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Abstract 
The aim of this research is to investigate wether an optical signal can be used to 
determine the distance between two superparamagnetic beads. We do this by using a 
quadrupole setup wich generates a rotating magnetic field. We vary the distance in a 
controlled manner by varying the salt concentration and the magnetic field. When the 
salt concentration is increased the negative charge at the outer shell of the MyOne beads 
will get shielded. This decreases the electrostatic force and thus letting the beads find 
equilibrium at a closer distance. When increasing the magnetic field, the beads will get 
more magnetized and they will start attracting each other and thus finding equilibrium 
at closer distance and so clusters will start to form.  
By placing a cuvette containg freely defusing superparamagnetic beads at the center of 
the roatating magnetic field, the formed clusters will start to roatate. A red laser is 
focused at the center of the cuvette and since the clusters formed rotate their scattering 
area will vary. By measuring this scattered signal at 90 degrees we try to derive a 
relationship between the signal measured and the distance between the beads. 
To define this relationship three parameters were used. Characteristics in the shape of 
the signal, the flank separation time of the periodic signal and the strength of the Fourier 
components. These values were then compared to the model generated by using 
equations and values found in literature. This gives us an indication what the actual 
behavior is of these parameters compared to the distance between the beads. 
Increasing or decreasing the magnetic field and salt concentration shows similar 
behavior. The small peak in between the periods disappears and the peaks on the flanks 
get smaller for MyOne beads spaced closer together. The separation between the flanks 
at 20 percent of the maximum to minimum values of the signal gets wider as the beads 
get separated. For high magnetic fields (7-12mT) the beads are spaced so close together 
that the spacing between the flanks remains around 32±2ms.  The 2f component get 
smaller as a function of distance since the beads will not be able to keep up with the 
rotating external magnetic field. When looking at the other Fourier components is 
possible to conclude that for a typical range in distance around 7nm to around 250nm 
between the superparamagnetic particles the 8f and 10f Fourier component decreases 
as a function of distances and the 6f component increases. 
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1. Introduction 
The group Molecular Biosensors for Medical Diagnostics (MBx) at Eindhoven 
University of Technology, focuses on research involving biosensors.  A biosensor is an 
analytical device, used for the detection of an analyte that combines a biological 
component with a physicochemical detector. One should think of detecting tissue, 
microorganisms, cell receptors, enzymes antibodies, nucleic acids, etc. Nowadays these 
biosensor not only used in laboratories and hospitals but also to the consumer market. 
One can think of many wearable devices which for example use optical light and UV 
light to detect heart rate and glucose levels in the blood. Many more of these features 
will be added to these wearable devices and therefore research is needed to develop 
new biosensors to meet the demand of this upcoming market.  
Superparamagnetic beads consist of different magnetic domains and can thus be 
magnetized by an external magnetic field. These beads are important in a multitude of 
biological and biomedical applications [4]. This includes the manipulation and 
separation of cells, separations of proteins, active drug delivery and application of 
mechanical forces to cells [5]. Therefore they have found a wide use in both research 
and clinical medical diagnostic applications. When knowing the distance between these 
beads it’s possible to develop sensor which can discriminate nonspecific bound 
particles from specific bound particles. In this way it’s possible to detect the amount of 
biomarkers present without the background noise induced by none specific bound 
particles. We use supermagnetic MyOne beads, which are small in diameter, around a 
few micrometers and can move freely through a solution due to random molecular 
bombardment of Brownian motion. These properties are excellent for developing a 
biosensor for which such assets are needed.  
When a small external 
magnetic field is applied the 
magnetization of the 
domains will align in the 
same direction as the 
external field and the bead 
becomes magnetized. Since 
the superparamagnetic beads 
will attract one another, the 
attracting dipole-dipole 
interaction will become 
stronger as a stronger 
external magnetic field is 
applied and clusters start to 
form as shown in figure 1. 
There is also a repulsive 
electric force imposed by the 
net charge of the magnetic 
bead. When the salt 
concentration is increased 
the MyOne beads will gain 
a negative charge at the 
outer shell of the bead. This 
decreases the electric force and thus lets the beads find an equilibrium at a closer 

Figure 1 – In A free superparamagnetic beads are present 
undergoing a Brownian motion. When at B an external rotating 
magnetic field is applied, small cluster of beads will be formed 
(doublets) and these will try to align along the external magnetic 
field. Therefore rotating in the solution.  
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distance. By finding this equilibrium point it’s analytically possible to determine by 
what distance the particles are separated.  
In this project the main goal is to investigate whether an optical signal, such as a 660nm 
red laser, contains information about the distance between two superparamagnetic. This 
laser is focused at the center of the cuvette containing [8] COOH-coated 
superparamagnetic particles (Dynabeads® MyOne™, diameter 1µm). These particles 
are highly monodisperse in size and are saturated by a field strength close to 25mT. 
This allows for an external magnetic field to easily magnetize the particles and together 
with varying the salt concentration we can use these as parameters for the spacing 
between superparamagnetic beads. By first generating a model it’s later possible to 
relate these parameters to physical quantities and it is possible to give quantitative 
results.  
In the chapter 2 the theoretical background behind all the given experiments is 
presented. This includes the interaction fore between MyOne beads, scaling of the 
amplitude, the model used during the experiments, detection mechanism and the theory 
behind the Fourier analysis. In chapter 3 gives an overview of the way in which the 
experiments are performed and what is researched. Chapter 4 shows the results of these 
experiments and if they confirm our theory described in chapter 2. Chapter 5 gives a 
conclusion and chapter 6 shows an outlook/discussion with future references and 
experiments.  
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2. Theory 

2.1 Superparamagnetic particles  

The MyOne particles used throughout the experiment are superparamagnetic beads. 
This means that they consist of many different magnetic grains. Since the grains inside 
the MyOne beads are sufficiently small, their magnetization can randomly flip direction 
under the influence of temperature. Because there are so many grains the overall 
magnetization adds up to zero. Under the influence of an external magnetic field the 
magnetization of the domains will align in the same direction as the external field and 
the bead becomes magnetized. When the field is turned off the magnetic domains will 
no longer be influenced by the external magnetic field and the beads will lose their 
magnetization. These properties are used to form doublets in this experiment and to 
overcome the repulsion force due to electric charge located at the surface of the 
superparamagnetic bead.  

2.2 Interaction force between MyOne beads 

In order to find a distance between two MyOne beads in a doublet, a simple model was 
created. In this model two forces are balanced with each other, both with their own 
energies. The first force is the dipole-dipole interaction [6] (Eq. 1) with its energy given 
by equation 2.   

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
3𝜇𝜇0

4𝜋𝜋�2𝑅𝑅1,2 + 𝐷𝐷�
4 (3(𝑚𝑚1 ∙ �̂�𝑟)(𝑚𝑚2 ∙ �̂�𝑟) −𝑚𝑚1 ∙ 𝑚𝑚2) (1) 

With R1 and R2  the radius of the superparamagnetic beads forming a doublet, D the 
separation distance, m1 and m2 the magnetic moment of bead one and bead two 
respectively and 𝜇𝜇0 the electromagnetic permeability in vacuum. 

 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
3𝜇𝜇0

4𝜋𝜋|2𝑅𝑅 + 𝐷𝐷|3 �(𝑟𝑟� × 𝑚𝑚1� × 𝑚𝑚2 + (�̂�𝑟 × 𝑚𝑚2) × 𝑚𝑚1 − 2�̂�𝑟(𝑚𝑚1 ∙ 𝑚𝑚2) + 5�̂�𝑟(�̂�𝑟

× 𝑚𝑚1) ∙ (�̂�𝑟 × 𝑚𝑚2) 

(2) 

The second force is the electric force which makes the MyOne beads repel each other. 
When the salt concentration is altered the MyOne beads will gain a negative charge at 
the outer shell of the bead. This decreases the electric force and thus letting the beads 
find an equilibrium at a closer distance D. This force [2] is described by equation 3 and 
the energy is given by equation 4,  

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒 = 𝜅𝜅 �
𝑅𝑅1𝑅𝑅2

𝑅𝑅1 + 𝑅𝑅2 + 𝐷𝐷
�𝑍𝑍𝑒𝑒−𝜅𝜅𝜅𝜅 , (3) 

 

𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒 = �
𝑅𝑅1𝑅𝑅2

𝑅𝑅1 + 𝑅𝑅2 + 𝐷𝐷
�𝑍𝑍𝑒𝑒−𝜅𝜅𝜅𝜅, 

(4) 

with 𝜅𝜅 being equal to one over the Debeye length  𝜆𝜆𝐷𝐷. The Debeye length is a measure 
of charge carrier’s net electrostatic effect in solution, and how far those electrostatic 
effects persist. Z given by equation 6. At room temperature (25 °C), one can consider 
in water for 1:1 electrolytes [7] the following relationship [9] described in equation 5.  
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𝜆𝜆𝜅𝜅 = 𝜅𝜅−1 = �
𝜖𝜖𝑒𝑒𝜖𝜖0𝑘𝑘𝑏𝑏𝑇𝑇
2𝑁𝑁𝐴𝐴𝑒𝑒2𝐼𝐼

=
0304
�𝐼𝐼(𝑀𝑀)

 
(5) 

Where I is the ionic strength expressed in molar (M or mol/L), e is the elementary 
charge, T is the absolute temperature in kelvins, ε0 is the permittivity of free space, εr is 
the dielectric constant, kB is the Boltzmann constant and NA is the Avogadro number. 
Z equals: 

𝑍𝑍 = 64𝜋𝜋𝜖𝜖𝜖𝜖0 �
𝑘𝑘𝑇𝑇
𝑒𝑒
�
2

tanh2
𝑒𝑒𝜓𝜓0

4𝑘𝑘𝐵𝐵𝑇𝑇
= 9.38 × 10−11 tanh2

𝜓𝜓0
107

 𝐽𝐽 𝑚𝑚−1 
(6) 

With 𝜓𝜓0 being the Zeta-potential which is around -50mV for carboxylic acid MyOne 
beads.   

2.3 Scaling of the amplitude 

A force is needed to bring superparamagnetic beads together. As the shown in equation 
2 the energy of the dipole-dipole interaction scales with ~ 1

𝑒𝑒′3
, with r’ being the distance 

between the center of the magnetic beads. The magnetic field scales with B2 due to the 
magnetization of the two beads. Therefore 𝐵𝐵

2

𝑒𝑒′3
> 𝐹𝐹′ with F’ being the force. This leads 

to the relationship 𝑉𝑉 ∝ 𝐵𝐵2

𝐹𝐹
 with V the volume where the effective interaction persists. 

Since number of clusters increases as V increases, this gives us the relationship that the 
amplitude of the signal scales with B2. 
2.3 model  

In order to determine the distance between the particles a model was made based on the 
theory described paragraph 2.3. To make an estimate of the distance between the beads 
we need to compute the minimum value of 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑒𝑒 which equals the 
distance where 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒. These equations have been analyzed in two 
different ways. Firstly for varying salt concentration and secondly for varying the 
magnetic field.  When varying the salt concentration, every salt concentrations had its 
own specific minimum in energy as show in figure 2. The minima are circled with a red 
circle.  When plotting all the minima with a specific concentration against the distance 
one can make a calibration line as shown in figure 3.  

Figure 2 - When plotting the potential energy 
against the distance one can find the minima 
(circled red) in Energy at 3.5 mT. 

Figure 3 - Calibration line where the salt 
concentration is plotted against the distance 
between the superparamagnetic beads. 

http://en.wikipedia.org/wiki/Ionic_strength
http://en.wikipedia.org/wiki/Molar_concentration
http://en.wikipedia.org/wiki/Elementary_charge
http://en.wikipedia.org/wiki/Elementary_charge
http://en.wikipedia.org/wiki/Kelvin
http://en.wikipedia.org/wiki/Vacuum_permittivity
http://en.wikipedia.org/wiki/Relative_static_permittivity
http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Avogadro_number
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To find a distance when altering the magnetic field the same model was. This time the 
salt concentration was held constant at 𝐼𝐼(𝑀𝑀) = 10−7, which is water, since we’ll be only 
using water during the experiments when altering the magnetic field. However, the 
dependence on the magnetic field also changes with salt concentration in an interesting 
way. Therefore also curves at three slightly higher salt concentrations are plotted in 
figure 4.  

When varying the magnetic field there is a clear trend visible at different salt 
concentrations close to water. When looking at water around 7.2 mT the magnetic force 
overpowers the electric force so that the magnetic beads stick together. This will happen 
more gradually when the salt concentration is slightly increased until the beads are not 
sticking together. What one can conclude is that above 7.2 mT the signal will not differ 
too much when altering the magnetic field. All of the code for the models can be found 
in section 8.1.1. 
During the experiments we have used these numerically computed values for distance 
to relate concentrations and magnetic field strengths to the distance between two 
superparamagnetic beads.  

2.4 Detection mechanism  

When applying a rotating magnetic field, clusters will be formed, which starts to follow 
the direction of the magnetic field. When the MyOne beads are rotating they will 
experience drag due to the viscosity of the water, and for high frequencies they will not 
be able to keep up with the magnetic field. The transition frequency is called the critical 

Figure 4 - The calibration curve plotted at different salt concentrations (H2O, 0.5µM, 1µM and 10µM) 



6 
 

frequency. Below this frequency a constant phase lag will appear between the axis of 
the doublet/chain of beads and the direction of the magnetic field.  
A laser beam is focused inside the cuvette. Due to the rotation of the clusters, their 
scattering area will oscillate as a function of time, so the amount of light scattered by 
the doublets and clusters will oscillate. This is shown schematically in figure 6. The 
oscillating light is detected by a photodiode. The amplitude of the signal relates to the 
number of rotating clusters and their size.  
 

 
Figure 5 – The scattering surface of the magnetic doublet. The arrow represents the incoming red laser 
light. Due to the doublet rotation, the scattering surface will vary. Having a maximum at 1 and 5 and a 
minimum at 3.  

The signal detected by the photodiode is shown in figure 6.  

 
Figure 6 – Signal received by the photodiode at 90 degrees.  
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2.5 Fourier analysis 

Fourier analysis is a mathematical technique to convert functions in the time domain to 
the frequency domain. So it is a mathematical application which shows what frequency 
components are present in a certain signal. For instance a perfect sine wave has a 
Fourier transform of zero everywhere, except at the frequency of the sine wave, where 
there is a peak. Applying it to another periodic signal will show peaks in the frequency 
domain at frequencies most present in the signal.   
The signals from our experiments is periodic and can thus be analyzed by using Fourier 
analysis. It may be possible to derive a relationship between the even Fourier 
components and the distance between the superparamagnetic beads. If the shape of the 
signal changes so will the Fourier components. We find these components by use of a 
Fast Fourier Transform (FFT).  An example of this FFT is given in figure 7.  

 
Figure 7 – An example of a FFT with MyOne beads dissolved in 100mM NaCl solution. The largest peak 
at around 8Hz is the 2f component. Other Fourier components are related to the shape of the signal.  
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3. Experimental setup 
 

3.1 General setup 
The experiments were performed with an Opnext HL654MG 660nm red laser, which 
was focused into the center of a glass cuvette containing the MyOne beads in a buffer 
solutions. The MyOne beads are carboxylic acid coated superparamagnetic particles 
(Dynabeads® MyOne™, diameter 1 μm). These particles are highly monodisperse in 
size and are saturated by a field strength close to 25 mT.  The buffer is deionized water 
or a salt solution containing up till 500mM of NaCl and is mixed together with the 
beads before being injected into the cuvette. Around the cuvette are four coils which 
generate the magnetic field. LabVIEW software is used to control the magnetic field 
coils via a voltage to current amplifier. By increasing the voltage in LabVIEW it is 
possible to alter the magnetic field. During the experiments a magnetic field between 
2mT and 12mT was used. The signal which is being sent to the coils is a sinusoidal 
signal, which has a phase shift of ninety degrees with respect to the next coil. This 
generates a rotating magnetic field with respect to the center of the cuvette. 
 
The scattered light is than measured by three photodiodes. One placed in transmission, 
one at a 30° angle an one at 90° angle. The most important data is generated for this 
experiment is at the 90 degrees photodiode since this signal contains information about 
the distance between the beads in the doublets. All of these signals are saved together 
with the signal of the magnetic field and time. Below in figure 8 is a sketch of the setup 
used in this experiment containing the glass cuvette and the magnetic coils.  
 

 
Figure 8 – Glass cuvette containing MyOne beads in a buffer solution. Red light (660nm) is focused at 
the center of the cuvette and the light is being scattered by the MyOne beads. A photodiode detects the 
scattered light. Around the cuvette are four magnetic coils placed which generate a rotating magnetic 
field.  
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3.2 Sample preparation 

In order to get accurate results the MyOne beads have to be washed to completely 
replace the storage buffer by mili-Q water. Since the MyOne beads are magnetic 
particles we can separate them from the solvent by using a tray with magnets attached 
to them. By doing this several times one can make sure that all of the storage buffer in 
which the MyOne beads are stored, is replaced by deionized water. At a later stage it is 
possible to mix the solution of MyOne beads with a salt solution to get the desired salt 
concentration. To break up all the non-specific cluster’s that may be present in the 
solution a supersonic finger is used. The high frequency oscillation of the finger creates 
shockwaves so that most of the bonds will break and the solution will have no more 
clusters. Therefore the scattered signal produced consists only of doublets and other 
magnetic chains formed during magnetization by the applied external magnetic field 
during the experiment. This is also verified in one of the experiments.  

3.3 Experiment: Defining a target regime 

In order to get an indication how the shape of the signal changes when increasing the 
salt concentrations, the salt concentration is varied between water and 500mM. To limit 
the size of the parameter space, the first experiments were done by changing many 
parameters and so defining a target regime. By measuring the timetrace it’s possible to 
compare different salt concentrations with one another. By taking the FFT of the signal 
it’s possible to get an indication of the amount of noise produced with a certain amount 
of averaging and repetition during the experiment.  
When diluting the MyOne beads it’s possible to get a feeling how many doublets are 
formed compared to longer chains. Since the MyOne concentration is lower, it’s more 
unlikely longer chains will be formed since magnetic beads are less likely to find each 
other within the solution. Therefore the signal produced will consist relatively more of 
doublets compared to other chains of magnetic beads. However since there will be less 
beads in the cuvette, there will be less scattering and thus less signal which decreases 
the signal to noise ratio. By doing quick experiments and looking at the timetrace and 
Fourier components it’s possible to define a target regime where further measurements 
are done. All the code used during the experiments can be found in Appendix 8.1.2.  

3.4 Experiment: Sedimentation at high magnetic field 

In order to test how long an experiment can take without sedimentation affecting the 
results and what magnetic field this seems to occur. We do some experiments to test 
what the difference is of measuring in one continuous experiment and changing the 
cuvette. Since superparamagnetic beads which get magnetized by a strong external 
magnetic field beads can permanently stick together. Many clusters will be present in 
the cuvette and sedimentation can occur. This means that the formed clusters will sink 
to the bottom of the cuvette and will not scatter the light any more. This means loss of 
signal and the amplitude will decrease. To test this two measurements are performed. 
One in which is done by varying magnetic field strength with the same cuvette and in 
which the magnetic field is increased in increments of 5 3�   mT.  If the field is high enough 
and the experiment is long enough the MyOne beads will sink to the bottom of the 
cuvette throughout the experiment. A Second experiment is performed with the same 
setup, but then changing the cuvette and solution after each increase of the magnetic 
field. This ensures that the beads will start to form new clusters every measurement and 
have no time to start sedimentation. By comparing all the amplitudes of the two 
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experiments it’s possible to draw conclusions on the amount of sedimentation and loss 
of signal.  
 

3.5 Experiment: Varying the salt concentration 

After defining the target region, the relationship between the salt concentration and 
distance has been investigated in more detail. During the experiment the salt 
concentration is varied between deionized water and 100mM in steps of a factor ten, 
while keeping the magnetic field amplitude constant at 3mT.  The MyOne concentration 
is kept constant at 1 mg/ml. For every measurement a different cuvette is used with a 
different salt concentration. For each measurement new MyOne beads and salt buffers 
were made. The measurement time is 10 seconds with 5 seconds in between where the 
magnetic field is turned off, to ensure that the magnetic clusters have enough time to 
separate in the solution and to form new doublets when the magnetic field is turned on 
again. This process is repeated 32 times so that it’s later possible to average over these 
pulses. Below is a graph plotted for a magnetic field of 12 mT. 

 
Figure 9 – Plot of the periodicity of the magnetic field used during the experiments. There are 32 two 
pulses each of 10 seconds with 5 seconds in between.  

3.6 Experiment: Varying the magnetic field 
To find the relationship between the increasing magnetic field and the distance between 
the superparamagnetic beads, the magnetic field is altered with increments of 0.1V in 
the LabVIEW software. Since the voltage is with the strength of the magnetic field this 
relates to an increment of around 5

3�    mT. All the measurements were done in water in 
with a magnetic field in a range of 2 to 12 mT, which corresponds to 0.15V to 0.75V. 
For measurements with a higher magnetic field the cuvette was changed to prevent 
sedimentation. Like in the previous section, where the salt concentration was varied the 
measurement time is 10 seconds with 5 seconds between the measurements where the 
magnetic field is turned off. See figure 9. This process is repeated 32 times to reduce 
the noise when averaging over these pulses. The off time gives the magnetic beads the 
time distribute themselves again in the cuvette.  
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4. Results 
4.1 Sedimentation at high magnetic field 
Below is the results of the sedimentation experiment. In figure 10 the blue line 
represents the timetrace of a continuous experiment and the red line represents the 
timetrace where the cuvette is replaced after increasing the magnetic field. Only 
experiments were done with an increasing field.  
When doing a continuous measurement figure 10 illustrates that the signal above 7.3 
mT is lower than replacing the cuvette. The most probable cause of this is that 
sedimentation occurs. Largely formed clusters of magnetic beads or individual particles 
will sink to the bottom of the cuvette. This means that there are less clusters to scatter 
the light on and therefore there will be less signal coming from the photodiode. When 
replacing the cuvette one can see that the Amplitude of the Fourier components keeps 
increasing like one would expect. For the relationship between the amplitude of the 
signal and the strength of the magnetic field, see section 4.2. 

 

4.2 Scaling of the amplitude against magnetic field 

The relationship between the amplitude A of the signal and the strength of the magnetic 
field equals 𝐴𝐴 ~𝐵𝐵2, this is explained in section 2.3. This means that when plotting the 
magnetic field against the root of the amplitude this should give a linear relationship. 
Also when the field is turned off there should be no signal so that the amplitude equals 
zero. This relationship is between the strength of the magnetic field and amplitude is 

Figure 10 – The blue line represents a continuous measurements while the red line represents changing 
the cuvette. After each measurement the field is increased.  
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plotted below in figure 11. In this graph the maximum amplitude at 12 mT is normalized 
at one.  

 
Figure 11 – The relationship between the amplitude of the signal received by the photodiode and the 
strength of the magnetic field. Red line represents a line passing through the origin and going linearly 
to 1.0 at 12 mT. The blue line represents the measured amplitude for different magnetic fields.  

When extrapolating the graph around zero one can see that the amplitude is zero as 
well. This confirms our expectation that the beads are paramagnetic and will not form 
clusters in the cuvette when no external magnetic field is applied. Permanent clusters 
can occurs but since we started with 2 mT and then increased the magnetic field. No 
clusters were present during the first experiments (an offset would indicate magnetic 
doublets in the cuvette when no external field is applied). For a field between 2 and 6 
mT the amplitude scales nicely when increasing the magnetic field. At around 6.7 mT 
there is a large deviation from the expected line, but still within the error so this can be 
neglected. With this calibration line it is possible to normalize the strengths of the 
Fourier components when doing a Fourier analysis on an experiment which involves 
changing the magnetic field.  
 

4.3 Defining target regime 

To define a target region where our measurements are most effective, multiple 
experiments were performed. In these experiments the MyOne concentration, strength 
of the magnetic field and salt concentrations were varied. On the next pages the results 
of these experiments can be found.  
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The signal is much nosier compared to experiments where the MyOne concentrations 
is 1 mg/ml, see as an example figure 6. This data is not possible to analyze with Fourier 
analysis and can thus not be used. To get an understanding what magnetic field strength 
should be used, a test was performed at 7 mT to get an understanding what the influence 
is at a higher magnetic field (compared to 3.5 mT) for different salt concentrations. 
Below in figure 13, different salt concentrations are plotted at 7 mT.  

 
Figure 13 – Timetrace plotted for three different salt concentrations, H2O, 800µM and 500mM at 7mT. 
The graphs look nearly identical which makes it difficult to distinguish salt concentrations by the form 
of the timetrace.  

When looking at the graph it’s difficult to distinguish between different salt 
concentrations. Therefore a lower magnetic field has to be used. When looking at figure 
14, which is around 3.5 mT, this seems to be adequate since it shows characteristics 
features and not a lot of noise.  

Figure 12 – Timetrace of three different salt concentrations when the MyOne concentration is diluted 10 
times. On the left the magnetic field is 2mT on the right the magnetic field is 12 mT.  
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To check what salt concentrations should be used during the experiment where the 
magnetic field is held constant at 3.5 mT. Test were performed between H2O and a salt 
concentration of 500mM to define a target regime. In figure 14 these results can be 
found. 

 
Figure 14 – Different salt concentrations plotted for a field of 3.5 mT. Above around 800µM the signal 
has the same form.  

As can be seen in figure 14 the shape of the signal stays the same for salt concentrations 
higher than 20mM. Our target region is defined from H2O to 100mM in experiments 
where the salt concentration is varied, because the largest variation in shape occurs and 
thus the largest change in the information derived from the signal is expected.  
 
4.4 Timetrace analysis of varying salt solution and magnetic field 
In order to give a dependency between the distance of the MyOne beads and the salt 
solutions/ strength of the magnetic field three parameters are used. The first parameter 
is the shape of the signal. There are certain characteristics in the waveform of the signal 
which contain information about the distance of the superparamagnetic beads. By 
evaluating these characteristics in the signal it’s possible to distinguish particles which 
are relatively close together or relatively far away.  
The second parameter is the time between two flanks at 20 percent of the maximum to 
minimum height of the signal. Since the signal changes when the salt concentration or 
strength of the magnetic is varied. It is expected that the shape of the signal changes as 
well. The third parameter is the strength of the Fourier components of the signal. These 
will vary when the shape of the signal changes. By plotting the strength of each Fourier 
component as a function of distance between the particles it’s possible to derive a 
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relationship between the strength of each component and the distance between the 
superparamagnetic beads.   

4.4.1 General shape of the timetrace when varying the salt concentration 
When looking at the timetrace of varying salt concentration there are certain aspects 
which are characteristic for low or high salt concentrations. The timetrace for varying 
salt concentrations is plotted below. Although more measurements are done, three 
different salt concentrations are plotted to make a trend visible. The range was defined 
in earlier experiments from H2O to 100mM of NaCl solution. In Figure 12 the timetrace 
is plotted for H20, 100µM and 100mM.  

Figure 15 – The timetrace when increasing the salt concentration. The blue graph represents deionized 
water, green a salt concentration of 100µM and red 100mM.  

From figure 10 it’s possible to conclude that the peak in the minimum of the signal, 
indicated by a red circle in figure 15, decreases for higher salt concentration. According 
to our model in section 2.3 this means the particles being closer together. Also the flank 
separation time between each period in the signal is for higher salt concentration less 
than for lower salt concentration. This is indicated by a red arrow. When looking at the 
timetrace it’s possible to distinguish particles which are closer together and further 
apart.  
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4.4.2 Flank separation time 
Another parameter is the peak width between the two flanks of the signal (see figure 15 
indicated with a red arrow). When doing the measurements we calculated these at 20 
percent of the minimum to maximum height to not exceed other minimums. In figure 
16 the flanks separation time is plotted against the salt concentration.   
 

Between 1µM and 100µM there is a plateau, the peak width doesn’t vary a lot. When 
the salt concentration is higher than 100µM the flank separation time decreases. This 
gives us a relationship between the flank separation time at 20 percent and salt 
concentration. By using the model described in section 2.2 it’s possible to link the salt 
concentration to the distance between the molecules. This is plotted in figure 17. 

Figure 16 – The blue line represents the flanks separation time in milliseconds at 20 percent 
of the maximum to minimum height of the amplitude of the signal. By increasing the salt 
concentration the peak width is decreased.  
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When plotting the distance against the peak width it follows that when the distance 
between the superparamagnetic beads increases when the flank separation time 
increases as well. This defines a relationship between the flank separation time at 20 
percent of minimum to maximum height and the distance of the beads. So when 
measuring time between the two flanks it’s possible to compute a distance between the 
two molecules in water. When looking at figure 17, a little dip is found at around 2000 
nm. This is caused by the variation in the cuvettes. Since not all cuvettes have the same 
thickness or are positioned differently, this will influence the signal heavily. Therefore 
minor variations will occur during experiments and thus is this method only helpful to 
get an estimate of the distance between the superparamagnetic beads. When looking at 
the error bars however, this variation is within the standard deviation and can be 
considered not significant.   

4.4.3 Strength of two Fourier components vs distance 
As the Fourier components contain information about the form of the shape it’s possible 
to derive a relationship between the Fourier components and the distance. The strength 
of the 2f component corresponds to the amplitude of the signal. This is an indication 
how well the beads follows the magnetic field. In figure 17 is the most significant 
Fourier components plotted against the distance between the superparamagnetic beads. 
In Figure 18 the same Fourier components are plotted as function of distance between 
the beads.  
 

  

Figure 17 – The flank separation time plotted against the distance between the superparamagnetic 
beads.  
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Figure 18 –The amplitude of the Fourier components versus the saltconcentration. The most significant 
Fourier peaks with respect to a changing salt concentration are isolated to define a relationship between 
the strength of the Fourier peaks and the salt concentration in which the MyOne particles are diluted. 

 
Figure 19 – The amplitude of the Fourier components plotted against the distance between the MyOne 
beads. A relationship can be defined between the strenght of  the Fourier components and the distance. 
The most significant Fourier components are plotted.  
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When looking at the 2f component one can see that this component slowly decreases 
when the magnetic beads are separated. When the distance increases the particles are 
less likely to follow the direction of the magnetic field due to drag induced by the liquid. 
This means that the 2f component, which mainly depends on the amplitude, becomes 
less prominent. Other characteristic Fourier components are the 6f, 8f and 10f 
component. The 8f and the 10f decreases when the particles are separated. The 6f 
component increases when the particles are further apart. From this it’s possible to 
derive a relationship between the Fourier components and the distance between the 
MyOne particles.  
4.4.4 Timetrace analysis of varying magnetic field 
When changing the magnetic field the salt concentration is kept constant. During all 
measurements deionized water is used, since at high salt concentrations (above 10mM) 
and a high magnetic field (around 12mT), the distinction in the timetrace of the signal 
becomes less prominent according to earlier measurements (see section 4.3). Therefore 
only measurements with water were performed to derive a relationship between the 
strength of the magnetic field and the form of the timetrace. To show the different 
shapes of the signal the timetrace of 5.3mT, 8.6mT and 12mT is plotted below in figure 
20. At lower magnetic field strengths (less than 5.3mT) the signal becomes noisier since 
less scattering occurs due to a lower concentration of magnetic doublets in the cuvette.  

 
Figure 20 – Timetrace when changing the magnetic field of superparamagnetic beads in deionized water. 
The amplitude of the signal scales with A~B2. Three different magnetic field strengths are chosen to 
compare the form of the signal coming from the photodiode.   
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As expected the amplitude increases when the magnetic field is increased. This 
relationship has been demonstrated in section 4.2. The same characteristics are evident 
as concluded in section 4.4.1.  When the magnetic field increases, the peak in the 
minimum of the signal decreases. Also the peaks at the flanks will become less 
prominent. There are indications that the particles are finding an equilibrium closer 
together. When looking at this timetrace it’s possible to distinguish particles with a low 
magnetic field and thus further apart. From particles at a high magnetic field and thus 
being closer together.   

4.4.5 Flank separation time 
Since the form of the signal has identical characteristics when increasing the magnetic 
field and increasing the salt concentration, one could expect the same trend when 
comparing the distance between the magnetic beads and the distances between the two 
flanks of the signal at around 20 percent. Below is in figure 21 the distance between the 
flanks plotted against the strength of the magnetic field.  

 
Figure 21 – The relationship between the flank separation time and the strength of the magnetic field.  

As predicted in our model, at higher magnetic field the beads will find equilibrium 
closer together. This confirms our theory that increasing the salt concentration has the 
same effect as altering the magnetic field. To give an indication what the distance 
between the MyOne beads is with respect to flanks separation time at 20 percent, figure 
22 is plotted.  
When analyzing the distance one should take into account that according to our model 
at around 7.3mT the beads will stick together since the forces of the magnetic attraction 
overrule the electromagnetic repulsion. Therefore the distance above 7.3mT has no 
distance between the particles, but still has a distance between the flanks of around 
32±2ms. These values were averaged to create the corresponding graph.  
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Figure 22 – Relationship between the distance between superparamagnetic beads and the flank 
separation time. According to the model, above 7.3 mT there will be no distance between the beads, but 
still a separation in flank separation time. Therefore the higher magnetic fields were averaged to produce 
this figure.  

4.4.6 Strength of two 2f components vs distance 
In order to get the relative 2f component strength right when the field is increasing, the 
strength of the Fourier component is correct by using the dependency of the amplitude 
with respect to the magnetic field. This phenomena is described in section 4.2. By 
correcting the strength of the Fourier components, 2mT has the same weight as the 
strength of the Fourier components at 12mT and thus can be compared.  In figure 23 
are the same characteristic Fourier components plotted as done in section 4.4.3. 
Therefore it’s possible to compare the Fourier components of a varying magnetic field 
and a varying salt solution with one another.  
The range plotted is between 2 and 7.2mT. This is the effective range where the MyOne 
beads will find an equilibrium distance. Above 7.2mT the distance is zero between the 
particles according to our model. However the Fourier components still change. This 
means that the model made earlier is incomplete. In figure 23 the 2f components are 
plotted against the distance. This is done in the same manner as done when varying the 
salt solution.  
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Figure 23 – Strength of the 2f peaks compared to the magnetic field. Plotted for 2 – 7.2 mT since at a 
higher magnetic field the model is incomplete and thus not work.   

 
Figure 24 – The strength of the 2f peaks compared to the distance between the superparamagnetic beads 
in water.  
The 2f component increases with increasing magnetic field what confirms our theory 
that the particles follow the rotation of the magnetic field better at higher field strengths. 
Since the typical distances between the particles are so large (in order of micro meters 
compared to hundreds of nanometers) it’s impossible to give a relationship between the 
Fourier components of the increasing magnetic field compared to varying the salt 
concentration. Since these typical distances are very unlikely in real word experiments, 
one can conclude that the model isn’t correct or incomplete.  
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5 Conclusion 
To check for sedimentation occurring, two experiments were performed. One continues 
measurement and one in which the cuvette was changed after each increment of the 
magnetic field. According to our theory, the amplitude of the magnetic field scales 
quadratic with the magnetic field. By plotting the amplitude, measured from the highest 
value of the signal to the lowest value of the signal, it was verified that this prediction 
according to our model is correct. Also by means of extrapolating it was shown that the 
amplitude is zero when the magnetic field is turned off. This confirms our theory that 
mean the magnetic field is turned off no magnetic clusters are formed in the cuvette.  
When looking at the timetrace of the signal. If the salt concentration is increased or the 
magnetic field is raised, the shape of the timetrace shows the same behavior. When the 
superparamagnetic beads find equilibrium closer together, the peak in the minimum of 
the signal between periods decreases. The peaks at the two flanks get smaller. For 
higher magnetic field (when the beads which almost stick together) the peaks at the 
flanks even tend to disappear. These are indications to differentiate superparamagnetic 
particles which are close together and particles which are further apart.  
When measuring the flank separation time between periods at 20 percent of the 
minimum to maximum of the signal, it is smaller when the particles are spaced closer 
together and larger when the particles are further apart. Above 7mT with MyOne beads 
diluted in water, the flank separation time is the same for higher magnetic fields. This 
confirms the theory that the particles are at zero distance. The peak width at this point 
is around 32±2ms.    
 The Fourier components are an indication of the shape of the signal. The 2f component 
increases when the beads are closer together. This is due to the effect that the MyOne 
beads will better follow the external magnetic field. The closer the particles are the less 
drag they will undergo from the liquid and the better they will be at keeping up with 
the external magnetic field. When looking at the other Fourier components is possible 
to conclude that for a typical range in distance around 7nm to around 250nm between 
the superparamagnetic particles the 8f and 10f Fourier component decreases as a 
function of distances and the 6f increases. Since in water the salt concentration is very 
low and according to the model the beads are microns apart, it’s impossible to predict 
how the Fourier components will behave according to our model. Since distances in 
order of microns are very unlikely in real word experiments, one can conclude that the 
model isn’t correct or incomplete. 
Since most variation in the flank separation time and strength of the Fourier components 
occurs between 7 to 250nm. It seems possible to make a biosensor that is able to 
discriminate nonspecific bound particles from specific bound particles.  
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6 Outlook/ Discussion 
The amplitude of the signal decreased during the continuous measurement described in 
section 4.1. This was not the case when changing the cuvette, one can conclude that 
sedimentation occurs and large clusters will sink to the bottom of the cuvette. This 
means less scattered light and thus a lower amplitude in the signal coming from the 
photodiode. To correct this, measurements with a high intensity of the magnetic field 
were performed by replacing the cuvette with a new MyOne solution and buffer. The 
timescale for when this sedimentation occurs at certain magnetic field strengths is 
however is not determined. This can be done by measuring for different lengths and 
comparing then comparing the amplitude. This gives an indication what the maximum 
measurement time is.  
The model is incomplete or not correct, more research will be needed to make a more 
complete model which works well when varying the strengths of the magnetic field.  
As predicted by our model described in section 2.3, the distance between 
superparamagnetic beads is zero above 7.3 mT. This however is only the case with 
water, but not with higher salt concentrations. Therefore more research will be needed 
with different salt concentrations in the order of micro molar, to establish a relationship 
between higher Fourier components and the distance between superparamagnetic 
beads.   
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8 Appendices 

8.1 Matlab scripts 

8.1.1. Model  

close all 
salt_concentrations= logspace(-7,-1); 
distances=zeros(size(salt_concentrations)); 
for i=1:numel(salt_concentrations) 
    I=salt_concentrations(i); 
    Debeye = 0.304e-9/sqrt(I); 
    kappa = 1/Debeye; 
    mu0 = 4*pi*1e-7; 
    D = 0:0.1e-9:10e-6; 
    R = 525e-9; 
    magnetischmoment = 2.5e-15; 
    psi = -50; 
    Z = (9.38e-11)*(tanh(psi/107))^2; 
  
    U1 = -mu0./(4*pi*(2*R+D).^3)*(2*magnetischmoment^2); 
    U2 = ((R^2*Z)./(2*R+D)).*exp(-kappa*D); 
    U = U1 + U2; 
    [~,IX]=min(U); 
    distances(i)=D(IX); 
     
    distancesnm = distances*1e9; 
    %figure(2); semilogx(D,U) %plot distance against the potential 
energy 
    %hold all;  
    %legend('H20','1uM', '10uM', '100uM', '1mM', '10mM', '100mM');  
    %xlabel('Distance [m]'); 
    %ylabel('Potential energy [J]') 
     
    %F=-(U(2:end)-U(1:(end-1)))/(D(2)-D(1)); 
    %semilogx(D(2:end)-(D(2)-D(1))/2,F) 
     
    figure(1); loglog( salt_concentrations, distancesnm) %plot 
distance against salt concentration  
    xlabel('Salt concentration [M]'); 
    ylabel('Distance [nm]'); 
    title('Distance compared to saltconcentration at 3.5 mT'); 
          
    hold all 
end 
 

8.1.2 Analysis 

 
sample_freq=5000; 
  
foldername='C:\Users\Wouter\Desktop\BEP\Meetdata\'; 
measure_date='20150219\eerste keer\'; 
concentration='0_75V'; 
filename=sprintf('%s\\%s\\%s',foldername,measure_date,concentration); 
A=dlmread(filename); 
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%% Find time at which the magnetic field is turned on 
field_on=max((A(2:(5*sample_freq),5)-A(1:(5*sample_freq-
1),5)>0.2*max(A(:,5))).*(2:(5*sample_freq))'); 
time_column=A(1:(end-field_on+1),1); 
A(1:(field_on-1),:)=[]; 
A(:,1)=time_column; 
time_column=[]; 
  
  
  
%% 
try 
    if (strcmp(concentrations{3},'10uM')) 
        fprintf(2,'concentrations were already defined, keeping old 
data\n') 
    end 
catch 
    
concentrations={'0_15V','0_25V','0_35V','0_45V','0_55V','0_65V','0_75
V'}; 
    C=NaN(10*sample_freq+1,numel(concentrations)); 
    D=NaN(10*sample_freq+1,numel(concentrations)); 
    E=NaN(10*sample_freq+1,numel(concentrations)); 
end 
  
for IX=1:7 
    if numel(concentrations{IX})>numel(concentration) 
        continue; 
    end 
    if 
strcmp(concentration(1:numel(concentrations{IX})),concentrations{IX}) 
        break; 
    end 
end 
  
  
%% averaging samples 0,25 V 
  
s=size(A); 
  
B=zeros(15*sample_freq,5); 
n_cols=0; 
n_max=min(32,(s(1)/15/sample_freq)); 
B(:,1)=A(1:(15*sample_freq),1); 
for i=1:n_max 
    B(:,2:5)=B(:,2:5)+A((1+15*sample_freq*(i-
1)):(15*sample_freq*i),2:5); 
end 
B(:,2:5)=B(:,2:5)/n_max; 
  
%% deleting after 10 sec.  
B((10*sample_freq+2):end,:)=[]; 
  
%% remember concentration, and 90 degrees signal 
C(:,IX)=B(:,4); 
 
For each analysis a different sections of code were added. Below these sections can be 
found.   
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%% fourier analysis 
  
Bfft=fft(B(5*sample_freq:(10*sample_freq),4)); 
figure(2);plot(0:1/5:5000, abs(Bfft)); 
  
axis([0 100 0 500]); 
  
title(sprintf('Fourier of %s on %s',concentration, measure_date)) 
  
columnumber=IX; 
  
Bfftmag=abs(Bfft); 
  
Field_frequency=4; 
  
TwoFPeaks2(:,columnumber)=Bfftmag((2*5*Field_frequency+1):(2*5*Field_
frequency):end);               
  
for peaks = 1:7; 
    figure(10); plot(Magneticfield, TwoFPeaks2(peaks,:))  
        hold all;  
   end 
xlabel('Distance [nm]') 
ylabel('strenght of 2f components') 
  
m=1; 
M_two=m*2;     
for n=1:7 
    Ratio = TwoFPeaks2(n,:)./TwoFPeaks2(m,:); 
    figure(111); loglog(valuesconcentrations(:), Ratio) 
    hold all; 
    title(sprintf('ratio with ratio with the %1.0ff peak on 
%s',M_two, measure_date)); 
    xlim([0 0.75]); 
    
end 
legend('boxon'); 
legend('show'), 
legend('2f','4f','6f','8f','10f','12f','14f'); 
hgexport(gcf, sprintf('Fourier ratio against the %1.0ff peak on %s 
.png',M_two, measure_date), hgexport('factorystyle'), 'Format', 
'png'); 
clear ratio; 
 
 
%% flank analysis 
  
Q = B(:,4) - min(B(:,4)); 
Q(1:9.4*sample_freq)=[]; 
Q(0.2*sample_freq:end)=[]; 
  
R = Q/max(Q); 
  
index = R<0.20; 
plot (index);  
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%% plot timetrace 
  
%90 degrees 
figure(28);plot(B(:,1),B(:,4)) 
legend('90 degrees') 
axis([9.4, 10, floor(10*min(B(:,4)))/10,ceil(max(B(:,4))*10)/10]) 
title(sprintf('Timetrace of %s on %s with H2O',concentration, 
measure_date)) 
 
%% Plot in 1 figure 
figure(20) 
s=size(C); 
temp=C-repmat(mean(C),s(1),1)+repmat(0.05*(1:s(2)),s(1),1); 
plot(B(:,1),temp); 
legend(concentrations) 
  
title(sprintf('Timetrace of 90 degrees of all concentrations on %s 
with 0,25V',measure_date)) 
axis([9.4, 10, 
floor(10*min(min((temp))))/10,ceil(10*max(max(temp)))/10]) 
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