indeed be linked to
cluster types that have not been included in the analysis. Apart from this periodic
behavior, the residual also contains most of the noise from the experimental data.

In order to study the size of the residual, the standard deviation of the residual
has been plotted in Fig. 5.5c. As can be seen, the residual is non-zero even for the
sample with only Masterbeads and the sample with only MyOnes. This is caused
by the noise on the signals. The standard deviation of the residual increases to a
maximum for a mass ratio of around 83 % MyOnes, and then decreases again.
At this mass ratio, the number density of the smaller Masterbeads is the closest
to that of the MyOnes, which intuitively would enable the most mixed dimers
to be created. In conclusion, the behavior of the residual is consistent with the
formation of some mixed clusters.

Apart from information on the residuals, the fitting also results in an amplitude
related to the MyOne-like signals and one related to the Masterbead-like signals.
These are plotted in Fig. 5.5d. It is interesting that the Masterbead-like and MyOne-
like amplitudes seem to behave quite differently. The MyOne-like signal increases
monotonously throughout the entire concentration range with an increasing slope.
On the other hand, the Masterbead-like amplitude stabilizes for a MyOne fraction
below 0.25 (i.e. a Masterbead mass fraction above 0.75). This behavior is consistent
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Figure 5.5: a) Experimental signals (black) and fits (red) at various mass ratios of MyOne

particles, plotted versus time. b) The residuals corresponding to panel a. c) The standard

deviation of the residual versus the MyOne mass fraction. As a guide to the eye a

spline has been plotted as a dashed line. A maximum occurs at a mixing ratio of 83 %.

d) Fitted Masterbead-like (black) and MyOne-like amplitudes (blue) versus the MyOne

mass fraction. As a guide to the eye, fits with the equation y = a + b ∗ xc have been added

as dashed lines, where a is fixed to 0 for the MyOne-like amplitude.

with that in Fig. 5.4 where the reconstruction based on Fourier components was
performed. The main difference appears to occur in the Masterbead concentrations
for MyOne fractions between 0.6 and 0.9, where the fitted amplitude does not
decrease as much in the fit-based analysis as it did in the Fourier-based analysis.
In this regime mixed dimers are likely present, which might indicate that these
are more effectively excluded in the Fourier analysis compared to the fitting
analysis.

5.4 conclusions and outlook

Thus far the rotating cluster assay has always been used to measure one cluster
type at a time. In this chapter we have presented a novel method of analyzing
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scattering signals using multiple Fourier components, which enables distinguish-
ing different cluster types. Experiments have been performed using mixtures of
different particle sizes, and it has been demonstrated that different cluster types
can be distinguished based upon differences in the cluster-angle dependence of
the light scattering.

This paves the way to develop applications of the optomagnetic cluster assay
in which the concentration of more than a single analyte can be measured simul-
taneously. By carefully choosing the chemical functionalization of the particles
involved, only clusters between identical particles can be formed. This could for
instance be done by coating different particle types with antibodies for different
target molecules, allowing for two (or more) sandwich immunoassays simultane-
ously. The presence of mixed clusters can still occur by non-specific aggregation,
but we have shown that even in the presence of mixed clusters, it is possible to
extract concentrations of the clusters of only one particle type.

Another application could be to only form such mixed dimers in a specific
manner, by using different monoclonal antibodies for the same target biomarker
on the different particles. If the large and small particles are only combined when
the sample fluid is added, this would mean that no mixed clusters can have
been formed prior to this. The non-specific clusters which have been formed
previously, for instance during the coating of the particles or production of the
device, would thus be either large-large or small-small clusters, which can be
excluded from further analysis, thus allowing for a lower background level, and
probably a lower limit of detection.

The smaller particles that have been used in the experiments have quite a broad
size distribution, which causes the scattering signals from clusters containing
these particles to contain less features and have a lower amplitude. When particles
with a narrower size distribution become available, it will be possible to distin-
guish more different cluster types, so that our methodology can be extended to
more particle sizes, for the simultaneous detection of more than two biomarkers.
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5.5 appendix

5.5.1 Size Polydispersity

In this section, the influence of size polydispersity on the scattering signals will
be simulated. Given the huge amount of size spread for the Masterbeads, it will
probably no longer be a good approximation to use a normal distribution, as
was done for the MyOne particles (see also section 2.6.1). Nevertheless, lacking
more detailed information on the size distribution, an approximation could be
made based upon a normal distribution. For this distribution for the Masterbeads,
a standard deviation of σ = 22.5 % of the average diameter, µ, is used. For the
MyOnes, the spread in size is σ = 3 %.

In order to model the polydispersity, simulations are performed for discreet
combinations of possible sizes, from µ − 4σ to µ + 4σ in steps of 0.2σ. After
weighing each of these simulations with the probability of the particle sizes, the
signals for polydisperse particles are obtained, and are plotted in Fig. 5.6a. Fig.
5.6b contains the monodisperse simulations for comparison.
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Figure 5.6: The influence of polydispersity in the simulations. a) simulations including a

3 % standard deviation for the MyOne particles and a 22.5 % standard deviation for the

Masterbeads. b) the monodisperse simulations for comparison.

For the MyOne particles, the differences are quite small. The main difference
is that the peaks near 15° and 75° are slightly lower in the polydisperse case.
For the mixed dimers, and for the Masterbead dimers, the differences on the
other hand are enormous. Probably they will not match the experimental data,
because the distribution of the sizes of the Masterbeads is different. But still, some
conclusions can be drawn. Firstly, the amplitude is diminished a lot, especially for
the Masterbead dimers. This is something that was also noted in the experiments,
so indeed polydispersity can explain the lower than expected signals from the
Masterbeads. Secondly, all of the peaks are broadened. As a result, the mixed
signals and Masterbead signals start to resemble each other. It is likely that with
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even more polydisperse particles (which may well be the case in practice), these
signals are hard to tell apart. The biggest difference in that case may be the
phase: the Mixed dimers always have a maximum scattering at 225°, while the
Masterbeads have this maximum, but also a nearby maximum at 265°. With more
polydispersity these peaks can become hard to distinguish and will merge to
form a scattering maximum near 240°.

5.5.2 Transmission signals

The transmission signals are measured in the laser beam after the cuvette. In
order to protect the photodiode, a neutral density filter is used to lower the
beam intensity and the laser beam is slightly defocused so that it is spread out
over the entire surface of the photodiode. The transmission signals in shape
resemble the geometric cross section for the area of the particles illuminated by
the laser beam [57]. They are plotted in Fig. 5.7. In panel a, the transmission
signal is plotted over the entire 7 seconds that the field is on. It can be seen that
the signal starts at a small amplitude, consistent with only a small number of
permanent clusters. Then, for the MyOnes saturation occurs rapidly, with only a
small increase over the rest of the pulse. For the Masterbeads the signal seems
to increase in amplitude at roughly the same rate over the entire period that the
field is on. This indicates that more and more, and probably also larger and larger
clusters are being formed.
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Figure 5.7: Typical transmission signals, measured at 8 mT for solutions containing only

MyOnes and only Masterbeads. a) The full time evolution during a pulse. b) The transmis-

sion signals in more detail around the times used for the analysis.

Surprisingly, as can be seen in panel b, the transmission for the Masterbead
particles is at a minimum when the clusters are aligned with the laser beam,
while the transmission for the MyOne particles is at a maximum in this situation.
Intuitively, a maximum would be expected if the chains are aligned with the
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laser beam, as the laser beam would in this case have the least interaction with
the particles. A similar effect for small particles was observed by Park et al. [16]
who attribute the behavior of their transmission signals to Rayleigh-Gans theory.
This theory is not strictly applicable to magnetic particles (with a refractive index
significantly higher than water) and particles with a circumference larger than the
wavelength, as is the case for the particles being used. Probably Mie scattering
should also be used to model the transmission signals, if these are to be used in
subsequent research.

5.5.3 Fourier-based reconstruction at different field strengths

Fig. 5.8 shows the Fourier-based reconstruction at 5 mT (panel a) and 11 mT
(panel b), with the same fit equations as in Fig. 5.4 used to provide a guide to
the eye. At larger field strength the error bars become smaller, which is probably
due to the formation of more clusters, which causes bigger signals, allowing for a
more accurate interpretation.
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Figure 5.8: The reconstructed cluster concentration based upon the Fourier component,

plotted versus MyOne fraction, for MyOne dimers (black) and Masterbead dimers (red).

The data in panel a is obtained at 5 mT and the data in panel b is obtained at 11 mT.

Also at 11 mT, the reconstructed Masterbead dimer concentration remains
almost constant at MyOne fractions below 0.6 (A = 2.1 ± 0.3). This implies that
the saturation might be caused by longer chains of particles being formed: both
stronger fields and larger particle concentrations enable the formation of longer
chains of particles. For the 5 mT experiment, the Masterbead dimer reconstruction
is almost identical in shape to the MyOne dimer reconstruction, only upside-
down. This suggest that in this case the saturation does not occur, which is
consistent with the trimer formation hypothesis.

For identically-sized particles, the trimer signals have more peaks, and thus
contain higher Fourier components, as discussed in the appendix of the previous
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chapter. However, due to the large size polydispersity of the Masterbeads, these
trimer signals will be even more affected than those for dimers. More rapid
oscillations also means they can cancel out more for different trimers. Even for
the dimers only the 2f component had a significant amplitude in the experiments,
and this amplitude was reduced by about an order of magnitude due to the
polydispersity. It is likely that this reduction of the amplitude will be even
stronger for trimers, so that the 2f-amplitude for trimers is potentially even
smaller than that for dimers, which would explain the saturation observed.

5.5.4 Fit-based reconstruction at different field amplitudes

Fig. 5.9 shows the results from the reconstruction based on fitting the signals
at a lower magnetic field strength of 5 mT in panel a, and at a higher magnetic
field strength of 11 mT in panel b. The results for 8 mT are presented in Fig. 5.5d.
Compared to that figure, at the lower magnetic field strength the reconstructed
Masterbead concentration starts to decrease for lower MyOne fractions, while
at higher magnetic field strength this occurs for higher MyOne fractions. Just
like for the Fourier-based reconstruction this can be attributed to a saturation
effect that occurs for high field strength and high concentrations of Masterbead
particles. A likely explanation under these conditions is the formation of larger
clusters.
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Figure 5.9: Fitted Masterbead-like (black) and MyOne-like amplitudes (blue) versus the

MyOne mass fraction. As a guide to the eye, fits with the equation y = a + b ∗ xc have

been added as dashed lines, where a is fixed to 0 for the MyOne-like amplitude. a) Data

for 5 mT b) Data for 11 mT
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5.5.5 Evolution of signals

Fig. 5.10 shows the time traces at a 8 mT magnetic field strength for the pure
samples of Masterbeads (panel a) and MyOnes (panel b) respectively. The more
time has passed since the start of the pulse (tstart), the more structure the signal
of the Masterbead signals contains. On the other hand, for the MyOne signals,
most of the change occurs in the first 2 seconds. After this, the signal remains
almost the same shape, except for a slight increase in the sharpness of the peaks.
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Figure 5.10: Time evolution for the pure Masterbead (panel a) and pure MyOne (panel b)

samples for different times after start of field application (tstart).

While the change in the MyOne signals can be explained mainly by a better
alignment of the clusters with the applied field, this is not the case for the
Masterbead signals. Probably larger clusters are being formed while the field is
on, leading to a different signal shape. It is also possible that the composition of
the dimers changes over time. While the smaller, fast diffusing particles mainly
lead to dimers just after the field is turned on, the larger particles take more
time. It might also be that these larger particles are initially in clusters with
smaller particles, and because no chemical bonds are present, they are free to
swap partners if such clusters encounter each other.

The hypothesis that gradually more of the larger particles from the size dis-
tribution pair up is consistent with the shape of the signals starting to resemble
that of the MyOnes, as they would be a similar size to the MyOnes. Further
investigation of this effect is needed. It plays no role in the current experiments,
as data from the beginning of the pulses is used for these, but it might affect the
specific clusters formed if long actuation pulses are used.
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6.1 conclusions

In this thesis, the scattering behavior of small clusters of particles has been
investigated, both by experiments and simulations. Such clusters are formed in
an optomagnetic rotating cluster assay biosensor [17]. In this chapter, the main
conclusions of this thesis will be discussed, and an outlook is presented.

In Chapters 2 and 3, Mie scattering calculations of rotating particle dimers
have been used to reproduce in detail the scattering signals measured in the
optomagnetic cluster assay. Many parameters have been studied: the shape of
the cuvette, the particle size distribution, the inter-particle distance, the particle
refractive index, the scattering angle and polarization. A detailed agreement
between simulations and experimentally measured scattering signals has been
obtained. Inspired by the rich angular structure near a scattering angle of 90

degrees, experiments have been carried out at low salt concentrations to vary
the inter particle distance by controlling the electrostatic repulsion and magnetic
attraction. Light scattering in combination with Mie scattering calculations have
revealed that the inter-particle distance can be retrieved using a perpendicular
scattering geometry.

In Chapter 4, a geometry has been studied in which the clusters rotate in
the same plane in which the scattering occurs. The initial motivation was to
enable the creation of a compact cartridge device. Interestingly, the single-plane
geometry gives rise to scattering signals that are higher in amplitude compared
to the out-of-plane geometry studied in Chapters 2 and 3. Also in the in-plane
geometry, the distance between the particles in a cluster can be extracted from
the signal shape. Finally, a detailed analysis of the positions of the maximums in
the experimental signals shows good agreement with simulations, if in addition
to dimers also trimers are present at small inter-particle distance. So the signals
can be used to distinguish different kinds of clusters.

Chapter 5 continued the research into the discrimination of different kinds of
clusters. By using two differently sized particles (small and large) it is possible to
form three kinds of dimers: small-small, large-large and mixed dimers. It has been
shown using simulations that all of these in principle give rise to different signals,
so that it should be possible to distinguish them. Furthermore, theory has been
developed to extract the concentrations of each kind of cluster simultaneously,
when they are present in a mixture. In experiments, it has been demonstrated
that the large-large dimers could indeed be distinguished successfully from the
other dimers. Combining the knowledge gained in all of the chapters, the design

85



86 conclusions and outlook

parameters of the optomagnetic cluster assay can now be evaluated with detailed
understanding of the measured signals.

6.2 design parameters of the assay

6.2.1 Cuvette shape

The first important design parameter is the shape of the cuvette. The angle at
which the light is scattered inside the cuvette is typically not the same as the
detector angle outside the cuvette, as refraction occurs at the inner and outer
surfaces of the cuvette. Additionally, (partial) internal reflections typically occur,
so that the light that reaches the detector corresponds to a weighted average
of several different scattering angles. Due to this averaging, and different peak
positions in these contributions, a lot of the structure in the signals is reduced.
This effect is significant for a detector angle of 30 degrees, as used previously by
Andrea Ranzoni [17, 22].

However, for a square cuvette and perpendicular detection, the reflections are of
a limited effect. This geometry enables some of the light scattered perpendicularly
in the opposite direction to reach the detector, but most of the light that reaches
the detector is scattered directly towards the detector. As such, for square cuvettes,
perpendicular scattering signals are the easiest to understand and allow a detailed
interpretation.

In order to study different scattering angles, the best solution is to reduce the
volume into which the laser is focused, so that only clusters at a specific spot in
the center of the cuvette can scatter, and use a cylindrical cuvette. Because the
laser beam would be focused in a small spot, a single cluster would provide a
large enough signal. For a point of care biosensor this has the downside that there
will be times in which no clusters are present in this volume, making it necessary
to perform longer measurements. On the other hand, such measurements will
contain information on a single cluster level, instead of an ensemble-average,
so might be interesting to study. As an example of such additional information,
instead of obtaining an average inter-particle distance, a distribution of such
distances could be obtained. In addition, polydisperse particles will not negatively
affect the signals in this case, as only a single cluster is analyzed at the same time,
and the scattering patterns will reveal the size of each particle in the cluster. The
odd Fourier components in this case would be an indication of the asymmetry of
the dimer.

6.2.2 Particle size distribution

In chapters 2, 4 and 5, we demonstrated the effect of particle size distribution.
For the MyOne particles that were used in most of the experiments, the effect is a
small reduction in signal amplitude. However, for more polydisperse particles,
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such as the Ademtech Masterbeads used in chapter 5, the signals lose their higher
frequency components and are smaller by an order of magnitude. This reduction
in amplitude makes it harder to measure the concentration of these clusters, while
the loss in higher frequency components also means less additional information
can be obtained from these signals, i.e. accurate distance measurements will be
nearly impossible.

As such, the size polydispersity of the particles to be used in a rotating cluster
assay ideally is small, with a root mean square spread below 3 % of the particle
size. At this level of polydispersity, the reduction in amplitude is already about
15 percent, but the signal shape and ratio of the higher harmonics are barely
affected.

6.2.3 Distance measurements

In chapter 3 and 4, it has been demonstrated that information on the distance
between the particles forming a dimer can be extracted from the experimental sig-
nals. It should however be noted that in these cases low salt concentrations were
used to obtain these distances. At physiological salt concentrations, the particles
will typically not be separated by more than a nanometer by the repulsive electro-
static interaction. As such, to practically utilize these distance measurements, it is
necessary that a larger distance is generated in some other way. In a sandwich
assay, a target molecule is sandwiched between the particles, which may generate
a spacing between the particles that is of the size of the capture molecules and
the target molecule. However, a single-molecular bond may allow hinge motion,
causing the particle surfaces to touch each other a significant fraction of the time,
so the time-averaged inter-particle spacing may remain small.

6.2.4 Miniaturization

In chapter 4, we investigated the geometry as a design parameter and studied
a geometry in which the scattering plane and rotation plane are identical. This
geometry has a number of advantages. First, the perpendicular scattering signals
are bigger in amplitude, enabling easier detection of the scattering signals. Second,
the setup is more compact and simpler than the perpendicular geometry. In the
perpendicular geometry, the laser diode and photodiode are positioned in another
plane as the quadrupole magnet, which inherently requires a three-dimensional
construction. Into this three-dimensional setup a cartridge needs to be inserted
and fixed in place. In contrast, the in-plane geometry contains all components in
one plane, enabling the insertion of a cartridge perpendicular to the scattering
plane without any interference. The in-plane geometry is also convenient for
multiplexing, for example, two or more cartridges can be inserted at the same
time, separated by a light absorbing layer. Both cartridges could have their own
independent detector but use the same magnetic field actuation.
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6.2.5 Multiplexing

In chapter 5, another approach for multiplexing was demonstrated. In one cuvette,
different cluster types are detected simultaneously, and can be distinguished
based upon their scattering properties, as demonstrated by the simulations. In
the experiments the concept was demonstrated as well, but the polydispersity of
the smaller particles prevented making the distinction between small-small and
small-large dimers.

One of the conclusions in this chapter relates to the way in which the Fourier
components are studied. Thus far, the focus has always been on the amplitude, as
a measure of the number of clusters present. However, the amplitude approach
does not work well if different kinds of clusters are present and need to be
distinguished. As such, it is important to use a combination of the amplitude
and phase of these Fourier components. This can be easily implemented by using
complex numbers for the Fourier components, so that the concentration of each
of the cluster types can be extracted using a linear combination of the various
Fourier components.

If particles with a very small size polydispersity are used, simulations can be
used to describe the scattering also for trimers and larger chains, enabling the
simultaneous detection of the various cluster types. This might lead to a more
accurate determination of the target concentration at higher target concentrations
in the cluster assay with one particle size. Another way in which two or more
different clusters can be present in an assay with identically sized particles, is
if the inter-particle distance can be one of two values. In this case, a similar
approach can be used to distinguish the dimers with small separation from those
with big separation, and determine their concentrations independent from each
other. This will require calibration with samples containing pure samples of each
of these cluster types, which can be used as reference samples. Again, for very
small size spread, simulations can be a method to obtain these reference signals.

6.3 risks related to the use of particles

In this research and the intended biosensing application, magnetic particles are
used with micrometer and nanometer sizes. Here a brief analysis is presented of
potential risks of such materials. Some studies indicate that magnetic nanoparti-
cles may be toxic to human cells, while in other studies no adverse effects were
observed [76]. Similarly conflicting results have been obtained for polystyrene
particles [77] and iron oxide nanoparticles [78]. The toxicity depends on the
particle composition, size, surface functionalization, and different cells show a
different response. One of the ways in which magnetic nanoparticles can be
damaging at the cellular level, is oxidative stress, mainly due to the metallic
content. For polystyrene particles containing fully embedded superparamagnetic
grains, this may be a problem if the particles are present in the body and start to
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degrade. Apart from toxicity to humans, the particles can also be toxic to other
organisms. As such, care should be taken to avoid the release of these particles
into the environment.

The use of a cartridge-based biosensor in which the particles remain contained
is potentially a safe solution. A droplet of blood will be applied to the cartridge
and the cartridge will be placed inside the readout device. After the test, the
cartridge is biomedical waste as it contains blood and such waste is typically
incinerated. During this process, also the magnetic particles are destroyed and
potential risks are removed.

6.4 outlook

In this thesis, a detailed understanding of the signals obtained in the rotating clus-
ter assay has been obtained and several design parameters have been evaluated.
For a point-of-care biosensor, the cuvette should be square and perpendicular
scattering signals contain the most information. If the particles are sufficiently
similar in size and composition, distance measurements are possible, and the
signals can be well described using Mie scattering simulations. If these require-
ments are met, it should be possible to create a miniaturized system, based upon
easy-to-produce cartridges, as discussed in chapter 4.

The signals from non-specific clusters have always been a limiting factor for
the limit of detection of cluster assays [13, 18, 22]. Such non-specific clusters are
usually already present in the stock solution or formed prior to the assay during
the particle functionalization steps in which chemically reactive surfaces and
magnetic washing steps are used. In chapter 5, we demonstrated an analysis
method of scattering signals for the detection of dimers consisting of one large
and one small particle in a mixture of large and small particles. This allows to
design different assay strategies in which mixed dimers are formed specifically
by using a matched pair of monoclonal antibodies. The large particles are coated
with one of these antibody types, and the small particles with the other type.
In the presence of the target biomarker, a sandwich assay will form mixed
dimers between large and small particles. Since the large and small particles are
prepared separately, only dimers with two particles of equal size are formed
during the preparation phase. By mixing the large and small particles just prior
to the assay, no non-specifically bound mixed dimers can have formed until that
time, potentially lowering the background significantly. As such, this kind of
assay might enable a lower limit of detection, provided that these mixed dimers
can be distinguished from large-large and small-small dimers as proposed in
chapter 5. By combining this approach with PEG brushes, which Ranzoni et
al. [22] used to suppress non-specific cluster formation during the assay, such
a mixed-cluster-based assay might enable a near-zero number of non-specific
mixed dimers.
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Another strategy to minimize signals due to non-specific clusters is by using
distance-dependencies. However, as outlined in the previous section, the time-
averaged surface-to-surface distance in a sandwich assay may be small due to
hinging motion. Verification of the usefulness of distance measurements in a
practical assay should be done in later research.
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