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Abstract 

In biosensor research, there is a tendency towards detecting lower concentrations of analyte 

molecules. When the detection is based on the binding of particle labels to the analyte molecules, 

this implies fewer particles to detect. The accuracy and therefore the detection limit of the 

measurement can be increased significantly when it is possible to discriminate between particles that 

have been bound in different ways to a biosensor surface. Determining the separation distance 

between a particle and a surface might be a way to do this. In this thesis, the applicability of 

evanescent wave scattering to determine the separation distance between a nanoparticle and a 

biosensor surface is studied. A particle scatters light when brought into an evanescent field created 

at the surface by total internal reflection. The intensity of the evanescent field decays exponentially 

with the distance from the surface and therefore the amount of light scattered by the particle also 

depends on the distance to the surface. In this technique, called total internal reflection microscopy 

(TIRM), the light scattered by the particle is examined with a microscope. 

To calibrate the relation between particle-surface distance and scattered intensity, a method was 

investigated based on the sticking of beads on a thin layer of known thickness. Unfortunately, this 

method failed due to the bad quality of the layers; the thickness and the refractive index, which has a 

significant effect on the penetration depth of the evanescent field, could not be controlled 

accurately. 

The average bead-surface distance of superparamagnetic Dynal MyOne beads with a diameter of 

1 µm tethered with different lengths of DNA (36, 48, 99 and 201 nm) to the biosensor surface was 

measured. A model was developed to calculate the theoretical average bead-surface distance. For 

longer DNA lengths the theoretical height was higher than the measured average height. This might 

be explained by aspecific binding of the DNA tether to the bead or to the surface, making the 

effective tether length shorter. When tethered beads were magnetically attracted towards or away 

from the surface, their distance to the surface was not only influenced by a magnetic gradient force 

but also by the presence of a permanent magnetic moment in the beads. This moment wants to align 

with the applied magnetic field and causes the bead to rotate. Due to the limited length of the tether 

(typically << than the bead diameter) this bead rotation can induce significant height differences. 

Furthermore, anisotropic scattering properties of the beads complicate the analysis of the scattered 

intensity of the beads.  
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Chapter 1 Introduction 

This chapter introduces the scope of this thesis by discussing the development of point-of-care 

biosensors and some of the challenges encountered in making such a device. A better understanding 

of the behavior of nanoparticles near a surface will be described as a way to tackle some of these 

challenges. 

1.1 Point-of-care biosensor 

Generally a biosensor is a device that is used to determine the concentration of certain biological 

molecules in a sample of body fluid such as blood or saliva [1]. Detection of molecules now often 

takes place in centralized laboratories by specialists; there are only a few examples of diagnostic 

testing at or near the site of patient care, so-called point-of-care biosensors. One very familiar 

example of a point-of-care system is the glucose sensor, which allows diabetics to determine their 

own blood sugar level in a fast and reliable way without interfering too much with their everyday 

lives. This enables them to adjust their diet and insulin injections and thereby minimizes the chance 

of medical complications caused by too low or too high glucose levels.  

Currently, there is a tendency towards more and more testing outside centralized laboratories. Due 

to the wide range of applications, not only in medical domains, there is an increasing demand for 

cheap point-of-care biosensors that are suitable for operation by a non-specialist. Besides the costs 

and ease of use, the devices should also be reliable and specific, and it is desirable that they are fast 

and able to detect multiple analytes simultaneously.  

Two examples in a recent study from Bruls et al. (2009) from Philips Research illustrate the 

demanding technology described above [2]. The first example is a test for screening for drugs of 

abuse in saliva for increased traffic safety. A suitable device needs to detect several types of drugs in 

an easy to use handheld device, in a short time. Bruls et al. showed that it is possible to detect 

sub-nanogram per milliliter concentrations of multiple analytes, such as morphine, 

tetrahydrocannabinol and cocaine, within one minute. The second example is the detection of 

cardiac troponin I; a sensitive and specific indicator of myocardial infarction. Detection of this 

indicator has high demands on precision and sensitivity, as troponin levels of a few picomolar already 

have important clinical consequences. A rapid test is desirable because quick treatment is vital 

importance for heart muscle damage. Bruls et al. have detected sub-picomolar concentrations of 

troponin in an assay time of 5 minutes.  

Due to the variety of possible detection methods many different technologies are proposed for 

point-of-care biosensors. For example, analyte molecules can be coupled to a variety of detectable 

labels. Koets et al. (2008) used a giant magneto-resistance (GMR) for the detection of 

superparamagnetic particles bound to amplified DNA in concentrations of 4 pM to 250 pM [3]. 

Different studies using optical detection of fluorescent or chemiluminescent particles bound to 

analyte molecules were reviewed by Bashir (2004) [4]. Label free detection is possible using 

cantilevers or nanowires. In the case of cantilevers, the concentration of certain molecules can be 

detected by measuring the change in mass or surface stress of the cantilever, when analyte 

molecules are bound to it. In the case of nanowires, changes in the electrical properties of a 

nanoscaled wire are a measure for the number of analyte molecules bound to the wire. Bashir (2004) 

reviewed some studies on using cantilevers and nanowires to detect DNA, cancer markers, cells and 

microorganisms. A review of Yogeswaran and Chen (2008) exclusively points at the development of 
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nanowires for biosensors [5]. Studies on detection of glucose, cholesterol, DNA and lung cancer 

biomarkers, such as interleukin-10 and osteopontin, are reported. Also studies on non-biological 

molecules such as hydrogen, ammonia and ethanol are reviewed here.  

1.2 Detection using evanescent waves 

The research described in this thesis focuses on detection using an optical evanescent wave 

technology as described by Bruls et al. from Philips Research [2]. In this sensor, superparamagnetic 

nanoparticles coated with antibodies are used to specifically capture analyte molecules in a sample 

fluid. After that, the nanoparticles with analyte are bound to a surface coated with antibodies that 

specifically bind to the other end of the analyte in a so-called sandwich immunoassay (see Figure 

1.1a). Electromagnets positioned below and above a fluid chamber are used to control the 

superparamagnetic particles. This significantly speeds up the capturing of analytes since the speed 

limiting factor, diffusion, can be overcome. The upper electromagnet can be used to pull unbound 

nanoparticles away from the actuated surface so that a clear discrimination can be made between 

particles that have captured an analyte and are bound to the surface and particles that have not. 

After this washing step, the number of particles on the surface is measured optically using frustrated 

Total Internal Reflection (f-TIR).  

 
Figure 1.1: The optomagnetic immuno-biosensor based on magnetic nanoparticles as used by Bruls et al. (2009) 

[2]. Figure a shows the magnetically enhanced sandwich immunoassay. Figure b shows the optical detection.   

Figure 1.1b shows optical detection of the particles on the surface using f-TIR. A light-emitting diode 

is used to illuminate the sensor surface under the conditions of total internal reflection. This 

generates an evanescent wave at the sensor surface. When no magnetic nanoparticles are present 

near the surface, all incoming light is reflected into the camera. Particles bound to the surface change 

this situation drastically; the evanescent field is frustrated and partially absorbed and scattered by 

the particles. This reduces the intensity of the reflected light and thus the sensor signal. The intensity 

reduction depends on the number of particles near the sensor surface. After calibration the intensity 

reduction can be related to the concentration of analyte in the sample fluid. Errors in the detection 

can occur when nanoparticles near the sensor surface are not only bound via analyte molecules 

(specific bonds), but also in a different way (non-specific bonds).  
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In the present set-up, the whole sensor surface is imaged and every pixel in the image contains 

information on more than one bound particle. This prevents obtaining information on individual 

bonds. It is therefore impossible to discriminate between a nanoparticle that is bound to the sensor 

surface specifically via the analyte molecule and a particle that is bound in a non-specific way.  

1.3 Research goal 

The development of biosensors shows a tendency towards detecting lower concentrations of analyte 

molecules. In the optomagnetic immunoassay this implies fewer specifically bound particles to 

detect. An increase in measurement error is found since relatively more non-specifically bound 

particles are present on the sensor surface. The accuracy of the measurement can be increased 

significantly if a detection method is developed which has the possibility to detect the individual 

nanoparticles and characterize their binding to the surface.   

A property that can be used to characterize a bond between a nanoparticle and the sensor surface is 

the length of the bond. Measuring the distance between the bound nanoparticle and the sensor 

surface can be used as a way to determine this bond length. Being able to determine the particle-

surface distance might allow discriminating between specifically and non-specifically bound 

nanoparticles.  

Therefore, the focus of this thesis is on determining the distance between a nanoparticle and a 

surface. For example, if a difference in elevation in the order of 10 nm can be distinguished, it is 

possible to discriminate between a particle that is stuck to the sensor surface and particle that is 

bound via an analyte molecule with a typical length of 10-15 nm. If differences in the order 1 nm are 

detectable, it might even be possible to discriminate between particles that are bound via different 

molecules with a small difference in length.  

Examining the particle-surface distance also opens possibilities to study other bond properties such 

as the flexibility of different bonds. Also, analyzing the movement of unbound particles near a 

surface can improve the understanding of different aspects of a biosensor, such as binding kinetics. 

For example, diffusion of the particle in the direction normal to the surface and energy profiles can 

be examined. 

1.4 Total Internal Reflection Microscopy 

A method that is used to study the particle-surface distance is TIRM, short for Total Internal 

Reflection Microscopy. TIRM is based on the same principles as f-TIR as explained in Section 1.2. 

Under conditions of total internal reflection a ray of light strikes a glass-water interface and no 

energy is transferred to the water. However, in a small region beyond the interface an evanescent 

wave exists. When a nanoparticle is present in this region, the evanescent wave is partially scattered 

by the particle and light will be coupled out. The intensity of the scattered light is dependent on the 

distance between particle and interface. This means that, when using a microscope to monitor the 

scattered light, the scattered intensity of the particle can be translated to a particle-surface distance, 

enabling to monitor the position of the particles in three dimensions. Hence, this technique is called 

Total Internal Reflection Microscopy. Where f-TIR detection uses the reflected light, TIRM detects the 

scattered light of the individual particles.  

The term TIRM was first introduced by Temple in 1981 [6]. It was used to microscopically examine 

defects on optical surfaces, caused by for example polishing, laser damage and thin film inclusions. 

The first studies using TIRM to study particle-surface distances were reported by Prieve, Luo and 
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Lanni in 1987. Brownian fluctuations in separation distance between a 10 µm polystyrene particle 

and a glass plate in an aqueous solution were examined [7]. Since then, the ability of TIRM to 

determine the separation distance between a particle and a surface in a very accurate way has been 

applied in many studies. In an overview of a decade of TIRM research, Prieve (1999) showed that the 

technique is very successful in monitoring the instantaneous separation distance between a 

microscopic particle in an aqueous solution and a plate. Without physically touching the particle or 

hinder its movement, the particle-surface distance can be determined with a resolution of 1 nm [8].  

Furthermore, the technique is used to measure colloidal forces by determination of the potential 

energy of interaction between a microscopic particle and a surface. A histogram made of particle-

surface distances measured with TIRM, converges to a probability density function when the particle 

has had enough time to sample all possible positions. The potential energy of the particle as a 

function of the particle-surface distance can then be determined from the probability density 

function while assuming a Boltzmann distribution. Tanimoto et al. (1995) used this method for a 

1 µm particle in an aqueous solution with varying salt concentration [9]. Potential energy profiles of 

polystyrene particles ranging from 7 to 30 µm diameter were determined by Prieve (1999) [8] and in 

2007 Fu and Prieve studied the Debye length and ionic strength in an acetone-water mixture [10].  

Another application of TIRM is found in studying particle motion normal to a surface. Prieve (1999) 

[8], Banerjee and Kihm (2005) [11] and Oetama and Walz (2005) [12] focused on the motion of 

microparticles near a surface (within 1 µm) by determining the diffusion coefficient. 

Although not often used for determining particle-surface distances, a technique similar to TIRM is 

used in biological applications, illustrating the wide range of applications. For example, Axelrod 

(2008) reviewed the combination of fluorescence with TIRM to study cellular organization and the 

position and dynamics of molecules and organelles in living cells. The combination of TIRM with 

fluorophores is called Total Internal Reflection Fluorescence Microscopy (TIRFM) [13]. Blumberg et al. 

(2005) has used this technique to study three-dimensional movement of DNA-tethered particles (200 

nm and 560 nm diameter), enabling the distinction between well formed tethers and defective 

tethers [14].  

The before mentioned studies all use transparent polystyrene or glass particles. The experiments 

described in this thesis were carried out to evaluate the particle-surface distance of 1 µm 

superparamagnetic particles. Untill now, the only study using paramagnetic microparticles in TIRM 

was done by Blickle et al. (2005) [15]. In this study, magnetic forces of 10 to 600 fN on 2.7 µm and 

4.5 µm superparamagnetic particles induced by an externally applied magnetic field were examined. 

Blickle et al. notice that applying superparamagnetic particles can complicate a successful application 

of TIRM due to absorption of light and anisotropic scattering. Superparamagnetic particles with a 

diameter of 1 µm have not yet been applied in earlier TIRM experiments. 

1.5 Outline 

As discussed in section 1.3, the scope of this thesis is to gain insight in the height of individual 

superparamagnetic beads with a diameter of 1 µm close to a surface using Total Internal Reflection 

Microscopy (TIRM). The theory of this technique is discussed in Chapter 2 and the experimental set-

ups are described in Chapter 3. Chapter 4 deals with the optimization of the image interpretation and 

processing.  

Thereafter, the possibilities and limits of the technique are investigated experimentally; Chapter 5 

studies the different influences on the system resolution. A calibration of the system will be treated 

in Chapter 6 and Chapter 7 will elaborate on actual particle-surface distance measurements using 
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beads bound to a surface with different lengths of DNA. Finally, Chapter 8 will describe the 

conclusions of this research.  

1.6 Framework 

The work presented in this master thesis was carried out to fulfill the requirements for the degree of 

Master of Science at Eindhoven University of Technology, The Netherlands. The experimental work 

was conducted at the group ‘Molecular Diagnostics’ (formerly ‘Healthcare Devices and 

Instrumentation’) of Philips Research in Eindhoven, The Netherlands, supervised by Ir. Kim van 

Ommering. At Eindhoven University of Technology the work was supervised by dr. Leo van 

IJzendoorn from the research group ‘Molecular Biosensors for Medical Diagnostics’.  
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Chapter 2 Theory  

In this chapter the theoretical framework of total internal reflection microscopy will be explained. 

First, the conditions for total internal reflection and some properties of the evanescent field will be 

discussed and derived. Hereafter, scattering of the evanescent field at microparticles is discussed. 

Finally, some properties of two types of particles used in this thesis will be treated.  

2.1 Evanescent field 

The theory described in this section is to a large extent based on information from Pedrotti (1993) 

[16], Jackson (1999) [17] and Lipson (1995) [18].  

In Figure 2.1 the interface between two media is drawn. The refractive indices are 1n  and 2n . When 

an electromagnetic wave, 
1

k , with wavelength λ  strikes this interface at an incidence angle 
i

θ  a 

part of the wave is reflected back into the first medium under the same angle, and another part, 
2

k , 

is transmitted and refracted into the second medium at an angle of refraction 
r

θ . The angles of 

incidence and refraction are related via Snell’s law:  

 1 2sin sin
i r

n nθ θ= . (2.1) 

 
Figure 2.1: Refraction of an incoming electromagnetic wave �� at an interface between a dense (��) and a rarer 

medium (��). The interface is located at �=0. 

When the first medium is more dense than the second medium ( 1 2n n> ), Equation (2.1) predicts 

that there is a critical incidence angle 
c

θ  at which the refracted wave becomes parallel to the 

interface (
r

θ = 90°). The critical angle is given by: 

 
1 2

1

sin
c

n

n
θ −  

=  
 

. (2.2) 

For incidence angles larger than the critical angle (
i c

θ θ> ), the incident electromagnetic wave 
1

k
 
is 

totally reflected back into the first medium. This phenomenon is called ‘Total Internal Reflection’ 

(TIR). However, under these circumstances an electromagnetic wave still penetrates into the second 
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medium. Snell’s law implies that when this occurs, the angle of refraction becomes complex; 

sin 1
r

θ > . The wave vector of the transmitted wave 
2

k
 
can therefore be written as:  

 

2 2

2

2 2

2

2 2

ˆ ˆsin cos

ˆ ˆsin 1 sin

ˆ ˆsin sin 1 .

  

  

  

r r

r r

r r

k x k z

k x k z

k x ik z

θ θ

θ θ

θ θ

= +

= + −

= + −

2
k

 (2.3) 

The electric field vector of the transmitted wave can then be expressed as follows: 

 
2

22

( )

sin 1sin
.

  rr

i t

k zik xi t

e

e e e

ω

θθω

⋅ −

− −−

=

=

2
k x

t 0t

0t

E E

E

 (2.4) 

This plane wave travels parallel to the interface and decays exponentially with increasing distance z  

from the interface. Therefore, this wave is called an ‘evanescent wave’. The decay constant α  of the 

wave is given by:  

 

( )

1
2

1
2

2

2

2

2

2 2 2

1 2

sin 1

sin2
1

sin

2
sin

 

=

,

r

i

c

i

k

n

n n

α θ

θπ

λ θ

π
θ

λ

= −

  
 − 
   

= −

 (2.5) 

making use of 2
2

2 n
k

π

λ
= =

2
k  and Equation (2.1). 

The intensity of the electromagnetic field is proportional to the squared norm of the electric field 

vector, 
2

E
 
[7]. Therefore, the intensity of the evanescent wave also decays exponentially with 

distance z  from the interface:  

 ( ) (0) z

ev evI z I e
β−= , (2.6) 

in which β  is the decay constant, equal to 2α . The penetration depth of the evanescent field 
pd , 

can be written as:  

 ( )
1

2

1

1 2 2 2

2sin
4π

p id n n
λ

β θ
−

−= = − . (2.7) 

The penetration depth of the evanescent field is thus adjustable via the angle of incidence. With 

incidence angles slightly above the critical angle the penetration depth is in the order of the 

wavelength of the incoming electromagnetic wave. 

 



9 

 

2.2 Evanescent light scattering 

Frustrated total internal reflection occurs when bringing a particle with refractive index 
3

n , different 

to that of the second medium (
2 3

n n≠ ), in the evanescent field. A part of the light is then scattered 

by the particle and less light is reflected back into the first medium. The basis of Total Internal 

Reflection Microscopy (TIRM) is to observe the intensity of the scattered light of the particle. Since 

the intensity of the evanescent field has a strong dependence on the distance from the interface 

(Equation (2.6) and (2.7)), it is expected that also the intensity of the light scattered by a particle is 

dependent on the distance between the particle and the interface. In Figure 2.2 this is schematically 

depicted. When the corresponding relation between scattered intensity and particle-surface distance 

is known and monotonic, the elevation of the particle above the surface can be determined by 

measuring the scattered intensity. 

 
Figure 2.2: The evanescent field is frustrated by bringing a nanoparticle near the surface. A part of the light is 

scattered and the intensity of the reflected light is reduced.  

Assuming that the interface can be ignored except for generating the evanescent field, Chew et al. 

(1979) [19] solved the Mie scattering problem for a microsphere illuminated by an evanescent wave. 

It was found that the scattering intensity is a complicated function of direction. Besides that, Chew et 

al. found that the scattered intensity in any direction decays exponentially with the particle-surface 

distance with the same decay length as the evanescent field. When using a microscope to monitor 

the scattered intensity, the light is integrated over solid angle Ω  defined by the numerical aperture 

of the objective lens. The integrated scattered intensity should then also decay exponentially with 

the particle-surface distance h :  

 ( , ) (0, ) h

sc scI h I e
β−Ω = Ω , (2.8) 

where is β  the decay constant of the evanescent field (see Equation (2.7)). These findings were 

partially confirmed by Prieve and Walz (1993) [20] using a ray-optics model. In contrast to Chew et al. 

the ray-optics model also considers multiple reflections of light rays in the particle and, more 

importantly, between the particle and the surface. For particles smaller than 30 µm they found that 

rays scattered towards the interface do not again encounter the particle and that the scattered 

intensity in any direction decays exponentially with the particle-surface distance. In this case the 

purely exponential relation from Equation (2.8) can thus be used to analyze experimental TIRM data 

without error [8,9,21]. 

For larger particles, distances closer to surface and larger penetration depths, the multiple reflections 

are strengthened and therefore deviations of the exponential relation can occur. For example, Prieve 

and Walz (1993) [20] applied the ray-optics model also to a 300 µm particle and a penetration depth 

of 197 nm, and predicted a larger scattered intensity than expected from the exponential relation for 

separation distances smaller than 400 nm. Recently, more experiments encountering deviations from 

the exponential relation are reported. McKee et al. (2005) [22] showed by gluing a 1.2 µm glass 
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particle to an AFM cantilever that in a field with a penetration depth of 66.8 nm less scattered light is 

measured than expected from the exponential relation, for separation distances less than the 

penetration depth. The distortion increases to 10% when the particle touches the surface. For a 

larger glass particle (11.4 µm) this distortion is already found for separation distances less than three 

times the penetration depth and is 30% when the particle touches the surface. The same trend is 

found using borosilicate and polystyrene particles. Helden et al. (2006) [23] showed deviations for a 

1.6 µm polystyrene particle and separation distances lower than 100 nm, using a penetration depth 

of 132 nm. An oscillatory structure of the deviations from the exponential relation is found. The 

deviations increase with increasing penetration depth. The same trend can be found in a study of 

Hertlein et al. (2008) [24].  

The studies mentioned merely used transparent polystyrene or glass particles for application in 

TIRM. Blicke, Babič and Bechinger (2005) [15] were the first and only one to report on using slightly 

absorbing paramagnetic particles in TIRM. The results suggest that the exponential relation, Equation 

(2.8), is valid for 2.7 µm and 4.5 µm superparamagnetic particles in the used experimental 

configuration. However, they also mention scattered intensity fluctuations in the time scale of 

several seconds which they attribute to rotational diffusion in combination with anisotropic 

scattering properties of the particles.  

2.3 Beads 

In the experiments described in this report the used magnetic particles are 1 µm streptavidin-coated 

Dynabeads MyOne. These superparamagnetic beads are composed of ferrimagnetic grains (5 to 

15 nm) embedded in a polystyrene matrix. For comparison also 1 µm polystyrene particles (Thermo 

Scientific 4010A) are used in some experiments. Some relevant properties of both types are listed in 

Table 2.1.  

Table 2.1: Properties of the particles used in the experiments. The diameter, CV and iron content for the Dynal 

MyOne beads were determined by Fonnum et al. [25]. The properties of the polystyrene beads have been 

obtained from the manufacturer. The surface roughness of both particle types was estimated using SEM and 

TEM pictures. 

Bead type 

Diameter  

[µm] 

CV  

[%] 

Density 

[g/cm
3
] 

Iron content 

[w%] 

Roughness 

[nm] 

MyOne 1.05 1.9 1.7 26 50 

Polystyrene 1.034 1.0 1.05 - < 10 

The left panel in Figure 2.3 shows a SEM (Scanning Electron Microscopy) picture of MyOne beads, the 

right panel a SEM picture of the polystyrene beads. Clearly, it can be seen that the MyOne beads 

have a rough surface and the polystyrene beads are smooth. The surface roughness from MyOne 

beads was estimated using TEM (Transmission Electron Microscopy) pictures; see Figure 2.4 for some 

typical examples. The surface roughness was estimated to be in the order of 50 nm to 100 nm. In the 

TEM pictures of Figure 2.4 it can also be seen that the magnetic content varies throughout the shell 

of the magnetic beads. The polystyrene beads have no magnetic content and are completely 

transparent. The surface roughness of these beads was estimated from SEM pictures (see the 

example in the right panel of Figure 2.3) and was found to be less than 10 nm.  
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Figure 2.3: SEM pictures of Dynal MyOne beads (left) and polystyrene beads (right). Both types of beads have a 

diameter of 1 µm. It can be seen clearly that the polystyrene beads have a very smooth surface compared to the 

Dynal MyOne beads.  

 
Figure 2.4: TEM pictures of Dynal MyOne beads. The irregular shape of the beads is clearly seen in the pictures. 

From these pictures the surface roughness of the beads is estimated to be in the order of 50 nm to 100 nm. It is 

also seen that the magnetic content varies throughout the shell.  



12 

 

To determine whether the particles used in our experiments can be described by the exponential 

scattering relation (Equation (2.8)) we have to consider two aspects. The first aspect, as discussed in 

paragraph 2.2, is the combination of particle size, penetration depth and the order of particle-surface 

distance. In our experiments the penetration depth is typically 80 nm (see Chapter 3) and the particle 

diameter is 1 µm. If we extrapolate the results of McKee et al. (2005) [22], using a glass particle of 

radius 1.2 µm and a penetration depth of 66.8 nm, which are closest to our experimental conditions, 

we expect deviations from the exponential relation between scattered intensity and particle-surface 

distance for separation distances in the order of the penetration depth and less. When the particle 

touches the surface, a deviation of 10% is expected. The second aspect is the influence of surface 

roughness and absorption on reflections between particle and surface. Literature does not provide a 

model to determine this influence.  

To summarize the above, in our experiments distortions from the exponential relation between 

scattered intensity and particle-surface distance are expected for separation distances smaller than 

the penetration depth of the evanescent field. This distortion is at a maximum of 10% when the 

particle touches the surface. Here, the influence of surface roughness of the particle is not included, 

while Blickle et al. (2005) [15] warn of anisotropic scattering properties of superparamagnetic 

particles. Since the success of TIRM in determining the particle-surface distance is merely dependent 

on knowing the precise relation between scattered intensity and separation distance of a particle and 

surface, a calibration has to be performed. Chapter 6 deals with this. 
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Chapter 3 Set-up 

The experiments are done on two different set-ups. The first set-up is used to optimize the system 

and has extended flexibilities to maximize the scattered intensity from beads. Measurements done 

on this set-up are described in Section 5.1 and Chapter 6. The second set-up is used for biological 

experiments where beads are bound with DNA to the surface. This set-up is built based on the set-up 

currently used for assay experiments. Section 5.2 and Chapter 7 contain measurements done on this 

set-up.  

3.1 Extended set-up 

The extended set-up consist of three main parts; the object support, the light source and the 

microscope. In Figure 3.1 a schematic representation can be found (not to scale). A picture of the set-

up can be found in Figure 3.2. As will become clear in this section, this set-up has the advantage of 

extended flexibility in compared with the DNA set-up described in the next section; it is easy to use 

different light sources, change the incident angle of the light and move and tilt different parts of the 

set-up with respect to each other. 

 
Figure 3.1: Schematic representation of the extended set-up. The drawing is not to scale. The top part shows a 

part of the object support and the object glass. It also indicates the different optical parts when the LED is used. 

The bottom figure shows details of the object glass, with a fluid cell made of double-sided tape and a cover 

glass. At the top of the object glass total internal reflection takes place and in evanescent field is formed in the 

fluid cell. 

The object support consists of two prisms (see Figure 3.1) on which an object glass can be positioned, 

using optical immersion oil from Cargille Labs (type B) to ensure a good coupling between the prisms 

and the object glass. The prisms have a circular side so that light coming from the light source enters 

the prisms perpendicular while enabling the angle of incidence to be varied between 58° and 90°. 

The object support together with the object glass can be moved and tilted as a whole in three 

dimensions. 
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On this set-up only experiments are done with beads dried on the surface of an object glass; a glass 

slide of 3 x 1.5 x 0.1 cm (BK7, n=1.515 [26]). Beads are then stuck to the glass surface and are 

immobile. This is done by placing a drop of beads diluted with DI water on the glass and let it dry. The 

slide is then rinsed with water to remove the beads that did not stick. Subsequently a fluid cell is 

made on the object glass containing the beads. This is done by sticking two pieces of 180 µm thick 

double-sided tape parallel to each other on the slide and closing it by a 150 µm thick cover glass (see 

bottom part of Figure 3.1). The measurements are done with DI water in the fluid cell, so that the 

beads are submerged in water (n=1.332 [27]). The critical angle 
c

θ  of this system can be calculated 

using Equation (2.2) and is found to be 61°. 

 
Figure 3.2: Picture of the extended set-up. Different parts of the set-up are labeled. In the lower left part of the 

picture the object support can be seen, holding the prisms on which the object glass is placed. The LED can be 

seen in the right part of the picture.   

To image beads inside the fluid cell a Leica microscope (Z16 APO) with a 50x objective (M Plan 

APO50) is used. The microscope has a ring to adjust the zoom from 0.57x to 9x. To record the light 

scattered from beads an Allied Vision Marlin F080B camera is placed on top of the microscope. This 

camera has a resolution of 1024 x 768 pixels and a maximum frame rate of 30 frames/s. During the 

experiments the zoom ring is set on 2x, resulting in approximately 150 x 150 nm per pixel. The 

processing of the images is treated in Chapter 4. The microscope, together with the camera, can be 

moved in three dimensions.  

Two different light sources are used on the extended set-up; an AlGaAs semiconductor laser 

(658 nm) and a light-emitting diode (LED, LUMILED LXHL-BD03, 625 nm). The light sources are 

powered with an Agilent E3631A DC power supply. The incidence angle of both light sources can be 

varied between 58° and 90°.  

The LED is positioned in a tube of 3 cm length, closed with a diaphragm of 2 mm. The second 

diaphragm has an opening of 1.5 mm. Figure 3.1 and Figure 3.2 show the LED and its alignment in the 

set-up. The function of the diaphragms is to collimate the light beam and reduce the divergence 

angle of the light beam to 1°. This is needed since an LED is not a point source and therefore it is not 

possible to make a parallel light beam. The LED is operated at 11.7 V and a current of 350 mA. To 

prevent overheating, a small heat sink is made on the back of the LED. 
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The laser is, when used, placed on 20 cm distance from the prism, with a small lens in front of the 

laser to make the light beam parallel. The advantage of using a laser is the high intensity, which 

makes short exposure times possible (typically about 80 ms). When using the LED, of which only a 

small part of the total light cone is used and which has a much lower intensity, typical exposure times 

are in the order of seconds. Experiments comparing the two light sources will be discussed in 

Section 5.1.  

3.2 DNA set-up 

Some of the measurements (Chapter 7) are done on a different set-up which is based on the set-up 

currently used for biological assay experiments. Figure 3.3 shows a schematic representation of this 

compact set-up. The different parts are described in the text below. Unlike the set-up described in 

the previous section this set-up does not have extended flexibilities; the incident angle is fixed at 70° 

and most parts of the set-up are immovable.  

 
Figure 3.3: Schematic drawing of the DNA set-up. In the bottom figure the cartridge can be seen clearly.   

The biological assay is done on a polystyrene cartridge (1.2 x 4 cm, n=1.588 [26]) which is slid into a 

cartridge holder. The holder can be moved horizontally in two directions and holds the cartridge in 

place by a metal clamp. An entrance window (8 x 0.9 mm) at the bottom of the cartridge at an angle 

of 20°; perpendicular to the incoming light, ensures that all light is transmitted and not refracted 
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when entering the cartridge (see Figure 3.4). On top of the cartridge a fluid cell is created in the same 

way as on the object glass described in the previous section. At the top surface of the cartridge total 

internal reflection takes place and an evanescent field is formed in the fluid cell. 

In the LED tube depicted in Figure 3.3 a red LED (LUMILED LXHL-BD03, 625 nm) is fixed at an incident 

angle of 70°. A schematic representation of the set-up can be found in Figure 3.4. The LED tube is 

closed with a diaphragm of 2 mm. The second diaphragm has an opening of 0.5 mm. The LED is not a 

point source and therefore making a parallel light beam is not possible. The diaphragms reduce 

divergence angle of light from the LED to maximum 1°. The LED is operated at 11.7 V and a current of 

350 mA. To prevent overheating, a small heat sink is made on the back of the LED. 

When the fluid cell is filled with water (n=1.332 [27]) the critical angle 
c

θ  of this system can be 

calculated using Equation (2.2) and is found to be 57°. Using Equation (2.7), 
i

θ  = 70 ± 1° and for λ  = 

625 nm, the penetration depth 
pd  of the evanescent field is found to be 74 ± 2 nm on this set-up.  

 
Figure 3.4: Schematic of the light path in the DNA set-up. The light beam from the LED enters the cartridge at a 

straight angle. At the top surface of the polystyrene cartridge total internal reflection takes place.  

The light scattered from the beads is recorded via a Leica microscope (DMLM/LP) with an Allied 

Vision Marlin F080B camera (resolution 1024x768 pixels). Two different objectives are used on the 

microscope; both 20x objectives, one with a short and one with a long working distance, resulting in 

approximately 230 x 230 nm per pixel. The short working distance is preferred since it has a larger 

numerical aperture and therefore more scattered light from the beads is recorded. This makes 

shorter exposure times (typically 5 seconds) possible. However, for some experiments a permanent 

magnet in a holder is laid on top of the cartridge; then the objective with the longer working distance 

is necessary.  

An electromagnet is present under the cartridge (see Figure 3.5). A current of 200 mA per coil is used 

to attract Dynal MyOne beads towards the surface with a force of 1.5 pN (estimation based on the 

calculated field and the magnetic susceptibility of the beads). The electromagnet used is the standard 

horseshoe system; more information on this can be found in the technical note from M. Irmscher 

(2008) [28]. 

A permanent magnet in a holder can be used to pull beads away from the surface. When used, the 

holder is placed on top of the cover glass and the objective with the longer working distance is 

required. In the holder two neodymium magnets of 5 x 5 x 1.5 mm are placed, 1 mm apart (see 

Figure 3.5). Approximately 8 pN can be applied on the beads, estimated using the calculated field and 

the magnetic susceptibility of the beads. The gap in between the two magnets is used to observe the 

beads with the microscope. The holder and the magnets partly block the light scattered from the 

beads. To correct for the loss of light, a correction factor has been calculated so that different 

measurements can be compared to each other. This was done by measuring dried beads with and 
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without the permanent magnet. The beads are not moved by the magnet since they are immobile 

and sticking to the surface. A factor of 1.5 difference is found between the amount of light scattered 

from the beads with and without the permanent magnet placed on top of the cartridge.  

 

 
Figure 3.5: Configuration of both the permanent magnets and the electromagnet. The left top figure shows a 

top-view of the permanent magnet. The electromagnet is shown in the top right figure. Note that the 

electromagnet and the permanent magnets are turned 90°. As can be seen in the bottom left figure, the 

electromagnet is situated under the cartridge and the permanent magnets are, when used, placed on top of the 

cartridge. In the bottom right figure the geometry of the electromagnet can be seen; this picture is taken from 

M. Irmscher [28]. 
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Chapter 4 Image Processing 

The camera in the two set-ups described in the previous sections is used to record image sequences 

of the light scattering beads. The scattered intensity of the beads recorded in these image sequences 

is analyzed with software written in Matlab. This analysis can be roughly divided into two parts; first 

selecting the beads to process and then determination of the bead data, including background and 

the scattered intensity of the bead. This chapter will give a thorough insight into the different steps 

taken. 

4.1 Selecting beads 

As an example a typical frame is shown in Figure 4.1. This image shows Dynal MyOne beads dried on 

a polystyrene cartridge at a magnification of 20x. The image is taken on the DNA set-up with the red 

LED (11.65V, 350mA) at an angle of 70°) and an exposure time of 3 seconds. The white spots in the 

image are beads that scatter light in the evanescent field. The first part of the analysis is selecting the 

beads that need to be analyzed. This is done by manually or automatically selecting the coordinates 

where beads are situated, from the first frame of the experiment. When using automatic selection, 

the selected coordinates need to be checked manually afterwards to remove beads that are too close 

to other beads or that are too close to the edge of the image. In these cases not all scattered light 

information can be analyzed or distinguished.  

 
Figure 4.1: Dynal MyOne beads dried on a polystyrene cartridge measured on the DNA set-up. The white spots 

are beads scattering light in the evanescent field. In the image some beads are encircled in red; these beads are 

too close to other beads to be used for further analysis. The yellow circles indicate beads that are too close to 

the edge of the image. Green circles indicate some beads that are usable; the scattered of light from these 

beads is not disturbed by scattered light from other beads.  
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To determine the minimum distance allowed between two beads or the minimum distance allowed 

between the edge of the image and a bead, the size of the beads in the images is evaluated. It was 

found that with a pixel size of 150x150 nm (extended set-up), all scattered light coming from the 

bead is within a circle with a maximum radius of 20 pixels. For the DNA set-up (pixel size 

230x230 nm) a circle with 10 pixels radius is sufficient. We chose as a minimum distance between 

beads a distance of 50 pixels on the extended set-up and a minimum distance of 25 pixels on the 

DNA set-up. As a minimum distance from the edge of the image we chose 30 pixels on the extended 

set-up and 15 pixels on the DNA set-up. The choice of these distances will be justified later in this 

section.  

In Figure 4.1 some examples of clusters of beads and single beads that are too close to each other 

are encircled in red. The beads encircled in yellow are too close to the edge of the image. The green 

circles indicate some of the usable single beads; the location of these beads is saved in a file. 

4.2 Determination of bead data 

The structure of the second part of the analysis, involving the determination of the background and 

the intensity of the beads, can be found in the flowchart in Figure 4.2. The important steps in this 

code are numbered and will be discussed in more detail below. The code of this software can be 

found in the Appendix. 

  
Figure 4.2: Flowchart of the second part of the data analysis software; determining the background and 

intensity of the beads. The green, numbered boxes represent steps that are explained in more detail in the text. 
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Step 1 filters the defect pixels from the frame. These pixels are an unwanted side effect of using of 

long exposure times; some pixels in the camera return a much higher value than what is expected 

from the surrounding pixels. This is most likely due to a relatively high dark current in these particular 

pixels. These defects are filtered out by averaging the value of the surrounding pixels and assuming 

that average for the defect pixel.  

The next step (no. 2) is to determine the exact coordinates of the beads in that frame. This is 

necessary since the selection of beads is done only in the first frame and in some experiments a bead 

can move around a certain point. The exact coordinates of the bead in a frame are determined by 

taking the coordinates of the strongest pixel of the bead as the bead center. Figure 4.3 depicts an 

example of a bead; the strongest pixel is encircled in red.  

In step 3 the background of the bead is determined. This is done by means of a ring around the 

coordinates of the bead. The inner radius of this ring is chosen large enough so that no light 

scattered from the bead is present in the ring (see Figure 4.3). As discussed in Section 4.1 all light 

scattered from the beads is depicted in a circle with a maximum radius of 20 pixels for the extended 

set-up, and 10 pixels for the DNA set-up. These values are used as the inner radius of the ring and the 

outer radius is chosen 1.5 times larger. Since the ring is used for examining a beads background, it 

should not contain light scattered from another bead, but can overlap with a ring used to determine 

the background of another bead. Therefore, as discussed in Section 4.1, the minimum distance 

between two beads is chosen 50 pixels on the extended set-up, and 25 pixels on the DNA set-up. 

Also, beads should be at least 30 pixels away from the edge of the image on the extended set-up, and 

15 pixels away from the edge on the DNA set-up; this distance corresponds with the outer radius of 

the ring. 

 
Figure 4.3: Typical bead as recorded from an experiment. The strongest pixel of the bead is indicated by the red 

square; this pixel is taken as the bead center. The average value of the pixels between the two circles is used as 

the background of the bead. When watching closely around the bright spot in the center, inside the inner circle, 

the first Airy disk can be seen.  

 

After the ring is defined, step 3, determining the background, can be carried out. The background per 

pixel of the bead in a frame backI  is determined by averaging all pixel values inside this ring. The 

standard deviation in the values of these pixels is defined as backσ . The background is thus 

determined separately for each bead in the frame.  
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Next, this procedure (step 1 to 3) is repeated for each frame. When all frames are processed, an 

intensity threshold T  is determined in step 4 for each bead separately according to: 

 2back backT I σ= + , (4.1) 

with backI the background averaged over all frames and backσ the averaged standard deviation over all 

frames. The threshold is thus equal for one bead in all frames of the experiment. For different beads 

different thresholds are possible. 

Then, a second round of frame processing is started. For each frame again the defect pixels are 

filtered and the bead coordinates are determined (step 1 and 2) and then, in step 5, the actual bead 

intensity is determined per frame by using the threshold T  to discriminate a bead from its 

background. As an example a cross-section of a typical bead is shown in Figure 4.4. In this figure the 

pixel values and the threshold for this bead are shown. All pixels with a value higher than the 

threshold, the shaded area in the figure, are integrated and the result is used as the uncorrected 

bead intensity uncorrI . A background correction is carried out using the following equation:  

 uncorr pixels backI I n I= − , (4.2) 

in which I  is the intensity corrected for the background of the bead. The number of pixels that have 

a higher value than the threshold is given by pixelsn ; typically around 100 pixels for Dynal MyOne 

beads on the DNA set-up.  Step 5 is repeated for each bead and then for each frame.  

Finally all gathered data, the bead coordinates, backI , backσ , uncorrI , pixelsn  and I , are saved as a 

function of frame number into a different file for each bead. 

 
Figure 4.4: Cross-section of a bead. All pixels higher than the threshold are used to determine the bead intensity. 

The threshold is determined using Equation (4.1). The shaded area represents the pixels that are integrated to 

determine the bead intensity. 
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From now on, the background corrected, integrated intensity I  which is a function of frame number 

and thus of time, will be addressed as bead intensity as function of time, ( )bI t . In Figure 4.5 three 

parameters of an arbitrary individual bead are shown:  

 

( ) the bead intensity as a function of time,

the time average of the bead intensity,

the fluctuation of the bead intensity in time, 

defined by: 
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These three individual bead parameters will be referred to further on in the report. 

 
Figure 4.5: Introduction of the three individual bead parameters. The bead intensity as function of time 	
(�)  is 

plotted and the mean intensity 	
  is indicated, as well as the standard deviation �
, which is a measure for the 

fluctuation of the bead intensity in time.  
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Chapter 5 Characterization of system parameters 

In this chapter different system parameters are examined and their influence on the resolution in 

determining the bead-surface distance is characterized. The first section compares the uniformity of 

illumination by a laser and a light-emitting diode (LED) for generating the evanescent wave. 

Variations in an ensemble of beads are discussed in the second section.  

5.1 Light source 

Experiments to test the performance of the laser and the LED for generating the evanescent field are 

done on the extended set-up as described in section 3.1. In these experiments intensity fluctuations 

due to bead movement are excluded by sticking beads to the glass slide. This is done by drying a drop 

of fluid containing beads on the slide. After the drop dried, the slide was rinsed with water to remove 

the beads that did not stick properly to the surface. This is repeated two times to make sure that no 

beads come loose during the measurement. After that, a fluid cell is made on the slide as described 

in section 3.1. 

In the first experiment the scattered intensity of 28 beads is measured using a laser to generate the 

evanescent field. The angle of incidence was 70°, giving a penetration depth of 104 nm. In the left 

panel of Figure 5.1 the results of 8 representative beads are shown. The same experiment was 

repeated with 15 other beads dried on a glass slide using a LED to generate the evanescent field 

(penetration depth 99 nm). The right panel of Figure 5.1 shows the result of 6 beads from this 

experiment.  

 
Figure 5.1: Left: scattered intensity as function of time measured with a laser generating the evanescent field. 

The depicted beads are representative for 28 beads from the same experiment. Right: scattered intensity as a 

function of time measured with a LED generating the evanescent field. The depicted beads are representative 

for 15 beads from the same experiment.  

At first, Figure 5.1 shows a spread in the time averaged intensity of different beads, in both 

experiments. Section 5.2 will discuss this observation more thoroughly. Secondly, in the laser 

experiment there are slow oscillations in the scattered intensity in time. These are not seen in the 

LED experiments. The slow oscillations on the time scale of about 20 seconds go up to 30% in 

magnitude. Strikingly, some beads show very little to no oscillations (the black lines in the left panel 

of Figure 5.1), while others show in-phase oscillations or antiphase oscillations (blue and red lines). 

Blickle et al. (2005) [15] mentioned the presence of intensity oscillations on the time scale of 
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seconds, originating from rotational diffusion of particles caused by anisotropic scattering properties. 

Since the beads in our experiment are stuck to the surface it is not expected that they can rotate. 

Moreover, any possible bead movement would cause random scattered intensity fluctuations, and 

not synchronized signals.  

5.1.1 Speckle 

Speckle occurs when highly coherent laser light encounters an optical component having a certain 

surface roughness, leading to scattering of the laser light. At any observation point in space, multiple 

coherent wavelets of randomly distributed amplitudes and phases coming from optical component 

interfere, resulting in a granular intensity distribution, called laser speckle [29,30,31]. Therefore, 

imaging with highly coherent light usually leads to speckle. Speckle is absent when imaging with a 

non-coherent light source such as a LED.  

Because of its nature, the speckle pattern can be seen sharply in any plane in space. In our total 

internal reflection set-up, a speckle pattern at the surface cannot be imaged directly via the 

microscope because an empty part of the surface of the glass slide scatters no light from the 

evanescent field. To visualize the speckled illumination in our set-up, the light path of the laser is 

changed by moving the object support upwards. The incidence light then reflects at the bottom of 

the prism and is transmitted through the object glass into the microscope (see Figure 5.2). The 

speckled illumination from the laser can be seen in the left picture of Figure 5.3. The speckles have a 

size of about 1 µm, which is of the same order as the resolution of the imaging system and the same 

size as the used beads. The right picture of Figure 5.3 shows the illumination using the LED. As 

expected, no speckles are seen and despite some darker areas, the illumination is much more 

uniform. Both pictures are made with an empty glass slide; no beads are present on this slide.  

 
Figure 5.2: To visualize the speckle pattern, the path of the laser light was adapted to reflect at the bottom of 

the prism. The dashed line in the figure indicates the light path when the evanescent field is created.  

 
Figure 5.3: Left: picture taken with laser illumination of an empty glass slide without beads. Right: picture of the 

same glass slide illuminated by an LED. In both pictures the incidence angle was below the critical angle. The 

incidence light is then transmitted through the glass slide and falls directly into the microscope.  
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A possible explanation for the behavior of the measured scattered intensity in the laser experiment 

of the previous section is speckled illumination in combination with vibration of parts of the set-up. If 

we assume that the evanescent field is generated by a speckled illumination pattern, and due to 

vibration of the set-up the beads vibrate with respect to the illumination, or the other way around, 

then a bead starting in a bright spot can move into a darker spot and back. Another bead can start in 

a dark sport and move into a brighter spot. This can explain that some beads show oscillations in-

phase and others in antiphase. The amplitude of the oscillation depends on the location of the bead 

in speckle pattern; this explains that some beads show almost no oscillations.  

However, the slow oscillations in the scattered intensity in the left figure of Figure 5.1 have a period 

in the order of 20 seconds. Such slow vibrations are only seen for very high masses, for example in 

buildings. Placing the set-up on an air suspended stable optical table did not completely solve the 

oscillations in the scattered intensity.  Later, outside the course of this research, it was found that the 

most likely explanation is laser mode hopping [32]. By means of RF modulation of the laser and a 

stable optical table to minimize mechanical vibrations, the slow oscillations could be removed 

effectively. 

5.1.2 Quantification 

The uniformity of illumination is quantified by comparing the scattered intensity of eleven Dynal 

beads measured each on several different positions with respect to the light source. The variation in 

the intensity on different positions per bead is then a measure for the uniformity of illumination 

because differences between beads are excluded. In between the different measurements the beads 

are moved to random positions in an area of 50x50 µm by moving the object support on which the 

glass slide with beads is placed with respect to the light source and the microscope. In the 

experiment six different positions were examined using a laser and seven positions using the LED. 

The incidence angle was 62° which results in a penetration depth of 427 nm in the laser experiment 

and 404 nm in the LED experiment. Figure 5.4 shows per bead the scattered intensity bI  on the 

different positions, normalized on the intensity per bead averaged over the different positions. The 

error bars of the data points denote the standard deviation in the time-fluctuations of bead intensity 

per measurement ( bCV ).  

The results show that for both experiments the fluctuation of bead intensity in time is less than the 

variation in intensity following from moving the slide with respect to the illumination. This confirms 

that the measured intensity of a bead is position dependent. Averaged over the eleven beads the 

variation is 14% in the laser experiment and 8.6% in the LED experiment, showing that the LED 

illumination is more uniform than the laser illumination.  
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Figure 5.4: The scattered intensity bI  of eleven beads is examined on different locations with respect to the 

light source by moving the glass slide on which the beads are dried in an area of 50x50 µm. The intensity is 

normalized on the average of the scattered intensities on the different locations per bead. The error bar denotes 

the fluctuation of bead intensity in time, bCV . 

Because there is less position dependence in the scattered intensity of the beads and because of the 

absence of the slow time fluctuations, all further experiments are done with a LED for generating the 

evanescent field. Compared to a laser, the power output of a LED is much lower. Therefore, exposure 

times in the order of seconds are needed with a LED, while when using the laser exposure times of 

about 10 ms are sufficient. Choosing for a LED to generate the evanescent field makes the system 

therefore unsuitable for studying Brownian movement of the beads. The long exposure times also 

mask possible instabilities of the LED.  

5.2 Bead ensemble characterization 

To characterize the technique of height determination using an evanescent field, ideally one bead is 

measured at different distances from the surface. This, however, requires advanced bead 

manipulation techniques that were not available at the extended set-up. Therefore, it is necessary to 

perform multiple experiments using different beads at different heights. In this case, it is important 

to know the differences in scattering properties between beads. Figure 5.1 already showed a spread 

in the average intensity for different beads measured at the same separation distance. This spread 

originates both from non-uniformity of illumination and differences in scattering properties between 

the different beads. The last section quantified the non-uniformity of illumination and this section 

quantifies the variation in scattering in an ensemble of beads. For that reason, histograms are made 

of the time averaged bead intensities bI
 
of all beads from one experiment. In Figure 5.5 the bead 

ensemble parameters are defined:  
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the ensemble averaged bead intensity,

the standard deviation of the ensemble,

the error in the ensemble average, 

defined by: ,

e

e

e

e

I
e

I

I

N

σ

δ
σ

δ =

 (5.1) 

in which eσ  is the standard deviation of the ensemble and N  is the number of beads in the 

ensemble.  

 
Figure 5.5: Introduction of the characterization parameters for an ensemble of beads depicted in a histogram of 

the time averaged bead intensities bI

 

of all beads in one experiment. . The error in the mean of the ensemble 

eI

 

is determined by the spread in the histogram eσ  via 
e

e
I

Nδ σ= , with N  the total number of beads. 

In Figure 5.6 histograms are shown of a measurement of the average intensities of 68 Dynal MyOne 

beads dried on a polystyrene cartridge. The ensemble mean intensity eI

 

and the spread eσ  of the 

histograms are given in Table 5.1. The experiment was repeated three times on the compact set-up 

with a penetration depth of 74 nm. Every time the slide was reinserted in the set-up. In all three 

measurements the spread in the ensemble eσ

 

is about 34%. This is larger than the spread caused by 

non-uniform illumination of the LED (8.6%) and can be attributed to differences in the scattering 

properties between beads, probably due to variations in bead shape or magnetic content (as 

discussed in paragraph 2.3).  

The maximum and minimum ensemble averaged bead intensity eI

 

from the three measurements 

differ 8.0%. Because in all three measurements the same 68 beads are examined, this variation is not 

caused by differences between beads. By reinserting the cartridge in the set-up the positions of the 

beads can be shifted a few micrometers with respect to the previous measurement. Therefore, the 

found variation can therefore be attributed to non-uniformity of illumination and is in the same 

order as the result from the previous paragraph. 

Polystyrene beads are, as discussed in section 2.3, smooth spheres of uniform size, and have no 

magnetic content. It is therefore expected that the spread in an ensemble of polystyrene beads is 

only due to the non-uniformity of illumination and has no bead dependence. To check this, an 

ensemble of polystyrene beads is dried on a cartridge and examined. Figure 5.7 shows the result of 

43 beads measured on the compact set-up. The ensemble mean intensity eI

 

and the spread eσ  of 

the histogram are given in Table 5.1.  The spread in the ensemble is 10%, which is in the same order 
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as the results from paragraph 5.1.2 showing the non-uniformity of illumination. Another observation 

is that the polystyrene beads scatter less than half the light of beads of the same size with magnetic 

content.  

Table 5.1: The ensemble averaged bead intensity and spread from the histograms of Figure 5.6 and Figure 5.7. 

Experiment 
e

e
I

I δ±  [a.u.] eσ  [a.u.] 

Dynal a 2125 ± 91 731 

Dynal b 1967 ± 82 678 

Dynal c 2083 ± 80 698 

Polystyrene 928 ± 21 102 

  

The experiments in this section indicate that when measuring the scattered intensity of an ensemble 

of beads, the non-uniformity of illumination and variation in bead properties are aspects which have 

to be considered. The resolution h∆  can be determined from the ratio between two measurements 

of the scattered intensity of a bead 
1 2

,I I  by rewriting Equation (2.8): 

 1

2

ln .
p

I
h d

I
∆ =  (5.2) 

The spread in an ensemble of Dynal MyOne beads is 34%. Therefore, when measuring the scattered 

intensity of different Dynal MyOne beads on the DNA set-up (section 3.2) on the same bead-surface 

distance, the scattered intensity between these beads can vary 34%. With a penetration depth of 

�� = 74 nm, the height resolution is then 31 nm. By using a large ensemble of beads, variation in 

bead properties and non-uniformity of illumination are averaged over the ensemble, which reduces 

the error and increases the height resolution. 

The non-uniformity of the illumination by the LED is about 8.6%, as determined in the previous 

section. This means that the scattered intensity of two beads with the same scattering properties, 

measured on different positions, can differ 8.6%. The height resolution on the DNA set-up is then 

7 nm. 
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Figure 5.6: Histograms of the scattered intensity of 68 Dynal beads dried on a polystyrene cartridge. The beads 

are measured three times. Before every measurement the cartridge is reinserted in the cartridge holder. The 

spread in the ensemble �� is 34% and the three different measurements show a variation of 8% in the ensemble 

averaged intensity 	 �
� . 

 
Figure 5.7: Histogram of the scattered intensity of 43 polystyrene beads dried on a cartridge. The spread in the 

ensemble �� is 10%.  
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Chapter 6 Thin layer calibration  

As discussed in Chapter 2 the success of using TIRM as a method to measure particle-surface 

distances is dependent on the precise knowledge of the relation between the scattered intensity and 

the particle-surface distance. Section 6.1 gives an overview on existing calibration studies and 

describes the method used in this report. The following three sections will elaborate on some issues 

encountered in our calibration method. Finally, the results of the calibration are discussed.  

6.1 Calibration methods 

Different methods have been applied to determine the precise relation between scattered intensity 

and particle-surface distance. Prieve and Walz (1993) [20] used thin layers to experimentally test a 

theoretical model for the scattered light intensity of microspheres. In their experiments, particles 

with various diameters (7 to 30 µm) rest on a thin layer of MgF2 coated on a glass substrate. 

Immersed in a solution of 91.74 wt.% 1-propanol and 8.26 wt.% ethanol, with the same refractive 

index as the thin layer, the particles rest on an optically invisible support. The evanescent wave is 

generated at the glass-MgF2 interface. The relation between the scattered intensity and particle-

surface distance was determined using layers of different thicknesses. They found that the scattered 

intensity for particles smaller than 30 µm does decay exponentially with the distance to the surface, 

but the error in the measurement was large; the scattered intensity for a set of 30 to 50 identical 

particles at a given height varied by a factor of 7.5. Therefore, the scattered intensity of the set of 

particles is averaged.  

McKee et al. (2005) [22] and Sarkar et al. (2004) [21] both used an Atomic Force Microscope (AFM) to 

determine the height-intensity relation. An AFM tip can be used to map the separation distance with 

nanometer accuracy. Sarkar et al. calibrated the intensity relation with either a single 200 nm 

fluorescent particle or a quantum dot fixed to the AFM tip. A height resolution of 0.1 nm was 

obtained at a particle height of 7.5 nm with a penetration depth of 103 nm. McKee et al. tested 

different sizes of glass and polystyrene particles glued to an AFM tip, and also calibrated the intensity 

relation using a tip with no particles attached to it. They found deviations from the exponential 

behavior for separation distances smaller than the penetration depth. The set-up of McKee et al. is 

schematically depicted in Figure 6.1. The AFM method has a few disadvantages; the set-up is rather 

complex and some results of McKee et al. show that the tip and the cantilever of the AFM can alter 

the measured scattered intensity of a particle.  

Finally, Fiolka et al. (2008) [33] calibrated an evanescent field set-up using an inclined cover glass, 

with 50 nm fluorescent particles attached to the bottom-side. The inclined cover glass was 

positioned above the surface of evanescent wave generation. Due to the inclination of the cover 

glass, the attached particles have different separation distances from the surface. When the 

inclination angle is known, the measured lateral distance between the particles can be used to 

calculate the relative differences in particle-surface distance between different particles. With this 

set-up the penetration depth of the evanescent field in their set-up could be determined with an 

error of 16%. A schematic of this set-up is shown in Figure 6.2. 
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Figure 6.1: Example of a set-up used to calibrate the relation between scattered intensity and particle-surface 

distance. Figure taken from McKee et al. (2005) [22]. The scattered intensity of a particle is measured while 

changing the particle-surface distance using an AFM.  

 
Figure 6.2: Schematic of the calibration method used by Fiolka et al. (2008) [33]. Particles attached to an 

inclined cover glass are used to determine the relation between scattered intensity and particle-surface 

distance.  

The calibration method used in this thesis is based on the work of Prieve and Walz. In contrast to 

their experiments, our measurements will be done with beads immersed in water instead of a 

propanol-ethanol mixture, to most closely mimic biological assay conditions. Therefore a layer of 

MgF2, as used by Prieve and Walz cannot be used, as the refractive index of MgF2 is 1.385 (25 °C [20]) 

and the refractive index of water is 1.332 (20 °C, 0.1 MPa, 633 nm [27]). Instead of MgF2, we 

considered materials such as fluoropolymers, other high transparent salts and mesoporous silica. We 

have chosen to make the thin layers of mesoporous silica, because this type of material allows for a 

relatively easy tuning of the refractive index. Besides that, it is expected that the thickness of the 

layers can be controlled within a few nanometers. The next section will discuss the properties of 

mesoporous silica more thoroughly. 

In our experiments, the glass slides are partly coated with a thin mesoporous silica layer, see Figure 

6.3. Particles on the uncoated part of the glass slide can be used as a reference to exclude the 

influence of parameters that are difficult to control, such as the focus of the microscope. This 

reference can then be used to compare different measurements to each other. Sticking the beads to 

the uncoated glass and the layer is done by drying a drop of beads, as explained in Chapter 5.  



35 

 

 
Figure 6.3: Schematic representation of the thin layer approach for calibrating the relation between scattered 

intensity and bead-surface distance. A thin layer of known thickness and with the same refractive index as the 

fluid is made on a glass slide, so that beads resting on this optical invisible layer have a known distance to the 

surface. The drawing is not to scale. 

6.2 Mesoporous silica film properties 

The thin layers used in this research project are mesoporous silica films that are prepared from a sol-

gel solution. The fabrication method used in this report was developed by De Theije et al. (2002) [34]. 

This section will give a short summary of their method and experimental characterization.  

The layers are synthesized from a sol-gel solution containing a mixture of the silicate precursor TEOS 

(tetraethoxysilane, Si(OEt)4), water, HCl and ethanol. During aging in an acid environment, the silicate 

precursor is (partly) hydrolyzed: 

 
4 2 4-x x 2

Si(OEt)  + x H O  Si(OEt) (OH)  + x H O.�  (6.1) 

After the aging step, the sol-gel solution is deposited on a cleaned substrate by spin-coating. The 

initial spinning speed for applying the solution is 50 rpm. After applying the solution, the spinning 

speed is increased to the desired speed, varying from 500 rpm for thicker layers to 3000 rpm for 

thinner layers. While spinning with a closed cover for 60 seconds, the solution is spread over the 

substrate. After the deposition, the coating is dried on a hot plate for 2 minutes at 130 °C. 

Subsequently, the coating is annealed for an hour at 300 °C, which condenses the hydrolyzed 

molecules: 

 
4 3 3 2

2Si(OH) Si(OH)  - O - Si(OH)  + H O,→  (6.2) 

resulting in a thin film consisting of an ordered siloxane (SiO2) matrix. An example of the chemical 

structure of a siloxane matrix is shown in Figure 6.4.  

 
Figure 6.4: Example of a chemical structure of a siloxane (SiO2) matrix prepared from 100% TEOS. 
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The surfactant CTAB (C16H33 – N(CH3)3Br) can be added to the initial sol-gel solution to tune the 

refractive index of the layer. When added to the initial sol-gel solution, the surfactant molecules form 

micelles that are incorporated in the spin-coated film. During the annealing step the surfactant 

molecules are decomposed and removed, resulting in a porous structure. The size of the pores is 

about 3 nm [34]. Since this is much smaller than the wavelength of the light used to generate the 

evanescent field (625 nm) no scattering of light on these pores is expected. The refractive index of 

the film is the average of the refractive index of the siloxane structure (n=1.46 [34]) and the 

refractive index of the air inside the pores (n=1.00 [35]). The number of pores and therefore the 

refractive index of the layer, is influenced by the concentration of surfactant in the initial sol-gel 

solution, see left panel of Figure 6.5. 

The surface of such a thin layer, including the pore surfaces, is terminated by silanol (Si-OH) groups. 

This makes the surface and the pores hydrophilic. Undesirably, the pores will then easily fill with 

water, resulting in a change in refractive index. Therefore another silicate precursor, MTMS (methyl 

trimethoxysilane, Si(OMe)3CH3), is added to the initial sol-gel solution. This precursor has a 

hydrophobic methyl group (CH3) that cannot be hydrolyzed (see reaction (6.1)). The hydrophilic 

silanol groups at the surface of a layer made with 100% TEOS, are then partly replaced by 

hydrophobic methyl groups. Obviously, adding MTMS also alters the structure of the siloxane matrix 

because the methyl groups will also occur in the bulk of the siloxane matrix.  

Finally, De Theije et al. characterized the influence of water absorption in the pores on the refractive 

index. They found that thin films prepared from a sol-gel solution containing 50% TEOS and 50% 

MTMS, show no capillary absorption in environments with a relative humidity up to 100%; see right 

panel of Figure 6.5.  

 
Figure 6.5: Left: the refractive index as function of the amount of CTAB in the sol-gel solution. Right: the 

refractive index of a mesoporous silica film made of 50% MTMS in TEOS with 0.1% mol CTAB / mol siloxane as a 

function of relative humidity. A film made of this composition shows no capillary absorption for 100% relative 

humidity. Both figures are taken from De Theije (2002) [34]. 

6.3 Refractive index 

In this section we describe the experiments performed to optimize the number of pores by changing 

the surfactant (CTAB) concentration, and to study the influence of possible water absorption in the 

layer. Also the homogeneity of the refractive index in a layer will be addressed.  

6.3.1 Surfactant concentration 

As discussed in the previous section, the concentration of CTAB in the initial solution determines the 

refractive index of the thin layer via the formation of micelles in the sol-gel solution. The left panel of 
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Figure 6.5 shows that for a sol-gel solution composed of 50% MTMS in 50% TEOS, the amount of 

CTAB necessary to match the refractive index of the layer to that of water is about 0.025 mol 

CTAB/mol siloxane. To determine the exact amount of surfactant needed, three sol-gel solutions are 

made containing different concentrations of CTAB. From all three solutions a layer is spun on silicon 

wafers. Ellipsometry is used to determine the refractive index of the three layers. This optical 

technique measures the change in polarization of laser light upon reflection. The change in 

polarization is related to the thickness and the refractive index of the sample. A laser spot with a 

diameter of 2.5 mm is used. In this test, the layers were not yet spun on glass, because ellipsometry 

is more accurate for a system with only one transparent layer. The results of the test are shown in 

Table 6.1. It was found that the refractive index of a layer made of a solution containing 0.030 mol 

CTAB/mol siloxane matches best with water.  

Table 6.1: Refractive index of layers made of a sol-gel solution containing different concentrations of the 

surfactant CTAB.  

CTAB concentration 

[mol / mol siloxane] 

Refractive index 

at 630 nm  

0.025 1.343 ± 0.002 

0.030 1.335 ± 0.002 

0.035 1.324 ± 0.002 

6.3.2 Water absorption 

Because in our measurements the thin films will be immersed in water, it is important that during the 

measurements the pores in the layer do not fill with water. To test if the pores in the layer absorb 

water when the coated slide is immersed in water, the following experiment is done. Two silicon 

slides are coated with a layer, both at 3000 rpm. One of the slides is immersed in water for a day; the 

other one is left dry. From both samples, the refractive index is determined using ellipsometry. The 

test is repeated with two thicker layers spun at 500 rpm. By immersing the layer in water for a day, 

the treatment of the slide during preparation and the actual calibration measurement is simulated; in 

these steps the slide will be in contact with water for about half a day. The results of the test are 

shown in Table 6.2. For the 3000 rpm layer a small increase in the refractive index is found, while for 

the 500 rpm layer no increase is found.  

Table 6.2: Results of a water absorption test. The refractive index of a layer that was immersed in water for a 

day is compared to the refractive index of a layer that was kept dry. The layers were made on the same day 

from the same sol-gel solution. The ellipsometry measurements were also performed on the same day.  

Spinning speed     

[rpm] 

Refractive index 

dry 

Refractive index 

wet 

Thickness     

[nm]        

3000 1.331 ± 0.002 1.343 ± 0.004 26.9 ± 0.1 

500 1.337 ± 0.003 1.339 ± 0.006 126.1 ± 0.2 

The refractive index 
layern  of a porous layer can be calculated in the following way: 

 (1 ) ( )  ,layer matrix air watern x n x y n y n= − + − +  (6.3) 

with x  the volume fraction of all pores in the layer, y  the volume fraction of water filled pores in 

the layer and the refractive index of the siloxane matrix 
matrix

n = 1.46, of air 
air

n = 1.00 and of water 

water
n = 1.33. The volume fraction of pores x  is calculated using Equation (6.3) and assuming that no 
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pores in the layer are filled with water in the dry measurements of both the 500 rpm and the 3000 

rpm layer, so y  
= 0. It is found that x  = 0.274 ± 0.006. Now, the volume fraction of pores filled with 

water in the wet 3000 rpm layer can also be calculated: 
3000

y = 0.027 ± 0.008. If we assume that only 

pores in the top of the layer are filled with water, the thickness of this layer 
filledh  can be calculated 

in the following way:  

 ,
filled filled

layer layer

V h
y

V h
= =  (6.4) 

which shows that 
filledh = 0.7 ± 0.2 nm in the 3000 rpm layer. If we assume that in the thicker 

500 rpm layer the same amount of pores have been filled in the same time, we can calculate the 

volume fraction of water filled pores in the wet 500 rpm layer using Equation (6.4). Then, via 

Equation (6.3) the refractive index of the wet 500 rpm layer can be calculated: 
500,wetn = 1.336 ± 

0.002. This falls in the measurement error of the ellipsometry measurements on both the dry and the 

wet 500 rpm layer. The absorption of water in the thinner layer is therefore consistent with the 

observation that no increase of refractive index is seen in the thicker layer, while the refractive index 

of the thinner layer increases 1%.  

When assumed that the refractive index has homogeneously increased over the thinner layer due to 

the absorption of water, this small increase has a significant influence on the penetration depth of 

the evanescent field. Under our experimental conditions, an incident angle of 70° and LED light of 

625 nm, Equation (2.7) is used to calculate the penetration depth change; it is found that for the 

3000 rpm layer the penetration depth increases 6%. When a bead is examined on this layer, this 

relates to a fictional height decrease of 6%. However, when the water absorption only takes place in 

the 0.7 nm top part of the layer, the refractive index will only have changed in that part; the 

refractive index in the rest of the layer will not have been affected. In this case, no influence on the 

penetration depth of the field is expected.  

The problem of water absorption in the pores may be solved by making the surface of the pores 

more hydrophobic. As discussed in the previous section this can be done by adding more MTMS to 

the initial sol-gel solution, so that more hydrophobic methyl groups will be present on the surface, 

including the pore surfaces. Fewer pores will then fill with water, so that the refractive index of the 

layer increases less. This is however not examined in this report. 

6.3.3 Layer uniformity 

To check the lateral homogeneity of the layer, the refractive index is measured on eight different 

positions 5 mm apart on a layer spun on silicon at 3000 rpm. For this measurement the diameter of 

the laser spot for ellipsometry was reduced to 0.2 mm. It was found that the refractive index varies 

less than 0.2% in the different measurements, and can thus be considered uniform over the layer.  

6.4 Mesoporous silica layers on glass slides 

For the calibration measurements the mesoporous layers are spin-coated on glass slides of 

1.5 x 3 cm. In the first attempts of making the layers on glass, the sol-gel solution did not flow out 

well over the glass slide, resulting in a partly coated slide or no layer at all. Possible causes for this 

could be small dust particles on the glass hindering spin-coating, or the presence of hydrophobic 

impurities on the glass surface. Consequently, the cleaning procedure of the glass surface was 

adapted to remove organic impurities and improve the hydrophilicity. First, the slides were 
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consecutively rinsed with soapy water, water, isopropanol and again water to remove any organic 

material on the surface. Thereafter the slides were put in an oxygen-plasma for 5 minutes to remove 

any remaining carbon-containing material on the surface of the slide. Right after the plasma 

treatment, the slides were spin-coated with the sol-gel solution. This resulted in slightly improved 

layers, but the slides were still only partly covered and holes appeared in the layer. From a series of 

thirty slides spin-coated with spinning speeds varying between 500 and 3000 rpm, only three slides 

were reasonably well coated: two slides spin-coated at 500 rpm and one spin-coated at 1000 rpm. 

The size of the holes in these layers varied from less than 1 mm to about 5 mm. The pictures of 

Figure 6.6 show two examples; the pictures on the right hand-side are close-ups of the left pictures. 

In the bottom right picture the image contrast is enhanced to improve visibility. The blue tape shown 

in the bottom pictures was used to prevent a part of the slide from being coated with the layer to 

create the reference part.  

 
Figure 6.6: Two pictures taken from slides coated with mesoporous silica, showing incomplete coverage of the 

surface. The right pictures are details from the left pictures. 

6.4.1 Refractive index 

We examined the refractive index of the three layers with ellipsometry; the results are shown in 

Table 6.3. The refractive index varies significantly between the three layers in spite of the fact that 

the layers are spun on the same day from the same sol-gel solution. It cannot be excluded that holes 

appearing in the layer fell inside the laser spot (2.5 mm) when ellipsometry was performed. Since the 

measured values in Table 6.3 are averaged over the area covered by the laser spot, these holes will 

disturb the measurement. The measured refractive index will then be lower, depending on the size 

and number of holes falling in the laser spot. This means however, that the refractive index of the 

thin layer itself will be at least more than 1.42 to explain the refractive index of the 500 rpm (B) layer. 

According to the left panel of Figure 6.5, such a high refractive index only occurs when almost no 

surfactant CTAB is added to the initial sol-gel mixture. Of course, slight deviations in composition can 

occur when making a new sol-gel solution, but such a large deviation is improbable.  

More likely, the pores in the layers have absorbed water. In the time between spin-coating the layers 

on glass and the ellipsometry measurement the slides were kept for more than a week in air, while in 

the absorption test of section 6.3.2 the slides were immersed in water for a day between spin-

coating and the ellipsometry measurement. The right panel of Figure 6.5 shows no absorption of 

water in the pores of a layer of similar composition for a relative humidity up to 100%. However, no 

time scale is included with this measurement. Therefore it is unknown whether it is justified to 
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assume that during the long exposure of our thin layers to air, no water from the air absorbs in the 

pores.   

Table 6.3 also shows the calculated values for the penetration depth of the evanescent field, taking 

the measured refractive index, Equation (2.7) and an incident angle of 70°. The penetration depth of 

the evanescent field is 10 times larger in the 500 rpm layer (B) than in the 500 rpm layer (A). This 

shows that variation in refractive index of the layers has a significant influence on the penetration 

depth and therefore on the calibration. In water, the penetration depth of the evanescent field is 

99 nm. When measuring the scattered intensity of a bead on the 500 rpm (B) layer, the bead will 

appear to be 12 times closer to the surface than when measured in water at the same separation 

distance from the surface! A bead on the 500 rpm (A) layer will appear to be 1.2 times closer to the 

surface than when measured in water at the same separation distance.  

Table 6.3: Refractive index and thickness of the three slides measured with ellipsometry. The diameter of the 

laser spot was 2.5 mm in these measurements. The measured results are therefore an average of the values in a 

spot of 2.5 mm diameter. The penetration depth of the evanescent field is calculated using the measured 

refractive index, Equation (2.7) and an incident angle of 70°.  

Spinning speed [rpm] 
 

Refractive index 
(measured) 

Penetration depth [nm] 
(calculated) 

Thickness [nm] 
(measured) 

500 A 1.357 ± 0.019 116 ± 16 99 ± 1 

500 B 1.423 ± 0.018  1170 ± 950 107 ± 1 

1000 1.391 ± 0.022 164 ± 55 87 ± 1 

6.4.2 Layer thickness 

The thickness of the layers is also measured using ellipsometry; the results are shown in Table 6.3. 

These results show that the thickness between the two 500 rpm layers differs 9%, and that the 

difference with the 1000 rpm layer is only small.  

To verify these results, we examined the layer thickness in a way that gives more spatial information 

over the layer: a surface map of the 500 rpm layer (B) is made using white light interferometry. In 

Figure 6.7 the result is shown. The left and the right of the image is the part of the glass slide where 

tape was put to prevent this part from being coated with the thin layer. The layer, in the middle of 

the image, is far from homogeneous in thickness; there are some holes and bumps in the layer. 

In addition, also a DekTak profilometer is used to measure step heights and roughness of surfaces. In 

this surface contact measurement a stylus is dragged across the surface. With this technique, we also 

measured a cross-section of the sample, indicated by the black line in Figure 6.7. The result is shown 

in the top figure of Figure 6.8. Since the glass slide was slightly curved, the result is corrected with a 

fourth degree polynomial. As can be seen, the thickness of the layer varies from 100 nm to about 

300 nm. The bottom figure of Figure 6.8 shows the DekTak cross-section of the other 500 rpm 

layer (A).  The thickness in both cross-sections varies in the order of 100 nm. 
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Figure 6.7: White light interferometry measurement of the 500 B slide. The middle of the slide is coated with the 

thin layer. The black line indicates where the cross-section of the top figure of Figure 6.8 is taken using a DekTak 

profilometer.  

 
Figure 6.8: Cross-sections of the two 500 rpm layers. The cross-sections are measured with a DEKTAK. Both 

cross-sections are corrected with a fourth degree polynomial to correct for the curvature in the glass slide.  

Obviously, the measurements in this section show that we cannot control the thickness of the layers 

within 100 nm. A good calibration of the relation between particle-surface distance and scattered 

intensity requires knowledge of the particle-surface distance with nanometer accuracy. Moreover, 

the absorption of water in the pores of the layers, causing variations in the refractive index, 

complicates the applicability of the layers for calibration, because of the significant influence on the 

penetration depth of the evanescent field. From this it can be concluded that the thin mesoporous 

layers produced by spin-coating a sol-gel solution on glass, cannot be used for calibration. 

Unfortunately, we were not able to find feasible solutions to both problems within the scope of this 

project. In Chapter 7 an alternative calibration method will be investigated based on the attachment 

of beads to a surface with a DNA strand. The mesoporous layers described in this chapter have been 

used for a proof-of-principle experiment. This experiment is described in the next section.  
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If future work with mesoporous layers will be carried out it is recommended to make the layer more 

hydrophobic by adding more MTMS in the initial sol-gel solution. This may prevent the absorption of 

water in the pores of the layer. By adapting and improving the cleaning procedure of the glass slides, 

influencing the hydrophobicity of the glass surface, the coverage and thickness uniformity of the thin 

layer may be improved. In the cleaning procedure of the glass slides described in section 6.4, the 

surface of the glass was made hydrophilic, while the sol-gel solution also contains the hydrophobic 

MTMS with methyl groups, as discussed in 6.2. This might imply that a detailed tuning of the 

hydrophilicity / hydrophobicity of the solution and the glass surface is required to promote adhesion.  

6.5 Intensity measurements 

In the calibration measurements, bead movement is excluded by drying the Dynal beads on the 

reference part and on the thin layer on the glass slides. The measurements are done on the extended 

set-up with LED illumination (625 nm) at an incident angle of 70°. In water, the penetration depth of 

the evanescent field is 99 nm. The ensemble mean intensity eI

 

of the bead ensembles dried on two 

of the slides mentioned in Table 6.3, 500 rpm (B) and 1000 rpm, is given in Table 6.4. The number of 

beads in the ensembles is about 75.   

Table 6.4: The ensemble averaged bead intensity from the calibration measurements on the 500 and 1000 rpm 

layers.  

Spin rate ,0scI  [a.u.] ,sc layerI [a.u.] 

500 rpm 4311 ± 189 2431 ± 95 

1000 rpm 4979 ± 206 1572 ± 67 

 

As can be seen in the ensemble averages from Table 6.4, beads dried on the layers have, as expected, 

a lower scattered intensity than beads dried on the reference parts of the slides. The reference 

measurements ( ,0scI ) show a 15% difference in the measured scattered intensity from two different 

glass slides. From Chapter 5 we know that 10% variation can be expected in the scattered intensity of 

an ensemble of the same beads when the slide was repositioned in the set-up. This variation 

originates from non-uniform illumination by the LED. Apparently, even larger variations can occur 

when taking different slides with different beads. These beads will have different orientations in the 

evanescent field. In the next chapter it will be shown that the way a bead is orientated in the 

evanescent field has a significant influence on the intensity of the scattered light.  

Table 6.4 also shows that beads dried on the 500 rpm layer have a higher scattered intensity than the 

beads on the 1000 rpm layer. This can not only be explained by the variation in thickness, because 

that would mean, with a penetration depth of 99 nm, that the 500 rpm layer is on average about 

100 nm less thick than the 1000 rpm layer. In the previous section we found that due to the 

difference in the refractive index of the two layers, the penetration depth of the evanescent field is 

about 7 times larger in the 500 rpm layer than in the 1000 rpm layer. If this is taken into account, the 

higher scattered intensity on the 500 rpm layer can be explained.  

Due to the low quality of the layers no further quantitative analysis of the intensity measurements 

can be given. However, the results above show that the refractive index has a significant influence on 

the measured scattered intensity. To quantify this influence the effect of variations in the refractive 

index of the layer 
2

n  on the scattered intensity 
sc

I  was estimated:  
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By rewriting Equation (6.5) and by filling in the experimental parameters, λ = 625 nm, n1 = 1.515 and 

θ  = 70
°

 and typical layer properties n2 = 1.33 and h = 100 nm, the relative change in scattered 

intensity becomes: 
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A similar expression can be derived for examining the effect of variations in the particle-surface 

distance h, which in the calibration experiments is represented by the thickness of the layer: 
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 (6.7) 

Equations (6.6) and (6.7) show that relative variations in the refractive index of the layer have a 7 

times larger effect on the scattered intensity compared to relative variations in the thickness of the 

layer. For example, if we consider the scattered intensity of a bead on a layer of 100 nm thick with a 

refractive index of 1.33, the bead would have the same scattered intensity when placed on a layer of 

90 nm thick, with a refractive index of 1.31. So, a reduction of 10% in layer thickness is cancelled with 

a 1.4% lower refractive index. When the variation in refractive index is larger than 1.4%, the 

scattered intensity of a bead on the thinner layer will be less than the scattered intensity of a bead 

on the thicker layer, in contradiction to what is expected when only the thickness of the layer is 

considered. This illustrates the results of the calibration measurements in Table 6.4.  
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Chapter 7 DNA tethered beads 

In this chapter particle-surface distance measurements are performed on beads tethered with DNA 

to the surface. The beads can move parallel and perpendicular to the surface; however, due to the 

binding this movement is confined. The first section will discuss the binding of beads via DNA to the 

surface of the polystyrene cartridge in an immunoassay. Next, the results of equilibrium height 

measurements of bound beads are discussed. In the last section, the bead-surface distance is actively 

influenced by magnetic forces that pull the beads towards and away from the surface. This method 

enables examining a single bead at different distances from the surface.  

7.1 Assay 

To tether the streptavidin-coated Dynal MyOne beads with DNA to the surface of a cartridge an 

immunoassay is performed. In this assay, the beads can be bound via four different lengths of DNA; 

105 bp (36 nm), 141 bp (48 nm), 290 bp (99 nm) and 590 bp (201 nm). The DNA is amplified via a 

polymerase chain reaction (PCR) from the species-specific gene fragment for Staphylococcus aureus 

(105 bp), the Escherichia coli partial 23S rRNA gene (141 bp and 590 bp) and an antibiotic resistance 

gene of Salmonella (290 bp). [3, 36]. Each DNA fragment is tagged with texas red on one end and 

biotin at the other end.  

To enable binding of the DNA to the polystyrene cartridges, the surface of the polystyrene cartridges 

is coated with specific antibodies (anti-texas red, Molecular Probes, Paisly, UK). The surface was 

blocked with a 100 mM borate buffer (pH 8.5) containing 1% (w/v) BSA and stored at 4 °C until used.  

In preparation of the assay, the DNA is diluted to a concentration of 2 pM in 0.1 M borate buffer 

(pH 8.5) containing 1% (w/v) BSA and 0.05% (v/v) Tween 20. The streptavidin-coated Dynal MyOne 

beads were washed and diluted to a concentration of 4 pM in the same buffer. Then the 4 pM bead 

solution is mixed with the 2 pM DNA solution for two minutes. In this step, the biotin on one end of 

the DNA binds to the streptavidin on the Dynal MyOne beads. The concentration of beads is chosen 

to be twice the concentration of DNA, so that there is an excessive amount of beads, making multiple 

DNA strings binding to one bead unlikely. Thereafter, the bead-DNA mixture is diluted with the 

previous mentioned buffer to tune the amount of bound beads appearing on the cartridge; too much 

bound beads on the surface of the cartridge disturb the measurement of the scattered intensity of a 

single bead (see section 4.1, Imaging Processing).  

The antibody-coated surface of the cartridge is washed with 0.1 M borate buffer (pH 8.5) containing 

0.05% (v/v) Tween 20. Thereafter, the cartridge is incubated with the DNA-bead dilution for 

10 minutes. In this step the texas red on the unbound end of the DNA-bead complex binds to the 

anti-texas red on the surface of the cartridge. Finally, the cartridge is washed with 0.1 M borate 

buffer (pH 8.5) containing 0.05% (v/v) Tween 20 to remove unbound DNA and beads. The most 

important steps in the assay are shown graphically in Figure 7.1. 
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Figure 7.1: Binding of Dynal MyOne beads with a DNA tether to the surface of a cartridge (in this image a chip 

surface is depicted instead of a cartridge). First, the DNA is amplified by PCR. Each amplified DNA fragment is 

tagged with texas red on one end and biotin at the other end. The PCR product is mixed with strepavidin-coated 

Dynal MyOne beads and applied to the cartridge coated with anti-texas red antibodies. The image was taken 

from Koets et al. (2009) [3].  

 

7.2 Equilibrium height measurements 

Averaged over time, the beads will have a certain average distance to the surface. Tethering the 

beads with DNA to the surface will influence this equilibrium height, but also gives the possibility to 

examine this height over a longer period of time because the movement of the bead is constrained 

by the DNA tether. In this section we describe measurements of the mean scattered intensity eI  of 

bead ensembles bound with different tether lengths. The measurements are done on the DNA set-up 

described in section 3.2 with a penetration depth of the evanescent field of 74 nm. The results are 

shown in the histograms of Figure 7.2. The top histogram in this figure shows the results of beads 

dried on the surface of the cartridge (replotted from Figure 5.6 (C)). This measurement represents 

the scattered intensity of beads at 0 nm from the surface. The other histograms show the results of 

ensembles of beads bound with different DNA tethers; respectively 105 bp (36 nm), 141 bp (48 nm), 

290 bp (99 nm) and 590 bp (201 nm). The ensemble averaged scattered intensities eI  are shown as a 

function of the DNA length in Figure 7.3.  

The results show that no significant differences in the ensemble averaged scattered intensity are 

seen for beads bound to 105 bp, 141 bp and 290 bp DNA. Only beads bound to 590 bp DNA have a 

lower ensemble averaged scattered intensity.  
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Figure 7.2: Histograms of the scattered intensity of beads bound with different lengths of DNA to the cartridge. 

The top histogram shows the scattered intensity of beads dried on the surface of the cartridge.  

 

 
Figure 7.3: Overview of the ensemble averaged intensity of the beads bound with different tether lengths to the 

cartridge. The scattered intensity of beads dried on the surface of the cartridge is also shown. 
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With a simple model the expected equilibrium heights of beads bound to different tether lengths can 

be estimated. Assume a bead (
b

r  = 500 nm) is bound with a stiff tether of length 
DNA

L  to a surface. 

Then assume that the bead center can probe every point on the surface of a spherical cap as drawn 

in the left panel of Figure 7.4 with the same probability. The height of the bead 
Sh , averaged over a 

period of time long enough that the bead center has probed all possible positions on the spherical 

cap is then given by: 

 
2

DNA
S

L
h = . (7.1) 

The derivation of this model can be found in Appendix B. Table 7.1 lists the calculated equilibrium 

heights for beads bound to different lengths of DNA derived from this surface-model. In Table 7.1 

also the measured heights are listed; these were calculated using the measured ensemble averaged 

scattered intensities as shown in Figure 7.3 and Equation (2.8), with a penetration depth of 74 nm.  

The model is only in agreement with the measured height of beads bound to 141 bp DNA. 

Surprisingly, the measured height for the shortest DNA length (105 bp) is significantly larger than the 

calculated height. This is most likely explained by the size of the proteins binding the DNA to the 

bead and the surface of the cartridge. Apparently, this increases the effective length of the tether 

significantly.  

The measured heights for the longest DNA lengths, 290 and 590 bp, are smaller than the predictions 

by the surface-model. Apparently, the surface-model presented above is not an adequate description 

of the bead movement. Several possible effects have been considered that confine the bead closer to 

the surface. First, it should be noted that electrostatic repulsion between the negatively charged 

bead and the negatively charged surface is not taken into account. However, for our experimental 

conditions, the Debye length is in the order of 1 nm, due to the ionic strength of the solution. 

Therefore it is unlikely that electrostatic repulsion influences the average distance between the bead 

and the surface.  

The surface-model assumes that DNA is a stiff rod with the only pivot-point at the binding with the 

surface of the cartridge. In reality, the DNA is more flexible and will be able to bend, depending on its 

persistence length (50 nm) [37]. Because the length of the used DNA is of the same order or longer 

than the persistence length, the flexibility of the DNA cannot be ignored. Therefore the outcome of 

the surface-model described above serves as an upper limit of the average height of the beads.  

The influence of the flexibility of DNA to the average height can be estimated by assuming that the 

center of the bead will also be able to move in the volume under the surface of the spherical cap of 

the surface-model, as schematically depicted in the right panel of Figure 7.4. It is assumed that the 

bead center can probe all points in the volume of the spherical cap with the same probability. The 

height of the bead 
Vh , averaged over a period of time long enough that the bead center has probed 

all these possible positions, is then given by (derivation in Appendix B): 

 

2
(2 )3

4 (3 2 )
.b DNA

V b

b DNA

r L
h r

r L

+
= −

+
 (7.2) 

The calculated equilibrium heights for beads bound to different lengths of DNA derived from this 

volume-model are listed in Table 7.1. The outcome from the volume-model serves as a lower limit of 

the average height of the beads; in reality, the average height of the beads will be located 

somewhere between 
Sh  and 

Vh . Note that the real tether length will be slightly larger due to the 
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size of the proteins on the surface of the bead and the cartridge. For the DNA lengths of 290 and 

590 bp, the model still predicts that the equilibrium position is higher than the measured equilibrium 

height. 

 
Figure 7.4: 2D sketches of the models describing the equilibrium height of a bead with radius rb bound to the 

surface with a tether of length LDNA. Left: the surface-model; the movement of the bead center is restricted to 

the spherical cap created by rotating the thick black line around the z-axis. Right: the volume-model; the 

movement of the bead center is restricted to the volume created by rotating the gray area around the z-axis. 

Table 7.1: Expected equilibrium heights for beads tethered with DNA, found by a surface model, ℎ��, described 

by Equation (7.1) and by a volume-model, ℎ��, described by Equation (7.2). Both models are derived in Appendix 

B. Note that the real tether length will be larger due to the size of the proteins on the surface of the bead and 

the cartridge. The measured average heights of an ensemble of beads bound to different DNA lengths are 

calculated using Equation (2.8) and the scattered intensities as shown in Figure 7.3. 

DNA length  [bp] 105  141 290 590 

DNA
L   [nm] 36 48 99 201 

 
Sh   [nm]   18 24 50 101 

Vh   [nm]   12 16 33 69 

Measured height  [nm] 22 ± 4 23 ± 5 23 ± 3 29 ± 3 

Apparently, other mechanisms influence the position of the beads. These mechanisms keep the 

beads closer to the surface so that height differences between bead ensembles bound to tethers of 

different lengths are not distinguishable via intensity measurements. A possible explanation is that 

the DNA sticks aspecifically to the bead or to the surface of the cartridge at one or more places, 

making the effective tether length shorter. For longer DNA it is more likely that this happens. A 

schematic representation of such a situation is depicted in Figure 7.5. Similar problems are 

mentioned in the report of Paesen (2009) [38].  

 
Figure 7.5: Two possible explanations for the unexpected results of Figure 7.3. The DNA might stick to the bead 

(a) or to the surface (b), making the effective tether length shorter.  
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7.3 Manipulation by magnets 

Because the beads used in the experiments are superparamagnetic, their position can be actively 

influenced using magnetic forces (see Figure 7.6). To do so, the DNA set-up as described in 

section 3.2 is equipped with an electromagnet which can be used to pull beads towards the surface 

of the cartridge. This magnet will be referred to as the bottom magnet and gives a field of 

approximately 50 mT parallel to the surface of the cartridge. The magnitude of the force on the Dynal 

MyOne beads is 1.5 pN, estimated based on the gradient of the applied field and the magnetic 

susceptibility of the beads. The force is directed towards and perpendicular to the surface of the 

cartridge. A holder with a permanent magnet can be laid on top of the cartridge to attract the beads 

away from the surface. This magnet will be referred to as the top magnet. The field is approximately 

500 mT, directed parallel to the surface of the cartridge, but perpendicular to the direction of the 

field of the bottom magnet. The estimated magnitude of the force on the beads is 4.5 pN and is 

directed away from and perpendicular to the surface. In the first subsection the effect of the 

magnetic forces on the height of single beads will be discussed, while subsection 7.3.2 discusses the 

effect on bead ensembles.  

 
Figure 7.6: Schematic representation of a bead bound with a DNA tether to a surface. Magnetic forces can be 

used to attract beads towards the surface or to pull beads away from the surface.  

7.3.1 Single bead observations 

In Figure 7.7 examples of the scattered intensity in time ( )bI t  
of four single beads bound to DNA of 

590 bp (201 nm) are given. The scattered intensity of the beads is alternately measured without 

magnetic attraction or with attraction by magnetic forces induced by either the bottom magnet 

(diagonal pattern) or the top magnet (crossed pattern). The behavior of the four beads in Figure 7.7 

is representative for other beads and other tether lengths. 

The scattered intensity of the bead in Figure 7.7a shows the expected behavior; when attracting the 

bead towards the surface, the bead becomes brighter and when pulling the bead away from the 

surface, the bead becomes darker. When the bead is repeatedly pulled towards the surface, after 

every repetition the same scattered intensity is measured. This behavior is, however, only seen in a 

small part of all examined beads. The scattered intensity of most beads shows a combination of the 

following observations, of which examples are given in Figure 7.7b, c and d:  

i. Multiple levels of scattered intensity for repeated attraction of the bead towards the 

surface. (panel b and d) 

ii. A lower scattered intensity (implying larger height) when the bead is attracted towards the 

surface than when not attracted by magnetic forces. (panels b and d) 

iii. Change in level of scattered intensity for repeated measurements of the scattered intensity 

without magnetic attraction after attraction by a magnet. (panel c) 

iv. A higher scattered intensity (implying lower height) when the bead is pulled away from the 

surface than when not attracted by magnetic forces. (panel d) 
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Figure 7.7: Four examples of the scattered intensity of a bead as a function of time. The rectangles with 

diagonal pattern indicate when the beads are magnetically attracted towards the surface with the bottom 

magnet. The crossed pattern indicates when beads are magnetically pulled away from the surface with the top 

magnet. Figure a shows the expected behavior of a bead. Figure b, c and d are examples of some unexpected 

observations. 

By rewriting Equation (2.8) and taking the ratio between the measured scattered intensity of a bead 

on two different heights 
1 2

I I , the relative change in bead-surface distance h∆  can be determined: 

 1

2

ln .
p

I
h d

I
∆ =  (7.3) 

The relative change in bead-surface distance between the height of the bead with no magnetic 

attraction and the height when the bead is attracted towards the surface with the bottom magnet, is 

calculated using Equation (7.3). The penetration depth of the evanescent field 
pd  is 74 nm on this 

set-up. For all examined beads the results are depicted in Figure 7.8. Figure 7.9 shows the relative 

change in height between the position of a bead with no magnetic attraction and the position when 

attracting a bead away from the surface with the top magnet. For both figures, a positive height 

change means that, when attracted by the magnet, the bead has moved upwards, away from the 
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surface. A negative change in height means that the bead has moved downwards, towards the 

surface, when attracted by the magnet. On the x-axis of both figures the bead numbers are shown. 

For some beads multiple height changes are depicted in the figures; for these beads multiple levels of 

intensity have been measured (see observations i and iii).  

 
Figure 7.8: Overview of the measured height changes between the position of the beads without magnetic 

attraction and the position of the beads when attracted to the surface with the bottom magnet. The change in 

bead-surface distance is positive when the beads move away from the surface when attracted with the magnet 

(see Figure 7.6). Some beads have more than one measured height change since more than one level is 

measured in the intensity (see observations i and iii).  

 
Figure 7.9: Overview of the measured height changes between the position of the beads without magnetic 

attraction and the position of the beads when pulled away from the surface with the top magnet. The change in 

bead-surface distance is positive when the beads move away from the surface when attracted with the magnet 

(see Figure 7.6). The line indicates the length of the DNA tether used to bind the beads to the surface. Some 

beads have more than one measured distance since more than one level is measured in the intensity (see 

observation iii).   
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The most important observation from the previous figures is the apparent contradiction between the 

direction of the applied magnetic force and the direction of movement of the bead. This 

contradiction can be understood when a second mechanism, namely bead rotation induced by the 

applied magnetic field, influences the particle height. Janssen et al. (2009) showed that Dynal M280 

beads with a diameter of 2.8 µm have a small permanent magnetic moment (with random 

orientation), corresponding to 1% of the saturation magnetic moment of the bead [39]. In our 

experiments we use Dynal MyOne beads with a saturation magnetization of 3.9 10
-14 

Am
2
, measured 

with a Vibrating Sample Magnetometer (VSM) measurement. If we assume that the Dynal MyOne 

beads also have a permanent moment of 1% of the saturation magnetization, their permanent 

magnetic moment would be µ  = 3.9 10
-16

 Am
2
.  

In general, the torque induced by a magnetic moment µ  and an applied magnetic field B  can be 

written as: 

 .= ×τ µ B  (7.4) 

This torque will induce rotation of the bead to align the permanent magnetic moment with the 

applied field. Due to the limited length of the tether (typically << than the bead diameter) this bead 

rotation can induce significant height differences which depend on the anchor point of the tether 

and the direction of the permanent magnetic moment and the applied field. The corresponding 

potential energy U
 
for a magnetic moment in an applied magnetic field is given by: 

 cos ,U Bµ ϕ= − ⋅ = −µ B  (7.5) 

where ϕ  is the angle between the magnetic moment and the magnetic field. The maximum 

potential energy difference is found when the initial angle between the field and the magnetic 

moment is 90°, and is given by .Bµ  
For the bottom magnet ( B = 50 mT) this energy is 4.8 10

3
 kBT, 

and for the top magnet ( B = 500 mT) 4.8 10
4
 kBT. For ϕ  

= 1°, the energy is in the order of kBT. 

Therefore, thermal energy will not be able to randomize the orientation of the bead, indicating that 

the interaction of the small permanent magnetic moment with the applied field cannot be ignored 

and the bead will rotate to align its permanent magnetic moment to the applied field and thereby 

change its height.   

The Dynal MyOne beads also have a rough surface with protrusions in the order of 50 to 100 nm 

(section 2.3), which is in the same order as the penetration depth of the evanescent field. Moreover, 

not all of the protrusions are filled with ferrimagnetic material. In section 5.2 it was shown that 

polystyrene beads (no magnetic content) scatter less than half the light of beads with magnetic 

content (Dynal MyOne beads). Consequently, rotation of a bead can have a significant effect on the 

scattered intensity even when the height of the bead is not altered.  

So, due to rotation while being magnetically attracted towards the surface, the orientation of the 

bead in the evanescent field can change, resulting in less bead volume in the evanescent field (see 

Figure 7.10 A and B). The scattered intensity of a bead can therefore become less than before the 

attraction (observation ii), explaining that some beads in Figure 7.8 seem to have moved away from 

the surface. A similar occurrence can explain that some of the measured height changes are larger 

than the bond length. Here, a protrusion of a bead rotates in the evanescent field while attracting, 

resulting in more bead volume in the evanescent field than expected from the real vertical 

displacement (see Figure 7.10 C and D). 

For some beads multiple levels of intensity are measured when repeatedly attracting the bead 

towards the surface (observation i). It is expected that for these beads several different favorable 

orientations exist when the bead is drawn to the surface of the cartridge. If in one orientation less of 
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the bead is present in the evanescent field than in another orientation, the bead will scatter less light 

than in that other orientation. This is illustrated by Figure 7.10 C, D and E.  

Some beads show multiple levels of intensity when they are repeatedly measured while not 

attracted by a magnet (observation iii). The orientation of the bead in the evanescent field cannot 

cause the multiple levels here, because the bead is free (with the restriction of the tether). An 

explanation might be that during one of the attractions with the bottom magnet, the DNA sticks 

halfway to either the bead or the surface of the cartridge (see Figure 7.5). This aspecific bond may be 

pulled loose when the top magnet is used; when the top magnet is used a force of 4.5 pN is applied 

for 150 seconds on the bead. For some aspecific bonds, this is typically sufficient to dissociate the 

bond. 

 
Figure 7.10: Schematic representation of possible bead orientations in the evanescent field, explaining the 

behavior of the measured scattered intensity in time. The band of diagonal lines indicates the evanescent field. 

In figure A and B the white protrusion has no magnetic content, the rest of the protrusions do have magnetic 

content.  

Figure 7.9 shows that beads bound to longer DNA can be pulled further away from the surface than 

beads bound to shorter DNA. Surprisingly, some measured height changes are larger than the bond 

length. Again, this might be explained by a protrusion of the bead that moves out of the evanescent 

field while attracting it upwards with the top magnet (see Figure 7.10 F and G). Therefore the bead 

becomes darker than expected from the displacement of the center of the bead.  

Some beads depicted in Figure 7.9, seem to move towards the surface instead of away from the 

surface when attracted by the top magnet. A bead showing this behavior becomes brighter instead 

of darker during attraction (observation iv). This might be explained by a protrusion of the bead 

moving towards the evanescent field when the top magnet is used. This however does not explain 

that for shorter DNA tethers more beads show this behavior than for longer tethers.  

We also calculated the torque associated with the alignment of the permanent moment of the bead 

with the applied field and the torque induced by the direction of attracting field gradient. When a 

m

m

mm
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bead is attracted by the top magnet, the average height of the bead will be determined by the 

magnitude of the applied magnetic force and the torque which aligns the permanent moment with 

the field. When the bead rotates such that the anchor point of the tether is located at a distance r 

from the centre of the bead (see Figure 7.11), the torque induced by the attractive force which 

counteracts the torque due to the alignment of the permanent moment to the field can be described 

as:  

 .=τ r×F  (7.6) 

The maximum torque applied by the magnetic force of the top magnet (Fm = 4.5 pN) on the bead 

(rb = 500 nm) will be in the order of 2 10
-18

 Nm. The maximum torque caused by the permanent 

magnetic moment of the bead in the field of the top magnet is in the order of 2 10
-16 

Nm 

(Equation (7.4)), which is about 100 times larger. Thus, when attracted by the top magnet the 

movement of the bead will be dominated by rotation to align its permanent magnetic moment with 

the field lines of the applied magnetic field .B  Due to rotation along the tether, the total movement 

can result in a downward displacement of the bead. The downward movement δ  of a bead caused 

by the rotation can be calculated as a function of the angle ϕ  between the permanent moment of 

the bead and the field lines of the applied field:  

 (1 cos )
b

rδ ϕ= − , (7.7) 

which shows that rotating a bead (
b

r = 500 nm) 3.6° results in a downward movement of 1 nm. The 

angle of misalignment of the permanent moment with the applied field will be randomly distributed 

between 0° to 180°. Beads bound to 590 bp DNA, with a bond length Lbond of about 210 nm (201 nm 

DNA + antibody lengths), a misalignment of at least 55° is needed for the bead to touch the surface 

of the cartridge. For 105 bp DNA with a bond length of about 45 nm (35 nm DNA + antibody lengths) 

a misalignment of at least 25° is already sufficient to touch the surface. This illustrates that the 

shorter the tether, the easier the application of a force directed away from the surface results in a 

negative height change of the bead and an increase of the scattered intensity.  

 
Figure 7.11: The small permanent moment µ of the beads wants to align with the applied magnetic field B. This 

causes the bead, attracted away from the surface by the magnetic force Fm, to rotate. The bead therefore has a 

downward displacement δ. In some cases this downward displacement cancels out the upward displacement of 

the bead due to the magnetic force.   

The findings in this section show that there are two bead properties that can influence the measured 

intensities of the scattered light of tethered beads. First, a small permanent magnetic moment 

causes the bead to rotate to align its moment with the applied magnetic field. When attracted by a 

magnet, the movement of a bead becomes a combination of moving in the direction of the applied 

force and rotation to align with the field direction. In the case of attraction by the top magnet, the 

m
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alignment of the permanent moment with the field direction can result in a downward movement. 

Second, the roughness of the beads with protrusions in the order of the penetration depth of the 

evanescent field causes significant deviations in the scattered intensity when a bead changes its 

orientation in the evanescent field due to rotation.   

7.3.2  Ensemble of beads 

In this section the beads from the previous subsection are no longer examined individually. By 

examining bead ensembles, the effects of rotation of the protrusions and the different scattering 

properties of the beads are averaged. In Figure 7.12 the ensemble averaged intensity eI  of 

ensembles of beads bound to different DNA lengths are compared. The ensemble averaged intensity 

of dried beads on the surface of the cartridge, histogram C of Figure 5.6, is also shown. This 

measurement represents the scattered intensity of beads at 0 nm from the surface. 

 
Figure 7.12: Overview of the ensemble averaged intensities from the beads bound to different lengths of DNA. 

For every tether length the ensemble average is calculated when the beads are not influenced by magnetic 

attraction, when attracted towards the surface with the bottom magnet and when pulled away from the 

surface with the top magnet. The scattered intensity of beads dried on the surface of the cartridge is also 

indicated. 

The results show that DNA tethered beads have a lower scattered intensity than the beads dried on 

the surface of the cartridge. This was also seen in section 7.2. Furthermore, when attracting beads 

towards the surface with the bottom magnet, the ensemble averaged intensity becomes higher. 

Beads tethered with 105 bp (36 nm) and 141 bp (48 nm) DNA show no significant difference between 

the ensemble averages for beads not attracted by a magnet and beads attracted by the top magnet. 

Beads tethered with 290 bp (99 nm) and 590 bp (201 nm) DNA scatter less light indicating that on 

average the beads are pulled away from the surface depending on the tether length. The ensemble 

averaged intensity of the beads not attracted by magnets shows the same trend as described in 

Figure 7.3 of section 7.2; no significant difference is seen in the ensemble averages for beads bound 

to DNA of 105 bp, 141 bp and 290 bp while beads bound to 590 bp DNA show a significant lower 

averaged intensity. 

In Table 7.2 and Figure 7.13 the bead-surface distance is calculated using Equation (2.8). The results 

listed in this table illustrate the observations from Figure 7.12 described above. The bottom magnet 

can attract the beads to about 20 nm above the surface, regardless of the DNA length. The top 

magnet attracts the beads bound to 290 bp and 590 bp DNA further away from the surface. 
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However, the measured distance does not agree with the tether length. In the previous subsection it 

is discussed that when the top magnet is used, a bead wants to align its permanent magnetic 

moment with the applied magnetic field. This causes a downward movement of the bead when the 

top magnet is used, see Figure 7.11. Averaged over an ensemble of beads this will result in a lower 

ensemble averaged scattered intensity and therefore in a smaller measured distance than expected 

from the tether length.  

Table 7.2: Average bead-surface distance calculated using Equation (2.8) and the ensemble averaged bead 

intensities from Figure 7.12.  

DNA length  [bp] 105  141 290 590 

DNA
L   [nm] 36 48 99 201 

Bottom magnet [nm] 22 ± 5 20 ± 5 25 ± 6 19 ± 4 

No magnet [nm] 34 ± 5 32 ± 5 29 ± 5 45 ± 4 

Top magnet [nm] 31 ± 6 35 ± 8 40 ± 7 99 ± 9 

 

 
Figure 7.13: Graph of the average bead-surface distances from Table 7.2. The distances have been calculated 

using Equation (7.3) and the ensemble averaged bead intensities from Figure 7.12.  

In section 7.2 the equilibrium scattered intensity of ensembles of tethered beads were measured, 

similar to the condition of no magnetic attraction in this section. Comparing the results in Figure 7.12 

with the results in Figure 7.3, we see that the scattered intensity without magnetic attraction in this 

section was lower than in the experiment of section 7.2. In section 7.2, the beads were found closer 

to the surface of the cartridge than expected based on a model. This was explained with the 

presence of aspecific bonds making the effective tether length shorter. In the experiment of this 

section the beads are repeatedly attracted by magnetic forces. The top magnet, as discussed in 

subsection 7.3.1, is expected to be able to break these aspecific bonds, increasing the effective tether 
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length. This explains that the bead-surface distance of tethered beads after applying magnetic forces 

is higher than before.  

In section 5.2 it was found that the spread in an ensemble of beads eσ  dried on the surface of a 

cartridge is 34%. The spread in an ensemble of beads bound to DNA with no magnet attraction is 

about 37%. Here, the spread in the ensemble is slightly higher because not only the orientation and 

the variation of scattering properties of the beads count here, but also differences in bead-surface 

distance play a role. When the beads are attracted towards the surface with the bottom magnet, a 

spread of about 42% is found. The spread in the ensemble is about 55% when the beads are 

attracted with the top magnet. As discussed before, the alignment of the permanent magnetic 

moment of the beads in combination with their surface roughness can lead to large differences in the 

scattered intensity. This significantly increases the variation in the bead-surface distance in the 

ensemble, and therefore the spread in the scattered intensity of the ensemble increases.   

The results discussed in this chapter show that different mechanisms influence either the position of 

a tethered bead or the scattered intensity of that bead. The effective tether length can be shorter 

due to aspecific binding of the DNA tether to the surface of the bead or the cartridge. A permanent 

magnetic moment can cause the beads to rotate in an applied magnetic field. Furthermore, the 

orientation of a bead in the evanescent field has a significant influence on the measured scattered 

intensity due to anisotropic scattering properties of the beads. For future measurements on single 

beads, a bead with isotropic scattering properties would give the most accurate results, because the 

orientation of the bead has no influence on the amount of scattered light. To examine tether lengths, 

it is important to use a bead with no permanent magnetic moment, because then the magnetic 

attraction of the bead away from the surface can cause no downward rotation of the bead.  
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Chapter 8 Conclusions 

The research described in this report focused on the measurement of the separation distance 

between nanoparticles and a surface. Being able to accurately determine this distance might give a 

handle to be able to discriminate between particles that have been bound in different ways to a 

biosensor surface. For example, specifically and non-specifically bound particles might be 

discriminated, increasing the accuracy of the current immunoassay biosensors. If differences in 

separation distances of 1 nm are detectable it might even be possible to discriminate between 

particles that are bound via different molecules with a small difference in length.  

The separation distance between a nanoparticle and a surface is measured by means of evanescent 

wave scattering. A particle scatters light when brought into an evanescent field created at the 

surface by total internal reflection. The intensity of the evanescent field decays exponentially with 

the distance from the surface and therefore the amount of light scattered by the particle also 

depends on the distance to the surface. This technique is called total internal reflection microscopy 

(TIRM). This research mainly used superparamagnetic Dynal MyOne beads with a diameter of 1 µm. 

The scattered light of these particles was recorded in image sequences via a microscope equipped 

with a camera. Software was written to determine the scattered intensity of single beads recorded 

on the images.  

First, the system resolution has been studied and improved by immobile beads dried on the surface 

of evanescent field generation. The evanescent field on our set-ups was generated with either a laser 

or a LED. It was found that the laser caused synchronized oscillations in bead intensity up to 30% with 

a period of about 20 seconds. Different beads in the same experiment showed oscillations in phase 

or in antiphase. These oscillations were attributed to speckle problems due to the coherence of the 

laser and due to mode hopping of the laser. When using a non-coherent LED to generate the 

evanescent field, the slow oscillations were absent. Therefore the rest of the experiments were 

performed using the LED. Due to the low intensity of the LED exposure times in the order of seconds 

were needed compared to milliseconds when using the laser.  

The scattering properties of an ensemble of beads, immobilized by drying them to the surface, were 

studied. A spread of 34% was found in the scattered intensity of an ensemble of 68 beads. This 

spread could be attributed to anisotropic scattering properties of the beads due to surface roughness 

and variation in magnetic content. Also non-uniformity of the light source contributes to the spread; 

it was found that the non-uniformity of illumination by the LED causes a spread of 8.6%, giving a 

maximum possible height resolution for a single bead of 7 nm.  

A literature study has showed that the relation between particle-surface distance and scattered 

intensity is not exponential; deviations are reported depending on the combination of particle size, 

penetration depth of the field and the particle-surface distance. To determine the relation between 

scattered intensity and particle-surface distance of the Dynal MyOne beads, a calibration method 

was investigated based on the sticking of beads on a thin layer of known thickness. For this method 

of calibration it was important to find a material of which the refractive index and the thickness of 

the layers could be tuned accurately. After a small study, it was chosen to make the layers of 

mesoporous silica synthesized by spin-coating a sol-gel solution of TEOS and MTMS. Adding a 

surfactant, CTAB, makes the layer porous. By tuning the volume fraction of the pores in the layer, the 

refractive of the layer can be tuned. Because our measurements are performed in water, the 

refractive index of this material was matched to that of water so that the beads dried on the layer 

appeared to rest on an optical invisible layer.  
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Difficulties were encountered in spin-coating the mesoporous layers on the glass slides; the slides 

were only partly covered and holes appear in the layer. In addition, it was found that the thickness of 

thin layers that were reasonably well coated could not be controlled within 100 nm. In the cleaning 

procedure of the glass slides, prior to the spin-coating, the glass slides were made hydrophilic, while 

the sol-gel solution also contains hydrophobic methyl groups. This might imply that a good adhesion 

of the sol-gel solution to the glass might be improved by adapting the preparation of the glass 

surface.  

Furthermore, absorption of water in the pores of the mesoporous layer is observed. This has a 

significant effect on the refractive index of the layers and on the penetration depth of the 

evanescent field; in one of the layers the penetration depth was calculated to be 10 times larger than 

in another layer, due to absorption of water. A solution to this problem can be making the pore 

surfaces more hydrophobic. This might be done by increasing the amount of hydrophobic methyl 

groups in the initial sol-gel solution.  

Scattered intensity measurements of beads dried on two different layers showed that the intensity of 

beads dried on the layers was lower than the scattered intensity of beads dried on the surface of the 

glass. Beads dried on one of the layers were brighter than beads dried on the other layer. This is 

mainly attributed to the poor control of the refractive index of the films. Due to the low quality of the 

layers no further quantitative analysis could be given.  

Next, beads were tethered with different lengths of DNA to the surface of evanescent wave 

generation. In an immunoassay, the streptavidin-coated beads were bound to biotin on one end of 

the DNA. The other end of the DNA, tagged with texas red, was bound to anti-texas red on the 

surface. Four different lengths of DNA were used; 105 bp (36 nm), 141 bp (48 nm), 290 bp (99 nm) 

and 590 bp (201 nm). When the scattered intensity of ensembles of beads bound to the four 

different lengths of DNA was measured, no difference was seen between the three shortest DNA 

lengths. An ensemble of beads bound to the longest DNA (590 bp) scattered less light than the other 

ensembles. Via a model of a bead tethered via a stiff rod, the theoretical average height of the bead 

was calculated. The outcome of this model serves as an upper limit for the real average height of the 

bead. By assuming a flexible tether, a lower limit was found. The real equilibrium height of the bead 

will be somewhere in between the outcomes of the two models, because the DNA can bend 

depending on its length and the persistence length of the DNA. For the DNA lengths of 290 and 

590 bp, the theoretical average height was higher than the measured equilibrium height. A possible 

explanation is that the DNA tether is bound aspecifically to the bead or to the surface of the cartridge 

at one or more places, making the effective tether length shorter. For longer DNA it is more likely 

that this happens.  

Since the used beads are superparamagnetic, their position could be actively influenced by using 

magnetic forces. This was done by using a bottom electromagnet to attract the tethered beads 

towards the surface and a permanent magnet which could be laid on top of the cartridge to pull the 

tethered beads away from the surface. When the scattered intensity of single beads was examined, it 

was found that a permanent magnetic moment of the beads could significantly influence the 

measured scattered intensity. In a magnetic field applied by one of the two magnets, thermal energy 

could be neglected compared to the interaction energy of the permanent magnetic moment with the 

magnetic field. The bead therefore rotated to align the magnetic moment with the applied field, 

causing the orientation of the bead in the evanescent field to change. Due to a rough surface with 

protrusions up to 100 nm, the Dynal MyOne beads have anisotropic scattering properties. Therefore, 

rotation of the bead in the evanescent field with a penetration depth of 74 nm causes significant 

variations in the measured scattered intensity. These variations are so large that no bead-surface 

distance analysis can be given on single beads.  
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Furthermore, alignment of the permanent magnetic moment of the beads also influenced the actual 

height of single beads when magnetically pulled away from the surface by the top magnet. The 

maximum torque from the magnetic interaction of the permanent moment with the applied field 

dominates over the maximum torque induced by the magnetic gradient force. So, when the top 

magnet was used to pull the bead away from the surface, the bead rotated to align the permanent 

moment with the applied field, which could result in a downward movement, instead of an upward 

movement.  

By examining beads tethered with different DNA lengths as ensembles, the effects of rotation of the 

protrusions and the different scattering properties were averaged over the ensembles. It was found 

that the beads can be pulled towards the surface to a height of about 20 nm above the surface, 

regardless of the tether length. When the beads were pulled away from the surface it was found that 

the bead-surface distance was smaller than expected from the length of the tether. Here, the 

permanent moment of the single beads influenced the height of all beads in the ensemble.  

The ideal bead for bead-surface distance measurements using TIRM has isotropic scattering 

properties so that the orientation of the bead has no influence on the intensity of the light scattered 

by the bead. The Dynal MyOne beads clearly have anisotropic scattering properties and therefore 

complicate the interpretation of single bead measurements. By examining the scattered intensity of 

a large number of beads, these anisotropic scattering properties are averaged. For TIRM experiments 

in which the position of the Dynal MyOne beads is actively influenced using magnetic forces, it is 

important to realize that the permanent magnetic moment of the beads will cause orientation 

changes. In case of a tethered bead the permanent magnetic moment also influences the height of 

the bead.  
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Appendix   A      Image processing 

This appendix lists the Matlab source code that has been written to process the recorded image 

sequences and analyze the scattered intensity of beads.  

A.1 Function Processing_ImageSequence 

function []= Processing_Movie_DNA 

  
date='2009-04-16'; 
expno=3; 

  
%% INITIALISATION --------------------------------------------------------- 
innerradius=10; 

  
% Input parameters 
input.dir=['C:\Rawdata\',date,'\','exp',num2str(expno),'\']; 
input.maxnfr=length(dir([input.dir,'*.tif'])); 
input.start=0;                   
input.stop=input.maxnfr-1;      

  
% Parameters for determining the intensity 
outerradius=ceil(sqrt(2)*innerradius); 
fitarea=outerradius+1; 
[x,y]=meshgrid(-fitarea:fitarea,-fitarea:fitarea); 
z=sqrt(x.^2+y.^2); 
intparam.circle=double(z<(innerradius)); 
intparam.ring=double(z<(outerradius)).*(1-intparam.circle); 
intparam.fitarea=fitarea; 

  
% Output parameters 
output.positiondir=['C:\Positiondata\',date,'\exp',num2str(expno),'\']; 
output.datadir=['C:\Beaddata\',date,'\exp',num2str(expno),'\']; 
if exist(output.datadir,'file')==7, disp('Datadir exists'), end 
if exist(output.datadir,'file')==0, i=mkdir(output.datadir); 
    if i==1, disp('Datadir created'), end 
    if i==0, disp('Datadir could not be created'), return, end 
end 

  
% Loading of bead locations 
load([output.positiondir,'bead initial positions.mat'],'x','y'); 
nrbeads=length(x); 

  
% Initialize bead data arrays 
for n=1:nrbeads 
    eval(['beadintensity',num2str(n),'=[];']) 
    eval(['beadbackground',num2str(n),'=[];']) 
end 

  
disp(['Processing of experiment ',num2str(expno),' initialized']) 
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%% DETERMINATION OF BEAD BACKGROUND --------------------------------------- 
tic 
for framenumber=input.start:input.stop 
    % Load frame 
    [img,map]=imread([input.dir,'exp',num2str(framenumber,'%05d') '.tif']); 
    frame=double(img); 

     
    % Remove noise from frame 
    correctedframe=Frame_BadpixelCorrection(frame); 

     
    for i=1:nrbeads 
        % Determine coordinates of beads strongest pixel 
        sm=10; 
        imgbead=correctedframe((y(i)-sm):(y(i)+sm),(x(i)-sm):(x(i)+sm)); 
        [maxint,coord]=max(imgbead(:)); 
        [yi,xi]=ind2sub(size(imgbead),coord); 
        Y=y(i)-sm-1+yi; X=x(i)-sm-1+xi; 

         
        % Background determination 
        [background,stdbackground] = 

Processing_BeadBackground(correctedframe,X,Y,intparam,i); 
        eval(['beadbackground',num2str(i),'=[beadbackground',num2str(i),'; 

[framenumber,X,Y,background,stdbackground]];']) 
    end 
    disp(['Frame ',num2str(framenumber),' background processed.']) 
end 

  

  
%% DETERMINATION OF THRESHOLDS -------------------------------------------- 
thresholds=zeros(1,nrbeads); 
for i=1:nrbeads 
    eval(['backgroundlist=beadbackground',num2str(i),';']) 
    thresholds(i) = mean(backgroundlist(:,4))+2*mean(backgroundlist(:,5)); 
end 

  

  
%% DETERMINATION OF BEAD INTENSITY ---------------------------------------- 
for framenumber=input.start:input.stop 
    % Load frame 
    [img,map]=imread([input.dir,'exp',num2str(framenumber,'%05d') '.tif']); 
    frame=double(img); 

     
    % Remove noise from frame 
    correctedframe=Frame_BadpixelCorrection(frame); 

     
    for i=1:nrbeads 
        % Determine coordinates of beads strongest pixel 
        sm=10; 
        imgbead=correctedframe((y(i)-sm):(y(i)+sm),(x(i)-sm):(x(i)+sm)); 
        [maxint,coord]=max(imgbead(:)); 
        [yi,xi]=ind2sub(size(imgbead),coord); 
        Y=y(i)-sm-1+yi; X=x(i)-sm-1+xi; 

         
        % Intensity determination 
        intparam.threshold=ceil(thresholds(i)); 
        [int,nrpixelsint] = 

Processing_BeadIntensity(correctedframe,X,Y,intparam,i); 
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        eval(['beadintensity',num2str(i),'=[beadintensity',num2str(i),'; 

[framenumber,X,Y,int,nrpixelsint]];']) 
    end 
    if maxint==255, disp(['Warning!! Intensity of bead ',num2str(i),' 

saturated!!']), end 
    disp(['Frame ',num2str(framenumber),' intensity processed.']) 
end 

  
disp(['Frames processed, time elapsed: ',num2str(toc),' seconds.']) 

  

  
%% OUTPUT ----------------------------------------------------------------- 
tic 
% Making of an array beadlist for every bead with all data gathered 
for n=1:nrbeads 
    eval(['intensitylist=beadintensity',num2str(n),';']) 
    eval(['backgroundlist=beadbackground',num2str(n),';']) 

     
    eval(['beadlist',num2str(n),'= backgroundlist;']) 
    eval(['beadlist',num2str(n),'(:,6)=intensitylist(:,4);']) 
    eval(['beadlist',num2str(n),'(:,7)=intensitylist(:,5);']) 

     
    eval(['beadlist',num2str(n),'(:,8)=beadlist',num2str(n),'(:,6)-

(beadlist',num2str(n),'(:,4).*beadlist',num2str(n),'(:,7));']) 
    

eval(['beadlist',num2str(n),'(:,9)=beadlist',num2str(n),'(:,5).*beadlist',n

um2str(n),'(:,7);']) 

     
    

save([output.datadir,'data_bead_',num2str(n),'.mat'],['beadlist',num2str(n)

]); 
end 

  
disp(['Output processed, time elapsed: ',num2str(toc),' seconds.']) 

 

A.2 Function Processing_BeadBackground 

function [background,stdbackground] = 

Processing_BeadBackground(frame,xbead,ybead,intparam,beadnumber) 

  
% Initialisation 
ring=intparam.ring; 
fitarea=intparam.fitarea; 
[h,w]=size(frame); 

  
% Select bead image around bead coordinates 
xmin=round(xbead)-fitarea; 
xmax=round(xbead)+fitarea; 
ymin=round(ybead)-fitarea; 
ymax=round(ybead)+fitarea; 
if xmin<1 || xmax>w || ymin<1 || ymax>h, 
    error(['Bead ',num2str(beadnumber),' too close to edge']); 
else 
    imgbead=frame(ymin:ymax,xmin:xmax); 
end 
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% Selection of pixels inside the ring 
imgbackground=imgbead.*ring; 
databackground=nonzeros(imgbackground); 

  
% Correction for pixels inside the ring with value zero 
for n=length(nonzeros(imgbackground))+1:length(nonzeros(ring)) 
    databackground(n)=0; 
end 

  
% Calculation of parameters 
background = mean(databackground); 
stdbackground = std(databackground); 

 

A.3 Function Processing_BeadIntensity 

function [int,nrpixelsint] = 

Processing_BeadIntensity(frame,xbead,ybead,intparam,beadnumber) 

  
% Initialisation 
threshold=intparam.threshold; 
circle=intparam.circle; 
fitarea=intparam.fitarea; 
[h,w]=size(frame); 

  
% Select bead image around bead coordinates 
xmin=round(xbead)-fitarea; 
xmax=round(xbead)+fitarea; 
ymin=round(ybead)-fitarea; 
ymax=round(ybead)+fitarea; 
if xmin<1 || xmax>w || ymin<1 || ymax>h, 
    error(['Bead ',num2str(beadnumber),' too close to edge']); 
else 
    imgbead=frame(ymin:ymax,xmin:xmax); 
end 

  
% Selection of pixels inside the inner circle 
imgbeadcircle=imgbead.*circle; 
imgbeadintensity=(imgbeadcircle>threshold).*double(imgbeadcircle); 

  
% Calculation of parameters 
nrpixelsint=length(find(imgbeadintensity)); 
int=sum(imgbeadintensity(:)); 

 

A.4 Function Frame_BadpixelCorrection 

function [correctedframe]=Frame_BadpixelCorrection(frame) 

  
badpixelthreshold=25; 

  
gradientframe=zeros(size(frame,1),size(frame,2)-1); 
correctedframe=frame; 

  
for i=1:size(frame,2)-1 
    gradientframe(:,i)=frame(:,i)-frame(:,i+1); 
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end 

  
badpixels = gradientframe > badpixelthreshold; 
L = bwlabeln(badpixels); 
S = regionprops(L, 'Area'); 
badpixels = ismember(L, find([S.Area] < 2)); 
[badX,badY] = find(badpixels); 

  
for i=1:length(badX) 
    newpixelvalue=0; nrpix=8; 
    try newpixelvalue=newpixelvalue+frame(badX(i),badY(i)-1); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i),badY(i)+1); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)-1,badY(i)); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)+1,badY(i)); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)+1,badY(i)-1); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)-1,badY(i)+1); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)-1,badY(i)-1); 
    catch, nrpix=nrpix-1; end 
    try newpixelvalue=newpixelvalue+frame(badX(i)+1,badY(i)+1); 
    catch, nrpix=nrpix-1; end 
    correctedframe(badX(i),badY(i))=round(newpixelvalue/nrpix); 
end 
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Appendix   B      Equilibrium height tethered bead  

In this appendix the equilibrium height of a tethered bead is derived, by calculating the geometric 

center of a spherical cap. In general, the geometric center or centroid x  of a region R  with surface 

area A  is given by:  

 .R

R

xdA

x
dA

=
∫∫

∫∫
 (B.1) 

For the surface of a spherical cap, the coordinates are restricted in the following way: ρ  = constant, 

0 2θ π≤ ≤  and 0 ϕ α≤ ≤ , as defined in Figure B.1. Due to the symmetrical form of the region, the 

centroid will be located on the z-axis. 

 

 
Figure B.1: The surface cap of a sphere segment in spherical coordinates. The cap is indicated by the thick black 

line.  

 

The integrals in Equation (B.1) can now be evaluated using the surface element in spherical 

coordinates 
2sin :dA d dρ ϕ ϕ θ=   

 

( )

2

2

0 0

2

sin

2 1 cos ,

R

dA d d

π α

ρ θ ϕ ϕ

πρ α

=

= −

∫∫ ∫ ∫
 (B.2) 

and making use of cosz ρ ϕ= in spherical coordinates: 
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Combining (B.2) and (B.3) gives the z-coordinate of the centroid as a function the angle α  and the 

radius of the sphere :ρ  

 
( )

2sin

2 1 cos
.z

ρ α

α
=

−
 (B.4) 

In the case of a bead of radius 
b

r  bound with a tether of length 
DNA

L  to a surface, as schematically 

depicted in the left panel of Figure B.2, the sine and cosine of the angle α  are given by:  

 

2 2( )
sin ,

b DNA b

b DNA

r L r

r L
α

+ −
=

+
 (B.5) 

 cos .b

b DNA

r

r L
α =

+
 (B.6) 

Assuming that the bead can probe every point on the surface of the spherical segment with the same 

probability, Equation (B.4) describes the height of the center of the bead averaged over a period of 

time long enough that the bead has probed all possible positions along the surface segment. 

Equation (B.4) can then be rewritten using Equations (B.5), (B.6) and 
b DNA

r Lρ = + , giving: 

 
2

,DNA
b

L
z r= +  (B.7) 

which is the average height of the center of the bead. The average height 
S

h  of the bead above the 

surface, according to the surface-model, can then be written as:  

 
2

.DNA
S b

L
h z r= − =  (B.8) 

 

 

 

 

 
Figure B.2: 2D sketches of a bead with radius rb bound to a surface with a tether of length LDNA touching the 

surface. Left: the surface-model; the movement of the bead center is restricted to the surface of a spherical cap 

created by rotating the thick black line around the z-axis. Right: the volume-model; the movement of the bead 

center is restricted to the volume created by rotating the gray area around the z-axis. 
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A similar method is used to find the centroid of a solid spherical cap, for the volume-model, as 

schematically depicted in the right panel of Figure B.2. The solid spherical cap can be obtained by 

rotating a part of a circle described by 
2 2 2( )

b DNA
x z r L+ = +  around the z-axis. Due to symmetry, 

the centroid will be located on the z-axis. A thin disk shaped slice of the solid spherical cap at height z 

with thickness dz has volume:  

 

2

2 2( ) .
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dV x dz

r L z dz

π

π

=

 = + − 
 (B.9) 

Hence, the volume of the solid spherical cap is given by: 
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Similar to Equation (B.3) we can calculate: 
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∫ ∫
 (B.11) 

By combining (B.10) and (B.11) the z-coordinate of the centroid of the solid spherical cap can be 

found:  
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which is the average height of the center of the bead averaged over a period of time long enough 

that the bead has probed all possible positions in the solid spherical cap, when assuming that the 

bead can probe every point with the same probability. The average height 
V

h  of the bead above the 

surface, according to the volume-model, can then be written as:  
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