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Abstract 
 

 

Biosensors with sensitive, rapid and reliable detection of biomolecules have many 

opportunities for daily life applications. In the magnetic biosensor, magnetic beads are 

attached to biomolecules and serve as labels for sensitive detection. Their magnetic 

properties also offer the possibility to manipulate their mobility for a faster assay.  

 

The understanding of the dynamic behaviour of these beads is important for the 

optimization of the biosensor. A study on the dynamic behaviour of 

superparamagnetic beads near the surface of a biosensor chip is presented. This report 

focuses on two types of beads, beads with a streptavidin coating and carboxylated 

beads, both a with diameter of 1 micrometer. 

 

The beads are studied by observing their Brownian motion in an aqueous solution 

while they are magnetically attracted to the chip surface. It has been observed that 

their mobility is reduced by interactions between the bead and the surface of the chip. 

Beads perform a stepwise motion, experience energy barriers or sometimes stick to 

one position. It is investigated whether the restricted mobility is dominated by bead or 

chip properties. 

 

Experiments have demonstrated that chip properties dominate the positions of the 

barriers. However, a combination of chip and individual bead properties determines 

whether a barrier is experienced by a specific bead or not. Furthermore, the extent to 

which a bead’s mobility is restricted is also dependent on the specific position of the 

bead on the chip. Overall, streptavidin coated beads are more mobile than the 

carboxylated beads. 

 

A theoretical model is developed that can predict the mobility of the beads based on 

their height determined by a force balance analysis. The primary contributions to this 

force balance are the magnetic force, the Van der Waals force and the electrostatic 

force. 

 

A way to calculate the height of the beads from the experimental data, is to derive the 

diffusion coefficient. For streptavidin coated beads, the calculated diffusion 

coefficient is lower then it should be at the predicted height, which means that the 

bead is closer to the chip surface then expected. However, this can be an artifact in the 

calculation due to the fact that the motion is not completely free. Carboxylated beads 

are even more restricted, a reliable diffusion coefficient can not be calculated. 

 

Three possible improvements for future Brownian motion experiments are described. 

The theoretical description can be improved when the parameters are determined 

more accurate. Furthermore, a model should be developed that accounts for the 

influence of bead and surface roughness.  

 

In conclusion, smoother chip surfaces are necessary to prevent sticking of beads. The 

optimal biosensor conditions can be obtained from results of Brownian motion 

experiments combined with predictions from the theoretical model. 
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Chapter 1 Introduction 

This report discusses the physical properties and dynamic behaviour of 

superparamagnetic beads as used in magnetic biosensors. Superparamagnetic beads 

are nano- to micrometer sized magnetic particles, their properties influence the speed 

and accuracy of several processing steps in biosensor applications. For an optimal 

performance of the biosensor it is necessary to know the beads’ response to magnetic 

fields and their mutual interaction and interaction with the sensor surface.  

 

This introduction gives an overview of the research frame in which the work 

described in this report can be placed. First, a general survey is given on the field of 

biosensors for molecular diagnostics. The second section focuses on the magnetic 

biosensor that is being developed by Philips. In the third section, more attention is 

paid to the superparamagnetic beads used in the sensor. The fourth section focuses on 

the bead dynamics and includes some background from literature. The chapter ends 

with an outline of the report. 

1.1 Biosensors 

Health care and life sciences have been hot topics in the last decades. The fast 

development of nanophysics and molecular biology, and the discovery of novel 

sensitive detection techniques have lead to new applications and technologies in the 

field of molecular diagnostics. 

 

In the last ten years, miniaturized biosensors emerged as a popular research area 

worldwide. A biosensor is an analytical device that obtains information about health 

and disease. It detects a specific biomolecule fast and sensitive, for example DNA, 

proteins, hormones or drug molecules in body fluids like blood, saliva or urine. 

Several handheld biosensors have been developed and put on the market, like glucose 

meters and pregnancy tests. The sensitivity of a glucose meter is limited to the 

millimolar concentration range. However, a much higher sensitivity, from nano- to 

femtomolar, is necessary for the detection of proteins. 

 

Biosensors with sensitive, rapid and reliable detection of biomolecules have many 

opportunities for daily life applications. For example, a GP (general practitioner) can 

test the patients’ health state at any time, where nowadays it takes several days to 

analyze blood samples in a medical laboratory. This might be too long when a patient 

shows preliminary symptoms of a heart infarct. Diagnosis in an early state will reduce 
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the number of fatal cases and moreover, results in faster treatment with fewer side 

effects and better recovery. 

 

Another application is found in the detection of drugs-of-abuse, which are becoming 

more and more a problem in traffic. Drug detection in saliva by a biosensor can be 

used by police forces as a screening test to check car drivers for driving under 

influence of drugs by analyzing their saliva on the road. 

 

For making the biosensor successful, many requirements have to be fulfilled. Some 

essential ones are: 

- High sensitivity and specificity. The detection limit has to be low and a large 

dynamic range is needed. The concentrations of the proteins of interest in 

blood are typically in the nano- to femtomolar range. Moreover, they are 

found in high background concentrations of other biomolecules in the fluid. 

- Robustness. It is of great importance to detect only the molecules of interest, 

and a reliable test has to perform well under various circumstances. 

- High detection speed. The detection of the molecules of interest has to be fast, 

depending on its specific application: from a few minutes at a GP to several 

seconds at the roadside. 

- Easy to use. A small, portable handheld device capable of analyzing small 

amounts of body fluid is needed. Furthermore, not only skilled clinicians but 

also police officers and even patients themselves have to be capable of 

performing a test. 

- Low cost. For wide usage, the device has to be inexpensive. 

   

The challenge is to optimize and integrate these requirements into a miniaturized 

biosensor device. For the fast and reliable detection of very low concentrations in 

body fluid a variety of possible detection methods can be used, like mechanical, 

optical, and electrochemical sensor techniques. 

 

Because of the low magnetic background in body fluids, a very promising method is 

magnetic detection. Philips is developing a magnetic biosensor, combining 

superparamagnetic beads and giant magnetoresistive detection techniques.  

1.2 Magnetic biosensors 

The Philips magnetic biosensor is based on the detection of magnetic labels by 

measuring signals with a Giant Magneto Resistance (GMR) sensor. GMR sensors 

have a wide application; for example in hard disk read heads and the automotive 

industry
[1]

. The principle of a magnetic biosensor using a GMR was first 

demonstrated in 1998
[2]

. Overviews of the current status of this research area are 

recently published
[3][4]

. 

 

A GMR sensor consists of a stack of alternating ferromagnetic and non-magnetic thin 

films. The electrical resistance of the multilayer depends on the angle between the 

magnetization directions of the different ferromagnetic layers. The simplest model 

that describes the magnetoresistance effect uses an electrical current of spin-up and 

spin-down electrons. In case of parallel magnetization of the layers, only one type of 
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electrons is scattered strongly, resulting in a low resistance. For an anti-parallel 

configuration of the magnetization both types of electrons are scattered and the 

resistance is high. In the application of a sensor, an external magnetic field changes 

the direction of one of the magnetic layers. This external field can be detected by 

measuring the resistance. 

 

Pictures of the Philips biosensor are shown in Figure 1.1. The cartridge contains the 

biochip and fluidic system and can be connected to electronics for sensor control and 

readout. On the chip are four sensors; each of them consists of two current wires with 

a GMR sensor in between. A cross section is drawn on the bottom right.  

 

Figure 1.1. The Philips biosensor. From left to right: the cartridge, the biochip, and a sensor with 

a drawing of its cross section.  

The functioning of the biosensor will be explained in more detail. In summary, when 

the body fluid enters the device, superparamagnetic beads are added and the fluid 

covers the biochip. An immunoassay is performed: the molecules of interest are 

labeled with the beads and attached to the chip surface. The GMR sensor is used to 

detect the number of beads on the surface, and therefore to determine the amount of 

molecules of interest in the body fluid. Below, two immunoassays that are widely 

performed are discussed and more attention is paid to the detection principle.  

 

First, an amount of body fluid together with beads is applied to the biochip. The 

molecules of interest in the body fluid, like proteins or drug molecules, are called 

antigens. The beads are coated with antibodies, to which the antigens can react. 

Immunoassays make use of the fact that antigen-antibody bindings are very specific 

and strong. In this first step, called incubation, the antigens of interest are attached to 

the bead. 

 

Figure 1.2 demonstrates the principles of a sandwich catch assay. In this assay, the 

chip surface is coated with antibodies. After the incubation
1
, the beads are pulled to 

                                                

 
1
 Note that during incubation, the antigens will primary bind to the antibodies on the beads instead of 

the antibodies on the chip surface because of the large surface area of the beads.  
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the chip surface by externally applied magnetic forces. This will speed up the binding 

step, which is otherwise limited by free diffusion. In the last step the non-bound beads 

are washed away, again by external magnetic forces, but now with opposite direction. 

As a result, the antigens that are sandwiched between the antibodies on the chip and 

the bead stay on the surface. The number of beads on the surface is a measure for the 

amount of antigens in the body fluid. 

 

Figure 1.2. Schematic representation of a sandwich catch assay. The antigens (Ag) in the solution 

become sandwiched between antibodies (Ab) on the chip surface and the bead. 

In case of small antigens that have only one binding site for a specific antibody, and 

therefore cannot be sandwiched, a competition assay can be used, see Figure 1.3. 

Antigens instead of antibodies are immobilized on the chip surface. After inhibition, 

the beads are attracted to the surface. Only free antibodies on the beads are able to 

bind to the antigens on the surface and thereby attaching the bead to the surface. Non-

bound beads are washed away. In this case, the smaller the amount of antigens in the 

body fluid, the larger the amount of beads on the surface. 

 

Figure 1.3. Schematic representation of a competition assay. Only antibodies (Ab) not bound to 

antigens (Ag) in solution can bind to antigens on the chip surface. 

The beads now serve as magnetic labels, which can be detected by the GMR sensor, 

as shown in Figure 1.4. When a current is sent through the wires, a magnetic field is 

generated. This field magnetizes the beads, and a dipole stray field is induced for each 

bead. The GMR sensor is only sensitive to the in-plane component of magnetic fields, 

which in this chip geometry only originates from the beads’ dipole moments. 
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Figure 1.4. Schematic representation of bead detection by the GMR. The current generates a 

magnetic field. Due to the presence of the bead, a dipole field is induced, which is detected by the 

GMR sensor. 

GMR’s are very well suited for application in fully integrated biosensors, because 

they can achieve a good sensitivity to small magnetic fields, such that high signal-to-

noise ratios can be realized with sub-micron sized beads. Furthermore, appropriate 

materials can easily be deposited on silicon substrates with micron-scale surface 

dimensions
[5]

. 

 

Moreover, the system miniaturization and the use of microfluidic systems are 

advantageous since only small quantities of samples and reagents are needed. 

Furthermore, reaction rates are high when molecular diffusion lengths are of the order 

of the system dimensions, and the surface-to-volume ratio is large
[6]

. 

 

It is obvious that the development of a successful magnetic biosensor asks for a multi-

disciplinary environment. The challenge is to combine biology, chemistry, 

electronics, physics, and other fields to fabricate a single application. The next session 

focuses on the physics of superparamagnetic beads. 

1.3 Superparamagnetic beads 

Superparamagnetic beads are commercially available, and find use in a large range of 

industrial applications, for example as magnetic seals in motors, magnetic inks for 

bank checks, magnetic recording media and they have several biomedical applications 

as magnetic resonance contrast media and therapeutic agents in cancer treatment
[7]

. 

 

The superparamagnetic beads are a key part of the magnetic biosensor. As the beads 

are attached to biomolecules, they can be used as magnetic labels for sensitive 

detection. Their magnetic properties offer the possibility to manipulate and increase 

their mobility by external magnetic fields, in order to perform a faster assay. And 

afterwards, a magnetic washing step can be used to remove all molecules that are not 

specifically bound to the surface.  

 

Superparamagnetic beads are composed of a spherical polystyrene matrix embedded 

with magnetite (Fe3O4) grains. The beads have no net magnetization in the absence of 



 

 

12 

magnetic fields. They become magnetized when an external field is applied. Their 

response is high compared to paramagnetic materials. 

 

For the optimization of the biosensor and a proper quantative interpretation of its 

signal, the properties and the dynamic behaviour of the beads have to be known, as 

well as their mutual interaction.  

 

In a biosensor, bead sizes from 100 nm to 1 µm diameter are used. In principle, small 

beads are preferred because they disturb the biochemical processes minimally. 

However, larger beads are advantageous as they can be manipulated by magnetic 

fields more easily because of their larger magnetic response. Moreover, they are 

currently fabricated more uniform in shape and magnetic properties.  

 

In addition, the kind of bead coating determines the biochemical activity, but also 

influences physical properties like hydrophilicity and surface charge. Considering 

these arguments, the bead type has to be tuned to the experiment. 

 

Well-defined magnetic behaviour is required for reliable washing and an accurate 

interpretation of the sensor signal. Furthermore, in the presence of a magnetic field, 

beads will influence each other by dipole-dipole interactions. This leads to clustering 

behaviour
[8]

 and will reflect on the GMR sensor signal
[9]

. This can be taken into 

account, when the contributions of dipole-dipole interactions are known. When a 

large spread in bead susceptibility is present in a single batch, it might be useful to 

filter out a more uniform portion
[10]

. 

 

To investigate the bead properties and their deviations within a batch, an individual 

characterization of beads is necessary. Furthermore, the dynamic behaviour of beads 

and their interaction on the chip surface can be examined by studying single beads. 

1.4 Bead dynamics 

For the optimization of the biosensor, it is important to have a good understanding of 

the dynamic behaviour of superparamagnetic beads above the sensor surface. In the 

biosensor project, sticky behaviour of beads is noticed, which limits the detection 

speed and accuracy. The restricted bead mobility that is due to bead-surface 

interactions is studied in this report. 

 

The dynamic behaviour of beads near the surface is mainly of importance in the step 

where the beads have to bind to the chip surface by the formation of an antibody-

antigen bond (see second panel in Figure 1.2 and Figure 1.3). 

 

First, the distance of the bead to the chip surface is essential for the formation of a 

bond. When the beads are too far away, no bond can be formed. As a consequence, 

the biosensor result is always negative, irrespective of the presence of the molecules 

of interest. 

 

Second, the mobility of the bead determines the efficiency for finding a binding spot. 

When the translation or rotation of the bead is limited, the bead might not be able to 
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find a binding spot before the washing step is started. The result is that the bead is 

washed away and an unused binding spot stays on the surface. An error is induced in 

the output signal of the sensor. The problem can be solved by extending the time for 

binding or by applying several successive actuation and washing steps. However, both 

methods take time, while a high detection speed is an essential requirement for a 

successful biosensor.  

 

Furthermore, the dynamics of beads are of great importance in microfluidic transport 

devices. It is also useful for on-chip transport of beads by magnetic manipulation. 

 

Two topics on restricted mobility of particles due to interactions with a substrate will 

be discussed next. A comparison of theoretical and experimental results discusses of 

the mobility of beads near surfaces in different conditions is discussed by Wirix-

Speetjens et al.
[11][12]

. In addition, Van Ommering et al. describe a new technique that 

might be useful to investigate bead-surface interactions
[13]

. 

 

A calculation of the separation distance of a superparamagnetic particle to a chip 

surface is presented in a paper by Wirix-Speetjens et al.
[11]

. They quantify the total 

force on a magnetic particle in order to explore the advantages of magnetically 

actuated biofunctionalized particles.  

 

The mobility of a particle is predicted by a force balance considering the dominant 

forces perpendicular to the chip surface, including the Van der Waals force, 

electrostatic force and magnetic force. In their experiments, the one-dimensional 

transport of beads on a tapered current wire on a chip is optically monitored. They 

used spherical Micrometer M particles (from Micromod) with a diameter of 2 µm and 

an acrylate coating. 

 

The height of beads dispersed in deionized water is determined to be (500 ± 200) nm 

from the bottom of the beads to the chip surface, by a comparison of the mobility 

obtained from experiments and calculated from theory. They claim a good agreement 

between their model and experimental results. 

 

Also, the effect of pH value and ionic strength of the solution on the mobility of beads 

is studied. It is observed that the bead mobility decreases for decreasing pH and 

increasing ionic strength. Furthermore, the beads are immobilized on the chip surface 

when the pH is decreased below 6, because the bead and chip attract each other due to 

their opposite charges. An overview with qualitative measures for the mobility of 

beads in different liquid properties, based on visual observations, is presented. It is 

stated that liquid properties can have a significant effect on the mobility of 

magnetically actuated particles. Currently, they are working on a quantative 

interpretation of the mobility.  

 

In his PhD thesis, Wirix-Speetjens
[12]

 gives a more extended view on the mobility of 

particles for different liquid properties. First, he describes that the movement of beads 

for a pH of 6 often becomes a ‘non-continuous hopping movement’. This is addressed 

to interactions of beads with the substrate, because the beads are only a couple of 

nanometers away from the chip surface. No further attention is paid to the origin of 

the interaction and whether it is dominated by bead or chip properties. It is stated that 

further research is required for a better understanding. 
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Furthermore, experiments on beads with a streptavidin coating are described. It is 

observed that for all pH values, the streptavidin coated beads are more mobile. No 

hopping behaviour is mentioned here. Finally, it is noted that the mobility of particles 

can vary for equal parameters. This is attributed to variations in magnetic content per 

particle.  

 

A paper by Van Ommering et al.
[13]

 describes a novel technique to characterize the 

magnetic properties of superparamagnetic nanoparticles by analyzing their confined 

Brownian motion when trapped in a known magnetic potential well on a chip. They 

hypothesize that ‘temporary sticking of beads to the chip surface’ plays an important 

role in the fluctuations of the experimental results. Moreover, they state that their 

technique can be used to investigate general bead kinetics on chip surfaces. Both 

bead-bead and bead-surface interactions can be examined. 

 

The setup of Van Ommering et al. is also used for the experiments described in this 

report. The beads are studied by observing their Brownian motion in an aqueous 

solution while they are magnetically attracted to the chip surface. 

1.5 Outline report 

The goal of the work presented in this report is to explore the dynamic behaviour of 

individual superparamagnetic beads near the chip surface. Therefore, the beads are 

magnetically attracted to the chip surface and their Brownian motion in an aqueous 

solution is studied. It has been observed that the motion of beads near the chip surface 

is restricted. It is investigated whether bead or chip properties dominate these 

restrictions.  

 

In the next chapter, Chapter 2, the beads that are used in this work are studied in more 

detail. After an introduction on different types of magnetism and superparamagnetism 

in particular, the bead properties are described, including magnetic and physical-

chemical properties. 

  

Chapter 3 describes a theoretical model that is developed to predict the mobility of 

beads based on a force balance analysis. The height of the beads in the experiments is 

calculated from the interplay between attractive magnetic forces and Van der Waals 

forces and repulsive electrostatic forces. 

 

Chapter 4 focuses on the experimental setup. First, the chip properties are examined. 

Then, the setup with the microscope to visualize the beads is described. Finally, the 

software that is developed for the analysis of the motion of beads from the movies is 

explained. 

 

Chapter 5 presents the results of the experiments that have been performed. The 

restricted motion is studied by several specific experiments. The influence of 

experimental conditions is investigated. Finally, the conclusions and 

recommendations are given in Chapter 6. 



 

 

15 

Chapter 2 Superparamagnetic 
beads 

This chapter focuses on the characteristics of the beads that are used. For a clear 

interpretation and understanding of the beads’ dynamic behaviour, it is necessary to 

study the beads in more detail. The first part focuses on magnetism and 

superparamagnetism in particular. Secondly, the physical properties of the beads that 

are used in the experiments are described. 

2.1 Superparamagnetism 

Superparamagnetism is observed in bodies that consist of fine ferro- or ferrimagnetic 

particles. A brief introduction on magnetism will be given here, a more thorough 

description can be found in [14]. This section starts with explaining dia- and 

paramagnetism, followed by different types of ordered magnetism. Next, more 

information is given about magnetite. The section ends with a description of 

superparamagnetism. 

2.1.1 Diamagnetism and paramagnetism 

When an object is placed in a magnetic field, the magnetic induction B
�

, magnetic 

field strength H
�

 and the object’s magnetization M
�

 are connected by
[15][16]

: 

 

( )MHB
���

+= 0µ , (2.1) 

 

with µ0 = 4π⋅10
-7

 NA
-2

 the permeability of free space. The magnetization is defined as 

the magnetic moment of the object m
�

per unit of volume V: 

 

V

m
M

�

�

= . (2.2) 

 

The magnetic response of the object to an externally applied field can be given by the 

magnetic susceptibility χ, a dimensionless material property defined by the 

relationship: 

 

HM
��

χ= . (2.3) 
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Dependent on the specific material, the susceptibility can be positive or negative, 

small (10
-6

) or large (10
4
), and subject to temperature or history. 

 

Diamagnetic materials have a small negative susceptibility (order 10
-5

-10
-6

). The 

magnetic response of these materials opposes the applied magnetic field. A 

magnetization curve is shown in Figure 2.1. In a classical view it can be said that 

diamagnetism originates from the realignment of electron orbitals under the action of 

a magnetic field. As stated by Lenz’ law, when a field is applied to a system of 

moving charges, the motions change in such a way that they create a magnetization 

that opposes the original field. This effect arises in all materials, but is sometimes 

overwhelmed by other magnetic effects. Diamagnetism is found to be largely 

independent of temperature, because it does not come from an alignment of pre-

existing moments that can be thermally disordered, but it results from an interaction 

between a magnetic field and the velocity of electronic charge. 

 

Classical models describe paramagnetic materials by atoms with local magnetic 

moments due to the presence of unpaired electrons in the atomic electron orbitals. In 

ideal paramagnetic materials, the magnetic moments do not interact with each other 

in. They are randomly oriented due to thermal energy, resulting in a zero net magnetic 

moment. When an external magnetic field is applied, the moments tend to align 

parallel to the field because this is energetically favourable. This induces a weak 

magnetization in the direction of the external field, resulting in a small positive 

susceptibility (order 10
-3

-10
-5

). At high magnetic fields, the magnetization begins to 

saturate and the relation in (2.3) becomes non-linear. The magnetization curve is 

shown in Figure 2.1 and can be described by the Langevin model
[14][15]

: 

 









−=

z
znM

1
)coth(µ , with 

Tk

B
z

B

µ
= , (2.4) 

 

where M is magnetization of the body, B is the magnetic induction, n is the number of 

magnetic moments µ in the ensemble, kB = 1.381⋅10
-23

 J/K is the Boltzmann constant 

and T is the temperature. Since thermal energy tends to randomize the alignment of 

the moments, the susceptibility varies inversely with the temperature. 
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Figure 2.1. Dia- and paramagnetic behaviour shown in a magnetization curve. The magnetization 

M is plotted versus the magnetic field strength H. 

2.1.2 Ordered magnetism 

Different types of magnetic ordering can exist in solid materials; ferro-, antiferro-, and 

ferrimagnetism will be discussed below
[16]

. 

 

Ferro-, antiferro- and ferrimagnetic materials are characterized by a long-range 

ordering of their atomic magnetic moments, even in the absence of an external 

magnetic field. This behaviour can be understood by assuming that a very strong 

internal field allows the atomic moments to couple, despite the disordering effects of 

temperature. This so-called exchange field originates from the quantum mechanical 

Pauli exclusion principle
[15]

. The fact that the total wave function of a system should 

necessarily be anti-symmetric implies that the system energy should depend on 

mutual spin directions. Therefore, the electronic structure of the material determines 

the energetically favourable spin orientations. Spins are aligned parallel in 

ferromagnetic materials and anti-parallel in antiferromagnetic materials. Two-

dimensional examples are shown in Figure 2.2. A variation on antiferromagnetism is 

ferrimagnetism, where anti-parallel spins have different magnitudes. It is obvious that 

ferromagnetic and ferrimagnetic materials have a net magnetization, but 

antiferromagnetic materials have not.  
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Figure 2.2. Two dimensional ferromagnetic, anti-ferromagnetic and ferrimagnetic lattices. 

The spontaneous magnetization decreases with increasing temperature due to thermal 

randomization and vanishes above an ordering temperature called the Curie 

temperature. Well above this transition point, the magnetic behaviour is paramagnetic. 

 

Macroscopically, ferro- and ferrimagnetism cannot be distinguished from each other. 

Both types exhibit properties as temperature dependence and hysteresis behaviour. 

The explanation of hysteresis will be treated next. 

 

In practice, ferro- and ferrimagnetic bodies are macroscopically demagnetized by the 

formation of magnetic domains. These domains are regions inside the material that 

are magnetized in different directions and exist because they decrease the 

magnetostatic energy of the total system. However, the exchange energy of the body 

is increased by the creation of domain walls that separate the domains. The division of 

a uniformly magnetized sample into domains is based on minimizing the total energy 

of the system. 

 

The magnetization in magnetic domains can have one or more preferred directions. 

The dependence of magnetic properties, such as susceptibility, on this preferred 

direction is called magnetic anisotropy. The direction in which an object is easy to 

magnetize is called the easy axis, as opposed to the hard axis. Magnetic anisotropy 

can have its origin in for example sample shape, surface contributions, crystal 

symmetry and stress
[14][17]

. The energy barrier that is created by anisotropy 

contributions can be written as KV, where V is the volume of the domain and K the 

total anisotropy constant, including all types of anisotropy. 

 

When an external field is applied, the magnetization will show hysteresis, because the 

magnetic energy has to overcome the anisotropy energy before the magnetization can 

switch
[16]

. Hysteresis is maximal when the applied field is parallel to the easy axis, 

and absent when directed perpendicular to this axis. A typical hysteresis curve is 

plotted in Figure 2.3. 
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Figure 2.3. Typical hysteresis curve for a ferro- or ferrimagnetic body. 

2.1.3 Magnetite 

Magnetite (Fe3O4) crystallizes in the spinel structure and is therefore a ferrimagnetic 

mineral
[17]

. The structure of a part of the cubic unit cell is schematically drawn in 

Figure 2.4. It is composed of two magnetic lattices separated by oxygen ions. There 

are two distinct types of sites which the metal ions (Fe
2+

 and Fe
3+

) can occupy; 

tetrahedral sites where the iron ions are surrounded by four oxygen ions, and 

octahedral sites where the iron ions are surrounded by six oxygen ions.  

 

Figure 2.4. Two sub-cells of the spinel unit cell show the structure of magnetite. The octahedral 

sites are surrounded by six oxygen atoms (in red and purple). The tetrahedral sites are 

surrounded by four oxygen atoms (blue and purple). 

The ferrimagnetic behaviour is induced by interaction of the magnetic sub-lattices 

with the intermediate oxygen ions. It results in an anti-parallel alignment of the spin 

between the two magnetic sub-lattices. Their magnetic moments are not equal, which 

leads to a net magnetic moment.  

 

The easy axis in magnetite is the <111> direction, the hard axis the <110> direction. 

The anisotropy constant for a spherical particle is approximated to be 

K = 1.79·10
4
 J/m

3
 
[14]

. 
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2.1.4 Superparamagnetism 

By reducing the size of a ferro- or ferrimagnetic body one single domain particle can 

be obtained. In case of uniaxial anisotropy, there are two stable orientations of 

magnetization, both along the easy axis, but with opposite directions.  

 

When the anisotropy energy of such a particle is comparable to the thermal energy, 

the magnetic moment can jump between these two orientations. The transition rate 

depends on the energy barrier compared to the thermal energy. The average transition 

time τm to switch out of one state into to the other state is given by
[14]

: 

 









=

Tk

KV

B

m exp0ττ , (2.5) 

 

where τ0 ≈ 10
-9

-10
-10

 s, KV is the anisotropy energy, kB is the Boltzmann constant and 

T is the temperature. Smaller particles switch more rapidly between the two states. 

Spherical magnetite particles with a diameter of about 21 nm switch on average about 

once per second. This diameter is called the superparamagnetic diameter. 

 

The magnetic response to an external applied magnetic field along the easy axis of a 

superparamagnetic particle is not univocal. When the field is large enough to 

overcome thermal randomization, the magnetic moment will align to the field. But 

when the magnetic energy is comparable to the thermal energy, the magnetic moment 

can still switch between the two states. 

 

For a single particle, the magnetization is largely uniform over volume and along the 

easy axis at any instant. However, the time-averaged or ensemble-averaged 

magnetization appears to be zero. The magnetic response of such an ensemble of 

magnetic particles is called superparamagnetism. The particles act like an ensemble of 

atoms in paramagnetic materials. However, the response is much larger than for a 

paramagnet, because the atomic magnetic moments are replaced by larger particle 

magnetic moments. 

 

In conclusion, the magnetization curve for superparamagnetism resembles that for 

paramagnetism (see Figure 2.1), except that the susceptibility is much larger. Like 

paramagnetism, superparamagnetism does not show hysteresis or remanent 

magnetization. 

2.2 Dynabeads MyOne 

This report focuses on the dynamics of superparamagnetic beads of 1 micrometer 

diameter, manufactured by Dynal Biotech. These Dynabeads MyOne consist of small 

magnetite (Fe3O4) grains embedded in a spherical polystyrene matrix, as represented 

in Figure 2.5. Scanning Electron Microscopy (SEM) images of the beads are shown in 

Figure 2.6.  
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Figure 2.5. Schematic drawing of a superparamagnetic bead. In real-life, a bead consists of 

thousands of grains. 

  

Figure 2.6. SEM images of Dynabeads MyOne. 

Bead properties like diameter, magnetite content ratio, and density can be found in the 

manufacturer’s specifications
[18]

. An overview is listed in Table 2.1. 

 

Table 2.1. Physical properties of MyOne Dynabeads as given by the manufacturer[18]. 

Properties Value 

Diameter
 

(1.05 ± 0.05) µm 

Fe3O4 weight content 37 % 

Density 1.8 g/cm
3
 

Weight concentration 10 mg/ml 
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The magnetization curve of bulk materials can be measured by a Vibrating Sample 

Magnetometer (VSM). VSM measurements are performed on a sample of 10 µl of a 

dense solution of beads to get an indication of their magnetic behaviour. The 

magnetization curve is shown in Figure 2.7. It is free of hysteresis, as expected from 

theory. However, the beads’ induced dipoles will influence each others magnetization, 

changing the total response. Therefore, the susceptibility of a single bead can differ 

from the susceptibility obtained by the VSM measurements.  

 

In the interval from -10 mT to +10 mT the curve in Figure 2.7 can be approximated to 

be linear. The susceptibility of a single bead can be derived from the slope in this 

interval of the magnetization curve of the sample. The obtained bead susceptibility is 

around χbead = 1.4 µm
3
, corresponding to a volume susceptibility of χvol = 2.0. This is 

an averaged value for all the beads in the sample. In the calculation is it assumed that 

1% of the sample consists of beads. The magnetization curve is linearly corrected for 

the diamagnetic response of the container. The errors are estimated to be 50%, mainly 

due to uncertainties in bead concentration and sample volume. 

 

Differences between the beads are expected, as they can differ in size, and magnetite 

content and distribution inside the beads. Moreover, the interaction between the grains 

will have an effect on the bead susceptibility
[14]

. It is not known how large the 

influence will be. 
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Figure 2.7. VSM magnetization curve of a dense solution of Dynabeads MyOne. In the regime of 

small magnetic induction a susceptibility of χ =(1.42 ± 0.02) µm3 is obtained. 

The physical-chemical properties are largely determined by the bead coating. The 

beads are provided with different types of coatings. The two types that are used and 

described here are beads with streptavidin covalently coupled to the surface (MyOne 

Streptavidin C1) and carboxylated beads (MyOne Carboxylic Acid), i.e. beads with 

coatings that are terminated with -COOH groups.  

 

Carboxylic acid (-COOH) is a weak acid, only 0.02% dissociates in an aqueous 

solution. The number of -COOH groups is 0.6 mole per gram beads
[18]

. The beads are 

suspended in water, the molarity of the solution is about 1 µM. 
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Streptavidin is a protein (size 4 x 5 x 5 nm) that binds very tightly to biotin. The 

streptavidin coated beads are supplied in phosphate buffered saline (PBS) with 

pH = 7.4
[18]

 and 0.14 M NaCl 
2
.  

 

The coating determines the surface charge when the beads are dispersed in an aqueous 

environment. The surface potential as a result of this charge influences the beads’ 

mutual interactions and their interaction with the chip surface.  

 

Furthermore, the pH value of the solution is an important condition for the build-up of 

surface charges, as will be explained in Chapter 3. The isoelectric point (pI) is the pH 

at which the body carries no net electrical charge (see Section 3.4.2). For the 

carboxylic acid coated beads the pI is 2.7; for streptavidin coated beads the pI is 5.0, 

both according to the manufacturer
[18]

. 

 

A measure for the surface potential is the zeta-potential, as will be described in 

Chapter 3. Zeta-potentials of small particles can be derived from the electrophoretic 

mobility of the particles, which can be measured by Laser Doppler Velocimetry 

(LDV)
[19]

. For both coating types, zeta-potential measurements have been performed 

of beads in solutions with pH = 6 and pH = 10. Results are shown in Table 2.2. 

 

Table 2.2. Zeta-potentials of beads with carboxylic acid and streptavidin coating, in two different 

pH environments. 

 pH = 6 pH = 10 

Carboxylic acid (-35 ± 3) mV (-44 ± 4) mV 

Streptavidin (-25 ± 2) mV (-53 ± 4) mV 

 

                                                

 
2 Reference: Dynal Biotech ASA, personal communication 
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Chapter 3 Theory on bead 
dynamics 

This chapter gives a theoretical description of the forces that act on the 

superparamagnetic beads during Brownian motion experiments. The first section 

describes the experimental configuration in more detail and the second section 

focuses on Brownian motion. General descriptions of magnetic forces and energies 

are described next, followed by the DLVO theory that includes Van der Waals forces 

and electrostatic forces. In the final section, the experimental conditions are used to 

quantify all contributions. These contributions are combined and the equilibrium 

height is discussed. 

3.1 Experimental configuration 

Figure 3.1 shows a schematic representation of the experiments, as will be further 

explained in Chapter 5. The superparamagnetic beads are dispersed in an aqueous 

solution and applied to the chip. The chip contains electronic current wires. A 

magnetic field is induced when an electrical current is sent through a wire on the chip. 

The beads in the liquid are magnetized and attracted to the chip surface. The beads are 

described in more detail in Chapter 2, while the chip and the experimental setup are 

discussed in Chapter 4. 

 

Figure 3.1. Illustration of the situation as treated in this chapter. A bead with radius R is located 

at height h above the surface. Its position parallel to the chip surface and perpendicular to the 

long axis of the wire is described by x. The wire is located at distance z below the chip surface. 

Magnetic (Fm), Van der Waals (Fvdw) and gravitational forces (Fg) attract the bead to the chip 

surface, while the electrostatic force (Fel) repels it. 
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This chapter describes a system consisting of a single superparamagnetic bead that is 

located above the chip surface. It is assumed that the bead is smooth and perfectly 

spherically shaped and that the chip has a perfectly flat surface. The wire is assumed 

to be rectangular, although SEM images show a trapezoidal shape (Figure 4.2).  

 

The bead’s motion is constrained in the direction perpendicular to the wire because it 

is attracted to the wire and captured in a magnetic potential well (Section 3.3).  

 

The equilibrium height of the beads above the chip surface is determined by balancing 

all forces that act on it in the vertical direction, in absence of Brownian motion. The 

magnetic force (Section 3.3) and the Van der Waals force (Section 3.4.1) are 

attractive, while the electrostatic force (Section 3.4.2) is repulsive. It will be shown 

that gravity and buoyancy forces are small and can be neglected (Section 3.5.2). 

 

In conclusion, a bead obtains its equilibrium position x and h by minimizing its 

potential energy. Beads also exhibit Brownian motion; this motion is confined in the 

x-direction and the h-direction. Parallel to the wire the bead is free to move. Brownian 

motion is discussed in the next section. 

3.2 Brownian motion 

Brownian motion is the irregular random motion that small particles undergo when 

dissolved in a liquid. It results from random thermal collisions with solvent 

molecules, and is therefore also called thermal motion. Brownian motion has both a 

translational and rotational component. In this section, only non-interacting Brownian 

motion is considered, which means that Brownian particles have no interaction with 

other Brownian particles
[20]

. This is the case in very dilute suspensions. 

 

A particle is called a Brownian particle when it shows thermal motion during typical 

experimental time scales, which is the case for particle sizes smaller than about 10 

micron. Also, a minimum size is required, in order to characterize Brownian motion 

by macroscopic quantities, because many solvent molecules are supposed to interact 

simultaneously with the particle interface. The interaction can then be described by 

macroscopic equations of motion, with liquid properties as viscosity and temperature. 

Such a model is valid for particle sizes larger than about 10 times the linear 

dimensions of solvent molecules, corresponding to about 1 nm for particles in 

water
[20]

.  

 

Brownian motion can be described with Newton’s equations of motion, where the 

interactions of the Brownian particle with solvent molecules are modeled by a rapidly 

fluctuating force
[20]

. The statistics of Brownian motion can be studied in this way if 

reasonable approximations for the statistical properties of the fluctuating force can be 

made. This model allows for a clear distinction of several time scales, which will be 

discussed next. 

 

The smallest time scale is the solvent time scale, it is of the order of the relaxation 

time for solvent molecules momentum and position coordinates and is experimentally 

determined to be typically of the order 10
-14

s. A rapidly varying force from random 
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collisions with solvent molecules describes the interaction of a Brownian particle with 

the solvent. The statistical description of the Brownian motion considers momentum 

and position coordinates of both solvent molecules and particle
[20]

. 

 

For larger time scales, the solvent molecules are relaxed to thermal equilibrium and 

only momentum and position coordinates of the particle need to be taken in account. 

This time scale is denoted as the Fokker-Planck time scale. The Brownian motion is 

described by the Langevin equation; an equation of motion with particle momentum 

and position coordinates as stochastic variables. The solution is a specification of the 

probability density function for momentum and position. The mean squared 

displacement (MSD) scales proportional to the time squared, which agrees with 

ballistic motion
[20]

: 
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0

2

0)( tvrtr =−
��

. (3.1) 

 

The left hand side is the MSD, with r the position coordinate vector and r0 the initial 

position. On the right hand side v0 is the initial velocity and t the time. 

 

On the diffusive time scale the momentum coordinate of the particle relaxes to 

equilibrium with the (relaxed) environment. This offers the possibility for a statistical 

description only involving position coordinates of the particle. The cross-over 

between the Fokker-Planck and the diffusive time scale is given by the particle mass 

M to friction coefficient γ ratio (M/γ with γ=6πηR, η is the viscosity and R particle 

radius). Typical time values are 10
-9

 s. 

 

The probability to find a particle at a certain displacement obeys a Gaussian 

distribution. The mean squared displacement varies linear in time. The many 

collisions with the solvent molecules result to many random changes of its velocity, 

reducing its displacement compared to ballistic motion. The MSD is given by
[20]

 

 

dDtrtr 2)(
2

0 =−
��

, (3.2) 

 

with d the number of dimensions of the trajectory data, D the diffusion coefficient, 

and t the time. The Stokes-Einstein diffusion coefficient D0 for an isolated Brownian 

sphere in an infinite medium is
[20]

 

 

R

Tk
D B

πη6
0 = , (3.3) 

 

with kB the Boltzmann constant, T the temperature, η the viscosity of the liquid and R 

the sphere’s radius. 

 

The motion of a sphere near a wall induces a pressure and velocity distribution in the 

adjacent liquid. Therefore, diffusion near a wall is constrained, and this is expressed 

by a correction factor applied to the diffusion coefficient
[21]

.  

 

For a sphere moving near a flat wall, the diffusion coefficients for the motion parallel 

D// and perpendicular D⊥ to the wall are given by
[21]
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0
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= λ  and 0

1
DD

−

⊥⊥ = λ . (3.4) 

 

The correction terms λ//
-1

 and λ⊥
-1

 are expressed in power series of (R/h), with R the 

radius of the sphere and h the distance from the centre of the sphere to the wall
[21]

: 
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The corrected diffusion coefficients for both parallel and perpendicular motion are 

shown in Figure 3.2. The relative diffusion coefficients are plotted versus the distance 

between the centre of the sphere and the wall divided by the radius of the sphere. 

 

Figure 3.2. Plot of the relative parallel (blue) and perpendicular (red) component of the diffusion 

coefficient of a sphere near a wall. The theoretical functions are plotted as function of the 

distance between the centre of the sphere and the wall (h) to the radius of the sphere (R) ratio. 

3.3 Magnetic energy 

The general expression for the magnetic energy Em on a magnetizable object is given 

by
[14]

: 

 

dVHME
V

m ∫ ⋅−=
��

0µ , (3.6) 

 

with M
�

 the object’s magnetization, H
�

 the magnetic field and µ0 the permeability of 

free space. The integrand is taken over the volume V of the object.  
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The magnetization of a spherical bead in a homogeneous magnetizing field is given 

by (2.3). It is assumed that the liquid resembles water and its susceptibility is χ ≈ 0, 

which reduces (2.1) to HB
��

0µ= , where B
�

 is the magnetic induction. For a constant 

integrand over the volume of the bead, the magnetic energy Em can be derived as a 

function of the magnetic induction B
�

[14]
: 
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. (3.7) 

 

The second equality is derived from the theoretical expression for the magnetic 

induction that originates from a current through a rectangular wire, as given in 

Appendix B. Here, I is the current through the wire, χbead is the susceptibility of the 

bead, and f(x,z) is an analytical function dependent on the size, geometry and material 

properties of the wire as well as the bead’s position. When the non-uniformity of the 

magnetic induction over the bead volume is taken into account in the integrand, the 

magnetic energy is increased 3% at maximum. The magnetic induction induced by a 

current of 20 mA though a 3.3 µm wide wire is shown in Figure 3.3.  

 

Figure 3.3. Magnetic induction B induced by a current of 20 mA through a 3.3 µm wide 

rectangular wire, which is centred at x = 0 µm with the top side 0.5 µm below the chip surface. 

The bead’s equilibrium position is at minimal potential energy; this is at maximum 

magnetic induction. Figure 3.3 shows that this is the case at x = 0 µm and directly 

above the chip surface. The bead can still move due to its thermal energy. The 

probability P of finding a bead at a certain distance (x,y,z) from its equilibrium 

position is given by a Boltzmann distribution where the magnetic energy is compared 

to the thermal energy
[14]

: 
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Examples of magnetic potential wells and corresponding probability functions are 

plotted in Figure 3.4. The bead susceptibility is varied in the left panel and the 

equilibrium height in the right panel.  

 

Figure 3.4. Magnetic potential well and probability distributions for different bead 

susceptibilities (left) and different equilibrium heights (right). 

3.4 DLVO theory 

On a microscopic scale the transition between two bulk phases does not occur 

abruptly but rather over a zone of finite thickness, called the interfacial region. In this 

region, surface forces arise. These surface forces are described by the DLVO theory, 

named after the developers Derjaguin, Landau, Verwey and Overbeek. This classical 

theory describes phenomena such as the stability of colloids in colloidal suspensions, 

the bacterial attachment to a substrate, thin film properties, and is also feasible for the 

description of the interaction of a superparamagnetic bead with a chip surface
[11]

.  

 

The interaction energy for macroscopic bodies is effectively of longer range than for 

atoms or molecules. Multiple interactions take place in the system, for example 

electrostatic forces, Van der Waals forces, hydrophobic forces, steric hindrance, and 

hydrogen bonding. Hydrophobic forces, hydrogen bonding and steric hindrance are 

relatively strong interactions compared to Van der Waals forces, but are only of 

significance at small separation distances less than 10 nm
[22]

. For the streptavidin 

coated beads, steric hindrance can play a part for separation distances below 5 nm. 

 

Electrostatic forces and Van der Waals forces are relatively long ranged and therefore 

the primary forces in our experiments. They will be described in more detail below. 

3.4.1 Van der Waals force 

Van der Waals forces exist between atoms and molecules and are always present
[22]

. 

They originate from the interaction between (induced) atomic or molecular dipoles. 

The difference between Van der Waals forces and Coulomb forces is that Coulomb 
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forces act on net charges and Van der Waals forces result from uneven charge 

distribution in uncharged molecules
[23]

. 

 

Some atoms and molecules have permanent dipoles (called polar molecules), while 

others have not (non-polar molecules). Permanent dipoles exist when positive and 

negative charges are non-uniformly distributed. Furthermore, any atom and molecule 

has a rapidly fluctuating electric dipole moment. In case of no permanent dipole, the 

time average of this moment is zero, but over short times a temporary dipole exists. 

Permanent and temporary dipole moments become correlated as the atoms or 

molecules come closer.  

 

There are three contributions to the Van der Waals force
[24]

:  

- The Keesom force, due to interactions between two permanent dipoles, which 

tends to align the dipoles.  

- The Debye force, due to interactions between a permanent dipole and an 

induced dipole in a non-polar molecule, which is induced by the permanent 

dipole. 

- The London or dispersion force, due to interactions between a temporary 

dipole and a dipole that is induced by the temporary dipole, both are present in 

non-polar molecules. 

The dispersion force exists between all atoms or molecules.  

 

Between single atoms or molecules, all three contributions relate to the inverse sixth 

power of the separation distance r. Therefore, the Van der Waals force Fvdw can be 

combined to
[24]

: 

 

6
r

C
F vdw

vdw = , (3.9) 

 

with Cvdw a measure for the strength of the force, dependent on the molecules’ optical 

properties
[22]

. Usually the dispersion forces are dominant, except for highly polar 

molecules like water
[24]

. 

 

The interaction between two bodies can be obtained by summing the interactions of 

all atoms in one body with all atoms in the other body. This was first proposed by 

Hamaker
[25]

. For a sphere and a surface in an intervening medium, with the sphere 

centre at distance h to the surface, the energy Evdw of the system is given by
[23]

: 
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with R the radius of the sphere and A1-3-2 the Hamaker constant, a unique constant 

derived from the properties of the bodies and intervening medium. It is typically of 

order 10
-19

 J for interactions across vacuum
[24]

 and 10
-20

 J in water
[22]

. For small 

separation distances (h→R), the energy becomes inverse proportional to this distance. 

 

For conservative forces, the force F
�

 is equivalent to the gradient of the potential 

energy E: 
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EF ∇−=
��

, (3.11) 

 

The Van der Waals force Fvdw can then be derived: 
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For small separations, (h→R), this formula can be simplified to  

  

)(12
4

22231
Rh
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−
−= −−  (3.13) 

 

The Van der Waals force then decays with 1/d
2
, with the separation distance d = h–R. 

This illustrates the long range for the Van der Waals interaction between two 

macroscopic bodies (decays with d
-2

) compared to the interaction between two single 

atoms or molecules (decays with r
-6

see (3.9)). 

 

While performing the pair-wise summation, additivity is assumed. This can be 

problematic since the atoms within one body as well as between the mutual bodies 

will influence each other
[24]

. This problem is avoided in the Lifshitz theory, where the 

atomic structure is ignored and the bodies are treated as continuous media. It offers 

the possibility to derive the Hamaker constant from bulk material properties such as 

dielectric constants and refractive indices
[24]

. Approximately, it can be build up from 

three material Hamaker constants
[26]

: 

 

( )( )33223311231 AAAAcA −−≈−− , (3.14) 

 

each of them belonging to one of the system’s components. The constants indexed 

with 11 and 22 relate to the solid bodies and the one with index 33 belongs to the 

intervening medium. The correction factor c is included for the fact that the forces are 

transmitted through a medium of dielectric constant larger than 1. For water c has a 

value of about 1.6. The material Hamaker constants Axx describe the interaction of two 

identical bodies x in vacuum. A review on Hamaker constants for various materials 

obtained by different theories, approximations and experiments is discussed in [26]. 

 

The fact that material Hamaker constants are always positive leads to some general 

observations concerning Van der Waals forces
[24] [25]

: 

- The Van der Waals force between two arbitrary bodies in vacuum is always 

attractive. 

- The Van der Waals force between two identical bodies in a medium is always 

attractive. 

- The Van der Waals force between two different bodies in a medium can be 

attractive or repulsive, depending on the sign of the Hamaker constant of the 

system. 

 

Since temperature influences the absorption properties of materials, the Hamaker 

constants will be dependent on temperature, but due to lack of data, it is not known 

how large this effect will be
[26]

. 
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Furthermore, the formulas stated above only apply for perfectly shaped and smooth 

surfaces. However, spheres and walls in experiments are never ideal; their surfaces 

are rough. Theory generalizations that take into account surface roughness predict a 

raise of about 10% to the Van der Waals force for a sphere and a wall, both with an 

average surface roughness of 20 nm and separated 100 nm
[27]

. 

 

Another aspect that has not been considered so far is that the dispersion force suffers 

retardation as a consequence of the finite speed of light. This quantum mechanical 

phenomenon gives rise to a more rapid decrease of the force with distance. For atoms 

and molecules separated more than 5nm
[26]

 or macroscopic bodies more than 10 

nm
[24]

, retardation effects have to be taken into account. There is no simple equation 

for calculating the Van der Waals force between macroscopic bodies at all 

distances
[24]

. In this report, retardation is neglected. This means that the Van der 

Waals force is overestimated; it will serve as an upper limit. 

3.4.2 Electrostatic force 

When a solid material is immersed into an aqueous solution, a surface charge can be 

induced through adsorption of ions present in the liquid or dissociation of surface 

groups
[24]

. This surface charge drives the formation of a so-called double layer, as is 

illustrated in Figure 3.5. In case of a negatively charged surface, positive ions in the 

liquid are attracted to this surface and form a firmly attached layer adjacent to the 

surface. The thickness of this so-called Stern layer is typically one or two angstroms. 

The electrical potential drops off roughly linear in this regime. 

 

Additional positive ions are still attracted by the negatively charged surface, but are 

also repelled by the Stern layer. Outside the Stern layer this leads to a diffuse layer, in 

which the ion-concentration gradually decreases with distance until it reaches 

equilibrium with the ion concentration in solution. The potential drops off 

exponentially. 

 

The combination of the Stern and the diffuse layer is referred to as the double layer. 

The thickness of this layer depends on liquid properties and the type and 

concentration of the ions. The electrical potential at the boundary between the Stern 

layer and diffuse layer is called the electrokinetic or zeta-potential
[23]

. 
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Figure 3.5. Illustration of the double layer that is formed adjacent to a highly charged surface. 

Positive charged ions screen the negative charged surface. The electrical potential decays until 

equilibrium is reached. Pictures are not to scale.  

Electrostatic forces become significant when two surfaces approach each other and 

their double layers begin to interfere. Two surfaces with similar surface- or zeta-

potentials experience a repelling electrostatic force, while differently charged surfaces 

attract each other
[24]

. 

 

In general, the Poisson-Boltzmann equation describes the electrical potential )(r
�

ψ  at 

a position r
�

 in such an interface system
[24]

: 
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with ε0 the dielectric permittivity of free space, εr the relative permittivity of the 

medium, and )(r
�

ρ  a position dependent expression for the space charge density. For 

a sphere and a flat surface, this equation cannot be solved analytically. In the Debye-

Hückel approximation, the space charge density is linearized. This is valid for low 

surface potentials and results in a linear differential equation in ψ
[23]

: 
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The quantity κ is correlated to the Debye-Hückel length λD as λD = κ
-1

 , which is a 

measure for the thickness of the double layer. The inverse double layer thickness is 

defined as
[11]

: 

 

Tk

INe

Br

cA

0

22000

εε
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where e is the elementary charge, NA is Avogadro’s number, kB is the Boltzmann 

constant, T is the absolute temperature, and Ic is the ionic strength of the solution, 

defined as 

 

∑= iic zcI
2
1 , (3.18) 

 

with ci the concentration of ion i and zi the charge of this ion. The expression for κ 

only depends on solution parameters. 

 

The electric double layer interaction force Fes and energy Ees between a sphere and a 

flat wall depend on the inverse double layer thickness and are given by
[22]

: 

 

( ))(exp RhZRFes −−⋅= κκ  (3.19) 

 

and 

 

( ))(exp RhZREes −−⋅= κ , (3.20) 

 

with R the sphere radius, h the distance from the bead centre to the wall surface, and 

the constant Z, depending on the surface potentials ψsphere for the sphere and ψwall for 

the wall: 
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The number z is the electrolyte valence. Apart from this number, Z depends only on 

properties of the surfaces. It is assumed that the concentration profiles of ions are 

independent of the presence of other surfaces. This is the case when the surface 

charge density is uniform and not redistributed and the electric potential remains 

constant
[24]

.  

 

The surface potentials are mainly affected by the pH
[24]

. In case of a particle with a 

negative potential, the addition of H
+
 ions will neutralize the surface charges. Further 

addition will build up a positive charge. Thus, the potential is positive at low pH and 

negative at high pH. The point where the surface potential is zero is called the 

isoelectric point (pI); the system is least stable at this point. 

3.4.3 Total DLVO forces 

The Van der Waals forces and electrostatic forces are combined in the DLVO theory. 

These two forces determine together whether the DLVO force will be attractive or 
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repulsive for certain separation distances. Since the forces have very different distance 

dependences (i.e. the Van der Waals force is a power law and the electrostatic force 

has an exponential dependence), summing them can result in an energy barrier and a 

local minimum at finite separation. An example is shown in Figure 3.6.  

 

Figure 3.6. Graph to clarify the DLVO theory. The DLVO energy is defined as the sum of the 

electrostatic energy and the Van der Waals energy. An energy barrier and local minimum exist 

at finite separation. 

The electrostatic contribution is most sensitive to changes in surface and solution 

properties, and therefore dominates the existence of the barrier and local minimum, 

and if so, their positions and magnitudes. 

 

The DLVO theory assumes that surfaces are infinitely smooth. Real particles and 

surfaces are never perfect and surface roughness will affect their interaction. Surface 

roughness details that have sizes comparable to the length of the interaction forces 

have to be taken into account. The result is that in a large regime of particle sizes the 

interaction between two particles can be almost independent of the particle size. In 

these intervals the interaction is determined by surface details comparable to the 

separation distance. This means that surface roughness overrules the effect of particle 

size
[28]

.  

 

In the situation described in this report, the chip surface roughness is estimated to be 

30 nm at maximum (see AFM images in Figure 4.3) and typical values of the bead 

surface roughness are estimated to be 100 nm (see SEM images in Figure 2.6). These 

measures might be comparable to the separation distance and should therefore be 

taken into account. However, this requires an extensive and complicate study and is 

therefore beyond the scope of this report. A study on the effects of surface roughness 

is discussed in [28]. 
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3.5 Equilibrium height 

In this section the equilibrium height of a bead is determined by minimizing the total 

energy of the bead. The contributions that are taken into account are the magnetic 

energy, gravitational energy, the Van der Waals energy, and the electrostatic energy. 

Parameter values that are used correspond to the conditions in the experiments, as 

discussed in Chapter 5. In the calculations, the bead radius is R = (0.55 ± 0.05) µm as 

adapted from the manufacturer specifications
[18]

. The temperature of the system 

deviates from room temperature, because of heat dissipation in the wires and heat 

transfer from the microscope lamp. The temperature of the bead solution is estimated 

to be T = (296 ± 3) K (see Section 4.2). Other parameters will be discussed in the 

sections where they are used. 

3.5.1 Magnetic interaction 

The magnetic energy Em of the system is described in Section 3.3 and given by (3.7). 

When the bead’s position perpendicular to the wire is taken at its equilibrium, i.e. at 

the wire’s symmetry plane x = 0, it is simplified to: 

 

),0(
2

)(
2

02
1

0

2

hfI
B

hE beadbeadm χµ
µ

χ −=







−=

�

, (3.22) 

 

with µ0 the permeability of free space, χbead the bead susceptibility, I the current 

through the wire and f(0,h) an analytical function dependent on the position of the 

bead. Used parameter values with uncertainties are the current I = (20.0 ± 0.2) mA, 

the depth of the wire below the chip surface z = (515 ± 5) nm, and the width of the 

wires of (3.30 ± 0.05) µm, which is involved in f(0,h). The depth and width of the 

wire are determined from the SEM images in Figure 4.2. 

 

In Figure 3.7, the magnetic energy is plotted for three different bead susceptibilities: 

χbead = 1.0 µm
3
, 2.0 µm

3
 and 3.0 µm

3
. The errors come from the uncertainties in the 

parameters as described above.  
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Figure 3.7. Magnetic energy Em versus the separation distance from the chip surface to the 

bottom of the bead (h - R), for three different values of the bead susceptibility χ. The origin of the 

uncertainties is explained in the text. 

The factor three in the uncertainty of the magnetic energy corresponds directly to the 

factor three uncertainty in the bead susceptibility. For zero separation distance, the 

magnetic energy varies roughly between 500 and 1500 kBT.  

3.5.2 Gravitation and buoyancy 

Gravity and buoyancy act on the bead in the liquid above the chip surface. The net 

energy of gravitation and buoyancy Eg on a sphere is given by: 

 

ghRhE liquidbeadg )()( 3
3

4 ρρπ −= , (3.23) 

 

with R the bead radius, ρbead the bead density, ρliquid the liquid density, g the 

acceleration due to gravity, and h the distance between the surface and the centre of 

the sphere.  

 

The force gF
�

 can be derived using (3.11): 

 

gRF liquidbeadg
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3

4 ρρπ −= , (3.24) 

 

The density of the beads is 1.8·10
3
 kg/m

3
, as given in Table 2.1. The density of the 

liquid resembles the density of water: 1.0 ·10
3
 kg/m

3
. The difference in densities can 

be estimated by (ρbead - ρliquid) = (0.80 ± 0.05) kg/m
3
. Using the bead sizes mentioned 

before results in a force of 1510)8.15.5( −⋅±=gF
�

 N. 
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In the region of interest, that is for separation distances below 2 µm, the gravitational 

energy is less than 4 kBT. Compared to magnetic energies of 500 to 1500 kBT, 

gravitation is negligible.  

3.5.3 Van der Waals interaction 

The Van der Waals energy Evdw for a sphere near a flat surface is given in (3.10): 
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with R the bead radius and h the distance between the surface and the centre of the 

sphere. A1-3-2 is the system’s Hamaker constant, which can be found in literature. 

 

The beads are primary composed of polystyrene (PS) and the liquid resembles water. 

Hamaker constants of water and PS are reported in literature. An overview on 

Hamaker constants
[26]

 states that the Hamaker constant Axx for water is 

Aw = 4.4·10
-20

 J, and for PS is APS = (6.4 ± 0.2)·10
-20

 J, both values are obtained from 

theory
[26]

.  

 

The chip’s top layer is made of silicon nitride (Si3N4), or (partly) silica (SiO2) in case 

it is oxidized (see Section 4.1). Hamaker constants for systems of two surfaces 

(including Si3N4 and SiO2) with an intervening film of water are given in a 

comparison of experimentally obtained Hamaker constants of ceramics
[27]

.  

 

For a system of two SiO2 surfaces a Hamaker constant of 

ASiO2-w-SiO2 = (0.50 ± 0.34)·10
-20

 J is given
[27]

. The Hamaker for SiO2 can be calculated 

from this system by using (3.14) and the Hamaker constant of water. This results in a 

material Hamaker constant of ASiO2 = (7 ± 1)·10
-20

 J. For the system of two Si3N4 

surfaces a Hamaker constant of ASi3N4-w-Si3N4 = (7.3 ± 2.8)·10
-20

 J is given
[27]

. The same 

calculation results in a material Hamaker constant of ASi3N4 = (17.5 ± 3.5)·10
-20

 J. The 

chip can be coated with bovine serum albumin (BSA). The Hamaker constant of BSA 

ABSA = (1.8 ± 0.8)·10
-20

 J is obtained from experiments
[26]

. An overview is given in 

Table 3.1. 

 

Table 3.1. Hamaker constants of materials 

 

Material 

Hamaker constant 

(x 10
-20

 J) 

Water 4.4 

PS 6.4 ± 0.2 

BSA 1.8 ± 0.8 

SiO2 7 ± 1 

Si3N4 17.5 ± 3.5 

 

Next, Hamaker constants of the system of a PS sphere, water and the chip surface can 

be calculated from (3.14). Results are shown in Table 3.2. 
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Table 3.2. Hamaker constants of the system 

 

System 

Hamaker constant 

(x 10
-20

 J) 

Van der Waals 

force 

PS – Water – BSA  -0.5 ± 0.2 Repulsive 

PS – Water – SiO2 0.4 ± 0.2 Attractive 

PS – Water – Si3N4 1.5 ± 0.5 Attractive 

 

Note that the Van der Waals force between PS and BSA is repulsive, while it is 

attractive for the system with SiO2 and Si3N4. An experimentally determined Hamaker 

constant for the PS-water-Si3N4 system is found to be 

APS-w-Si3N4 = (8.5 ± 1.5)·10
-20

 J
[30]

. The origin of the large difference between this 

experimentally obtained value and the calculated value from literature is not known. It 

could be due to false assumptions in the theoretical derivation, or errors that are 

induced during the experiment, e.g. by surface roughness.  

 

Plots of the Van der Waals energies for a BSA coated chip surface, a SiO2 surface, 

and a Si3N4 surface using both the theoretical as well as the experimental Hamaker 

constant are shown in Figure 3.8. The error bars come from uncertainties in the 

Hamaker constant and errors as described before.  

 

 

Figure 3.8. Van der Waals energy Evdw versus the separation distance from the chip surface to the 

bottom of the bead (h - R), for four different Hamaker constants, corresponding to a BSA coated 

chip surface, a SiO2 surface, and both a theoretical derivation and an experimental value of a 

Si3N4 surface. Errors are due to uncertainties in the Hamaker constants and bead radius. 

Again, it is noted that the Van der Waals energy is overestimated, because retardation 

is not taken into account. 
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The Van der Waals energy is short ranged compared to the magnetic energy. Thus, for 

large separations the Van der Waals interaction is negligible. At a separation distance 

of 30 nm from the bottom of the bead to the chip surface, the maximum Van der 

Waals energy (with Hamaker constant APS-w-SiN = 8.5 ·10
-20

 J) is 10% of the minimum 

magnetic energy (for bead susceptibility χbead = 1.0 µm
3
). For separation distances 

larger than 30 nm, Van der Waals interaction can be neglected. For smaller 

separations it has to be taken into account. Moreover, it will dominate over all forces 

for short separations because of its asymptotic limit.  

 

The consequence of the large variations in Hamaker constants and the neglect of 

retardation is discussed in Section 3.5.5, where all contributions to the equilibrium 

height are quantified and compared. 

3.5.4 Electrostatic interaction 

The electrostatic energy Ees of a sphere with radius R at separation distance h is given 

by (3.20): 

 

( ))(exp RhZREes −−⋅= κ , (3.26) 

 

with κ the inverse double layer thickness as defined in (3.17) and Z a constant, given 

in (3.21). These expressions can be simplified by filling in the physical constants to: 
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with T the temperature, Ic the ionic strength and εr the relative permittivity of the 

solution, and: 
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in which the electrovalence z is assumed to be 1, ζbead is the zeta-potential of the bead 

and ζchip is the zeta-potential of the chip surface. The zeta-potential can be measured 

experimentally and is therefore commonly used as being representative for the surface 

potential
[11]

. 

 

The carboxylated beads are originally supplied in water, while the streptavidin coated 

beads are supplied in PBS buffer with a pH of 7.4 and 0.14 M NaCl, as described 

previously in Section 2.2. The bead solution is diluted 25000 times with deionized 

(DI) water. Optionally, NaOH is added to change the pH and ionic strength. An 

overview of solution properties for carboxylated beads and streptavidin coated beads 

is found in Table 3.3. 
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Table 3.3. pH and ionic strength Ic of bead solutions as used in the experiments.  

 pH  Ic 

Carboxylated beads in DI water 5 to 6 1 to 10 µM 

Carboxylated beads in DI water,  

NaOH added 

10.8 ± 0.1 (1.5 ± 0.5) mM 

Streptavidin coated beads in DI water 5 to 6 (25 ± 5) µM 

Streptavidin coated beads in DI water,  

NaOH added 

10.8 ± 0.1 (1.5 ± 0.5) mM 

 

The zeta-potentials of streptavidin and carboxylic acid coated beads are given in 

Table 2.2 for two different pH environments.  

 

The chip top layer consists of silicon nitride (Si3N4), which is possibly partially 

oxidized to silica (SiO2). When exposed to aqueous solutions, the charge sites on SiO2 

are always Si-OH, while the dominant charge sites on Si3N4 is also Si-OH, with a 

minority (~1%) of Si-NH2 sites
[31]

. The presence of these Si-NH2 sites shifts the zeta-

potential versus pH curve towards positive values
[31]

. The zeta-potentials of Si3N4 and 

SiO2 found in literature are shown in Table 3.4. 

 

Table 3.4. Zeta-potentials of silicon nitride (Si3N4) and silica (SiO2), in two different pH 

environments. 

 pH = 6 pH = 9 Ref 

Si3N4 (-30 ± 10) mV (-38 ± 10) mV [32] 

Si3N4 -7 mV  [12] 

SiO2 (-45 ± 3) mV (-55 ± 3) mV [32] 

SiO2 (-30 ± 2) mV (-40 ± 3) mV [11] 

 

The large difference in the zeta-potentials of Si3N4 as obtained from [32] and [12] is 

remarkable. The value of -7 mV is an outsider and therefore not taken into account in 

the following calculations. The chip surface is assumed to be made of Si3N4 and 

therefore the zeta-potentials in the top row of Table 3.4 will be used. An error is 

induced when the surface is (partly) made of SiO2, however, this error is small. 

 

The dielectric constant εr is adapted from water and depends on the temperature. A 

value of εr = (78 ± 3) that matches the temperature range is used in the calculations.  

 

As an example, the electrostatic energy of a carboxylated bead in water is plotted 

versus its height above the surface in Figure 3.9. Results are shown for four 

combinations using the minimum and maximum value for the ionic strength and the 

zeta-potential. Errors come from the uncertainties in the other parameters. 
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Figure 3.9. Electrostatic energy Ees of a carboxylated bead in water versus the separation 

distance from the chip surface to the bottom of the bead (h - R), for different ionic strengths Ic 

and zeta-potentials of the chip surface ζchip. Errors are due to uncertainties in the parameters, as 

explained in the text. 

The Debye length is a measure for the screening of the surface potential and is 

(309 ± 1) nm for Ic = 1 µM and (97.7 ± 0.3) nm for Ic = 10 µM. It is shown in Figure 

3.9 that the electrostatic energy decays faster for higher ionic strengths.  

 

The zeta-potentials of the beads and the chip surface determine the energy at zero 

separation. Electrostatic repulsion increases for larger zeta-potentials, which results in 

higher electrostatic energies, as shown in Figure 3.9. 

 

Energy plots of the streptavidin coated beads in water with and without NaOH and the 

carboxylated beads in solution with NaOH are presented in Figure 3.10. It is shown 

that the addition of NaOH dramatically decreases the interaction range.  
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Figure 3.10. Electrostatic energies Ees of beads versus their separation distance (h - R) for 

different conditions, specified in each plot.  

In the four different cases that are treated in this section (i.e. carboxylated beads and 

streptavidin coated beads, both with and without NaOH added to the solution), large 

uncertainties occur in the energies because the ionic strength and the surface potential 

of the chip surface are not known accurately. 

 

In general, the electrostatic energy strongly depends on the ionic strength and the 

zeta-potentials of the beads and chip surface. In case of low ionic strength, the range 

and magnitude of the electrostatic energy is comparable to the magnetic energy. The 

electrostatic interaction becomes less important when the ionic strength is increased. 

3.5.5 Equilibrium 

The equilibrium separation distance of the bead above the surface is calculated by 

summing all energy contributions. The equilibrium height is then at minimum total 

interaction energy.  

 

As an example, the Van der Waals energy, magnetic energy, electrostatic energy, and 

the total potential energy are plotted in Figure 3.11 for a carboxylated bead dispersed 

in DI water. The parameters that are used are an ionic strength of Ic = 1 µM, a chip 

zeta-potential of ζchip = -30 mV, a Hamaker constant of APS-w-Si3N4 = 8.5 ·10
-20

 J, and a 

bead susceptibility of χbead = 2.0 µm
3
; all other parameters and corresponding errors 

are the same as used in the previous sections. Gravitation and buoyancy are not taken 

into account, because it has been shown that they are negligibly small. 
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Figure 3.11. Plot of the electrostatic energy, Van der Waals energy, magnetic energy and the total 

energy. The used parameters are described in the text. 

The bead’s equilibrium position is at the minimum total interaction energy. However, 

the bead can still move due to its thermal energy. The probability P of finding a bead 

at a certain distance d from its equilibrium position is given by a Boltzmann 

distribution where the total energy Utot is compared to the thermal energy: 

 









−∝

Tk

dU
dP

B

tot )(
exp)( , (3.29) 

 

with kB the Boltzmann constant and T the temperature. The total energy and the 

matching bead probability distribution are shown in Figure 3.12. 
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Figure 3.12. The total energy as shown in Figure 3.11 and the matching bead position probability 

distributions, calculated by (3.29). Inset: a closer view on the energy potential well and 

probability distribution.  

The equilibrium position is found at a separation distance of (730 ± 180) nm from the 

bottom of the bead to the chip surface. However, the bead is still able to move due to 

Brownian motion. This motion is confined because of the potential well in which the 

bead is captured. In the situation described here, the bead’s motion is restricted to 

about 100 nm for a thermal energy of 1 kBT. 

 

The equilibrium height is mainly determined by the magnetic energy and the 

electrostatic energy. The uncertainties in the bead susceptibility χbead, the ionic 

strength Ic and the chip zeta-potential ζchip have a large influence on the calculated 

height. This is illustrated in the two situations that are described next, both with 

Ic = 1 µM . 

 

In the first extreme situation, the energy barrier disappears when a bead susceptibility 

of χbead = 1.0 µm
3
 and a chip zeta-potential of ζchip = -20 mV are assumed. The bead 

will be pulled to the chip surface because the magnetic attraction is always larger than 

the electrostatic repulsion. In the other extreme situation, when χbead = 3.0 µm
3
 and 

ζchip = -20 mV, the calculated equilibrium height is (1060 ± 170) nm and the bead is 

able to move (150 ± 20) nm for a thermal energy of 1 kBT.  

 

An overview of the calculated equilibrium height and restriction of the motion in the 

vertical direction (again considering 1 kBT) for carboxylated beads and streptavidin 

coated beads in DI water with and without NaOH, are presented in Table 3.5.  

 

The corresponding diffusion coefficients can be obtained from (3.3) to (3.5). In an 

infinite medium, the diffusion coefficient of a sphere is given in (3.3) and equals 
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D0 = (0.42 ± 0.03) µm
2
/s, when a viscosity of η = (0.94 ± 0.07)·10

-3
 kg/ms (matching 

the temperature) is used. Diffusion coefficients for the motion parallel to the chip 

surface are calculated from (3.4) and are shown in Table 3.5. The equations are only 

valid for perfectly smooth and flat surfaces. 

 

Table 3.5. Equilibrium height of beads, the motion’s restriction for a thermal energy of 1 kBT, 

and normalized diffusion coefficient for the parallel motion D// / D0 for conditions as used in 

Brownian motion experiments (see Table 3.3). 

Beads and solution Height (nm) Restriction (nm) D// / D0 (%) 

Carboxylated beads 

DI water, Ic = 1 µM 

0 to 1230 Max 170 32 to 83 

Carboxylated beads 

DI water, Ic = 10 µM 

280 ± 140 42 ± 15 60 ± 8 

Carboxylated beads 

DI water with NaOH added 

40 ± 10 8 ± 3 40 ± 2 

Streptavidin beads 

DI water 

170 ± 80  30 ± 10 54 ± 7  

Streptavidin beads 

DI water with NaOH added 

40 ± 10 8 ± 3 40 ± 2 

 

As shown in Table 3.5, the equilibrium height and restriction in the vertical direction 

of the carboxylated beads in DI water have a high uncertainty. The beads can be 

situated more than a micrometer above the surface, but it is also possible that they are 

in contact with the chip. This is mainly caused by the large uncertainties in the chip 

surface potential and solution’s ionic strength. The equilibrium situation is better 

defined for the streptavidin coated beads because the ionic strength of the solution is 

better defined in this case. 

 

When NaOH is added to the solution to increase the pH and ionic strength, the 

distinction between streptavidin coated beads and carboxylated beads vanishes. The 

ionic strength of the initial solutions do not significantly contribute to the ionic 

strength when NaOH is added. Furthermore, the differences in the beads’ zeta-

potentials still exist but their effect on the equilibrium situation is negligible. 

 

The height of the beads predicts their mobility. A bead will be more hindered by 

obstructions from bead and chip surface roughness when its equilibrium position is 

closer to the chip surface. Furthermore, the motion in the vertical direction is in 

general more confined when situated close to the surface, which makes it also more 

difficult to increase height in order to pass barriers that arise from bead and surface 

roughness. 

 

As shown in Section 3.5.3, the Van der Waals energy is short ranged compared to the 

magnetic energy. It has been calculated that only for separation distances below 

30 nm the Van der Waals interaction is of significance. However, in all practical 

situations the separation distances are larger, and therefore the Van der Waals force 

can be neglected and the behaviour is only determined by the attractive magnetic 

force and repulsive electrostatic force.  
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The neglect of the Van der Waals interaction means that the large variation in the 

Hamaker constant and the neglect of retardation are of no consequence. Only the 

effect of surface roughness, that can rise the Van der Waals energy, might increase the 

interaction. As a result, the equilibrium height and restriction in the vertical direction 

of the beads in solution with NaOH added would slightly decrease.  

 

The theoretical model assumes that bead and chip surfaces are perfectly shaped and 

smooth. This assumption will satisfy when the separation distance of the bead to the 

chip is large compared to roughness details. The beads’ surface roughness is 

estimated to be typically 100 nm (see SEM images in Figure 2.6). The maximum 

roughness of the chip surface is 30 nm (see AMF images in Figure 4.3). The predicted 

height of streptavidin coated beads in DI water is of the same order as the bead’s 

surface roughness. It is unknown of this is also the case for the carboxylated beads in 

DI water, because of the large uncertainty in their calculated height. When NaOH is 

added to the bead solution, the height of the beads decreases and becomes comparable 

to the chip surface roughness.  

 

The model can be improved for cases in which the separation distances are 

comparable to or smaller than typical sizes of bead and chip surface roughness by 

taking into account those imperfections. In the case that the separation distances 

decrease to below 30 nm, more accurate values for the Hamaker constants have to be 

known for a correct result. Moreover, the effect of retardation has to be investigated in 

this situation. For even smaller separations, other interactions like steric hindrance 

and hydrophobic forces have to be taken into account.  

 

In conclusion, a model has been developed that gives an indication of the height of the 

beads above the surface. In the future, a more accurate theoretical description can be 

obtained when the magnetic susceptibility of the beads, the solution’s ionic strength 

and the composition of the top layer of the chip and therefore its zeta-potential are 

determined more accurately.  

 

Finally, a model for the calculation of the diffusion coefficient that takes into account 

the surface roughness, will improve the comparison of the diffusion coefficients from 

theory and experiments. 
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Chapter 4 Experimental setup 

Experiments have been performed in which the Brownian motion of 

superparamagnetic beads is observed to study their individual dynamic behaviour. 

Briefly, the experiments are as follows: a droplet of beads dispersed in water is 

applied to a chip surface. The beads are magnetically pulled to the chip surface, where 

they will take their equilibrium height by minimizing their total energy. The beads’ 

Brownian motion is visualized by a microscope and recorded by a camera for analysis 

afterwards. 

 

These experiments and the setup are discussed in this chapter. The first section 

describes the design of the chip that is used. The second section focuses on the 

experimental setup. In the third section, the software for bead tracking is explained.  

4.1 Chip design 

Not a regular biochip but a so-called biowire chip is used. Pictures made by an optical 

microscope are shown in Figure 4.1. 

 

Figure 4.1. Biowire chip design as seen with an optical microscope. On the left, the full chip 

surface (1x1 mm) and on the right the central part with the parallel wires is shown. The 3.3 µm 

wide wires are used in all Brownian motion experiments described in this report. Dark spots 

come from dust on the camera. 
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This chip is more suitable for Brownian motion experiments because it contains only 

wires. The sixteen wires lay in the central area of the chip. When an electrical current 

is sent through one of the wires, a magnetic field is induced, which magnetizes the 

beads in solution and attracts them to the chip surface. The wires are 150 µm long; 

50 µm longer than the wires in the sensor area on a regular biochip. The longer wires 

induce a more extended magnetic field, which improves the chance for catching a 

bead. Furthermore, the magnetic field is uniform in a larger area where effects of the 

wire ends are negligible.  

 

The wires have different widths. From left to right in Figure 4.1, four times four wires 

of 9.3, 7.3, 5.3, and 3.3 µm wide can be distinguished, all separated 3.7 µm. Errors are 

estimated to be 0.05 µm. The wires are examined in more detail by SEM images in 

Figure 4.2. The left panel displays a section of the 3.3 and 5.3 µm wires. On the right, 

cross-sections of a 3.3 µm single wire on a polished chip (top) and on an unpolished 

chip (bottom) are shown. The cross-sections of the wires are not perfectly rectangular, 

but have a trapezoidal shape. 

 

Figure 4.2. Left: SEM images of an area on the chip surface. Right: cross-sections of a 3.3 µm 

single wire on a polished chip (top) and an unpolished chip (bottom). The wires are light 

coloured.  

The wires are made of molybdenum (Mo) and gold (Au)
[14]

, placed on a silicon oxide 

(SiO2) layer and covered with a layer of silicon nitride (Si3N4). It is unknown if the 

top layer is oxidized by the formation of silicon oxide. However, the layer is 

fabricated at a temperature of T = 400 K which is expected to be so high that no free 

Si atoms are left and oxidation will be minimal. The top layer can be leveled by 

polishing the chip. This will also reduce the local surface roughness. 

 

The chip’s surface roughness is examined by Atomic Force Microscopy (AFM). A 

representative area of a polished chip is shown in Figure 4.3. The scratch is probably 

caused during polishing and is about 4 nm deep. The brighter pink spots are probably 

accumulated leftovers from polishing. From AFM images of three different areas on 

the chip, the maximum measured height of these leftovers is determined to be 30 nm. 

Two AFM images of other areas on the chip are shown in Appendix A, which show 

that the surface roughness varies locally. AFM images of an unpolished chip surface 

are not available. 
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Figure 4.3. Left: a typical AFM image of the chip surface. Right: the height profile of the cross 

section is shown. 

The resistance of the wires is approximately 20 Ω. The cross-sections are small, 

resulting in small magnetic inductions, e.g. in the example in Figure 3.3 it is at 

maximum 3 mT. Moreover, magnetic gradients perpendicular to the wire are large, up 

to 10 T/m in this example. Therefore, the beads will experience large magnetic forces; 

at maximum 30 pN compared to gravitational forces of only several fN (see 

Section 3.5.2). Nevertheless, the bead’s susceptibility is constant because the 

magnetization is in the linear range at these small magnetic inductions (between 

B = -10 mT and +10 mT, see Figure 2.7).  

 

The chip is mounted on a flexfoil for an easy connection of the chip to external 

electronics. 

4.2 Setup 

The bead solution is diluted with deionized water in order to study individual non-

interacting beads. A droplet of the dispersion is put on the biowire chip by a pipette, 

where it completely covers the surface. Its flexfoil is placed in a circuit board holder. 

 

Brownian motion experiments are performed by connecting one wire of the biowire 

chip to a function generator (Agilent 33220A). An electrical DC current induces a 

magnetic field, as described in more detail in Section 3.3. A magnetic force is exerted 

on the beads in solution, which are attracted to the wires and stay there as long as the 

current is present. The Brownian motion is constrained in the height and in the 

direction perpendicular to the wire. However, the bead can move freely along the wire 

when assuming that, not too close to the end of the wire, no magnetic field gradient 

parallel to the wire is present. The bead is then performing a quasi “1D” motion.  

 

As described in Chapter 3, the height of a bead is set by its (local) total energy 

minimum. The height can be varied by changing solution properties such as pH value 
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and ionic strength. It can also be varied during experiments by changing the current 

through the wires and therefore the magnetic energy.  

 

To visualize the beads, the chip is positioned under an optical microscope (Leica). A 

CMOS camera (Redlake Motionpro HS4), connected to a PC, is used to record the 

bead motions. The movies are saved to enable analysis afterwards. The camera can 

record images of 512x512 pixels up to 5000 frames per second (fps). Its internal 

memory is 4 GB. For Brownian motion experiments, a low frame rate of 10 to 30 fps 

is set to complete measurements of several minutes up to half an hour, without 

running out of memory. Two microscope objectives are available to visualize the 

beads. A 63x objective to display a field of view (FOV) of almost 150 x 150 µm 

square, and a 160x water immersion objective for a FOV of 60 x 60 µm square. 

 

Heat dissipation in the wires and heat transfer from the microscope lamp will warm 

up the chip and solution. An estimation of the temperature change due to heat 

dissipation in the wires is made. It has been measured that the resistance of a 20 Ω 

wire changes about 0.6 Ω when a current of 20 mA is sent through it. For these 

specific wires, the characteristic change in resistance is about 0.2 Ω/K. Thus, the 

temperature of the wire is increased by 3 K. The temperature of the solution can 

therefore increase 3 K at maximum due to dissipation in the wire. In combination with 

the heat transfer of the lamp, the temperature of the solution is expected to increase 

6 K at maximum. The temperature in the lab is 293 K, so the temperature of the 

solution is estimated to be T = (296 ± 3) K 

 

The temperature is of influence on the mobility of beads. The diffusion coefficient 

(see (3.3)) increases for increasing temperature. It is linear dependent on the 

temperature, and inverse proportional to the viscosity of the liquid. The viscosity 

decreases with increasing temperature. 

 

The temperature change in the liquid will change the refractive index, which will 

affect the focusing. Furthermore, when the chip and flexfoil are heated some parts 

expand, and the wire can be slightly displaced in the images. These problems can be 

avoided when the setup is warmed up for a couple of minutes until it is in thermal 

equilibrium before experiments are started. 

4.3 Software 

For the analysis of the movie with the bead motions, programs are written in Matlab. 

A graphical user interface (GUI) has been set up, to make functions and settings easy 

accessible and changeable. The GUI layout is shown in Figure 4.4. 

 

The software can be divided in two parts; the tracking of the bead in the movie, and 

the analysis of the resulting trace. Both parts are described in more detail below.  
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Figure 4.4. Matlab graphical user interface for tracking the beads in the movie and analysis of 

the resulting trace. 

4.3.1 Bead tracking 

The bead tracking software has been designed to find the bead positions in subsequent 

individual movie frames. The difficulty is that all images are different because of 
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noise and variations in total intensity. Moreover, the illumination of the bead is 

generally not uniform and depends on the position of the bead. The background 

consists of bright and dark strips because of the visibility of the wires, which should 

not be of influence for the detection of the bead. Furthermore, the bead has to be 

distinguished from dust particles on the camera. Matlab programs were written using 

different algorithms to overcome these difficulties. 

 

In general, the idea is that the bead’s centre positions are determined frame-by-frame 

and their coordinates are stored in an array. First, the user chooses the experiment that 

is being analyzed from the list. Settings in the first column of the GUI, such as first 

frame, total number of frames, and step size for skipping frames have to be specified.  

 

Bead tracking starts when the ‘Track’ button is clicked. A pop-up window appears 

showing the first frame, which is transformed into a black-and-white image. The user 

selects the beads of interest manually by clicking on them. The clicked coordinates 

serve as a start point for the rest of the procedure, which is described next. 
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Figure 4.5. Flowchart for analysis of a movie frame-by-frame. First, the image is corrected for 

background and inverted. Then in the region of interest (ROI) the bead’s centre position is 

determined, which is stored in an array.  

The flowchart with all steps for analyzing a movie is shown in Figure 4.5. Starting 

from the first frame, the image is corrected for the background pattern by subtracting 

an averaged intensity profile of all movie frames from the first frame. Furthermore, 

the image is inverted to obtain high intensity values at the bead position against low 
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background intensities. Square areas around the clicked coordinates are selected as the 

region of interest (ROI). In these regions, all pixels with an intensity below a 

threshold value are set to zero. This removes wire edges, bead shadows and noise. 

Optionally, the intensities of the remaining pixels are set to the value one, to obtain 

more uniform bead images. The coordinates of the bead centres are calculated, which 

is explained below, and stored in an array. This procedure is repeated for all movie 

frames. The ROI’s are centred at the calculated beads positions in the previous frame. 

It is obvious that the ROI has to be larger than the maximum displacement of the bead 

between two successive frames, to avoid the bead from disappearing. On the other 

hand, when using a small ROI the dark threshold setting is less critical, which results 

in a more robust detection. The final array with all bead positions is stored and saved 

for use in the analysis part of the software.  

 

For the determination of a bead centre, one can choose between two modes: local 

cross correlation (LCC) and calculation of the centre of mass (CM). Next, both 

methods are described in more detail. 

 

The LCC method uses a pre-fixed ring-shape or disk as a template; its size is set by 

the user. By performing the LCC, the function F (xi, yj) at all pixels in the ROI is 

calculated from the intensities of the image in the ROI I (xi, yj), and the intensities of 

the template It (xi, yj), with k the length of the template image: 
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The position (xi, yj) where F is maximum and significantly less at all other positions 

(set by threshold value) is stored as the bead position. LCC is a robust method, for 

which the dark threshold is not a critical setting. However, this method is very time-

consuming (about 13 frames/sec). Theoretically, LCC should be able to detect the 

bead centre, even when only half of the bead is visible, but in practice this is not the 

case because of imperfections, such as the non-spherical shape and non-uniform bead 

intensity. 

 

The CM method calculates the centre of mass [Mx, My] using the formula: 
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where N is the size of the ROI. CM calculation is about 6 times faster than LCC 

(about 76 frames/sec) and sub-pixel accuracy can be obtained. Disadvantageous is the 

sensitivity to the fluctuations in bead and background intensity.  

 

For the best performance, the microscope focus is tuned to display the beads with an 

intensity pattern as uniform as possible. Problems can occur when the bead is showing 

up with an intensity gradient, for example when the bead is not uniformly illuminated.  
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This can for example happen when the dark bead is moving over the dark edges of the 

wire. The bead becomes partly less visible, resulting in an error in the bead’s 

perpendicular position, see Figure 4.6. This is the case when narrow wires are used; 

the bead’s amplitude is then comparable to the wire’s width. The dark edges can be 

diminished by polishing the chips. The use of wider wires prevents the bead from 

overlapping the edges. Wires of 3.3 µm wide suffice when currents of 20 mA are 

used. 

 

Figure 4.6. A bead overlaps a wire edge and an intensity gradient is induced. 

Another example is found in experiments where the beads are hardly moving. In this 

case dark spots appear in the averaged image. These spots have to be manually 

removed to avoid that the bead in a frame is partly disappearing by subtracting the 

average image. 

 

In practice, the position of the center of the bead can be detected with about one pixel 

accuracy, but this is strongly dependent on the focusing.  

 

As a last remark it is mentioned that incorrect positions are detected when beads come 

so close together that they appear in each other’s ROI. 

 

In conclusion, moving beads above the chip surface can be tracked easily and rapidly. 

The bead positions are extracted from the movie images frame-by-frame. Two 

methods are developed, LCC is more robust, but takes longer processing time, while 

CM is very fast, but more sensitive to background modifications. When finished, the 

array with bead positions is stored for analysis and plotting afterwards. 

4.3.2 Trace analysis 

The GUI makes a direct analysis of the bead position array possible. The user can 

make a sub-selection or series of sub-selections of the data set if preferred. 

Experiment parameters like recording frequency, current, and chip orientation need to 

be set.  

 

The first step in the analysis is the transformation of the raw bead position data to 

coordinates with respect to the chip. Therefore, the trace coordinates are split into a 

part perpendicular to the wire, and a part along the wire
[14]

. Also, the pixel sizes are 

converted to physical distances in on the chip. 
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Depending on the type and purpose of the experiment, there are several ways to 

analyze the bead traces. A short overview: 

- Speed line plot: calculates the bead susceptibility from perpendicular speeds in 

a known magnetic field. 

- Speed histogram: plots and fits the average speed for a given time interval. 

- Position histogram Y and X: plots histograms of the parallel and perpendicular 

positions, fits the perpendicular histogram to obtain the bead susceptibility. 

- Diffusion: calculates the diffusion coefficient from the parallel motion.  

- Power spectrum: plots power spectra of both the parallel and perpendicular 

motion. 

 

It has to be mentioned that the first version of the software was mainly based on 

software from Xander Janssen
[33]

. The smart bead selection method, principle of 

frame-by-frame analysis, and LCC method were adapted, improved, and speeded up. 

The CM calculation is based on software by Kim van Ommering
[14]

, as well as most 

of the analysis methods.  

 

In the final version, both the LCC as the CM are speeded up and extended with 

applications of the dark threshold. Features such as the option to convert the image to 

a ‘black-white’ image, the use of a ring-shaped template for LCC, and the application 

of a ROI for CM calculations are added. The analysis functions are extended with 

error estimations. A GUI is created to improve speed and easiness: the settings of 

several parameters are automated to save time, and fits and plots are performed and 

displayed to user preferences to avoid superfluous calculations and plots.  
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Chapter 5 Brownian motion 
analysis 

Brownian motion analysis experiments have been performed to study the dynamic 

behaviour of beads above a biosensor chip surface. The influence of bead and chip 

properties is investigated by Brownian motion experiments. The first section 

describes a Brownian motion experiment as an example. In the second section, it is 

investigated whether individual bead properties, chip properties or a combination of 

both dominate the bead mobility. In the third section, experiments that are performed 

at different experiment conditions are discussed. 

5.1 Brownian motion experiments 

Brownian motion experiments have been performed to analyze the dynamics of beads 

that are magnetically attracted to a wire on the chip. The setup with the biowire chip 

and bead tracking software are used, as described in Chapter 4. In all experiments 

described in this chapter, current wires of 3.3 µm wide are used. 

 

On the chip surface, the beads are captured in a potential well. In the direction 

perpendicular to the wire, magnetic forces attract the beads to the center of the wire 

(see Section 3.3). In the direction perpendicular to the chip surface, the beads are 

magnetically attracted to the surface, but repelled by other forces like electrostatic 

forces (see Section 3.5). The height of the beads above the chip surface is determined 

by the interplay of these forces. In both directions, the beads are still able to move due 

to Brownian motion, however, this motion is limited. 

 

Parallel to the wire, the motion is in principle unrestricted. However, bead and chip 

impurities can disturb the free motion. In this chapter, the Brownian motion parallel to 

the wire has been observed to study influences of bead and chip properties on the 

bead’s mobility.  

 

An example of the motion of a streptavidin coated bead in an aqueous solution with 

pH 5 to 6 and ionic strength Ic = (25 ± 5) µM, on a polished biowire chip is shown in 

Figure 5.1. The parallel and perpendicular positions of the bead in time are plotted. 

The current through the wire is (19.7 ± 0.2) mA, the 160x water immersion objective 

is used, and the movie is recorded at 20 fps. The bead is tracked for 1380 seconds 

using the CM method. The origin of the coordinate system is chosen arbitrary along 

the wire. 
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Errors in the parallel positions arise from noise in the image and bead illumination 

differences. Furthermore, a small parallel drift of four pixels (corresponding to 

500 nm) in total is measured, caused by the external electronic wires pulling on the 

setup. A linear correction is done, which also contributes minimally to the position 

error. In total, the error in the position is estimated to be at maximum two pixels for 

the perpendicular position and one pixel for the parallel position. The parallel 

positions relative to each other are more precise, since errors from the illumination 

have mostly the same effect in every frame.  

 

Figure 5.1. A bead’s trace is represented by its parallel (blue) and perpendicular (green) position 

in time. The perpendicular motion is confined to the wire as expected. The parallel motion also 

shows restrictions. 

Figure 5.1 shows that the perpendicular motion is restricted, but also the parallel 

motion is not free. The bead’s motion is stepwise and the bead is sticking at some 

points e.g. between t = 920 and 990 seconds, when its maximum amplitude is only 

2.0 µm. 

 

The stepwise parallel motion can be visualized in a histogram, see Figure 5.2. The bar 

size corresponds to the size of a pixel in the images, sub-pixel accuracies are not taken 

into account. At some positions, e.g. at x = -10.8 µm, the bead is located significantly 

more often than at neighbouring positions at x = -10.2 µm and x = -11.4 µm. 

Apparently, the bead has to cross an energy barrier to move from one favourite spot to 

the next one. 
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Figure 5.2. Histogram of the parallel positions in Figure 5.1. Energy differences between peaks 

and valleys are shown.  

The position histogram can be interpreted as a position probability distribution. This 

distribution is a measure for the energy landscape along the wire. Assuming a 

Boltzmann distribution between adjacent sites, the energy difference Ei – Ej between 

two positions xi and xj can be calculated from the number of counts Ni and Nj in their 

position intervals: 
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with kB the Boltzmann constant and T the temperature. In this experiment, energy 

barriers vary from 0.25 to 2.3 kBT in the regime that is not too close to the edge of the 

histogram interval. 

 

The theoretical height of the bead above the surface is calculated in Section 3.5.5. The 

equilibrium height of a streptavidin coated bead dispersed in water is calculated to be 

(170 ± 80) nm from the bottom of the bead to the chip surface. A way to determine 

the height of the bead from the experiments is deriving the diffusion coefficient from 

the parallel motion of the bead. The diffusion coefficient relates to the height 

according to equations (3.3) to (3.5).  

 

The traveled distance of the bead is calculated for all time intervals between 0 and 

100 seconds for the full experiment time. The mean squared displacements (MSD) are 
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plotted versus the time intervals in Figure 5.3. The diffusion coefficient relates to the 

slope (see equation (3.2)) and is obtained from the fit of the first 20 seconds. For 

larger time intervals, the MSD becomes non-linear as an effect of the restrictions in 

the motion. 

 

The resulting diffusion coefficient for the motion parallel to the chip surface is 

D// = (0.174 ± 0.001) µm
2
/s. This is (42 ± 3)% of the diffusion coefficient of a bead in 

an infinite medium D0. The large error is due to the uncertainties in bead radius, 

temperature and viscosity, which are used for the calculation of D0. This value is 

lower than expected from theory (see Table 3.5), which would mean that the bead is 

closer to the surface. However, it can also be due to the non-spherical shape of the 

bead or bead and chip surface roughness, because the theoretical equation assumes 

ideal surfaces. Another assumption that is made is that the motion is unrestricted, 

which is for sure not the case in this experiment. 

 

Figure 5.3. The squared travelled distance versus the time interval. The diffusion coefficient can 

be calculated from the slope. The intervals up to 20 seconds are fitted, which results in a diffusion 

coefficient of D// = (0.174 ± 0.001) µm2/s. 

The stepwise motion most probably originates from bead and chip irregularities. SEM 

pictures of the beads (Figure 2.6) and AFM images of the chip surface structure 

(Figure 4.3) show that the beads and chip are not perfectly smooth and ideally shaped. 

The bead motions can be dominated by bead properties, chip properties or a 

combination.  

 

Bead properties play a role e.g. when the bead is not perfectly spherically shaped. The 

bead’s motion can be hampered by flat sides or extending parts. Consequently, mainly 

the rotational motion is limited. The height of the bead has to be increased in order to 

make a turnover. This will increase the magnetic energy of the system and therefore 

creates unfavourable locations, as shown in Figure 5.4. 
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Furthermore, it is very likely that shape impurities as flat sides and extending parts 

involve magnetic anisotropy when the magnetic grains are not uniformly distributed. 

Magnetic anisotropy can also restrict the bead’s rotation in its vertical axis. When the 

hopping behaviour results from sudden bead turnovers, it is expected that the 

maximum and minimum positions in the histogram occur periodically. 

 

 

Figure 5.4. Schematic illustrations of bead properties that can hamper its free parallel motion. 

Top: flats sides. Bottom: extending parts. 

Chip properties like surface roughness can also play a part. Physical barriers can 

obstruct the bead motion. Beads have to increase their height and therefore their 

magnetic energy to overcome an obstacle on the chip surface. This is also the case 

when a bead is situated in a valley on the chip surface, it will stick there because of its 

low magnetic energy. However, the scratches on the chip surface that are shown in the 

AFM image (Figure 4.3) are much smaller than the peaks.  

 

Theoretically, the streptavidin beads that are used are positioned at a distance 

(170 ± 80) nm from the bottom of the bead to the chip surface, see Section 3.5.5. 

Furthermore, the bead can move (15 ± 5) nm away from its equilibrium height, 

considering a thermal energy of 1 kBT. This implies that it should be no problem to 

overcome bead or chip surface roughness smaller than (15 ± 5) nm. However, the chip 

surface roughness is determined to be 30 nm high at maximum by AFM (Figure 4.3), 

so this might contribute to the origin of the observed energy distribution. It is less 

easy to estimate a typical surface roughness for the beads, but extending parts up to 

100 nm can be extracted from SEM (Figure 2.6). Therefore, it is expected that both 

chip and bead properties will be of influence in the origin of the energy barriers.  
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Furthermore, when the wire’s structure and shape are not homogeneous, magnetic 

field gradients along the wire will be created. This results in an unequal probability 

distribution for the parallel positions. 

 

It has to be investigated whether these contributions are significantly large to be of 

influence. Moreover, this is not an extended list of phenomena that can disturb the 

system from the ideal case.  

5.2 Bead-surface interactions 

The driving force for the hopping behaviour of beads in their motion along the wire is 

studied in more detail. It is investigated whether the existence of the energy barriers 

that are experienced by the beads are dominated by bead or chip properties, or a 

combination of both. 

 

The hopping behaviour can only be observed when the measurement time is much 

larger than the typical scale of the stepwise bead motion. During this interval, only a 

single bead is allowed to be on the wire to avoid influences of other beads. Moreover, 

the bead has to stay in the central area of the wire. Close to the end of the wire arise 

large forces, due to field gradients at places where the wire bends. 

 

Three Brownian motion experiments, as described in Section 5.1, have been 

performed and are discussed below:  

- A single bead experiment, in which the current is alternately switched on and 

off. During this interval the bead is free to diffuse and can return to the wire in 

another orientation. 

- A comparison of independent experiments with different beads. 

- A triple bead experiment. A triple bead is a combination of three physically 

attached beads that can only slide along the wire, because rotation is limited 

by its geometry. 

5.2.1 Current switch-off 

When the current is switched off during the experiment, the bead can escape from the 

wire and is free to move and rotate. By switching on the current again, the bead is 

attracted to the wire, but will arrive at a different spot and with a different orientation.  

 

In case that the steps in the motion are dominated by chip properties, it is expected 

that the sticky spots are unaffected by the free diffusion period. In case that bead 

properties are dominant, it is expected that the steps still exist, but that the sticky spots 

are at another location. 

 

A streptavidin coated bead in aqueous solution (pH is 5 to 6, Ic = (25 ± 5) µM) on a 

polished chip is observed using the 160x water immersion objective and recorded at 

20 fps. The current through the wire is (19.9 ± 0.2) mA, except for the time intervals 

from 400 to 450 and 800 to 850 seconds when it is switched off. The resulting parallel 



 

 

65 

motion that is obtained by the CM calculation consists of three parts, which are shown 

in Figure 5.5.  

 

Figure 5.5. Parallel motion of a bead in time. The current is switched off for 50 seconds at 

t = 400 s and t = 800 s. 

The corresponding histograms of the positions are presented in Figure 5.6. 

 

Figure 5.6. Histogram of the parallel positions in Figure 5.5. The bar colours correspond to the 

colours of the trace parts in Figure 5.5. 

The bar size corresponds to one pixel of the image and the colours match the trace 

colours. Several similarities can be noticed. For example, the minima around 
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-12.5 µm and -7 µm exist in all three histograms. In the area between these minima, 

the blue and red histograms resemble each other, but this is not the case for the green 

one. The maximum at -6 µm appears in both the green and red plots, but the bead 

doesn’t reach that far in the blue trace. Maxima and minima that agree in the green 

and the blue plots are found at -18.5 µm, -18 µm, -15 µm and -14 µm. No periodicity 

that points to bead properties can be extracted from the positions of these minima and 

maxima.  

 

The diffusion coefficients for the three parts are calculated from the mean squared 

distance (MSD) that the bead travels in a certain time intervals. The squared traveled 

distances versus the time intervals are fitted for intervals up to 10 seconds. This 

results in diffusion coefficients for the motion parallel to the surface of 

D// = (0.152 ± 0.001) µm
2
/s for the first part, D// = (0.149 ± 0.001) µm

2
/s for the 

second part, and D// = (0.161 ± 0.002) µm
2
/s for the third part.  

 

The diffusion coefficients are (37 ± 4)% of the diffusion coefficient of a bead in an 

infinite medium D0. Again, this is lower than expected from theory as described in 

Section 3.5.5. It is also lower than for the bead’s motion in the previous experiment 

(discussed in Section 5.1), which is performed with the same conditions. 

 

In conclusion, the beads’ free diffusion and reorientation when the current is switched 

off, does not change most of the favourable and unfavourable positions with respect to 

the chip surface. This means that the chip surface is of significant influence on the 

shape of the histograms. The next section discusses the positions of barriers as 

experienced by different beads. 

5.2.2 Comparison of single bead experiments 

The fact that the bead motion is one dimensional makes it possible to compare the 

barrier positions as experienced by different beads. Independent Brownian motion 

experiments on single beads can be performed and related to each other. In case that 

the barriers are dominated by chip properties, they will be found at the same locations 

for all beads. However, when individual bead properties also play a part, it is expected 

that the barriers vary for every experiment.  

 

Five Brownian motion experiments are performed on streptavidin coated beads in an 

aqueous solution (pH is 5 to 6, Ic = (25 ± 5) µM) on a polished chip. The current 

through the wire is (19.0 ± 0.2) mA in all experiments. The 63x objective is used to 

observe a large part of the wire. The movements of the beads are recorded at 10 fps 

and tracked by the CM method. Again, during some time intervals the current is 

switched off. As investigated in Section 5.2.1, this will probably not influence the 

existence and locations of the barriers. However, it enables the repositioning of the 

beads and therefore extends the area of the wire that can be scanned by the beads.  

 

Altogether, the beads explore an area of almost 80 µm along the wire. More than half 

of it is explored by two or three beads. The motions of the five individual beads are 

correlated to each other. The histograms with the parallel positions of the beads are 

shown in Figure 5.10.  
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Figure 5.7. Histograms of the parallel positions of five different beads, obtained from 

independent single bead Brownian motion experiments.  
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The correlation of the independent experiments requires that the origin and axes 

orientations are equal in all movies. This correlation introduces an inaccuracy in the 

relative positions between beads. Furthermore, the determination of the locations of 

the minima introduce errors since they depend on the shape and height of the peaks 

around them. Overall, the barrier positions can be determined within about 0.5 µm. 

 

An overview of the locations of the barriers that are found in these histograms is 

shown in Figure 5.8. The line colours match the colours of the histograms. The 

vertical lines denote the positions of the barriers. The areas along the wire that are 

covered by the different beads are reflected by the horizontal lines. The calculated 

diffusion coefficients are shown on the right. 

 

 

Figure 5.8. An overview of the positions of the barriers as experienced by five different beads. 

The barriers correspond to the local minima in their parallel position histograms (Figure 5.7). 

Calculated diffusion coefficients are denoted. 

At five positions the barriers match within 0.5 µm for all the beads that cover that 

area; they are denoted with letters a to e. Others positions that appear for some beads 

but not for all beads are found at f and g. The barriers that are independent of the 

observed beads are probably dominated by chip properties. Remaining barriers only 

exist for specific beads; these could originate from individual bead characteristics like 

shape and magnetic anisotropy, or from differences in the height of the bead, maybe 

combined with chip properties.  

 

In conclusion, the comparison of independent single bead experiments show that 

some barriers are induced for all beads, while others are not. Thus, energy barriers are 

caused by chip properties, but also bead properties play a part, their effects depend on 

the specific bead. More experiments should be performed and compared to prevent 

accidentally matching barriers and to obtain more quantitative results. 

5.2.3 Triple bead 

Bead shape irregularities as flat sides or extending parts can hinder the bead’s motion, 

especially its rotation. The effect of bead rotation on the parallel Brownian motion can 

be investigated by performing a Brownian motion experiment on a triple bead. A 

triple bead is made up of three beads that are physically attached to each other in a 

triangular configuration. When magnetically attracted to the wire, the triangle is lying 

in a plane parallel to the chip surface. The triple bead’s rotation is limited in all 

directions, so it is mainly sliding along the wire. Its ability to tilt a little in the vertical 
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direction and to rotate a little in-plane is dependent on the current. This experiment 

demonstrates whether the stepwise motion is present when Brownian motion is only 

translational. Furthermore, it is investigated whether any restrictions in the parallel 

motion decrease by decreasing the current, and therefore increasing the bead’s 

rotational freedom and freedom to move in the vertical direction. 

 

The triple bead, consisting of three carboxylated beads, is suspended in DI water and 

is observed on a polished chip surface. The current through the wire is 

(26.4 ± 0.2) mA for the first 240 seconds, (19.0 ± 0.2) mA for the next 120 seconds, 

(11.4 ± 0.2) mA for the following 120 seconds and (3.9 ± 0.2) mA for the final 120 

seconds. The motion is examined by using the water immersion objective and 

recorded at 10 fps. The tracked parallel motion from CM calculations is shown in 

Figure 5.9. 

 

Figure 5.9. Parallel motion of the triple bead. During four intervals, the current through the wire 

is varied.  

It is obvious that the parallel motion is restricted in the first three intervals. 

Histograms of the position in these intervals are shown in Figure 5.10. The bar size is 

equal to the size of a pixel. The counts in the first histograms are divided by two, 

because the time interval is twice as long as the others. The position range is sharply 

limited to about 4 µm and four peaks can be distinguished in the histogram of the first 

interval. In the second interval is the position range extended to about 5 µm, but the 

peaks still exist. In the third interval, the bead is less restricted, the three peaks 

disappear but the position range is still limited. The barrier at -6 µm is crossed by 

lowering the current to 3.9 mA. 
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Figure 5.10. Histograms of the parallel positions of the triple bead as shown in Figure 5.9. The 

histograms correspond to the intervals with different current settings. 

It should be noted that the orientation of the triple bead can affect the histogram 

shape. It is observed that the triple bead’s in-plane rotation increases when the current 

is lowered. This can be of influence on the positions, energies and shapes of the 

barriers in the histograms. Furthermore, it is more difficult to find the centre of the 

triple bead by CM calculation because of differences in intensities of the beads. This 

also results in broader peaks. 

 

In conclusion, the experiment using a triple bead shows that sliding beads also 

perform stepwise motion and experience energy barriers. This means that bead 

rotation is not necessary for confinement of parallel motion. 

5.2.4 Conclusions 

Brownian motion experiments have been performed to investigate the origin of the 

energy barriers that appear in the position histograms. It is investigated whether bead 

properties or chip properties dominate the stepwise parallel motion. 

 

It is shown that switching off the current during a Brownian motion experiment does 

not have an effect on the barriers in the histograms. In addition, there is no indication 

of periodicity that points to contributions from bead properties. An experiment using a 

triple bead implies that the barriers are also experienced by sliding beads. Rotation is 

not necessary for the confinement of the parallel motion. These results indicate that 

chip properties dominate the positions of the barriers.  

 

The comparison of independent single bead experiments show that some barriers are 

experienced by all beads, but others belong to specific ones. This indicates that the 

combination of chip and individual bead properties determines whether an energy 

barrier exists for a specific bead or not. More experiments have to be performed to 

verify and extend these statements.  

 

The beads’ diffusion coefficients are calculated from their parallel motion. The 

calculated diffusion coefficients appear to be smaller than the diffusion coefficients 

obtained from the theoretical height by balancing all forces. However, the parallel 

motion is restricted, which means that it might not be represented by the theory that 
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assumes unrestricted motion of a bead near a wall. Furthermore, in the derivation of 

the equilibrium height from the theoretical model of the force balance, as well as in 

the derivation of the diffusion coefficient from this height, it is assumed that the chip 

and bead surfaces are smooth and perfectly shaped. Especially at small separations, 

their roughness will become more important
[27]

. These assumptions are not fulfilled 

and will therefore complicate the comparison of the results from experiments with 

theory. 

5.3 Parameter study 

The Brownian motion of the beads is observed for various experimental conditions. A 

parameter study is discussed below. The hopping motion is studied on polished and 

unpolished chips, the mobility of carboxylated and streptavidin coated beads is 

compared and the effect of higher ionic strength and pH value of the bead solution on 

the beads motions is studied. 

5.3.1 Chip properties 

The use of polished chips improves the accuracy of bead detection, mainly in the 

perpendicular direction, because dark edges next to the wires are diminished. The 

polishing also affects the chip surface structure and can therefore influence the 

Brownian motion of the beads.  

 

On a macroscopic scale, the surface of the polished chips is more flat than the surface 

of unpolished chips, where hills exist at the location of the wires, see Figure 4.2. 

Moreover, also on a microscopic scale the local roughness of the polished chips is 

expected to be less than for the unpolished chips.  

 

The effect of polishing the chip on the bead mobility is investigated from Brownian 

motion experiments on streptavidin coated beads dispersed in a solution with pH 5 to 

6 and Ic = (25 ± 5) µM. A representative selection of the beads’ parallel motions on an 

unpolished chip is shown in Figure 5.11 for different current settings. Figure 5.12 

shows the motions on a polished chip surface for two randomly selected beads. There 

is no evidence that the current is of large influence on the stickiness of beads; the 

stepwise motion exists for I = (21.4 ± 0.2) mA as well as for (15.2 ± 0.2) mA. 
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Figure 5.11. Representative selection of parallel motions of streptavidin coated beads on an 

unpolished chip surface with different current settings. Y-axes are equal. 

 

Figure 5.12. Parallel motions of streptavidin coated beads on a polished chip surface. Y-axes are 

equal. 

The stepwise motion exists on both the polished and the unpolished chip. The motions 

in Figure 5.12 are comparable to the motions of the beads in the top right and bottom 

left panels of Figure 5.11. More experiments have to be performed to conclude 

whether the degree to which the motion is stepwise depends on whether the chip is 

polished or not.  

 

Next, the effect of BSA immobilized on the chip surface is investigated. The coating 

will not change the chip’s roughness, but it changes the Van der Waals and 

electrostatic energy and therefore the equilibrium height. The Van der Waals force 

between the chip surface and the bead becomes repelling.  

 

A Brownian motion experiment has been performed on a chip with BSA immobilized 

on the surface. Figure 5.13 shows the parallel motions of a streptavidin coated bead 

(solution with pH 5 to 6 and Ic = (25 ± 5) µM) on an unpolished chip with BSA. 

 

Figure 5.13. A streptavidin coated bead on an unpolished chip with BSA. Left: trace of the 

parallel motion. Right: histogram of the parallel positions. 

I = (21.4 ± 0.2) mA I = (15.2 ± 0.2) mA 

I = (15.2 ± 0.2) mA 

I = (15.2 ± 0.2) mA 

I = (19.7 ± 0.2) mA 

I = (19.7 ± 0.2) mA 

I = (19.0 ± 0.2) mA 
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The motion of the streptavidin coated bead is again stepwise. The bead is randomly 

selected, more experiments have to be performed to obtain a representative selection. 

However, this examples shows that the use of a BSA coating on the chip surface does 

not prevent the stepwise behaviour. 

 

In conclusion, the Brownian motion experiments show that beads are sticky and 

perform a stepwise motion on both the polished and unpolished chip, with and 

without BSA immobilized on the chip surface. However, more experiments have to be 

performed for a quantative interpretation of the degree of stepwise motion. 

5.3.2 Bead coating 

Experiments on both streptavidin and carboxylated beads have been performed. A 

representative selection is shown in Figure 5.14 for carboxylated beads in DI water 

with pH 5 to 6 and Ic = (1 to 10) µM on a polished chip. In Figure 5.11 and Figure 

5.12 streptavidin coated beads in solution with pH 5 to 6 and Ic = (25 ± 5) µM are 

shown respectively on unpolished and polished chips. The beads are observed for 

different currents from 14.9 to 24.7 mA. Like in Section 5.3.1, no dependence of the 

bead mobility on the current is found. 

 

 

 

Figure 5.14. Representative selection of parallel motions of carboxylic acid coated beads for 

different current settings. Axes are equal. 

In general, the streptavidin coated beads are less restricted than the carboxylated 

beads. The streptavidin coated beads are never stuck to the surface for the total 

experiment time. Overall, the carboxylated beads are captured between two barriers 

for longer times.  

 

This is also reflected in the calculation of the diffusion coefficients of these bead 

motions. As an example, the mobility of the carboxylated bead in central left panel of 

Figure 5.14 is shown in Figure 5.15. The MSD becomes independent of the time 

interval for intervals larger than 3 seconds because of the restrictions that prevent the 

I = (19.8 ± 0.2) mA I = (19.8 ± 0.2) mA 

I = (19.0 ± 0.2) mA I = (19.0 ± 0.2) mA 

I = (14.9 ± 0.2) mA 

I = (24.7 ± 0.2) mA 
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beads from traveling larger distances. Because no representative diffusion coefficient 

can be calculated, the height of the beads can not be obtained from diffusion. 

 

Figure 5.15. The squared travelled distance versus the time interval for the experiment in the 

second row of the first column in Figure 5.14. No representative diffusion coefficient can be 

obtained because the motion is restricted. 

The diffusion coefficients D// for the motion of the streptavidin coated beads shown in 

Figure 5.11 and Figure 5.12, vary from D// = (0.070 ± 0.001) µm
2
/s to 

D// = (0.175 ± 0.002) µm
2
/s, which corresponds to respectively (17 ± 1)% and 

(42 ± 3)% of the diffusion coefficient in an infinite medium. Especially the lower 

values will also be affected by the fact that the bead’s motion is restricted. 

 

Generally, variations in the restrictions in the beads parallel motions, as observed for 

different experiments (see e.g. in Figure 5.14), can be explained by differences in the 

bead mobility in the vertical direction due to thermal energy. This can be due to 

variations of the magnetic energy caused by different susceptibilities of individual 

beads. On the other hand, the magnetic energy (see (3.22)) scales with I
2
 and is 

therefore twice as large for currents of 21.4 mA than for 15.2 mA. Therefore, it is not 

very likely that variations in bead susceptibility are of importance while differences of 

50% in the magnetic energy from current settings are not. 

 

Another possibility is that the extent to which a bead’s parallel motion is restricted 

depends on variations in the surface roughness between individual beads. Beads that 

have more or larger flat sides or extending parts will experience more restrictions. 

Also differences in magnetic anisotropy or unequal charge distributions can occur. 

However, the chip properties dominate the stepwise motion, as discussed in 

Section 5.2.4. Only in some cases the interplay of bead and chip properties determines 

whether an energy barrier is experienced or not.  

 

A last explanation is that variations in the restricted mobility originate from local 

variations in chip surface roughness. In case that a bead is located in an area with lots 
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of barriers, its motion will be very much stepwise, while it will be less sticky on a 

smoother area of the chip. The degree of stepwise motion is then dominated by the 

position of the bead on the chip. This agrees with the overview of positions barriers 

that are experienced by different beads that is presented in Figure 5.8. Especially 

between x = -20 to -35 µm the density of barriers is high. Also the AFM images of 

two different sections on the wire show that the surface roughness varies locally, see 

Appendix A. But when the chip’s surface roughness is the origin of the stepwise 

motion, it is expected that the beads motion on the unpolished chips is more restricted. 

This is not confirmed by the experiments described in this section, but only few 

experiments have been performed.  

 

The most probable explanation is that local variations in the chip surface roughness 

determine the extent to which a bead’s motion is restricted. It has already been shown 

in Section 5.2.4 that chip properties dominate the existence of barriers. Furthermore, 

AFM images demonstrate that there are local variations in the surface roughness. In 

addition, also the density of the energy barriers is variable, as shown in Figure 5.8. 

5.3.3 Solution properties 

The equilibrium height of a bead above the chip surface is dependent on the solution 

properties. The increase of the ionic strength strongly decreases the range of the 

electrostatic energy. A higher pH value magnifies the surface potentials of the beads 

and chip surface and therefore increases their mutual repulsion.  

 

The effect of the pH value and ionic strength of the solution is investigated by 

Brownian motion experiments. Sodium hydroxide (NaOH) is added to the bead 

solution to increase the pH to 10.8 and the ionic strength to Ic = (1.5 ± 0.5) mM. 

 

The theoretical equilibrium height (see Table 3.5) in these experimental conditions of 

both the carboxylated and streptavidin coated beads is calculated to be (40 ± 10) nm 

from the bottom of the bead to the chip surface. In this situation, the streptavidin 

coated beads are closer to the surface than in the experiments described before. A 

comparison of the height of the carboxylated beads at pH 10 to the height of the 

carboxylated beads in the previous section is hard to make, because their equilibrium 

height is uncertain; it is calculated to be 1230 nm at maximum, but the bead can also 

be in contact with the chip surface. Furthermore, both bead types are able to move 

only (8 ± 3) nm for a thermal energy of 1 kBT (see Table 3.5). So, for the streptavidin 

coated beads the degree of freedom in the height is decreased, but no comparison can 

be made for the carboxylated beads. Their mobility in height can either be increased 

or decreased with respect to the experiments described before. 

 

The parallel motions of a streptavidin coated bead and a carboxylated bead are shown 

in Figure 5.16. A polished biowire chip is used and currents of I = (19.2 ± 0.2) mA 

and I = (19.0 ± 0.2) mA are applied respectively.  
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Figure 5.16. Parallel motions of beads in an aqueous solution with NaOH added. The pH is 10.8 

and the ionic strength Ic = (2.5 ± 0.5) mM. Left: carboxylated bead. Right: streptavidin coated 

bead. Axes are equal. 

Compared to each other, the motions of the carboxylated and streptavidin coated bead 

are not very different. This is expected because the theory predicts equal distances to 

the surface.  

 

Compared to previous experimental conditions at pH 5 to 6, the motion of the 

streptavidin coated bead is not much affected by the addition of NaOH. This is 

remarkable, because the height and mobility in the height due to thermal energy are 

strongly decreased. In contrast, the motion of the carboxylated bead seems to be less 

restricted than without addition of NaOH. This implies that the equilibrium height of 

the carboxylated beads is higher than in the previous experiments and that their 

mobility in this direction is less restricted. 

 

Because of the large variations in mobility of different beads under equal 

experimental conditions (see Figure 5.14), which are probably caused by local 

variations of the chip surface roughness, more experiments have to be performed to 

verify these results. 

5.3.4 Conclusions 

A parameter study on the influence of chip, bead and solution properties to the 

restricted bead mobility has been discussed in this section. 

 

It is shown that streptavidin coated beads exhibit stepwise motion on both polished 

and unpolished chips and that this motion exists with and without BSA immobilized 

on the chip surface. Furthermore, experiments show that streptavidin coated beads are 

more mobile than carboxylated beads. The diffusion coefficient of the beads can be 

calculated from their parallel motion. For streptavidin coated beads, the calculated 

diffusion coefficient varies from D// = (0.070 ± 0.001) µm
2
/s to 

D// = (0.175 ± 0.002) µm
2
/s. Compared to theory, these values are lower, which means 

that the beads are closer to the chip surface than expected. However, especially the 

lower values of the diffusion coefficient will also be affected by the fact that the 

bead’s motion is restricted. The parallel motions of the carboxylated beads are so 

much restricted that it is not possible to calculate a reliable diffusion coefficient.  

 

The degree of sticking and stepwise motion varies for different experiments under 

equal experimental conditions. No relation to the current is noticed. The variations 

can be due to differences in the surface roughness of individual beads. Also 

differences in the bead susceptibility can be of influence because this determines the 

I = (19.2 ± 0.2) mA 

I = (19.0 ± 0.2) mA 

Carboxylated bead Streptavidin coated bead 
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height and the mobility of the bead in the vertical direction. The most probably 

explanation is that the degree of stepwise motion depends on the position of the bead 

on the chip, because the chip surface roughness varies locally.  

 

The pH and ionic strength of the bead solutions are increased by adding NaOH. It is 

expected from theory that both types of beads will be located at (40 ± 10) nm above 

the chip surface and that they are able to move (8 ± 3) nm in this direction. 

Experiments show that the mobility of the carboxylated and streptavidin coated beads 

under these experimental conditions is not very different, which agrees with theory. 

However, compared to the previous experimental conditions, the motion of the 

streptavidin coated bead seems to be unaffected, while their theoretical height and 

mobility in the height is reduced. A comparison for the carboxylated beads cannot be 

made, because of the large variations in the stepwise behaviour of different beads 

under equal experimental conditions.  
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Chapter 6 Discussion and 
conclusions 

A study on the dynamic behaviour of superparamagnetic beads near the biosensor 

chip surface is presented. The understanding of the behaviour of these beads is 

important for the optimization of the biosensor. This report focuses on the dynamics 

of two types of Dynabeads MyOne, beads with a streptavidin coating and 

carboxylated beads, both with a diameter of 1 micrometer. 

 

The beads are studied by observing their Brownian motion in an aqueous solution 

while they are magnetically attracted to the chip surface. The beads are visualized by 

a microscope and their motions are recorded and saved to enable analysis afterwards.  

 

On the chip surface, the beads are captured in a potential well. In the direction 

perpendicular to the wire, magnetic forces attract the beads to the center of the wire. 

In the direction perpendicular to the chip surface, the beads are magnetically attracted 

to the surface, but repelled by other forces like electrostatic forces. The height of the 

beads above the chip surface is determined by the interplay of these forces. In both 

directions, the beads are still able to move due to Brownian motion, but this motion is 

limited. 

 

Parallel to the wire, the motion is in principle unrestricted. However, experiments 

demonstrate that the mobility of the beads is reduced. Beads perform a stepwise 

motion, experience energy barriers or sometimes stick to one position, caused by 

interactions between the bead and the surface of the chip. It is investigated whether 

the restricted mobility is dominated by bead or chip properties. 

 

First, the superparamagnetic beads are studied in more detail. Their magnetic 

response and magnetic susceptibility are determined by Vibrating Sample 

Magnetometer (VSM) bulk measurements. The electrostatic potential that arises when 

they are dispersed in water, is obtained by Laser Doppler Velocimetry (LDV) 

measurements for different pH values. Scanning Electron Microscopy (SEM) images 

of the beads show a considerable shape and surface roughness. Hamaker constants 

that describe the Van der Waals interaction with other bodies, are obtained from 

literature. 

 

Also, the chip is further examined. The width of the wires and their cross sections are 

obtained from SEM images. Atomic Force Microscopy (AFM) images of polished 

chips show also a considerable surface roughness. Electrostatic potentials and 

Hamaker constants are adapted from literature. 
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Next, specific experiments are performed to examine the influence of bead and chip 

properties. It is demonstrated that chip properties dominate the positions of the 

barriers. However, a combination of chip and individual bead properties determines 

whether a barrier is experienced by a specific bead or not. 

 

Furthermore, the extent to which a bead’s mobility is restricted can also depend on the 

specific position of the bead on the chip. Experiments have also demonstrated that the 

number of barriers that are experienced by different beads varies in different areas. 

This is probably due to local variations in the roughness of the chip surface, which has 

been visualized by AFM images.  

 

The experiments are compared to a theoretical model that can predict the mobility of 

the beads based on their height determined by a force balance analysis. The primary 

contributions to this force balance are the magnetic force and the DLVO force, which 

is a combination of the Van der Waals force and the electrostatic force. 

 

The streptavidin coated beads are diluted in a solution of pH 5 to 6 and ionic strength 

Ic = (25 ± 5) µM. Their equilibrium height determined from theory is (170 ± 80) nm 

from the bottom of the bead to the chip surface. This is of the same order as the bead 

surface roughness, which is typically 100 nm. Theoretically, the motion of the beads 

is confined to (30 ± 10) nm in this direction, concerning a thermal energy of 1 kBT.  

 

The carboxylated beads are diluted in DI water with pH 5 to 6 and Ic = (1 to 10) µM. 

Their equilibrium height is determined to be at maximum 1230 nm, and they are able 

to move at maximum 170 nm in height. However, large errors in the used parameters 

lead to a large error in the equilibrium height; the beads could also be in contact with 

the chip surface. 

 

Experiments have shown that the streptavidin coated beads are more mobile than the 

carboxylated beads. The carboxylated beads are captured between two barriers for 

longer times. The stepwise motion exists on both the polished and unpolished chips, 

whether the anti-sticking protein BSA is immobilized on its surface or not. 

 

A way to calculate the height of the beads from the experimental data, is to derive the 

diffusion coefficient. The calculated diffusion coefficients of the streptavidin coated 

beads varies from 17 to 43% of the diffusion coefficient in an infinite medium, which 

is lower then it should be at the predicted height (i.e. (54 ± 7)%). This means that the 

beads are closer to the chip surface than expected. However, the diffusion model 

assumes perfectly shaped and smooth surfaces, which is not fulfilled in the 

experiments. Furthermore, especially the lower values are not reliable, because the 

diffusion model assumes unrestricted motion. Because the carboxylated beads are 

even more restricted, a reliable diffusion coefficient can not be calculated.  

 

When the beads are diluted in a solution with pH 9 to 10 and Ic = (1.5 ± 0.5) mM, for 

both types of beads the height is calculated to be (40 ± 10) nm and they are able to 

move (8 ± 3) nm in height. In experiments, the motions of carboxylated beads and 

streptavidin coated beads are not very different from each other, which agrees with 

theory. However, compared to previous experiments, the motion of the streptavidin 

coated bead seems to be unaffected, while their theoretical height and mobility in the 
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height is reduced. A comparison for the carboxylated beads cannot be made, because 

of the large uncertainties in the theoretical height when they are dispersed in DI water. 

 

The results obtained in this project can be compared to the results on bead mobility by 

Wirix-Speetjens
[11][12]

. He also used two types of beads, streptavidin coated and 

acrylate (CH2=CHCOOH) coated beads. Acrylate has an acidic character like 

carboxyl. He also observed that the streptavidin coated beads are more mobile. The 

hopping behaviour was only observed for very specific experimental conditions, for 

other cases it was probably overruled by the magnetic transport. The calculated height 

of streptavidin coated beads in DI water was estimated to be (500 ± 200) nm, which is 

higher then the height modeled in this report. This can be due to differences in the 

used parameters, primary the lower ionic strength of Ic = 0.1 µM and the lower bead 

susceptibility of χbead = (1.10 ± 0.35) µm
3
 used by Wirix-Speetjens. Furthermore, 

Wirix-Speetjens has observed that the mobility of beads decreases for decreasing pH 

and increasing ionic strength. This is also predicted by the model described in this 

report but not yet experimentally verified. 

 

In the future, the comparison of experiments with theory can be improved. For a more 

accurate theoretical description, several parameters have to be determined better, like 

the magnetic susceptibility of the beads, the composition of the top layer of the chip 

and therefore its zeta-potential, the Hamaker constants and the temperature of the 

system. In the experiments, the ionic strength of the solution has to be better defined. 

Furthermore, a model should be developed that accounts for the influence of bead and 

surface roughness.  

 

For future experiments, an extensive experimental program should be set up to 

exclude statistical errors to make a more quantative interpretation of the parameter 

study possible. Variations in the bead mobility in experiments under equal conditions 

have to be investigated first. These variations will originate from variations in 

individual bead properties. Then, experiment conditions can be varied to investigate 

variations due to a change in experimental conditions.  

 

Experiments show that the beads have to be located in the same area on the wire for a 

proper comparison of their mobility, because the mobility is dominated by chip 

surface roughness, which varies locally. A main difficulty in the current setup is that 

the position of the beads on the wire is not controllable. Therefore, it will take lots of 

attempts to perform a series of experiments in which the beads are on the same spot 

on the wire. In order to solve this problem, three possible improvements for future 

Brownian motion analysis are described next. 

 

First, the number of beads in the solution can be increased, and therefore the chance 

that a bead is found at the intended spot. However, when more beads are located on 

the wire, they will influence each other hydrodynamically or by dipole-dipole 

interactions, which will affect their mobility. 

 

Second, beads can be injected at a specific location on the chip. This can be done by 

using a micromanipulator; a device that can inject a small amount of liquid (e.g. with 

a bead in it) on a certain position very accurately (e.g. with 0.25 micrometer 

precision). Disadvantageous is that this injection cannot be combined with the water-

immersion objective, which reduces the resolution of images.  
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Third, current wires with smaller and broader sections (top view) can be used, which 

induces a three dimensional magnetic potential well and therefore capture the beads 

on a well-defined location above the wire. This method introduces extra inaccuracies 

in the theoretical description, because the magnetic induction of the wire can not be 

derived analytically anymore.  

 

The influence of bead properties and experiment conditions can also be obtained from 

experiments on a chip surface that is so smooth that chip surface roughness is 

eliminated. 

 

Another type of experiment that can be used to investigate bead-surface interactions is 

a magnetophoresis experiment. In such an experiment, the beads move between two 

wires that are alternately switched on and off. Their mobility during crossing can be 

studied. The crossing time will depend on their height above the chip surface. Bead 

and surface roughness will reduce the bead’s mobility. In exploring measurements, it 

is observed that beads sometimes stick somewhere between the wires, probably 

because their motion is obstructed by bumps on the chip surface.  

 

Other setups or devices in which the beads are actively transported can also be used. 

The superparamagnetic behaviour of beads opens the possibility for magnetic 

actuation. However, it is disadvantageous when the force parallel to the surface, 

which is used for the transport of the bead, is coupled to the force perpendicular to the 

surface that is used attract the beads to the surface. The parallel forces have to be low 

to prevent that energy barriers from bead-surfaces interactions are overruled by the 

forces for transport and therefore not detectable. On the other hand, a variable and 

large attractive force is preferred for a extensive parameter study. A perfect tuning of 

these components is necessary.  

 

In the biosensor application, the mobility of beads near the chip surface is of influence 

on the performance of the biosensor. When the beads mobility is high, they are able to 

explore a large area on the chip, so the chance is high to find a binding site. However, 

molecules on the beads also need time to form a bond with the molecules on the chip 

surface. The restrictions in mobility are dominated by chip surface roughness. 

Smoother chip surfaces are necessary to prevent sticking of beads. 

 

Furthermore, when beads are situated far away from the surface, influences of bead 

and surface roughness have less effect on the bead mobility. On the other hand, in 

order to bind to the surface, the beads have to come close to the chip surface. The 

optimal biosensor conditions can be obtained from results of Brownian motion 

experiments combined with predictions from the theoretical model. 
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Appendix A 

AFM images of two different sections of a polished chip are presented in Figure A.1. 

It is shown that the surface roughness above the wires varies locally. The area on the 

top panel has some very high peaks, but its overall roughness is less than in the area in 

the bottom penal. 

 

 

Figure A.1. AFM images of two different sections of a polished chip. 
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Appendix B 

This appendix is taken from [14]. 

 

The magnetic induction and gradient around an infinitely long, rectangular wire, 

through which a current flows, can be calculated using the Biot-Savart law. A detailed 

explanation of this calculation can be found in [34]. Only the resulting equations are 

given here. 

 

For a infinitely long wire with left low corner (x1,z1) and upper right corner (x2,z2) and 

a current density Jy flowing in the positive y-direction, the x-component of the 

magnetic induction at the origin is given by: 
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The x-component of the magnetic induction at a position (x,z) is given by:  
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By rotating the coordinate axis the z-component can be found: 
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The field of multiple wires can be calculated by superposition. 

 

  


