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Abstract 
 
The aim of this project is to study the response of the protein G-IgG complex upon 
twisting which induces molecular deformation or dissociation of the complex. The  
torsion is applied with a magnetic field acting on superparamagnetic M-270 beads that 
are bound to a substrate via the protein G-IgG complex.  
 
Superparamagnetic Dynabeads M-270 coated with carboxyl groups are used to apply 
the magnetic torque. These beads have a surface chemistry that can be used to couple 
proteins to its surface. M-270 beads behave essentially paramagnetic and are too 
smooth to visualise its rotation at 1260x magnification. To solve this problem, an 
asymmetry in the microscope images is obtained by labelling the M-270 beads with 
small polystyrene beads.  
 
It is shown by application of a low frequency (10-1 Hz) rotating magnetic field that 
free M-270 beads can be rotated in the plane of the substrate. This indicates that these 
beads have a small permanent magnetic moment which does not have the same 
direction as the external magnetic field. From the rotational behaviour of free 
Dynabeads M-270 in a rotating magnetic field, values for the locked magnetic 
moment are found in the range between 1.0·10-16 J/T and 1.5·10-16 J/T. 
 
M-270 beads are linked to a substrate via the protein G-IgG complex and a low 
frequency (10-1 Hz) rotating magnetic is applied in the plane of the substrate. It is 
observed that the bead rotation in the plane of the substrate is characterized by an 
oscillation. This is predicted by a theoretical model in which the presence of the 
protein G-IgG complex is accounted for by a rotational spring with an effective spring 
or torsion constant. In this model the torsion constant reflects the degree of stiffness of 
the protein G-IgG complex. The bead’s oscillation has a frequency that is exactly 
twice the frequency of the rotating magnetic field. This is due to remagnetisation of 
the bead. It is concluded that the maximum rotation angle over which the bead can 
rotate decreases as a function of protein G-IgG bonds between bead and substrate. 
Furthermore, the maximum rotation angle increases for increasing magnetic field 
strengths which is as expected since this corresponds to an increase in magnetic 
torque. It is observed that the protein G-IgG bond can not be broken for the maximum 
possible magnetic torque of (2.9±0.9)·10-18 Nm. Two methods are used to determine 
the torsion constant of the protein G-IgG system. 
  
The first method, entails determining the torque due to the twisted protein G-IgG 
complex directly from the equation of motion. It is found that this torque depends 
linearly on the rotation angle of the bead. This corresponds to a torsion constant that is 
independent of the angular displacement of the bead in the plane of the substrate. A 
torsion constant of (1.5±0.2)·10-18 Nm is determined for a protein G-IgG complex that 
probably consists of a single bond. Furthermore, a torsion constant (4.4±0.4)·10-18 Nm 
is found for a bead that might be bound to the surface via multiple protein G-IgG 
bonds. 
 The torsion constant is also determined from the angular velocity of the bead 
around its equilibrium position, i.e. the bead’s orientation when no magnetic torque is 
applied. This method yields values for the torsion constant on the same two beads of 
(1.2±0.3)·10-18 Nm and (3.3±0.8)·10-18 Nm for a single protein G-IgG bond 
respectively multiple bonds. These values are within the error margins of the torsion 
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constant found using the method involving the torque due to the twisted biological 
complex. 
  
The method based on the determination of the torque due to the twisted biological 
complex is more accurate. This is due to the fact that the torsion constant is 
determined from the torque at several angular orientations of the bead. For the case of 
the method involving the angular velocity of the bead, the torsion constant is 
determined from one angular orientation, that is the equilibrium position of the bead. 
Moreover, the method based on determining the torque due to the twisted biological 
system can be used on a complex with a torsion constant of any dependence on the 
bead’s angular displacement. The method involving the angular velocity of the bead is 
only valid for a torsion constant independent of the bead’s angular displacement.  
 
It has been reported in literature that DNA is characterized by a torsion constant that 
is up to two orders lower than the values found for the protein G-IgG complex. This is 
expected since proteins are folded and coiled in complex ways through numerous 
interactions whereas DNA has a more fibrous structure. Consequently, proteins are 
much stiffer than DNA.    
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1. Introduction 
 
A biosensor is a device that measures the concentration of biological molecules in 
fluid for diagnostic purposes. In recent years the research group Molecular Biosensors 
for Medical Diagnostics (MBx) at the TU/e has focussed on the detection of 
biological molecules by magnetic particles for biosensor applications [1].  
 
The basic principle of the detection of a target molecule with immunoassay 
technology using magnetic beads as labels is shown in figure 1.1. Capture molecules 
with a binding specificity for the target molecule are immobilised on a substrate. A 
sample of target molecules is then incubated on the substrate which leads to binding 
to the capture molecules. The target molecules that do not bind to the capture 
molecules are washed away. 
 

 
Figure 1.1: Illustration of biosensor based on detection using magnetic beads. Target molecules 
are captured between a magnetic bead and a surface. The presence of the target molecule can be 
measured through the magnetization of the bead. Moreover, properties of the sandwiched 
molecular complex can be probed by applying a magnetic torque [1].   

Subsequently, a second capture molecule labelled with a magnetic bead is incubated 
on the substrate. This capture molecule has a binding specificity for a different part of 
the target molecule. Consequently, the on-bead capture molecules bind to the target 
molecules which results in complexes that consist of a target molecule sandwiched 
between a magnetic bead and the substrate. Subsequently, the remaining unbound 
beads are removed. Finally, the presence of the beads near the surface can be 
measured using e.g. a giant magnetoresistance (GMR) sensor or optical techniques. 
The measured signal is a measure for the number of sandwiched target molecules and 
hence for the concentration of target molecules in the sample.          
    
The use of magnetic beads for biosensors has several advantages. Organic molecules 
are generally non magnetic so that a biological fluid generates a very low background 
signal, which is important in the context of detection. In contrast, luminescent 
detection applied to a biological fluid suffers from a considerable background 
resulting from the presence of fluorescent molecules. Due to its low background, 
magnetic detection is sometimes referred to as being bio-orthogonal. Moreover, 
molecules labelled with a magnetic bead can be manipulated by applying a force 
through a magnetic field. For biosensor applications this can be used to capture target 
molecules more efficiently, accelerate assays and measure functionality.    
 



CONFIDENTIAL 

 8 

It is also possible to probe (see figure 1.1) properties of the sandwiched molecular 
complex such as bond strength and elastic properties by applying a magnetic field and 
studying the response of the bead. The resulting manipulation of the bead leads to 
dissociation and deformation of the molecular complex which influences the bead 
movement. In this context it has been reported that the dissociation of a bond between 
biological molecules can be measured by applying a pulling force on the magnetic 
bead by using a magnet [2,3].  
 
This project is focused on studying the response of a protein complex consisting of 
protein G and an IgG antibody when a torque is applied to the system. The protein-
antibody complex is sandwiched between a substrate and a magnetic bead as 
illustrated by figure 1.2.   
 

         
Figure 1.2: Schematic representation of the system studied throughout this project. An antibody-
protein complex is sandwiched between a substrate and a magnetic bead (left, side view). The 
magnetic torque mτr  is applied to a bead with a magnetic moment µr  by an external magnetic 

field B
r

  directed in the plane of the substrate. This leads to the angular displacement of the bead 
in the plane of the substrate (right, top view).   

By applying a rotating magnetic field in the plane of the substrate it is possible to 
exert a torque on the magnetic bead and hence on the protein complex as shown in 
figure 1.2. By studying the angular displacement of the bead in the plane of the 
substrate, information can be obtained on the characteristics of the biological complex 
such as its stiffness. Furthermore, the application of a magnetic torque might lead to 
the dissociation of the protein-protein complex so that the bond strength between the 
two proteins can be investigated. Throughout this project so-called superparamagnetic 
beads are used to apply a magnetic torque on the protein-antibody complex. The 
feasibility of the application of a magnetic torque on superparamagnetic beads has 
been reported in several studies [4-6]. 
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2. Bead rotation 
 
2.1 Superparamagnetic beads 
 
Superparamagnetic beads consist of a polystyrene shell filled with magnetite grains as 
is schematically illustrated by figure 2.1. These beads are commercially available. For 
the experiments described in this thesis the Dynabeads M-270 (Dynal Biotech ASA) 
have been used which have a diameter of 2.8 µm. 

 
Figure 2.1: Schematic representation of the superparamagnetic beads 

The grains are essentially ferrimagnetic and have a size distribution ranging from a 
diameter of 6 to 12 nm [7]. An ensemble of these grains behaves in a similar fashion 
as the collection of spins in a paramagnetic material. The magnetization of each grain 
has a preferential direction in space which is a phenomenon known as magnetic 
anisotropy. In the case of magnetite, the anisotropy is characterized by a maximum 
magnetocrystalline anisotropy energy density given by K = 1.79·104 J/m3 [8]. Each 
grain most probably has multiple easy axes. However, for a discussion of the basic 
principles behind superparamagnetism considering a single easy axis is sufficient. In 
this simplified picture, the magnetization of the grain can flip back and forth along the 
easy axis by overcoming an energy barrier KVgrain where Vgrain is the volume of the 
particular grain. This barrier can be overcome by thermal energy and the typical 
flipping time for the transition from one direction to the other is given by a Boltzmann 
factor 

Tk

KV

flip
b

grain

e0ττ = ,                        (2.1) 

 
where τ0 = 10-10 -10-9 s [8]. Consequently, the flipping time of a grain increases 
exponentially with the grain size as illustrated by figure 2.2. 
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Figure 2.2: The flipping time of a magnetite grain as a function of the grain diameter. A flipping 
time of 1 second corresponds to a grain diameter of 22 nm.  

 
The magnetization of a grain is considered to be “fixed” if the flipping time given by 
relation (2.1) is longer than the timescale of the experiment. Since the flipping time 
depends on the grain size, a so-called superparamagnetic size limit can be defined. 
This limit corresponds to the smallest grain size for which the grain’s magnetization is 
still fixed on the timescale of the experiment. The timescale of the experiments 
described in this thesis is above one second. Consequently, figure 2.2 indicates that 
the grains within the size distribution of the Dynabeads M-270 have a size well below 
the superparamagnetic size limit.  A grain size diameter of 12 nm corresponds to a 
flipping time of about 10-8 s. Consequently, on the timescale of the experiment, the 
magnetization of the beads continuously flips back and forth along the easy axis by 
overcoming the thermal energy barrier. The orientation of the grain’s easy axis is 
random so that the net magnetization of the total ensemble of grains in a 
superparamagnetic bead is zero. Moreover, the time average of the magnetization of 
each individual grain is also zero since the flipping time is equal for both directions of 
the easy axis. However, this symmetry can be broken by an external magnetic field. In 
that case the interaction between the magnetic dipole moment of the magnetite grain 
and the magnetic field needs to be taken into account. This leads to different flipping 
times for both magnetization directions. If it is assumed that the easy axis of a grain is 
directed parallel to the magnetic field, the two flipping times are given by  
 

Tk

BKV

flip
b

graingrain

e

µ

ττ
±

± = 0 ,                  (2.2)

                  
where grainµ  and B correspond to the respective magnitude of the grain’s magnetic 

moment and external magnetic field. As a result, the time average of the 
magnetization of each individual grain is no longer zero in the presence of an external 
magnetic field. Therefore, the bead has a total net magnetization in the direction of the 
external magnetic field. The response of the magnetization M

r
 of a 

superparamagnetic bead to an external magnetic field B
r

 is similar to the behaviour of 
a paramagnetic material.  For a low magnitude magnetic field the magnetization of the 
superparamagnetic bead is given by 
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BM
rr

χ= ,                    (2.3) 
 
where χ is the magnetic susceptibility. Relation (2.3) is an approximation of the well-
known Langevin function for a low magnitude of the magnetic field [9]. For the 
Dynabeads M-280 (Dynal Biotech ASA, diameter 2.83 µm) the magnetization 
deviates from relation (2.3) above 3 mT due to saturation [7].  
 
The previous discussion indicates that there is an analogy between the spins in a 
paramagnetic material and the magnetite grains in a superparamagnetic bead. The 
beads are referred to as superparamagnetic because the magnetic moment of an 
individual magnetite grain is large compared to the magnetic moment of a single spin. 
Consequently, superparamagnetic beads have a high magnetic susceptibility. The M-
280 beads are characterized by a volume susceptibility 765.0== beadvol Vχχ  where 

beadV  is the volume of the bead [7].      

     
The magnetic torquemτr  on a bead with a magnetic moment µr  due to the presence of 

a magnetic field B
v

 is given by  
 

ϕµµτ sinBBm =×=
rrr

.                  (2.4)   

 
Here ϕ  refers to the angle between the direction of the magnetic moment µr  and the 

magnetic field B
v
. The application of a magnetic torque on a magnetic bead is 

illustrated by figure 2.3.  

 

Figure 2.3: Illustration of the magnetic torque mτr   on a magnetic bead due to an angle ϕ   

between the bead’s magnetic moment µr   and the magnetic field B
r

 . 

The applied magnetic torque results in physical rotation of the bead until the direction 
of the bead’s magnetic moment has aligned with the magnetic field. Relation (2.3) 
indicates that a non-zero angle ϕ  between the direction of the magnetic moment and 
magnetic field is required in order to apply a magnetic torque. However, in the case of 
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a superparamagnetic bead the angle between the direction of the magnetic moment 
and the magnetic field is equal 0=ϕ  by definition. This is the case due to the fact 
that the magnetization of a superparamagnetic bead has the same direction as the 

external magnetic field. Given that beadVM µr
r

=   and that the magnetic behaviour of a 

superparamagnetic bead is described by relation (2.3), the magnetic torque mτr  on a 
superparamagnetic bead in an external magnetic field is equal to 
 

( ) 00sin2 ==×= BVBBV beadbeadm χχτ
rrr

                 (2.5) 
 
It can therefore be concluded that it is impossible to the apply a magnetic torque on a 
superparamagnetic bead that behaves truly paramagnetic. 
 
However, it has been demonstrated in several studies that the M-280 beads can be 
rotated by applying a low frequency rotating magnetic field [4-6]. This proves that it 
is possible to apply a magnetic torque. The fact that it is possible to exert a magnetic 
torque on the M-280 beads which are specified as being superparamagnetic was 
explained by Schellekens and Janssen [4,5]. It was concluded that the M-280 beads 
apart from the induced magnetic moment in the direction of the external magnetic 
field, also have a small magnetic moment which is fixed in a certain direction within 
the bead, i.e. a locked magnetic moment. When there is an angle between the 
direction of this locked magnetic moment and the magnetic field a magnetic torque is 
applied to the bead as illustrated by relation (2.4). This results in the physical rotation 
of the bead until the direction of the locked magnetic moment has aligned with the 
field direction. This explains the observed rotation of the M-280 beads in a low 
frequency rotating magnetic field. The theory on the rotation of superparamagnetic 
beads with such a locked magnetic moment in a rotating magnetic field will be 
discussed in the following section.  
 
The presence of a small locked magnetic moment has been demonstrated for the M-
280 beads. However, the superparamagnetic beads used for the experiments described 
in this thesis are the Dynabeads M-270. Both the M-270 and M-280 beads are 
manufactured by the same company and are fabricated using the same production 
process. It is not self-evident that the M-270 beads also have a locked magnetic 
moment. A version of the M-270 bead which is coated with carboxyl groups is 
commercially available. This surface chemistry enables covalent coupling of 
biological ligands such as proteins to the bead, a procedure that will be discussed in 
chapter 4. Attachment of proteins to beads is ultimately required for this project. 
Consequently, this version of the M-270 bead is very suitable for this project, 
provided that the beads have a locked magnetic moment. Therefore, one of the first 
research topics of this project entails investigating if the M-270 beads also have a 
locked magnetic moment just like the M-280 beads. If the presence of a locked 
magnetic moment in the M-270 is confirmed, the magnitude of the moment as well as 
its spread needs to be investigated. Good knowledge of the magnitude of the locked 
magnetic moment and its spread is required. The magnitude of the locked magnetic 
moment determines the range of magnetic torques that can be applied to the bead and 
hence to the biological system. On the other hand, the spread in the locked magnetic 
moment determines the accuracy of the applied magnetic torque. 
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2.2 Presence of a locked magnetic moment 
 
The rotation of superparamagnetic M-280 beads in a fluid induced by applying a 
rotating magnetic field was illustrated by Schellekens and Janssen [4,5]. It was shown 
that the beads rotate with the same angular velocity as the rotating magnetic field for 
low field frequencies. However, by gradually increasing the field frequency it was 
found that at a certain field frequency the bead is not able to follow the magnetic field 
any longer leading to a drop in average rotation frequency of the bead. This is 
illustrated by figure 2.4. 

 
Figure 2.4: The average rotation frequency fbead of a M-280 bead as a function of the field 
frequency ffield  as measured by Schellekens [4, 5]. 

 
The field frequency at which the drop in rotation frequency occurs is denoted as the 
breakdown frequencybdf .  

 
The result presented in figure 2.4 can be explained by the presence of a small locked 
magnetic moment lockedµr  in the superparamagnetic beads. The existence of a locked 

magnetic moment might result from the presence of a small fraction of magnetite 
grains with a size that is larger than the superparamagnetic size limit after all. 
Consequently, the magnetization of these individual grains is fixed. The rotation of 
the M-280 beads is based on the application of a magnetic torque through the small 
locked magnetic moment which does not have the same orientation as the magnetic 
field. Due to the external magnetic field the superparamagnetic bead also has an 
induced magnetic moment which has the same direction as the magnetic field and 
hence does not contribute to magnetic torque on the bead. The magnitude of the 
locked magnetic moment of the M-280 beads has a value of order 10-16 to 10-15 J/T 
which is about one percent of the induced saturation magnetic moment of the bead 
[5].  
 
The magnetic torque mτr  on a bead with a locked magnetic moment lockedµr  that is 

situated in a magnetic field B
v

 follows from equation (2.4). When the direction of the 
magnetic moment of the bead and the magnetic field are not parallel, the magnetic 
torque results in physical rotation of the bead. However, the bead is located in a fluid 
so that the rotating bead also experiences a torque due to the hydrodynamic drag 
which is given by 
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dt

d
Rhydro

θπητ
r

r 38−= .                    (2.6) 

 

dθ
r

/dt is the angular velocity of the bead represented by a vector pointing out of the 
plane of rotation. Furthermore, η  is the dynamical viscosity of the particular fluid 

( 310−=η  Pa·s for water) and R corresponds to the bead radius. As a result the 
following equation of motion governs the rotation of the bead 
 

dt

d
RB

dt

d
I locked

θπηµθ
r

rr
r

3
2

2

8−×= ,                (2.7)  

 
where I  is the moment of inertia of a bead rotating around a central axis. 
 
The Taylor number gives the relative importance of the centrifugal forces, due to 
inertia, and the viscous force 
 

2

424

ν
R

Ta
Ω= ,                   (2.8) 

 
where Ω  is a typical angular velocity and ν  is the kinematical viscosity of the fluid 
( 610−=ν  m2s-1 for water). For an M-280 bead rotating at a frequency of 1 Hz in water 
the Taylor number is given by Ta = 6·10-10 which indicates that the effects of inertia 
can be neglected for the experiments involved. Consequently, relation (2.7) can be 
written as a balance of the torque due to the hydrodynamic drag and the magnetic 
torque. This gives the following equation of motion 
 

 B
dt

d
R locked

vr
r

×= µθπη 38 .                      (2.9) 

 
A coordinate system is defined in figure 2.5 based on which the bead rotation due to 
the presence of a rotating field will be discussed. The rotating magnetic field is 
defined by reBB

rv
= , where the radial unit vector is given by 

( ))sin(),cos( tte fieldfieldr ωω=r
 and fieldω  corresponds to the angular velocity of the 

rotating field. The orientation of the radial unit vector re
r

 corresponds to an angle 

tfieldω with respect to positive the x-axis. Furthermore, θ is defined as the angle 

between the direction of the bead’s locked magnetic moment lockedµr and the positive x- 
axis. Note that the defined rotating magnetic field rotates anticlockwise in the 
coordinate system given by figure 2.5. 
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Figure 2.5: A schematic illustration of a bead with a locked magnetic moment rotating in fluid 

due to the presence of a rotating magnetic field reBB
rv

= . mτr depicts the magnetic torque 

whereas hydroτr  corresponds to the torque due to the hydrodynamic drag. θ corresponds to the 

angle between the direction of the bead’s locked magnetic moment lockedµr  and the positive x-

axis. The rotating magnetic field rotates anticlockwise at an angular frequency fieldω .   

 
For the case of the rotating magnetic field defined in the coordinate system given by 
figure 2.5 the equation of motion given by relation (2.9) can be written as  
 

( )θωµθπη −= tB
dt

d
R fieldlocked sin8 3 .               (2.10) 

    
θω −tfield  now corresponds to the phase lag between the locked magnetic moment of 

the bead and the magnetic field.  
 
By using the equation of motion for the case of a rotating magnetic field given by 
relation (2.10), it is possible to explain the result presented in figure 2.4. For field 
frequencies below the breakdown frequency, the angular velocity of the bead dtdθ  
is constant and equal to the angular velocity of the rotating field. This can only be 
explained by the presence of a constant phase lag θω −tfield  between magnetic 

moment and magnetic field as illustrated by relation (2.10). At a higher field 
frequency a higher magnetic torque is required to make the bead rotate faster so that 
the bead’s rotation frequency stays on par with the frequency of the rotating magnetic 
field. A higher magnetic torque requires the presence of a higher constant phase lag 
between magnetic moment and magnetic field. At the breakdown frequency bdf  the 

phase lag θω −tfield  corresponds to an angle of 90 degrees which yields the maximum 

magnetic torque. For field frequencies above the breakdown frequency the phase lag 
is higher than 90 degrees which leads to a decrease in the magnetic torque. 
Consequently, the bead cannot follow the field any longer leading to a decrease in 
rotation frequency as illustrated by figure 2.4. 
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The experimental results in figure 2.4 are in good agreement with the results of 
simulations based on a bead with a locked magnetic moment [4,5].  
 
The breakdown frequency bdf  corresponds to the field frequency where the magnetic 

torque is maximum at °=− 90θω tfield  and can therefore be derived from equation 

(2.10):   
 

32
3

16
8

R

B
fBR locked

bdlockedbd ηπ
µµωπη =⇒= ,                         (2.11) 

 
where bdbd fπω 2= . Equation (2.11) indicates that the measurement of the breakdown 

frequency provides a means to quantify the magnitude of the locked magnetic 
moment lockedµ . 

   
2.3 Oscillations above the breakdown frequency 
 
For field frequencies above the breakdown frequency, the phase lag between the 
direction of the locked magnetic moment of the bead and the magnetic field 

θω −tfield  is not constant but increases as a function of time. Eventually the phase lag 

will exceed 180 degrees. This results in a negative magnetic torque as long as the 
phase lag θω −tfield  has a value in the range between 180 and 360 degrees. The 

negative magnetic torque leads to a clockwise rotation of the bead in the coordinate 
system defined by figure 2.5. When the phase lag exceeds a value of 360 degrees the 
magnetic torque becomes positive. This leads to anticlockwise rotation once again. 
Consequently, the bead alternately rotates anticlockwise and clockwise for field 
frequencies above the breakdown frequency. However, the anticlockwise rotation 
takes a longer period of time so that the bead still has a net rotation in the 
anticlockwise direction which can be characterized by an average rotation frequency. 
Schellekens computed the numerical solution θ(t) of the equation of motion given by 
relation (2.10) for field frequencies above the breakdown frequency [4,5]. The results 
are presented in figure 2.6. 

 
Figure 2.6: The numerical solution of the rotation angle θ(t) of the locked magnetic moment for 
field frequencies above the breakdown frequency illustrating the discussed oscillatory behaviour 
[11, 12].  
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2.4 Visualizing rotation of M-270 and M-280 beads 
 
The visualization of the rotation of the M-280 beads is based on the contrast in the 
microscope images (1260x magnification) of the bead as illustrated by figure 2.7.  
 

    
Figure 2.7: Microscope images at 1260x magnification of the M-280 beads (left) and the M-270 
beads (right). 

However, figure 2.7 also indicates that, compared to the M -280, there appears to be 
less contrast in the microscope images of the M-270 beads. This is due to the fact that 
the M-280 beads have a higher degree of surface roughness. This is illustrated by the 
SEM photos shown in figure 2.8 which indicate that the surface of the M-270 beads is 
much smoother. 
    

   
Figure 2.8: SEM photos of the Dynabeads M-280 (left) and the Dynabeads M-270 (right). 

It turns out that the contrast on the microscope images of M-270 beads is not 
sufficient for the visualization of rotation. For the present study this problem will be 
solved by labelling the M-270 beads with several small non-magnetic polystyrene 
beads (diameter 250 nm). These small beads will provide the asymmetry in the 
microscope images of the M-270 beads needed to visualize rotation. The labelling 
procedure will be discussed in detail in chapter 4. Here it is only briefly mentioned 
because the influence of the small beads on the rotation of the M-270 bead needs to be 
studied carefully. This is necessary because the hydrodynamic torque in equations 
(2.6), (2.7) and (2.9) and (2.10) is valid only for a rotating sphere in bulk fluid. 
However, the drag will increase due to attached small beads and the vicinity of a 
substrate. The computation of the locked magnetic moment by (2.11) thus yields a 
lower limit in which the influence of these small beads and the vicinity of the 
substrate on the drag is neglected.     
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2.5 Bead hydrodynamics           
 
The hydrodynamic drag torque on a sphere rotating with in bulk fluid is given by 
equation (2.6). This relation can be modified by the introduction of a factor C to 
account for the presence of a number of small non-magnetic beads positioned 
randomly on the large magnetic bead as well as for the vicinity of a substrate. This 
gives 
 

dt

d
RChydro

θπητ
r

r 38−= .               (2.12) 

                             
For the present study, C is split into a product of two contributions 
 
C = Cbeads·Csurface,                 (2.13)   
 
where Cbeads accounts for the presence of the attached small beads and Csurface corrects 
for the vicinity of the surface.  
 
It is difficult to assign an exact value to Cbeads. The influence of the small beads is 
determined by their number and their position on the magnetic bead with respect to 
the axis of rotation. An appoximation for Cbeads can be derived when it is assumed that 
one small bead is bound at the equator of a large bead where the latter rotates with an 
angular velocity ω around a central axis. If the large bead has a radius R and the small 
bead has radius'R  this implies that the centre of the small bead is separated a distance 
RAxis = R + 'R  from the axis of rotation. This is illustrated in figure 2.9.  
 

 
Figure 2.9: Schematic top view of a system consisting of a small bead of radius R' bound at the 
equator of a large bead of radius R. The system rotates with an angular velocity ω around the 
central axis of the large bead. 

The magnitude of the torque LBdrag,τ   due to the rotational drag on the large bead (LB) 

of radius R rotating at an angular velocity ω is given by relation (2.6) so that 
 

ωπητ 3
, 8 RLBdrag =                 (2.14) 

 
The small bead moves in an orbit with angular velocity ω around the central axis of 
the large bead. However, due to the flow induced by the large bead, the centre of the 
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small bead will have a velocity with respect to the fluid that is smaller than the 
velocity of the small bead (SB) AxisSB Rv ω= . The flow due the rotation of the large 

bead might be estimated by the azimuthal velocity profile of a fluid around a rotating 
cylinder of radius R. An analytical solution is known for this profile [13]: 
 

r

R
u

2ω
θ = ,                      (2.15) 

  
where θu  corresponds to the azimuthal velocity of the fluid and r is the distance to the 

centre of the cylinder. The drag force on a sphere with radius 'R  moving through 
fluid with a velocity is given by 
 

spheredrag vRF
rr

'6πη−= ,                 (2.16)   

                 
where spherev

r
 is the velocity of the sphere. It is assumed that the velocity of the fluid is 

given by Axisfluid RRv 2ω= at every point on the surface of the small bead. Accounting 

for the effective velocity of the small bead with respect to the fluid, the magnitude of 
the drag force on the small bead is estimated by 
 

[ ] 
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RRRvvRF fluidbeadSBdrag πηωπηω                     (2.17)         

    
The torque on the small bead due the drag force given by relation (2.17) is determined 
with respect to rotation axis of its orbit so that the lever arm has a length equal to 
RAxis. The magnitude of the torque due to the drag on the small bead is then given by 
 

( )23
, '2'6 RRRSBdrag += πηωτ                        (2.18) 

 
Relation (2.18) gives the contribution to the total torque on the system described in 
figure 2.9 due to the hydrodynamic drag resulting from the orbiting small bead. The 
contribution to the total torque on the system resulting from the large bead rotating 
around the central axis is given by equation (2.14). Consequently, the magnitude of 
the total torque due to the drag on the system described by figure 2.9 is given by 

SBdragLBdragsystem ,, τττ += . The correction factor Cbeads can then be computed from the 

ratio:  
.     
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                           (2.19) 

 
The correction factor Cbeads is plotted as a function of the ratio RR /'  in figure 2.10 
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Figure 2.10: The correction factor Cbeads of the hydrodynamic torque on a rotating sphere of 
radius R as a function of R'/R. 

It should be noted that relation (2.19) is only valid for the limit RR <<'  because it is 
assumed that the small bead is located in the flow profile of the large bead. Moreover, 
it is assumed that the bead is bound to the large bead at the equator. When the small 
bead is attached to the large bead elsewhere, two deviations from relation (2.19) 
occur. In that case the length of the lever arm used to calculate the torque given by 
relation (2.18) is smaller which results in smaller correction factor Cbeads. This is 
illustrated by figure 2.11.    

 
Figure 2.11: Side view of the rotating system described by figure 2.9. The shown plane is directed 
perpendicular to the plane of rotation. A small bead is attached to the large bead at a distance d 
to the axis of rotation which leads to a smaller correction factor Cbeads compared to a small bead 
bound at the equator. This is due to a smaller length of the lever arm used to compute the torque 
given by relation (2.18).   
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If the small bead is attached at a position corresponding to a distance d R≤  with 
respect to the axis of rotation as illustrated by figure 2.9, it can be derived that the 
correction factor Cbeads is given by 
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Cbeads                     (2.20)               

            
The value yielded by (2.20) is smaller than the correction factor Cbeads computed by 
equation (2.19) for Rd ≤ . Consequently relation (2.19) can be considered as an upper 
limit for the case of a single small bead. A second deviation from relation (2.19) can 
be expected when the small bead is not bound to the large bead at the equator. In that 
case the tangent of the surface of the large bead makes an angle with the axis of 
rotation. Consequently, the approximation of the flow profile resulting from a rotating 
cylinder as given by relation (2.15) is probably less accurate. 
 
Throughout the experiments described in this thesis the beads rotate in the vicinity of 
a substrate. The torque due to the hydrodynamic drag given by relation (2.6) is valid 
only in bulk fluid. The correction factor Csurface which accounts for the vicinity of the 
surface can be determined from simulations carried out using Comsol. A finite 
element method was used to simulate a rotating bead situated in water where the 
surface is represented by a material of very high viscosity compared to water. Figure 
2.12 gives the correction factor Csurface as a function of the distance between a surface 
and the bottom of a rotating sphere.  

 
Figure 2.12: The correction factor Csurface for the hydrodynamic torque on a sphere rotating in 
bulk fluid as a function of the distance between the surface and the bottom of the sphere. The 
distance is normalised on the sphere’s radius. 

For this project a precise value cannot be assigned to the correction factor Cbeads until 
it is known how many small beads bind to a single large bead. Moreover, the position 
of the small beads with respect to the M-270 bead’s axis of rotation also determines 
the correction factor Cbeads as shown by relation (2.20). Information about the number 
and position of the small beads on the M-270 bead can be obtained from SEM 
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measurements after the M-270 beads have been labelled with small non-magnetic 
beads. These measurements will be discussed in section 6.1.2.  
 
Both for free M-270 beads and M-270 beads that are bound to a surface by a 
biological complex, the distance between bead and substrate can be assumed to be 
below 100 nm. The bead radius of the M-270 beads is 1.4 µm. Therefore, based on 
figure 2.12, the correction factor due to the presence of the substrate is fixed at 

02.02.1 ±=surfaceC  for the experiments described in this thesis. The error in this value 

accounts for the spread in the correction factor for distances between bead and surface 
below 100 nm as shown by the result presented in figure 2.12.   
 
2.6 Rotation of bound beads in a rotating magnetic field 
 
The rotation of free magnetic beads in a rotating magnetic field has now been 
discussed in detail. However, this project is ultimately focussed on the rotation of 
beads bound to a substrate via a protein-protein bond. The effect of such a biological 
complex linking a superparamagnetic bead to a surface is an additional torque due to 
the system’s stiffness which is modelled by a rotational spring. The biological system 
is then characterized by an effective spring constant. The additional torque due to the 
stiffness of the bond leads to an extra term in the equation of motion given by 
equation (2.10) so that the equation of motion for bound beads is given by  
 

( ) θθθωµθπη )(sin8 3 ktB
dt

d
RC fieldlocked −−= .             (2.21)  

                      
 
The effective spring or torsion constant of the particular biological system is given by 

)(θk  which might depend on the rotation angle of the bead. Note that the torque 
resulting from the hydrodynamic drag is corrected by a factor C to account for 
attached small non-magnetic beads and the vicinity of a substrate as described in the 
previous section (2.5).    
 
Winding of DNA is often described by assuming that the resulting torque is linearly 
dependent on the torsion angle θtors [11]  
 

( )0,torstors
L

DNA L

k θθτ −= ,                (2.22)  

                
where Lk  is a constant, L the tether length and θtors,0 an equilibrium orientation of the 
DNA. However, it has also been suggested that winding of DNA is better described 
by a Lk  that is slightly dependent on θ [11].  
 
In order to compute the numerical solution θ(t) of relation (2.21), the orientation of 
the locked magnetic moment θ(t), the equilibrium position of the bead θ0 and the 
angle of the rotating magnetic field tfieldω  are defined by the coordinate system in 

figure 2.13.  
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Figure 2.13: A schematic representation of a bead with a locked magnetic moment bound to a 
surface via a biological complex. The numerical solution θ(t), i.e. the orientation of the locked 
magnetic moment, corresponds to the angle with respect to the bead’s equilibrium position θ0. 
The equilibrium position corresponds to the bead’s orientation when no magnetic torque is 
applied to the bead and is fixed along the positive x-axis. The angle ωfieldt corresponds to the angle 
between the magnetic field and the equilibrium position θ0 of the bead. Note that the initial 
condition of the system is given by θ(0) = 0 and that the direction of the rotating magnetic field is 
anticlockwise. 

Figure 2.13 shows that the numerical solution θ(t), i.e. the angle of the locked 
magnetic moment, as well as the angle of the magnetic field tfieldω  are defined  with 

respect to the bead’s equilibrium position θ0 which is fixed along the positive x-axis. 
The bead’s equilibrium position is defined as the bead’s orientation when no magnetic 
torque is applied. Using these definitions, the numerical solution θ(t) of the equation 
of motion given by equation (2.21) is computed for the case that the torsion constant 

)(θk is independent of the rotation angle θ, i.e. kk =)(θ . The solution is determined 
for the initial condition θ(0) = 0, corresponding to an alignment of the locked 
magnetic moment to the equilibrium orientation θ0 at t = 0.       
  
In figure 2.14 the numerical solution θ(t) of equation (2.21) is given for different 
correction factors C of the hydrodynamic torque.   
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Figure 2.14: The numerical solution θ(t) of the equation of motion given by relation (2.21) for 
different correction factors C of the hydrodynamic torque. The solution is computed for k(θ) = k 
and µlockedB/k = 1. The other parameters set to calculate the numerical solution are ffield = 200 
mHz, η = 10-3 Pa·s and R = 1.4 µm which are typical for the experiments carried out throughout 
this project. 

The solution θ(t) of the equation of motion given by relation (2.21) oscillates as a 
function of time at a frequency equal to the field frequency. This can be explained by 
closely studying equation (2.21). When the magnetic field starts to rotate at t = 0, the 
locked magnetic moment which is initially aligned to the bead’s equilibrium position 
will follow the magnetic field corresponding to anticlockwise rotation. However, the 
torque resulting from the stiffness of the twisted biological complex increases as a 
function of the angular displacement of the bead. As a result, the phase lag θω −tfield  

between the locked magnetic moment and the rotating magnetic field will start to 
increase. When the phase lag exceeds 90 degrees the magnetic torque starts to 
decrease. Since the biological complex is twisted in the anticlockwise direction the 
biological complex, like a rotational spring, induces clockwise rotation. When the 
phase lag of the locked magnetic moment and field exceeds 180 degrees the magnetic 
torque becomes negative which leads to an additional contribution to clockwise 
rotation. This also explains the asymmetry in the peaks of the solution given by figure 
2.14. For the case of anticlockwise rotation, the magnetic torque and the torque due to 
the twisted biological complex are directed oppositely. However, throughout the 
clockwise rotation the two torques align which leads to a relatively fast clockwise 
rotation compared to the anticlockwise rotation. Eventually, the magnetic field will 
catch up with the locked magnetic moment leading to anticlockwise rotation again.  
 
The result presented in figure 2.14 illustrates that the bead rotates over a smaller angle 
with respect to the bead’s equilibrium position for higher values of the correction 
factor C. This effect is related to the relaxation time of the locked magnetic moment 
towards the direction of the magnetic field. When the drag is high, corresponding to a 
high correction factor C, this relaxation time is longer than the typical time scale of 
the rotating magnetic field. The latter is defined by the frequency of the rotating field. 
An increase in hydrodynamic drag corresponds to a decrease in relaxation time of the 
locked magnetic moment. This results in a smaller angle over which the bead can 
follow the magnetic field as illustrated by figure 2.14. For an experiment in which the 
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relaxation time of the direction of the locked magnetic moment is much shorter than 
the typical timescale of the rotating field, the rotation of the bead can be considered a 
quasi static process. In that case the locked magnetic moment rotates in such a way as 
if the magnetic torque is constantly in equilibrium with the torque due to the twisted 
biological system complex. In the quasi static limit a maximum rotation angle of the 
bead’s locked magnetic moment with respect to the equilibrium position can be 
determined. This angle is defined by the equilibrium of the torque due to the twisted 
biological complex with the maximum magnetic torque when the phase lag θω −tfield  
equals 90 degrees. This yields a maximum rotation angle 0max,θ  with respect to the 

bead’s equilibrium position in the quasi static limit: 
 

( ) Bk lockedµθθ =0max,0max, .               (2.23) 

 
For the case of a torsion constant k(θ) that is independent of the rotation angle θ, i.e. 
k(θ) = k and an experiment carried out in the quasi static limit, the maximum rotation 
angle of the bead with respect to its equilibrium position is given by  
 

k

Blockedµθ =0max, .                 (2.24)   

 
The results presented in figure 2.14 indicate that for the experimental parameters 
typical for this project and a drag corresponding to C = 1 and C = 2, the experiments 
are carried out quasi statically at a field frequency ffield = 200 mHz. This can be 
concluded from the fact that the amplitude of the solution for C = 1 and C = 2 deviates 
only 1 percent respectively 5 percent from the ratio kBlockedµ  = 1. The latter gives 

the maximum rotation angle with respect to the bead’s equilibrium position in the 
quasi static limit for the particular experimental parameters. On the other hand, for a 
higher drag corresponding to C = 5 and C = 10 the oscillation amplitude deviates 17 
percent respectively 32 percent from kBlockedµ  = 1 which is considerable. 

Consequently, it can be concluded that for a drag corresponding to C = 5 and C = 10 
the rotation of the bead is not a quasi static process for a field frequency ffield = 200 
mHz.  
 
Figure 2.15 shows the numerical solution θ(t) of equation (2.21) for different values 
of the ratio kBlocked /µ . 
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Figure 2.15: Numerical solution θ(t) of the equation of motion given by equation (2.21) for the 
case k(θ) = k. The solution is given for different values of the ratio µlockedB/k where the correction 
factor is fixed at C = 1. The other parameters set to calculate the numerical solution are ffield = 200 
mHz, η = 10-3 Pa·s, R = 1.4 µm which are typical for the experiments carried out throughout this 
project. 

                
For 1.0/ =kBlockedµ  and 1/ =kBlockedµ  the bead rotation is characterized by an 

oscillation about an equilibrium position with an amplitude 0max,θ  given by relation 

(2.24). However, the solution for kBlocked /µ  = 10 indicates that this is not the case for 

larger values of kBlocked /µ . In that case the bead rotates over a large angle with 

respect to its equilibrium position before it starts to oscillate. This can be explained by 
noting that kBlocked /µ  = 10 actually describes a situation in which the magnetic 

torque dominates the torque resulting from the stiffness of the biological complex. As 
a result, the locked magnetic moment can initially follow the field for more than one 
revolution. When the maximum torque is reached, the torque resulting from the 
stiffness of the twisted biological system is not able to fully rotate the bead back to its 
equilibrium position. Even the negative magnetic torque present when the phase lag 

θω −tfield  exceeds 180 degrees, does not force the bead back to its equilibrium 

position before the magnetic field catches up with the locked magnetic moment again. 
It should be mentioned that the numerical solution presented in figure 2.15 describes a 
quasi static process for all three ratios kBlocked /µ . This can be concluded from the fact 

that the maximum rotation angle with respect to the equilibrium position resembles 
the ratio kBlocked /0max, µθ =  for all three solutions. It can therefore be concluded that 

the three solutions correspond to experiments that are carried out quasi statically at 
ffield = 200 mHz for a correction factor C = 1 and the experimental parameters typical 
for this project. 
  
2.7 Methods 
 
The (theoretical) background of the rotation of superparamagnetic beads in the 
presence of a rotating magnetic field has been discussed in the previous sections. Both 
for free beads and beads bound to a surface by a biological complex. Based on this, 
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methods can be deduced to quantify the locked magnetic moment of the M-270 beads 
and the torsion constant k(θ) of the biological complex. These methods will be 
discussed in the following section.  
 
2.7.1 Quantification of the locked magnetic moment  
 
For superparamagnetic beads (both M-280 and M-270), the locked magnetic moment 
is not specified by the manufacturer (Dynal). It was already mentioned that  
knowledge of the magnitude of the locked magnetic moment is required to calculate 
the magnitude of the torque that can be applied to the bead. 
 
De Clercq studied different methods for determining the breakdown frequency, given 
by equation (2.11), of M-280 beads in order to compute the magnitude of the locked 
magnetic moment [6]. It was concluded that the breakdown frequency can be 
determined most accurately from a single measurement of the average rotation 
frequency of the bead for a field frequency above the breakdown frequency. The 
oscillatory behaviour illustrated by figure 2.6 occurs at these field frequencies. It can 
be shown that the breakdown frequencybdf , the frequency of the oscillations oscilf  

and the field frequency fieldf
 
are related by 

 
222

bdfieldoscil fff −= .                       (2.25)            

 
Furthermore, the average rotation frequency of the bead beadf  is related to the 

oscillation frequency and field frequency by  
 

oscilfieldbead fff −= .                 (2.26)    

 
Combining (2.25) and (2.26) leads to 
 

22 beadbeadfieldbd ffff −= .                (2.27)   

 
De Clercq reports that the breakdown frequency determined by relation (2.27) slightly 
increases as a function of the field frequency of the rotating magnetic field. This is 
attributed to a small induced magnetic moment which results in an additional torque 
on the bead. Consequently, the breakdown frequency should be determined from a 
measurement at a field frequency as close to the breakdown frequency as possible. 
 
The magnitude of the locked magnetic moment lockedµ  can now be computed by 

measuring the average bead rotation frequency for a field frequency bdfield ff >  and 

use of equations (2.27) and (2.11). Note that for M-270 beads with small beads 
attached, the hydrodynamic torque will result in an underestimation of lockedµ . 

Therefore, relation (2.11) needs to be corrected with a factor C.     
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2.7.2 Determination of the torsion constant 
 
One of the goals of this project is determining the torsion constant )(θk  of a 
biological complex. )(θk  can be determined using several different methods some of 
which will be discussed in this section.    
 
The first method entails the computation of the torsion constant )(θk as a function of 
the rotation angle θ directly from relation (2.21) so that  
 

θ
θπηθωµ

θ
dtdRCtB

k fieldlocked /8)sin(
)(

3−−
= .             (2.28)   

            
With expression (2.28) it is possible to extract )(θk  from a single measurement of the 
angular displacement θ as a function of time t. dθ/dt can be implemented by linearly 
fitting the data at each θ where )(θk  is to be computed. The advantage of this method 
is that only a single measurement is needed to extract )(θk  and, more importantly, no 
assumptions are required on the dependency of )(θk  on θ. However, this method 
relies heavily on a well-known angular frequency dθ/dt over a whole range of rotation 
angles θ. It remains to be seen if the analysis of the rotation is accurate enough to 
calculate )(θk . 
 
The result presented in figure 2.15 indicates that for a torsion constant )(θk = k the 
rotation of the bead is characterized by an oscillation with respect to the equilibrium 
position of the bead for 1.0/ =kBlockedµ  and 1/ =kBlockedµ . For the computation of 

these numerical solutions, it was assumed that the torsion constant is independent of 
the rotation angle. However, the maximum rotation angle 0max,θ  in the quasi static 

limit defined by relation (2.23) can also be used to compute )(θk  when its 
dependency on the rotation angle θ is not known in advance. When the bead rotation 
is characterized by an oscillation about its equilibrium position, this requires a 
measurement of the amplitude of the oscillation as a function of the field strength B. 
Note that the corresponding experiments need to be carried out quasi statically. The 
discussion in section 2.6 indicates that for a corection factor in the range between C = 
1 and C = 2 and the experimental parameters involved in this project, the quasi static 
limit is valid when a field frequency ffield = 200 mHz is used. The computation of the 
torsion constant )(θk now requires an assumption on the general dependence of the 
torsion constant )(θk  on the rotation angle θ. As an example it is assumed that )(θk  
is given by the relation 
 

akk θθ 2)( = ,                             (2.29)   
              
where 2k  and a are constants. Using relation (2.23) it is possible to derive that 
 

a

locked

k

B
/1

2
0max, 








=

µθ .                        (2.30)    
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If the bead’s rotation is characterized by an oscillation about its equilibrium position a 
measurement of the amplitude as a function of the field strength B enables the 
computation of the constant a. The constant 2k  provides information on the degree of 
the biological complex’ stiffness. Note that as soon as the constant a is determined, 
the strength 2k  of the stiffness of a certain biological complex can be computed from 
a single measurement of the amplitude for an arbitrary magnetic field strength B. 
However, it should be mentioned that this is only valid if the dependence of the 
torsion constant k(θ) on the rotation angle θ is indeed described by relation (2.29).  
 
For the case that the torsion constant )(θk  is independent of the rotation angle θ, 
i.e. kk =)(θ , the angular velocity of the anticlockwise rotation of the bead can be used 
to compute k. This is illustrated by figure 2.16 which shows that the bead’s angular 
velocity dtdθ  in the vicinity of the bead’s equilibrium position, θ = 0, is 
approximately constant.   

 
Figure 2.16: The numerical solution θ(t) of the equation of motion (2.21) for k(θ)=k.  The slope of 
θ(t) is relatively constant around θ = 0. The solution is calculated for µlocked = 10-16 J/T, B = 22 mT 
and k = 3·10-18 Nm. The other parameters used to compute the solution are fixed at the same 
values as used for the calculation of the solution given in figures 2.14 and 2.15. 

This means that the second derivative 022 ≈dtd θ  near the equilibrium position θ = 
0. After differentiation of relation (2.21) it is found that the following expression is 
valid close to θ = 0: 
 

0)cos( =−−




 −
dt

d
ktB

dt

d
fieldlockedfield

θθωµθω .            (2.31) 

                  
Around θ = 0 1)cos( ≈−θω tfield  because πθω ntfield 2=−  in θ = 0 where n is an 

integer. Solving this equation for k leads to the following equation 
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                   (2.32) 
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This shows that the torsion constant k can be determined by extracting the slope 
dtdθ of the bead’s anticlockwise rotation in the vicinity of the equilibrium position. 

The solution presented in figure 2.16 is computed for a torsion constant 
18103)( −⋅== kk θ  Nm. The slope is equal to 53.0=dtdθ  s-1 around θ = 0. For these 

values, expression (2.32) yields 1810016.3 −⋅≈k  Nm which is in good agreement to 
the parameter that was chosen for the computation of the numerical solution.  
 
This method obviously has limited applicability since it can only be used to determine 
the torsion constant k for the case that the torsion constant is independent of the 
rotation angle. If this is not the case, differentiation of equation (2.21) leads to an 

extra term θθ
θ dt

d
d

dk . 

 
2.8 Summary 
 
This project is ultimately focussed studying the response of a protein-protein complex 
on the application a magnetic torque which induces dissociation and deformation of 
the complex. Superparamagnetic M-270 beads have a surface chemistry that allows 
coupling of proteins to its surface. This is ultimately required for this project which 
makes the M-270 beads very suitable in this respect. However, it is not known if the 
M-270 beads have a locked magnetic moment which is required for the application of 
a magnetic torque as discussed in section 2.1.  
 
The presence of a small locked magnetic moment in the M-270 beads needs to be 
investigated by applying a (rotating) magnetic field. The rotation of beads with a 
locked magnetic moment through the application of a magnetic torque was discussed 
in section 2.2. It was concluded that the locked magnetic moment of the bead can be 
determined from its rotation in a rotating magnetic field.  
 
The M-270 beads need to be labelled with small non-magnetic beads in order to 
visualise rotation throughout the experiments. The influence of the small beads and 
the vicinity of a substrate on the hydrodynamic drag was discussed in chapter 2.5. 
This is required because the drag needs to be well-known in order to determine the 
locked magnetic moment accurately.  
 
In section 2.6 the rotational behaviour of beads with a locked magnetic moment 
bound to a surface by a biological system such as a protein-protein complex was 
discussed. The biological complex was modelled by a rotational spring with and 
effective spring or torsion constant.  
 
Finally, in section 2.8 the most accurate and convenient method to quantify the 
unknown locked magnetic moment of the M-270 beads was discussed. This method 
entails a measurement of the average bead rotation frequency for a field frequency 
situated just above the breakdown frequency.  
 Moreover, procedures were discussed that can be used to compute the torsion 
constant of a biological complex. The torsion constant yields information on the 
stiffness of the protein-protein complex and can be determined using several methods. 
One of the methods involves directly solving the equation of motion for the torsion 
constant. This requires one measurement of the rotation angle of the bead as a 
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function of time at an arbitrary magnetic field strength. Moreover, no assumptions on 
the dependency of the torsion constant on the rotation angle are required. However, 
the method relies on a well-known angular velocity of the bead over a whole range of 
rotation angles. It remains to be seen if the analysis of the bead rotation is accurate 
enough in this respect.  
 The computation of the torsion constant via the amplitude of the oscillation 
requires experiments in the quasi static regime which, for a correction factor close to 1 
and the other experimental parameters of this project, corresponds to a field frequency 
of 200 mHz. Furthermore, this method requires assumptions on the general 
dependence of the torsion constant on the rotation angle. Moreover, numerous 
measurements need to be carried out at different field strengths of the rotating 
magnetic field.  
 Finally, a method was given involving the angular velocity of the bead 
throughout the anticlockwise rotation about its equilibrium position. This method 
requires a single measurement of the rotation angle as a function of time at an 
arbitrary magnetic field strength. However, this method can only be applied to a 
biological complex with a torsion constant that is independent of the rotation angle.      
 
Chapter 3 deals with the protein-protein complex used as a model biological system 
for this project. This complex will be used to test the feasibility of the methods 
discussed in section 2.7.2 that can be used to determine the torsion constant.   
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3. Model system: Protein G – IgG complex 
 

For the present study the Protein G – IgG complex is chosen to act as a model system. 
This biological complex will be used to test the methods to determine the torsion 
constant discussed in section 2.7.2. 
     
3.1 Antibody structure 
 
Immunoglobulin G or IgG is an antibody occurring in the human blood stream which 
plays an essential role in the specific part of the humoral defence mechanism. An 
antibody recognises and specifically binds to a particular antigen invading the human 
body. As a result, a number of processes within the immune system are triggered, 
leading to the destruction of the antigen. The general structure of an antibody is 
schematically illustrated by figure 3.1.  

 
Figure 3.1: Schematic representation of an antibody depicting the crystallizable Fc fragment and 
antigen binding Fab fragment. 

The antibody can be divided into two parts: A constant crystallizable part known as 
the Fc fragment and an antibody binding part called the Fab fragment. The Fc 
fragment is similar for all antibodies of a particular class. The Fab fragment 
specifically binds to one particular epitope (active area) of a particular antigen. 
Consequently, the Fab fragment generally differs among different antibodies.  
 
IgG is one of the five classes of antibodies and accounts for 80% of all the antibodies 
in blood and for 20% of all the blood proteins. The other classes of antibodies are 
IgA, IgD, IgE and IgM.     
 
3.2 The protein G – IgG complex 
 
Protein G is known to form IgG-Fc receptors on the cell wall of streptococcal strains, 
a gram-positive bacterium. It has been proposed that binding of protein G to the Fc 
fragment of human IgG allows the bacteria to evade an immune response after 
invading the human body [12]. Sjöbring et al. studied the affinity of protein G. Based 
on experiments a Scatchard plot was made and an affinity constant of 2·1010 M-1 was 
determined [13]. It has been has been reported in literature that protein G consists of 
an α-helix linked to a four stranded β-sheet as illustrated by figure 3.2 [14].   
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Figure 3.2: Illustration of the tertiary structure of pr otein G indicating the presence of an α-helix 
and a four stranded β-sheet (left) [14]. Illustration of the tertiary structure of the Pro tein G:IgG-
Fc complex [14] (middle). Schematic representation of the folding domains of an IgG antibody. 
CH corresponds to a constant heavy chain domain; CL to constant light chain; VL to variable 
light chain and VH to a variable heavy chain domain.  (right).     

Furthermore, it has been reported that protein G has two or three binding regions for 
the Fc fragment of IgG. This is expressed by two [15] respectively three [16] repeats 
in the amino acid sequence of the protein each comprising about 55 amino acids. 
According to Stone et al. the binding site on the Fc fragment is in the CH2-CH3 
interface region [17]. This is illustrated by figure 3.2 [14]. It has been concluded that 
the interaction between the Fc fragment of human IgG and protein G involves mainly 
charged and polar contacts [14]. Sloan and Hellinga studied the interaction between 
one of the binding domains of protein G for the Fc fragment of human IgG, the so-
called B1 domain. It was found that the interaction can be interpreted as two separate 
localized “knob-into-hole” interactions as illustrated by figure 3.3 [18]. The first 
interaction is described as a polar knob on the surface of the B1 domain which fits 
into a hole on the Fc fragment of human IgG. Hydrogen bonds are then formed 
between carboxylate on the B1 domain and amides on the Fc fragment of IgG. The 
second interaction is described by Sloan and Hellinga as a hydrogen interaction of a 
knob on the Fc region and a hole on the surface of the B1 domain of protein G.             

 
Figure 3.3: The B1 domain of protein G and the Fc region of IgG indicating the knob and hole 
regions on both proteins as reported by Sloan and Hellinga [18]. 
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3.3 Torsion stiffness          
 
The protein G-IgG complex has been discussed in detail in the previous section. The 
present study is mainly concerned with the computation of the torsion constant )(θk  
of the protein G-IgG system. It should be noted that, to the author’s knowledge, no 
experimental or theoretical studies have been carried out on the torsion stiffness of 
this particular biological system. However, it is possible to compare the results of this 
project to the torsion constant of DNA which is a frequently addressed research topic 
in the scientific community. It has been reported that the torsion stiffness of DNA is 
characterized by )(θk L of order 102 pN nm2 around the equilibrium position θ = 0. 
Here L corresponds to the tether length of the DNA. It has been reported though, that 
the exact value depends slightly on the method of determination [11]. It should be 
noted that proteins are molecules whose amino acid sequence on the polypeptide 
chain are folded and coiled in complex ways through numerous different interactions. 
Consequently, the stiffness of the protein G-IgG complex is expected to be much 
higher than for DNA which has a more fibrous structure.    
 
3.4 Different degrees of affinity protein G for animal IgG 
 
Besides the affinity for the Fc region of human IgG, protein G also binds to a range of 
animal IgG’s with different degrees of affinity. The affinity of protein G for different 
animal IgG’s as well as for a range of sub-classes of human IgG is semiquanitatively 
given by table A [8]. 
 
Table 3A: Protein G-IgG binding affinities for IgG’s from d ifferent sources. ++ 
indicates strong binding; +, weak binding; -, no binding.[19]  

Immunoglobulin 
G 

Type III receptor 
Protein G, FcRc 

Rabbit ++ 
Goat ++ 

Mouse ++ 
Rat + 

Bovine ++ 
Chicken - 

Human IgG1 ++ 
Human IgG2 ++ 
Human IgG3 ++ 
Human IgG4 ++ 
Human IgA - 
Human IgM - 
Human IgD - 

  
It is interesting to investigate whether the differences in affinity among different 
IgG’s is somehow reflected in a difference in the torsion constant k(θ).  
 
3.5 Affinity for the Fab region 
 
It has been reported that protein G also has a degree of affinity for the antibody 
binding Fab fragment of human IgG [20,21]. Björck and Kronvall report that the 
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binding affinity of protein G for the Fab fragment is only 10% of the affinity for the 
Fc fragment [22]. According to Erntell et al. the Fc and Fab fragments have different 
binding sites on protein G [23]. The bond is described as an interaction between the 
last strand of the β – sheet in the constant heavy chain domain of the Fab fragment 
(CH1 domain) and an outer β - strand of protein G [9].  
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4. Functionalization & labelling the M-270 bead 
 
4.1 Functionalization of the M-270 bead 
 
In the introduction it was mentioned that the biological system, the protein G-IgG 
complex, will be sandwiched between a substrate and a magnetic bead. In section 2.1 
it was concluded that the M-270 beads terminated with carboxyl groups are very 
suitable for this project. This particular surface chemistry can be used to covalently 
couple the carboxyl groups on the beads to the amine groups on the protein G or IgG 
thereby coating the bead with either one of the two proteins. The covalent coupling is 
achieved by a reaction scheme known as EDC/NHS which will be discussed in 
section 4.2. Coating the bead with a biological ligand is a procedure commonly 
known as functionalization.    
 
It is chosen to functionalize the M-270 bead with protein G and not IgG in order to 
standardize the functionalized M-270 bead. This makes it possible to carry out 
rotation experiments on IgG’s from different sources as discussed in section 3.4 
keeping the functionalized M-270 bead a constant among different experiments. The 
sandwiched protein G-IgG complex can then be obtained by incubating the beads 
functionalized with protein G on a substrate functionalized with IgG. The exact 
procedure will be discussed in section 5.2   
 
Apart from the functionalization of the M-270 beads with protein G, labelling of the 
beads is also required in order to visualize rotation as discussed in section 2.4. In 
order to enable labelling, the M-270 bead is also functionalized with a second ligand 
known as biotin EZ-link® which is commercially available from Pierce 
Biotechnology. Biotin forms the strongest known non-covalent biological bond with 
the tetrameric glycoprotein streptavadin whose tertiary structure is illustrated by 
figure 4.1. One streptavidin molecule is able to bind four biotin molecules at once. 
Biotin EZ-link® is a biotin molecule terminated with an amine group which makes it 
possible to bind the molecule to the M-270 bead by EDC-NHS. Small polystyrene 
beads functionalized with streptavadin which are also commercially available can 
then be attached to the M-270 beads via the biotin-streptavadin complex for the 
purpose of labelling.     
 

  
Figure 4.1: The tertiary structure of streptavidin (left). The chemical structure of biotin (right). 
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4.2 EDC-NHS 

 
Covalent peptide bonds between biological ligands, such proteins, and an M-270 bead 
can be formed by using an EDC or EDC-NHS reaction scheme. In the case of the 
EDC reaction the covalent bonds are obtained through activation of the carboxyl 
groups on the M-270 beads by EDC (1-ethyl-3-[3-diaminopropyl]carbodiimide) in the 
presence of a particular biological ligand. The general reaction mechanism is given by 
figure 4.2 [24]. 
 

 
Figure 4.2: The formation of a peptide bond between an amine group of a biological ligand R  
and a carboxyl group on the M-270 bead by an EDC reaction [24]. 

The intermediate products of the reaction between the carboxyl groups and the EDC 
are very reactive with respect to the amine groups of the biological ligand but have 
limited stability.  
 
The stability of the activated carboxyl groups can be increased in time by adding N-
hydroxysuccimide (NHS). The EDC-NHS reaction scheme contains an extra reaction 
step in which the NHS replaces the intermediate products present after EDC 
activation. This is shown in figure 4.3.  
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Figure 4.3: The formation of a peptide bond between an amine group of a biological ligand R and 
a carboxyl group on the M-270 bead by an EDC-NHS reaction. Note that there is one extra 
reaction step involving NHS compared to the EDC reaction. 

For the present study a protocol has been designed in which biotin-EZ link® is 
coupled to the bead by activation through EDC. After washing away the remaining 
free biotin EZ-link® and EDC, protein G and NHS will be simultaneously added to 
the biotin functionalized M-270 beads. It was deliberately chosen to prevent the 
simultaneous presence of EDC and protein G in the bead mixture. Protein G has 
carboxyl groups as well as amine groups so that activation through EDC could lead to 
cross-linking of different protein G molecules. Rather than activating the carboxyl 
groups, NHS only stabilizes the already activated carboxyl groups on the M-270 
beads.  
 
The presence of biotin and protein G on the functionalized M-270 beads can be 
evaluated by a so-called Enzyme-Linked Immuno Sorbent Assay (ELISA). This 
method entails labelling either the biotin or the protein G on the M-270 beads with a 
luminescent marker known as horseradish peroxidase (HRP). By adding the substrate 
luminol a chemiluminescent reaction between HRP and luminol is initiated and the 
luminescent signal can be measured. The measured light intensity provides qualitative 
proof for the presence of the ligand on the M-270 beads.  Moreover, the strength of 
the signal measured separately for the protein G and biotin on the M-270 beads 
provides information on the relative coverage of these two ligands on the beads.       
 
4.3 Coupling the polystyrene beads 
 
The final step is the coupling of the small streptavadin-coated polystyrene beads to the 
functionalized M-270 beads which now have biotin on the surface. From now on the 
small polystyrene beads functionalized with streptavadin are simply referred to as 
small beads. Labelling is achieved by incubation of an amount of small beads on 
functionalized M-270 beads. It should be noted that the incubation time as well as the 
concentrations of the small beads and M-270 beads throughout the incubation are 
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important parameters. These factors determine the amount of small beads that bind to 
a single M-270 bead. A short incubation time or low concentration of small beads 
leads to a very small probability of a small bead binding to an M-270 bead in the 
given incubation time. This results in little or no labelled M-270 beads. On the other 
hand, a long incubation time or high concentration of small beads leads to numerous 
small beads attached to a single M-270 bead. This might result in steric hindrance of 
the protein G-IgG bond by the small beads throughout the incubation of the 
functionalized beads on an IgG coated substrate. This is illustrated by figure 4.4 
which shows that the presence of the small beads can prevent the protein G from 
binding to the IgG on the substrate.  
 

 
Figure 4.4: Illustration of steric hindrance of the protein G-IgG bond. The protein G on the bead 
is not able to bind to the IgG on the substrate due to blocking by the small beads. 

A situation described by figure 4.4 is possible because the small beads of diameter 
250 nm are large compared to the protein G-IgG complex which has a diameter of 
approximately 101 nm. Moreover, significant deviations from the single bead 
hydrodynamic drag can be expected as discussed in section 2.5. There it was shown 
that a correction can account for this deviation. However, the number of small beads 
bound to the M-270 bead most likely varies among a batch of labelled M-270 beads. 
Consequently, the maximum number of bound small beads among an ensemble of 
labelled M-270 beads should be kept to a minimum. In this way the correction factor 
C given by relation (2.19) characteristic for a batch of labelled M-270 beads is kept as 
close to Cbeads = 1 as possible. 
 
The final result of the procedure described throughout this chapter is a labelled M-270 
bead which is functionalized with protein G. Figure 4.5 shows a schematic 
representation of the steps resulting in the functionalization and labelling of the M-
270 bead. 
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Figure 4.5: Schematic representation of the functionalization and labelling of the M-270 bead. A 
plain M-270 bead terminated with carboxyl groups (1). An M-270 bead functionalized with biotin 
through EDC activation (2). An M-270 bead functionalized with biotin and protein G. This is 
achieved by simultaneously adding protein G and NHS to couple the protein G to the remaining 
free carboxyl groups (3). An M-270 bead functionalized with protein G and labelled with 
streptavadin functionalized small beads via the biotin-streptavadin complex (4).  
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5. Experimental 
 
5.1 Materials  
 
The superparamagnetic beads used for the present study are the Dynabeads M-270 
Carboxylic Acid (diameter 2.8 µm, stock concentration 2·109 beads/ml) ordered from 
Dynal Biotech. The small polystyrene beads used for labelling are the Carboxylate-
modified streptavidin-labeled latex beads (average diameter 250 nm, stock 
concentration 1.2·1012 beads/ml) from Sigma. 
 
The ligands used for the functionalization of the M-270 beads are biotin EZ-link® 
(Pierce Biotechnology) and recombinant protein G (Calbiochem). Recombinant 
protein G lacks the albumin binding domain as well as the cell wall and cell 
membrane binding domains of protein G which diminishes non-specific binding of the 
protein. The IgG used for this project is Mouse IgG serum (molecular weight 160 kD, 
Calbiochem). 
 
Streptavadin conjugated with horseradish peroxidase (Pierce Biotechnology) and 
recombinant protein G conjugated with peroxidase (Pierce Biotechnology) are used to 
qualitatively measure the presence of biotin and protein G on the functionalized M-
270 beads. Enzyme-Linked Immuno Sorbent Assays (ELISA) are carried out using 
luminol ordered from Pierce Biotechnology in a commercially available machine 
(Fluoroskan Ascent FL, Thermo Electron Corporation).     
 
For the rotation experiments either a glass (Menzel-Glaser) or polystyrene substrate 
(Agar Scientific) is used.  
 
5.2 Sample preparation 
 
All rotation experiments are carried out in a closed fluid cell consisting of a spacer 
with a circular hole (diameter 8.4 mm) of height 120 µm sandwiched between a 
substrate and a glass cover slide. For the rotation experiments 8 µl 100x diluted 
labelled M-270 beads functionalized with protein G is pipetted in the fluid cell. The 
beads are diluted in assay buffer which consists of 0.01 M phosphate buffered saline 
(PBS, PH 7.4) with 0.02 % Tween-20 and 1% BSA. The rotation experiments on free 
M-270 beads are carried out on a glass substrate whereas a polystyrene substrate is 
used for the protein G-IgG bound beads.  
 
A glass substrate is used for the experiments on the rotation of free beads because it 
has a negative surface charge in PBS just like the beads. Consequently the interactions 
between the beads and the substrate are repulsive which prevents binding to the glass 
substrate. A schematic representation of the sample used for the free bead rotation 
experiments is given by figure 5.1. 
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Figure 5.1: Illustration of the sample configuration used throughout the experiments on free 
rotating M-270 beads. 

For the rotation experiments on beads attached to a surface by a protein G-IgG 
complex, polystyrene is used as a substrate. Proteins generally stick to polystyrene 
due to attractive van der Waals interactions which enables functionalization of the 
substrate with Mouse IgG through physisorption.  
 Protein G, like IgG, is also a protein so that the beads functionalized with 
protein G can be expected to bind directly to the polystyrene substrate. Therefore, the 
IgG functionalized substrate is blocked with casein which is a protein with a large size 
distribution that shows little or no interaction with other proteins. The casein covers 
the surface of the polystyrene that is not coated with IgG which prevents the 
formation of non-specific bonds between the protein G present on the beads and the 
polystyrene substrate.  
 The functionalized M-270 beads are incubated on the IgG coated substrate for 
five minutes to induce protein G-IgG binding. Incubation is conducted in a static 
magnetic field of 2 mT in order to align the magnetic moment of the beads in the 
plane of the substrate before binding occurs. If the moment is not aligned before the 
protein G-IgG bond is formed, switching on the rotating magnetic field will result in 
alignment. This will influence the formed protein G-IgG system as the bead is 
physically rotated and prevents the measurement of the torsional stiffness starting 
from the thermal equilibrium position. Note that a low field of 2 mT is used to prevent 
clustering of beads due to dipole-dipole interactions.   
 After incubation, the fluid cell is turned upside down. The bound protein G-
IgG beads remain bound to the substrate and the unbound beads fall down under the 
influence of gravity. Figure 5.2 illustrates the sample’s configuration used for the 
experiments on protein G-IgG bound beads. A detailed sample preparation protocol 
can be found in appendix A. 

 
Figure 5.2: Schematic representation of the sample used for the rotation experiments on protein 
G-IgG bound M-270 beads. The polystyrene (PS) substrate is functionalized with Mouse IgG 
through physisorption. Note that the sample has been turned upside down to separate the protein 
G-IgG bound beads from the unbound beads. 
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5.3 Microscope     
 
The samples are studied with a Leica DM6000M microscope with a 63x immersion 
objective. This type of objective is immersed in a drop of water that is in contact with 
the sample. Water has a higher refractive index than air so that the numerical aperture 
and hence the resolving power of the microscope is increased. In addition to the 63x 
immersion objective a 10x and 2x magnifying lens result in a total magnification of 
1260x. All measurements are conducted in transmission mode which means that the 
sample is illuminated from the bottom and the light is detected by a camera above the 
sample. The images are recorded with a high speed camera (MotionPro HS-3) at a 
frame rate of 30 fps.  
 
5.4 Magnetic Quadrupole [6] 
 
The rotating magnetic field is generated by the magnetic quadrapole. This device 
consists of four electromagnets surrounded by a polystyrene shell through which an 
AC current is sent by a current regulator. The latter is connected to two function 
generators (Agilent 33250A) and is powered by a ±5V Agilent E3631A power supply. 
A top view of the magnetic quadrupole and the current regulator is shown in figure 
5.3. 
  

 
Figure 5.3: Top view of the magnetic quadrupole (top) and the current regulator (bottom) 

 
The sample is placed on top of the region enclosed by the pole-tips of the four 
electromagnets as illustrated by figure 5.4.  
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Figure 5.4: Schematic side view of two of the four opposing pole tips and the sample position 
beneath the immersion lens. The sample is located 2 mm above the pole tips as it rests on the 
polystyrene shell surrounding the pole tips (not shown).   

To obtain a rotating magnetic field in the plane of the sample an AC current is sent 
through the coils in such a way that the current through each of them is 90 degrees out 
of phase with respect to its neighbours. Consequently, four AC signals are required of 
relative phase 0, 90, 180, 270 degrees. The two function generators both produce an 
AC signal which is 90 degrees out of phase with respect to one another. The current 
regulator inverts these two signals to obtain the four required signals for the currents 
through the coils. The result is a homogeneous rotating magnetic field in the plane of 
the substrate restricted to a 1 mm x 1 mm area centered above the region enclosed by 
the four pole tips. The electromagnets are kept in place by a polystyrene shell, as 
shown by figure 5.3, which is slightly elevated above the pole tips. As a result, the 
sample is located 2 mm above the pole tips as it rests on this polystyrene shell. Note 
that the field of view at 1260x magnification encloses an area of 100 µm x 100 µm, 
consequently a homogeneous rotating magnetic field can be expected over the whole 
field of view. It can be derived that the rotation frequency of the rotating magnetic 
field equals the frequency of the AC current sent through the coils. The function 
generators as well as the power supply are steered by a computer program. The 
magnetic field strength has been measured as a function of the current running 
through the coils with a Hall probe. Based on this measurement, the magnetic field 
strength has been scaled with respect to the current steered through the coils. 
Therefore, it is possible to adjust both the field strength and the frequency of the 
magnetic field by using the program.       
 
5.5 Image Analysis [6] 

 
The angular orientation of the rotating M-270 beads as a function of time is analyzed 
with a computer algorithm developed by De Clercq [6]. A recorded movie of a 
rotating bead consists of a sequence of images which can be interpreted as a series of 
snapshots of the rotating bead. For each image in the sequence the algorithm basically 
calculates the angle that the bead has rotated with respect to the first image.  
 
For each image the program normalises the intensity of the pixels within a chosen 
region of interest, assigning a value 1 to the pixel with the maximum intensity. 
Subsequently, all pixels with an intensity below a certain set threshold intensity are 
collected and the centre of the bead is found by averaging the minimum and 
maximum x and y coordinates of the collected pixels as illustrated in figure 5.5. 
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Figure 5.5: A schematic representation of a bead (left). The pixels of the bead with an intensity 
below the threshold intensity. The centre of the bead corresponds to the coordinate (Cx,  Cy) 
(right).  

Subsequently, the cartesian image of the bead will be converted to a polar image of 
the bead for all images in the sequence where the centre of the bead is taken as the 
origin. It should be noted that the bead might slightly translate. Therefore, the centre 
of the bead is determined for every image in the sequence.  
 
The rotation of the bead around the origin, corresponds to a shift in the polar angle of 
the polar image. Each polar image in the sequence is then correlated with the first 
image. A shift in the maximum of the correlation function corresponds to a shift in the 
polar angle corresponding to the rotation angle of the bead with respect to the first 
image. In this way it is possible to compute the angle covered by the bead in the time 
span between a particular image and the first image in the sequence. By doing so, the 
algorithm computes the angular displacement of the bead as a function of time. 
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6. Experimental results 
 

6.1 Functionalizing & labelling the M-270 bead 
 

6.1.1 Functionalization of the M-270 beads 
 
The M-270 Carboxylic Acid beads are functionalized with biotin and recombinant 
protein G by EDC-NHS. A detailed functionalization protocol can be found in 
appendix B. Enzyme-Linked Immuno Sorbent Assays (ELISA) are carried out in 
order to check if the designed protocol successfully functionalizes the M-270 beads 
with both biotin and protein G. This requires marking the ligands, biotin and protein 
G, with the enzyme horseradish peroxidase.  
 
In order to evaluate the presence of biotin on the functionalized M-270 beads, 
streptavadin conjugated with horseradish peroxidase (HRP) is incubated on a batch of 
M-270 beads that is functionalized with biotin and protein G. The streptavadin binds 
to the biotin on the beads which are thereby labelled with the luminescent label HRP. 
Figure 6.1 shows an ELISA carried out on two batches of functionalized M-270 beads 
treated with streptavadin-HRP. The two batches have been functionalized using two 
different concentrations of biotin-EZ link®, 2 mM and 10 mM. It should be noted that 
the protocol given in appendix B is based on using 10 mM biotin EZ-link®. 
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Figure 6.1: The luminescence intensity in RLU (Relative light units) as a function of time t for 
two batches of biotin and protein G functionalized M-270 beads. Streptavadin-HRP was used to 
mark the biotin on the beads with a luminescent label.  

It should be noted that the control measurement in which streptavadin-HRP is 
incubated on non-functionalized M-270 beads yields a luminescence signal below 1 
RLU.  Therefore, figure 6.1 indicates that the protocol functionalizes the M-270 beads 
with biotin. Moreover, the ratio of the measured signal approximately equals the ratio 
of the biotin EZ-link® concentrations used throughout the functionalization of the 
beads. 
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In order to verify the presence of protein G on the functionalized M-270 beads, a 
batch of beads has been functionalized with biotin and peroxidase conjugated 
recombinant protein G according to the protocol given in appendix B. It is assumed 
that functionalization of the M-270 beads with peroxidase conjugated recombinant 
protein G and recombinant protein G has a similar result in terms of the protein 
coverage of the beads. Based on this assumption an ELISA on this batch of beads can 
be used to evaluate the presence protein G on the M-270 beads resulting from the 
designed protocol. Note that these beads have also been functionalized using 10 mM 
biotin EZ-link®. Figure 6.2 shows the luminescence signal measured for the batch of 
beads coated with biotin EZ-link® and peroxidase conjugated recombinant protein G. 
Furthermore, figure 6.2 also gives the result of an ELISA on a different batch of M-
270 beads functionalized with biotin and regular recombinant protein G that was 
treated with streptavadin-HRP. This measurement can be used to check the presence 
of biotin on the beads and is similar to the one illustrated by figure 6.1. 
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Figure 6.2: The luminescence intensity in RLU (relative light units) as a function of time t for a 
batch of M-270 beads functionalized with biotin and protein G conjugated with peroxidase (����).  
An ELISA on a different batch of beads functionalized with regular protein G and biotin that 
was treated with streptavadin-HRP to check the presence of biotin (����).   

The result presented in figure 6.2 provides evidence that the designed protocol results 
in functionalization of the beads with protein G. The measured luminescence signal 
for the biotin is approximately equal to the signal measured for the recombinant 
protein G. This indicates that the coverage of protein G and biotin on the M-270 beads 
is about the same. 
 
The results presented in figures 6.1 and 6.2 indicate that the protocol successfully 
functionalizes the M-270 beads with biotin and recombinant protein G. However, it is 
important to note that these results only provide information on the relative coverage 
of biotin and protein G. The results obtained from the labelling experiments that are 
described in the next section (6.1.2) can be used to determine whether the absolute 
biotin coverage is sufficient for the labelling of the M-270 beads with small beads. If 
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there is too little biotin on the beads the probability that a small bead coated with 
streptavadin binds to the M-270 bead is very small which results in little or no 
labelled M-270 beads. The absolute coverage of protein G on the functionalized M-
270 beads can be evaluated by experiments in which the functionalized beads are 
bound to an IgG functionalized substrate. These experiments are discussed in section 
6.1.3.          
 
6.1.2 Labelling of the M-270 beads 
 
For the purpose of labelling, small beads are incubated on functionalized M-270 beads 
under continuous shaking in assay buffer. A number of experiments have been carried 
out using different bead concentrations and incubation times. However, none of the 
attempts to obtain labelled M-270 beads were successful. Incubation without shaking 
does however result in labelled M-270 beads. 
 
Apparently, shaking throughout the incubation plays a crucial role in the labelling of 
the beads. Obviously, shaking prevents effective binding of the streptavadin coated 
polystyrene beads to the biotin functionalized M-270 beads.  
 
The absence of shaking during incubation, restricts the range of incubation times that 
can be used for the labelling. If the incubation is carried out without shaking the M-
270 beads will sediment after a few minutes due to the influence of gravity. The small 
beads are functionalized with streptavadin whereas the functionalized M-270 beads 
have biotin on the surface. Consequently, sedimentation of the M-270 beads during 
the incubation most likely leads to cross linking of different M-270 beads via the 
small beads which results in clusters. 
 
To avoid clusterformation, a high concentration of small beads was incubated without 
shaking on the functionalized M-270 beads for a short period of time so that the 
effects of sedimentation are diminished. Since it is chosen to use a short incubation 
time it is evident that a high concentration of small beads is required to achieve 
effective labelling in such a short period of time. The concentration of the M-270 
beads used throughout the incubation is of order 107 beads/ml. The used concentration 
of the small beads is typically of order 1010 beads/ml Therefore, the ratio of the 
number of small beads with respect to the M-270 beads throughout the incubation is 
of order 103. After the incubation the labelled M-270 beads are separated from the 
remaining free small beads with a magnet. This is possible because the M-270 beads 
are superparamagnetic whereas the small polystyrene beads are non-magnetic.  
Subsequently, the labelled M-270 beads are suspended in assay buffer in such a way 
that the bead mixture is 100x diluted with respect to the stock concentration of the M-
270 beads.  
 
Figure 6.3 shows a microscope image of a sample at a magnification of 1260x made 
using the immersion objective. The incubation time used for this sample is ten 
minutes.  
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Figure 6.3: Labelled M-270 beads as well as clusters resulting from cross linking of different M-
270 beads via the small beads that are coated with streptavadin. The incubation time used is ten 
minutes. 

 
Figure 6.3 shows labelled M-270 beads as well as clusters of M-270 beads which are 
the result from cross linking via small beads. Therefore, the incubation time is further 
lowered to one minute without shaking. The result is illustrated by figure 6.4. 
 

 
Figure 6.4: Labelled M-270 beads obtained by using an incubation time of one minute. 
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Figure 6.4 provides evidence that an incubation time of one minute leads to little or no 
clusters whereas this time appears to be long enough for effective labelling of the 
separate M-270 beads. A detailed labelling protocol can be found in appendix B. 
 
The difference between labelled and non-labelled M-270 beads is illustrated in figure 
6.5 which shows both in more detail.  
 

 
Figure 6.5: Labelled M-270 beads. The contrast resulting from the presence of the small beads is 
indicated (left).  Non-labelled M-270 beads (right).  

Figures 6.3, 6.4 and 6.5 indicate that the presence of the small beads on the M-270 
beads results in sufficient contrast to visualize rotation. However, it is difficult to pin-
point the location of the small beads exactly. This is due to the fact that the diameter 
of the small beads is only 250 nm which is below the diffraction limit of the 
microscope. Consequently, it is not possible to determine the number of small beads 
bound to a single M-270 bead.     
  
Therefore, SEM photos of the labelled M-270 beads are made. In this way it is 
possible to quantify the number of small beads bound to a single M-270 bead and the 
spread of this number among a batch of labelled beads. 
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Figure 6.6: SEM photos of labelled M-270 beads illustrating the spread in the number of small 
polystyrene beads bound to a single M-270 bead. 

 
Figure 6.6 indicates that the number of small beads bound to a single M-270 bead 
varies between 1 and 10. According to relation (2.19), ten label beads (diameter 250 
nm) bound to the M-270 bead (diameter 2.8 µm) results in a maximum correction 
factor Cbeads = 1.12. Considering the spread of the attached small beads among an 
ensemble of M-270 beads, the correction factor is fixed at Cbeads = 1.1±0.1. Here, the 
error accounts for the spread in the number and position of the small beads on a single 
M-270 bead. 
  
6.1.3 Dose-response curve functionalized M-270 beads 
 
In order to test if the absolute coverage of the protein G on the M-270 beads suffices 
for the rotation experiments on the IgG-protein G complex, a so-called dose response 
curve was measured. Closed fluid cells are prepared for different mouse IgG 
concentration in the range between 100 pM and 1 µM by the procedure described in 
section 5.2 and appendix A. After the sample is turned upside down, the number of 
protein G-IgG bound beads as well as the beads that did not bind to the IgG coated 
substrate is determined. This is possible since the bound beads stick to the substrate 
whereas the free beads fall down towards the bottom of the fluid cell. Both can be 
counted by focusing the microscope at the bottom of the fluid cell and on the 
functionalized substrate. By doing so, it is possible to compute the fraction of the total 
number of beads that has bound to the substrate via the protein G-IgG complex. The 
fraction is computed for a number of different area’s on the sample by moving the 
objective with respect to the sample. This is done so that a total number of about 400 
beads is considered for the determination of the fraction of bound protein G-IgG 
beads. In this way statistically reliable data is obtained. To determine the degree of 
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non-specific binding of the functionalized M-270 beads to the polystyrene substrate, a 
control measurement is carried out. To this end, the fraction of beads bound to a 
substrate that is solely coated with casein is determined. It is important to note that the 
measurements are carried out using functionalized M-270 beads that are not labelled. 
In this way, solely the interaction between protein G on the beads and IgG on the 
substrate is studied. Any additional effects due to steric hinderance of the protein G-
IgG bond due to the presence of the small beads is excluded in this way. In figure 6.7 
the fraction of protein G-IgG bound beads is plotted as a function of the IgG 
concentration used throughout the functionalization of the substrate. Each data point 
entails a measurement involving about 400 beads.           
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Figure 6.7: The fraction of functionalized M-270 beads bound to the IgG coated polystyrene 
substrate as a function of the Mouse IgG concentration used throughout the functionalization of 
the substrate. Each point on the graph entails a measurement involving about 400 beads. The 
error bars contain the fraction of beads that bind to the substrate coated solely with casein which 
is determined to be 0.01. The line is plotted as a guide to the eye.   

The control measurement yields a fraction of bound M-270 beads of only 0.01. The 
result presented in figure 6.7 indicates that the number of M-270 beads bound to an 
IgG functionalized polystyrene substrate generally increases as a function of the IgG 
concentration. This is expected because a higher IgG concentration during the 
functionalization of the substrate probably results in a higher IgG coverage of the 
polystyrene surface. Consequently, there is a higher probability that the protein G on 
M-270 beads binds to the IgG on the substrate. In the case of the two highest IgG 
concentrations of 100 nM and 1 µM almost all functionalized beads bind to the IgG 
coated polystyrene. This indicates that the substrate is almost saturated with IgG 
above a concentration of 100 nM. This results in a fraction of protein G-IgG bound 
beads that becomes independent of the IgG concentration used throughout the 
incubation.  
 
It is important to note that multiple protein G-IgG bonds between the bead and 
substrate might be expected in the saturation regime above 100 nM IgG due to a high 
IgG coverage of the substrate. This can also be understood from a geometrical point 
of view. The area of the M-270 bead that is available for protein G-IgG binding can 



CONFIDENTIAL 

 53 

be determined from the curvature of the bead for two limiting cases. The first assumes 
hard contact between the bead and the substrate. In that case the available area of the 
bead for protein G-IgG binding can be estimated by the area of the M-270 bead that is 
confined to a height above the substrate that is equal to diameter of the IgG molecule. 
The other case describes a bead that is not in hard contact with the substrate but 
situated a distance equal to the diameter of the IgG antibody above the substrate. It is 
then assumed that a protein G molecule needs to be within a range of 1 nm of a IgG 
antibody in order to form a bond. Both cases are described in figure 6.8. Note that the 
diameter of the IgG molecule is approximately 101 nm.   
 

  
Figure 6.8: A geometrical representation of a bead in hard contact with the IgG coated substrate. 
The shaded area indicates the part of the surface of the M-270 bead that is within a range h = 10 
nm, the diameter of the IgG molecule, of the substrate (left). A geometrical representation of an 
M-270 bead situated 10 nm, equal to the diameter of the IgG molecule, above the substrate.  The 
shaded area corresponds to the part of the surface of the bead that is within a 1 nm range of the 
IgG molecules (right). The shaded area can be calculated from the angleβ  which can be 
computed geometrically.      

From the angleβ  it is possible to calculate the part of area of the bead that is available 
for binding to the IgG. This yields an area equal to 0.5 µm2 for the case describing a 
bead in hard contact with the substrate. For the case based on the assumption that a 
protein G molecule needs to be within a 1 nm range of an IgG molecule in order to 
bind to it, an area of 0.1 µm2 is calculated. The areas correspond to 2 and 0.4 percent 
of the total area of the M-270 bead. This means that for a substrate saturated with IgG, 
a regime of single protein G-IgG bonds is probable when the protein G coverage of 
the bead is of order 100 to 101 molecules µm-2. This corresponds to a number of 
protein G molecules per M-270 bead of order 101 to 102 . For a concentration of IgG 
of 1 µM IgG throughout the functionalization of the substrate, it is therefore possible 
that multiple bonds occur. However, decreasing the IgG concentration could very well 
approach the limit of single bonds. 
 

In the transition regime, between 100 nM and 10 nM IgG, the number of protein G-
IgG bonds between bead and substrate probably increases as a function of the used 
IgG concentration. This is due to the fact that the protein G coverage of the substrate 
decreases for decreasing IgG concentrations used throughout the incubation on the 
substrate. This suggests a transition from a regime in which beads are bound to the 
surface via multiple protein G-IgG bonds towards a single bond regime. Perhaps it is 
possible to discriminate between the suggested single and multiple bond regimes by 
investigating the behaviour of the protein G-IgG bound beads in a rotating magnetic 
field. The torsion constant of the biological complex between the bead and the 
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substrate as discussed in section 2.6 can be expected to increase as a function of the 
number of protein G-IgG bonds between bead and substrate. Consequently, the 
measured torsion constant might provide a measure on the number of protein G-IgG 
bonds between the bead and the substrate.  
 
It can thus be concluded that the protein G coverage of the beads is sufficient for the 
rotation experiments on the protein G-IgG complex. It is possible to bind the beads to 
an IgG coated substrate. Moreover, the discussion given above suggests that single as 
well as multiple protein G-IgG bonds can be probed.   
 
6.1.4 Conclusions: Bead labelling and assay optimization 
  
The ELISAs carried out on functionalized M-270 beads indicate that the designed 
functionalization protocol leads to similar coverage of biotin and recombinant protein 
G as illustrated by figure 6.2. 
 
Labelling is achieved with a number of small beads per M-270 bead that varies 
between 1 and 10 as indicated by the SEM photos shown by figure 6.6. Based on this, 
the correction factor accounting for the deviation from the single bead hydrodynamic 
drag is determined to be Cbeads = 1.1±0.1. The error accounts for the spread in the 
number of small beads and the position of the small beads with respect to the axis of 
rotation among a batch of M-270 beads.  
 
The protein G coverage of the M-270 beads is sufficient for rotation experiments on 
protein G-IgG bound M-270 beads. This is illustrated by the results obtained from 
binding studies of the functionalized M-270 beads with IgG as shown by figure 6.7. It 
might be possible to study multiple as well as single protein G-IgG bonds using the 
functionalized M-270 beads.   
 
It can be concluded that the protocol results in M-270 beads that are functionalized 
with protein G and labelled with small non-magnetic beads. Moreover, the 
functionalized beads are suitable for rotation experiments on the protein G-IgG 
complex. 



CONFIDENTIAL 

 55 

6.2 Rotation of free M-270 beads 
 
6.2.1 Results 
 
The behaviour of free labelled and functionalized M-270 beads is studied by applying 
a rotating magnetic field in the plane of the prepared fluid cell. Figure 6.9 shows the 
average rotation frequency fbead of a labelled M-270 bead as a function of the field 
frequency ffield. 
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Figure 6.9: The average rotation frequency fbead of a labelled M-270 bead as a function of the field 
frequency ffield for a field strength of 2 mT (left). 

 
Figure 6.9 illustrates that the bead follows the magnetic field for a field frequency 
below 500 mHz. However, for field frequencies higher than 500 mHz the average 
rotation frequency of the bead drops. The result presented in figure 6.9 shows clear 
resemblance to the result obtained by Schellekens on the M-280 beads which is 
illustrated by figure 2.5. This conclusion, combined with the very observation that the 
bead rotates in a low frequency rotating magnetic field, proves that the M-270 beads 
have a locked magnetic moment just like the M-280 beads. The breakdown frequency 
fbd of this particular M-270 bead is situated somewhere between 500 and 600 mHz for 
a magnetic field strength of 2 mT. Figure 6.10 shows the rotation angle θ of the same 
M-270 bead as a function of time t for a field frequency of 600 mHz. Note that this 
field frequency is situated just above the breakdown frequency as illustrated by figure 
6.9. 
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Figure 6.10: The rotation angle θ of the M-270 bead as a function of time t for a field frequency 
ffield = 600 mHz. The dashed line is a linear fit computed to extract the average rotation frequency 
of the bead  fbead = 351±6 mHz. 

The result presented in figure 6.10 illustrates the oscillatory behaviour of the bead for 
field frequencies above the breakdown frequency as predicted for a bead with a 
locked magnetic moment. It has been reported by DeClercq that the breakdown 
frequency of the bead can be determined most accurately from a measurement like the 
one illustrated by figure 6.10, i.e. for a field frequency just above the breakdown 
frequency. In order to compute the breakdown frequency, the average bead rotation 
frequency needs to be determined first. The breakdown frequency can then be 
computed from the average bead rotation frequency using relation (2.25). The average 
bead rotation frequency is computed by a linear fit of the data. Analysed 
measurements that are carried out for field frequencies below the breakdown 
frequency are also linearly fitted. At these field frequencies, the bead rotates at the 
same angular velocity as the rotating magnetic field and the linear fit thus simply 
gives the angular velocity of the magnetic field.  For these measurements, the 
maximum deviation of the linear fit with respect to the measured rotation angle is 
below 10 degrees. Therefore, the error in the average bead rotation frequency is fixed 
at 10 degrees divided by the time span of the measurement. Following this procedure 
an average rotation frequency fbead = 351±6 mHz is found for the result presented in 
figure 6.10. The breakdown frequency of this particular bead is determined to be fbd = 
546±3 mHz for a field strength of 2 mT.  
 
In order to determine the locked magnetic moment lockedµ the hydrodynamic drag 

needs to be corrected by a factor C to account for the bound small beads and the 
vicinity of the surface. In section 6.1.2 it was concluded that the first of these two 
factors can be accounted for by a factor Cbeads=1.1 ± 0.1. In section 2.5 the correction 
factor accounting for the vicinity of the substrate was fixed at Csurface = 1.2±0.02. By 
using relation (2.13) the total correction factor is fixed at C = 1.3±0.1     
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Using the correction factor C = 1.3±0.1 and implementing the breakdown frequency 
fbd = 546±3 mHz in relation (2.11) a locked magnetic moment of (1.5±0.1)·10-16 J/T is 
found for this particular bead. 
 
In order to obtain an idea of the spread in the locked magnetic moment lockedµ  of the 

M-270 beads, similar measurements and analyses are carried out on a number of 
different beads for different field strengths B. The rotation angle θ is measured as a 
function of time t for a field frequency situated just above the breakdown frequency. 
The results are similar to the one presented in figure 6.9 and can therefore be found in 
appendix C. The average bead rotation frequency extracted from these measurements 
is used to determine the locked magnetic moment of the beads. Figure 6.11 gives the 
computed locked magnetic moment lockedµ  of seven different beads as a function of 

the field strength B used throughout each particular measurement. 
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Figure 6.11: The locked magnetic moment µlocked determined for different M-270 beads as a 
function of the field strength B used throughout each particular measurement. 

From figure 6.11 it can be concluded that the locked magnetic moment lockedµ  of the 

M-270 beads is ranged between 1·10-16 J/T and 1.5·10-16 J/T. Based on this observed 
spread the magnitude of the locked magnetic moment is fixed at lockedµ = (1.3±0.4)·10-

16 J/T for the rotation experiments on protein G-IgG bound beads. 
 
6.2.2 Summary 
 
The results discussed in the previous section show that the M-270 beads rotate when a 
low frequency rotating magnetic field is applied. It has been demonstrated that the M-
270 bead follows the magnetic field below the breakdown frequency. For higher field 
frequencies the average rotation frequency drops as a function of the field frequency 
as shown by figure 6.9. The result presented in figure 6.10 illustrates the oscillatory 
behaviour of the M-270 bead above the breakdown frequency as predicted for a bead 
with a locked magnetic moment. Moreover, figures 6.9 and 6.10 clearly resemble 
results obtained on the behaviour of the M-280 beads in a low frequency rotating 
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magnetic field [4,5]. Consequently, it can be concluded that the M-270 beads, just like 
the M-280 beads, have a locked magnetic moment. 
 
Figure 6.11 indicates that the locked magnetic moment has a value ranging from 1·10-

16 J/T and 1.5·10-16 J/T. This is up to one order of magnitude lower than the values 
reported for the M-280 beads which are generally in the range between 10-16 J/T and 
10-15 J/T. Consequently, the maximum magnetic torque that can be exerted on the M-
270 bead can also be up to one order lower. It is interesting to note that the spread in 
the locked magnetic moment is much smaller for the M-270 beads than for the M-280 
beads. Consequently, the M-270 beads have a relatively well-defined locked magnetic 
moment. This is an advantage for the experiments on the protein G-IgG bound beads. 
After all, a smaller spread corresponds to a higher resolution of the magnetic torque 
that is applied to the bead. For the rotation experiments on protein G-IgG bound beads 
that are discussed in section 6.3 the locked magnetic moment of the M-270 beads is 
taken as at µlocked = (1.3±0.4)·10-16 J/T. The error in this value accounts for the spread 
in the locked magnetic moment and differences in hydrodynamic behaviour among an 
ensemble of M-270 beads. The highest possible magnetic torque that can be applied to 
the M-270 beads is given by =mτ  (2.9±0.9)·10-18 Nm. This torque corresponds to a 

magnetic field strength of 22 mT which is close to the maximum current of 1 A 
allowed through the coils of the electromagnets. 
 
Finally, it is worthwhile to note that the analysis of the bead rotation with the 
algorithm described in section 5.5 turns out to be very time consuming. In spite of the 
fact that the rotation of the labelled M-270 beads is clearly visible in the movies by 
the naked eye, successful computation of the angular orientation as a function of time 
requires extensive fine-tuning of the analysis parameters such as the intensity 
threshold value. In some cases it is just not possible to successfully analyse a 
measurement whereas rotation is very clearly observed by eye. Obviously, 
improvements in the image analysis software are required in order to decrease the 
time needed for analysis. 
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6.3 Rotation experiments protein G-IgG bound beads 
 
6.3.1 Binding functionalized and labelled M-270 beads       
 
The first rotation experiments on the behaviour of the protein G-IgG bound M-270 
beads are carried out for a relatively high IgG coverage of the substrate. To this end, 
fluid cells are prepared for 1 µM IgG throughout the incubation of the polystyrene 
substrate. It is illustrated by figure 6.7 that for this IgG concentration almost all 
functionalized non-labelled M-270 beads bind to the IgG functionalized substrate. 
Most beads are probably bound to the substrate via multiple protein G-IgG bonds as 
discussed in section 6.1.3. However, it is important to note that the result presented in 
figure 6.7 involves M-270 beads which are not labelled.  
 
The experiments on the rotation of protein G-IgG bound M-270 beads require 
labelling. It is observed that the binding fraction as discussed in section 6.1.3 is about 
five-fold lower for labelled M-270 beads compared to non-labelled M-270 beads 
when the beads are incubated on a substrate treated with 1 µM IgG. This can be 
explained by steric hindrance of the protein G-IgG bond. Although the small bead 
(diameter 250 nm) is small compared to the M-270 bead (diameter 2.8 µm), it can be 
assumed to be considerably larger than the protein G-IgG complex which has a 
diameter of order 101 nm. Consequently, it is possible that the small beads block the 
binding of the protein G on the bead to the IgG on the substrate. 
 
Control measurements are carried out in which labelled and functionalized M-270 
beads are incubated on a polystyrene substrate that is solely coated with casein. The 
fraction of bound beads observed throughout these measurements is about 0.01 which 
is similar to the value given in section 6.1.3. 
 
Note that all rotation experiments are carried out quasi statically. In section 2.6 it was 
concluded that the bead rotation takes place quasi statically for a field frequency ffield = 
200 mHz and a correction factor C = 1 and C =2. For the experiments carried out for 
this project the correction factor was fixed at C = 1.3±0.1 in section 6.2.1 which is in 
the range between C = 1 and C = 2. Consequently, it can be assumed that the 
experiments are carried out quasi statically for a field frequency ffield =200 mHz.  
 
6.3.2 Oscillating behaviour 
 
Among the beads that bind to the IgG coated substrate most do not show any rotation 
when a rotating magnetic field is applied in the plane of the substrate. Not even for the 
highest possible magnetic torque =mτ  (2.9±0.9)·10-18 Nm corresponding to a 

magnetic field strength B = 22 mT. This field strength is a limit of the magnetic 
quadrupole since it is close to the maximum allowed current of 1 A through the coils. 
The fact that the beads are stuck to the surface is most likely due to the presence of 
multiple protein G-IgG bonds between bead and substrate which prevent movement of 
the bead.  
 
However, a small fraction of the protein G-IgG bound beads have an angular 
orientation that oscillates back and forth as a function of time as predicted by the 
model discussed in section 2.6. This is illustrated by figure 6.12 which shows the 
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rotation angle θ as a function of time t for a functionalized M-270 bound to a 
polystyrene substrate coated with 1 µM mouse IgG. Note that the rotation angle θ is 
not the absolute value with respect to an equilibrium position i.e. the bead’s 
orientation when no magnetic torque is applied. This is due to the fact that the 
measurement is started at an arbitrary moment in time when the bead is already 
oscillating. Furthermore, an increasing rotation angle θ in the result presented by 
figure 6.12 corresponds to anticlockwise rotation in the coordinate system defined by 
figures 2.5 and 2.13.  
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Figure 6.12: The rotation angle θ of an M-270 bead bound to an IgG coated substrate as a 
function of time t. The used field strength and frequency are B = 22 mT respectively ffield = 200 
mHz and the concentration of IgG used throughout the functionalization of the substrate is 1 µM. 
Note that the frequency of the oscillation is exactly twice the field frequency. An increasing θ 
corresponds to anticlockwise rotation in the coordinate system defined by figures 2.5 and 2.13. 

 
The result presented in figure 6.12 shows that the oscillation is characterized by a 
frequency that is exactly twice the field frequency. This can be explained by an effect 
of the magnetic anisotropy of the individual grains in the M-270 bead. Note that the 
rotation of the rotating magnetic field in the following discussion is anticlockwise as 
defined in the coordinate system given by figures 2.5 and 2.13. After the phase lag 

θω −tfield  between the locked magnetic moment and magnetic field has reached a 

value of 90 degrees, the magnetic field has a component directed antiparallel with 
respect to the locked magnetic moment. Some of the grains with a relatively low 
coercive field will flip the direction of their magnetic moment by an angle of 180 
degrees. Moreover, the antiparallel component of the magnetic field increases as a 
function of time as the phase lag θω −tfield  increases. Consequently, ever more grains 

with higher coercive fields will reorient their magnetization by an angle of 180 
degrees. At a certain threshold value of the antiparallel magnetic field component, the 
vector sum of the magnetization of all individual grains has a direction opposite to its 
original orientation. In other words, the M-270 bead has been remagnetized and the 
locked magnetic moment of the bead has flipped its orientation by an angle of 180 
degrees. As a result, a negative magnetic torque is applied on the bead since it is now 
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the magnetic field that lags behind the magnetic moment. The torque due to the 
twisted biological system is also negative because the protein G-IgG complex has 
been twisted in the anticlockwise direction. The magnetic torque and torque due to the 
twisted biological complex which are both negative result in a relatively fast 
clockwise rotation of the bead. This is also supported by the result presented in figure 
6.12 which shows a clear asymmetry in the peaks. In the case of the anticlockwise 
rotation the magnetic torque and the torque due to the twisted bond are directed 
oppositely. However, throughout the clockwise rotation the two torques have the same 
direction. 
 
6.3.3 Maximum rotation angle vs IgG coverage 
 
Similar experiments are carried out for fluid cells with a substrate prepared using 
lower Mouse IgG concentrations than 1 µM throughout the incubation. This is 
expected to influence the IgG coverage of the substrate. It is observed that the number 
of labelled and functionalized M-270 beads binding to the IgG coated substrate 
decreases for decreasing IgG concentrations used throughout the functionalization of 
the polystyrene substrate. This is in line with the measurements discussed in section 
6.1.3. involving the fraction of non-labelled protein G functionalized M-270 beads 
bound to an IgG coated substrate. 
 
More importantly, the oscillating beads generally rotate over a larger angle for lower 
IgG coverage of the substrate. This is illustrated by figure 6.13 which shows the 
rotation angle θ of a bead as a function of time t. Note that the bead is bound to the 
substrate treated with 50 nM IgG throughout the incubation. This concentration is 
twenty times smaller than the one used for the measurement illustrated by figure 6.12. 
Note that, an increasing rotation angle θ in the result presented by figure 6.13 
corresponds to anticlockwise rotation in the coordinate system defined by figures 2.5 
and 2.13. 
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Figure 6.13: The rotation angle θ of an M-270 bead bound to an IgG coated substrate as a 
function of time t. The used field strength and frequency are B = 22 mT respectively ffield = 200 
mHz and the concentration of IgG used throughout the functionalization is 50 nM. Note that the 
frequency of the oscillation is exactly twice the field frequency. An increasing θ corresponds to 
anticlockwise rotation in the coordinate system defined by figures 2.5 and 2.13. 

Figures 6.12 and 6.13 correspond to substrates treated with 1 µM respectively 50 nM 
IgG and show a similar result except for the maximum rotation angle which is clearly 
larger in the case of the latter. This can be explained by the presence of less protein G-
IgG bonds between the bead and the 50 nM IgG substrate due to a lower IgG 
coverage of the substrate. The effect of less bonds is a smaller torsion constant k(θ) 
which accounts for the stiffness of the bond in the equation of motion (2.21). This 
directly predicts a smaller maximum rotation angle maxθ . This is in line with the 

predicted maximum rotation angle 0max,θ with respect to the bead’s equilibrium 

orientation in the quasi static limit as defined by relation (2.23).  
 
Figure 6.7 illustrates  that a concentration of 50 nM IgG is located right in the middle 
of the transition regime from low to too high fractions of protein G-IgG bound beads. 
On the other hand, a concentration of 1 µM IgG is situated in the saturation regime 
where the IgG coverage on the substrate is so high that multiple protein G-IgG bonds 
are expected between bead and substrate. It was mentioned in section 6.1.3. that, 
compared to a bead bound to a 1 µM IgG substrate, less protein G-IgG bonds might 
be present when a concentration of IgG lower than 100 nM is used throughout the 
functionalization of the substrate. It was proposed that this is the result of a lower IgG 
coverage of the substrate. This is in line with the results discussed in this section. The 
maximum rotation angle appears to decrease as a function of the IgG concentration 
which can be explained by an increase in the number of protein G-IgG bonds between 
bead and substrate.     
 
Figure 6.14 shows a plot of the maximum rotation angle maxθ as a function of the 

mouse IgG concentration used to functionalize the corresponding substrate, for all 
beads that are analyzed throughout this project. It is important to note that the 
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computed maximum rotation angle maxθ corresponds to the angle between the 

maximum and minimum of the oscillation. This should not be confused with the 
maximum rotation angle 0max,θ with respect to the bead’s equilibrium position, i.e. the 

bead’s orientation when no magnetic torque is applied. The maximum rotation angle 

maxθ is determined after averaging of four cycles of the oscillation.  
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Figure 6.14: The maximum rotation angle θmax of the bead as a function of the Mouse IgG 
concentration used for the functionalization of the polystyrene substrate. The field frequency 
used throughout the measurements is fixed at ffield = 200 mHz. 

Figure 6.14 illustrates a large spread of the maximum rotation angle maxθ for high IgG 

concentrations. This might be explained by the presence of multiple protein G-IgG 
bonds between bead and substrate at high IgG coverage of the substrate. This is in line 
with the discussion given in section 6.1.3 where it was concluded that multiple protein 
G-IgG bonds can be expected when the substrate is saturated with IgG which was 
supported by a geometrical calculation. Moreover, the maximum rotation angle 

maxθ appears to converge to a value of about maxθ = 60 degrees for lower 

concentrations of IgG, albeit with a spread of about 20 degrees. This is might indicate 
that there are only single protein G-IgG bonds involved below a concentration of 100 
nM IgG.  
 
It should be noted that the number of beads involved in the result presented in figure 
6.14 is not high enough to make statistically relevant conclusions. However, the 
present study is restricted to considering a low number of beads due to a very time 
consuming analysis of the rotation. However, figure 6.14 does give a very genuine 
idea of the general observations done throughout the experiments. 
 
Finally it is mentioned that no results are obtained for lower IgG concentrations than 
the range given by figure 6.14. This is due to the fact that binding fractions become 
very low, comparable to the one observed for the non-specific binding, below an IgG 
concentration of 50 nM.            
 



CONFIDENTIAL 

 64 

6.3.4 Bond breaking 
 
It is remarkable that even for the highest possible magnetic torque =mτ  (2.9±0.9)·10-

18 Nm corresponding to a field strength B = 22 mT no breaking of the protein G-IgG 
bond is observed. Not even for the bead bound to the substrate that is coated with 50 
nM IgG which might involve a single protein G-IgG bond. Note that the relatively 
low locked magnetic moment ( ) 16104.03.1 −⋅±=lockedµ  J/T. of the M-270 beads with 

respect to the M-280 beads also limits the highest possible magnetic torque.  
 
Throughout the control measurements using a polystyrene substrate coated solely with 
casein it is observed that some of the non-specific bonds of M-270 beads to the 
substrate can be broken by gradually increasing the field strength B of the rotating 
magnetic field. The beads then fall down under the influence of gravity and move out 
of the focal plane. This indicates that the magnetic torque is high enough to break 
non-specfic bonds. The field strength and hence the magnetic torque at which the non-
specific bonds are broken varies over the range of used field strengths in the range 
between 0 and 22 mT. Therefore, the only conclusion that can be made is that 
attractive non-specific interactions can be broken by a magnetic torque of order 10-19 
Nm to 10-18 Nm. Furthermore, some of the non-specifically bound beads simply rotate 
in the presence of a rotating magnetic field. These observations provide evidence that 
non-specific interactions of the labelled and functionalized M-270 beads to the 
substrate are weaker than protein G-IgG interactions.      
     
6.3.5 Maximum rotation angle vs magnetic field strength 
  
The maximum rotation angle maxθ is measured as a function of the field strength of the 

magnetic field B. Figure 6.15 shows the results for two beads each bound to a 
substrate of different IgG coverage. The error in the maximum rotation angle maxθ is 

the standard deviation obtained after averaging the maximum rotation angle of four 
cycles of the oscillation. 
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Figure 6.15: The maximum rotation angle θmax of the bead as a function of the field strength B of 
the rotating magnetic field. The field frequency is fixed at ffield = 200 mHz. Measurements on two 
different beads are shown which are bound to substrates of different IgG coverage. The 
substrates are functionalized using 1 µM IgG respectively 50 nM IgG. 

The result presented in figure 6.15 illustrates that the maximum rotation angle 

maxθ increases as a function of the field strength B. This is expected since a higher 

field strength corresponds to a higher magnetic torque resulting in a larger maximum 
rotation angle maxθ . Although not illustrated by figure 6.15, the oscillation frequency 

is twice the field frequency for the complete range of field strength B between 2 and 
22 mT. No maximum rotation angle maxθ is plotted in figure 6.15 for field strengths 

below B = 4 mT. This is due to the fact that the analysis of the rotation by the 
algorithm described in section 5.5 becomes difficult for small maximum rotation 
angles, i.e. maxθ  <  30 degrees. However, it can be clearly seen by visual inspection of 

the microscope images that at small field strengths B, the oscillation still takes place at 
a frequency equal to twice the field frequency. It is important to note that the 
magnetic field strength B equals the maximum antiparallel component of the field 
with respect to the locked magnetic moment. Consequently, the fact that 
remagnetization still occurs for field strengths B as low as 2 mT means that the 
coercive field of the M-270 beads has a value below 2 mT.     
 
On first sight, figure 6.15 might indicate that the torsion constant k(θ) is not 
independent of the rotation angle θ. The result presented in figure 6.15 shows that the 
maximum rotation angle maxθ does not linearly depend on the magnetic field strength 

B. In section 2.6 it was pointed out that for a quasi static experiment and a torsion 
constant k(θ) independent of the rotation angle θ, the bead oscillates symmetrically 
around an equilibrium position with an amplitude kBlockedµθ =0max, .  The latter 

predicts a linear relation between the maximum rotation angle 0max,θ with respect to the 

bead’s equilibrium position and the field strength B. However, no remagnetization of 
the bead was assumed in section 2.6 and it is not self-evident that the bead oscillates 
symmetrically about an equilibrium position when remagnetization occurs. It is the 
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maximum angle 0max,θ with respect to the equilibrium position that is required for the 

computation the torsion constant k(θ). This is a point of concern since the 
measurements carried out for this project do not include the equilibrium position.      
 
6.3.6 Numerical solution including remagnetization 
 
To study the influence of remagnetization on the rotation of the bead, the numerical 
solution θ(t) of the equation of motion for bound beads given by relation (2.21) is 
computed including the effects of remagnetization. In order to do this a number of 
assumptions on the remagnetization process are required. 
  
Remagnetization is the result of the reorientation of the magnetization of the 
individual grains in the bead by 180 degrees. This reorientation commences whenever 
the antiparallel component of the magnetic field B

r
 with respect to the direction of the 

locked magnetic moment exceeds the coercive field of the grains. Since the grains in 
the bead have a certain size distribution, differences in the coercive field can be 
expected for different grains. Consequently, the locked magnetic moment does not 
flip abruptly by 180 degrees but in a more gradual manner as a function of the phase 
lag θω −tfield .    

 
A distinction is made between grains that follow the field and thus contribute to the 
induced magnetic moment and grains that are fixed and consequently account for the 
locked magnetic moment. In the following discussion of the remagnetization process 
only the grains contributing to the locked magnetic moment are considered. 
Throughout remagnetisation the bead has a net locked transition magnetic moment 

transµr  which is the vector sum of two components. The first is the component Pµv  

directed parallel to the easy magnetic anisotropy axis which results from the grains 
that still yield a component in the direction of the locked magnetic moment. On the 
other hand, a number of grains has reoriented its magnetization due to 
remagnetization. Consequently, there also is a component APµv  directed antiparallel to 
the easy magnetic anisotropy axis. This is illustrated by figure 6.16.   
 

 
Figure 6.16: Schematic representation of a bead in a rotating magnetic field indicating the 
components that are directed parallel (P) and antiparallel (AP) to the magnetic anisotropy axis 
during the remagnetization process.  The magnetic field rotates anticlockwise. 
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The vector sum of Pµv  and APµv  gives the net locked transition magnetic moment 

transµr  of the bead during the remagnetization of the bead 

 

APPtrans µµµ rrr += .                  (6.1)

                     
It is important to note that the orientation of the parallel component Pµv  corresponds to 
the rotation angle θ of the bead at all times. For the clarity of the following discussion 
the phase lag θω −tfield  is from now on referred to as the phase lag between the 

parallel component and the magnetic field. Note that at a phase lag θω −tfield  of 90 

degrees, the net locked transition magnetic moment transµr  is equal to 

lockedPtrans µµµ rrr ==  and the antiparallel component is given by 0=APµv . At that 

particular phase lag the component of the field B
r

 that is directed antiparallel with 
respect to the locked magnetic moment is zero and no grains have been remagnetized 
yet. However, when the phase lag θω −tfield  exceeds 90 degrees, the magnetization of 

the grains will gradually be reoriented so that the antiparallel component APµr  starts to 

increase from zero as a function of the phase lag θω −tfield . Correspondingly, the 

parallel component Pµr  decreases as a function of the phase lag θω −tfield  as shown 

by relation (6.1). 
 
The coercive field of the beads Bcor corresponds to the phase lag α  between the 

parallel component Pµr  and the magnetic field B
r

 for which the parallel and 

antiparallel components, Pµr  and APµr  exactly cancel out each other. For a given 
magnetic field strength B the phase lag α  is given by   
 








+=
B

Bcorarcsin90α .                  (6.2) 

 
For a phase lag θω −tfield  larger than α  the antiparallel component APµr  exceeds the 

parallel component Pµr . This results in a net locked transition magnetic moment transµr  

that has flipped its direction with 180 degrees. The antiparallel APµr  component will 

keep increasing as a function of the phase lag θω −tfield  whereas the parallel 

component Pµr  will continue to decrease. It is assumed that all grains will have 
reoriented their magnetization at a phase lag between the parallel component and 
magnetic field given by ( )BBt corfield arcsin290+=−θω . At that point the parallel 

component is given by 0=Pµr and the antiparallel component has a magnitude equal 

to the original locked magnetic moment so that lockedAP µµ = . Moreover, the net 

locked transition magnetic moment is given by lockedAPtrans µµµ == . In other words, 

the locked magnetic moment has flipped its orientation by 180 degrees with respect to 

its direction before remagnetization. It is now the magnetic field B
r

 that lags behind 
the locked magnetic moment lockedµr . This results in a negative magnetic torque in 

addition to the torque due to the twisted biological complex leading to a clockwise 
rotation of the bead. Eventually the magnetic field will catch up with the moment 



CONFIDENTIAL 

 68 

which leads to anticlockwise rotation of the bead again. Due to the torque caused by 
the biological complex, the phase lag between the magnetic field B

r
  and the 

reoriented magnetic moment lockedµr  will increase again as a function of time. This will 

eventually lead to remagnetization from the antiparallel component towards the 
parallel component so that the cycle begins all over again.       
 
The numerical solution of the equation of motion given by relation (2.21) is now 
computed including remagnetization based on two assumptions. Firstly, the 
dependency of the componentsPµ  and APµ  on the phase lag θω −tfield  throughout 

the remagnetization is given by the linear relation shown by figure 6.17.          

 
Figure 6.17: The magnitude of the components that are directed parallel (P) and antiparallel 
(AP) to the easy magnetic anisotropy axis throughout the remagnetization as a function of the 
phase lag ωfieldt – θ. 

Secondly, a coercive field Bcor = 2 mT has been adopted for the beads. This value is 
an upper limit based on the discussion given in section 6.3.5. There it was pointed out 
that remagnetization is observed for field strengths B as low as 2 mT. The numerical 
solution θ(t) of equation (2.21) is shown by figure 6.18 for different field strengths B. 
For the Matlab script used to compute the numerical solution, the reader is referred to 
appendix D.  
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Figure 6.18: The numerical solution θ(t) of the equation of motion (2.21) including the effects of 
remagnetization for a magnetic field strength B of 10 mT (solid), 16 mT (dash) and 22 mT (dot). 
The solution is computed for k(θ)= k = 3·10-18 Nm and µlocked = 1.3·10-16 J/T. The other parameters 
set to calculate the numerical solution are ffield = 200 mHz, η = 10-3 Pa·s, R = 2.8 µm and C = 1.3 
which are in accordance to the experiments carried out throughout this project. 

Note that solution shown in figure 6.18 is computed for a torsion constant k(θ) that is 
independent of the rotation angle θ, i.e. k(θ) = k. In the case of the solution computed 
for a magnetic field strength of 22 mT, the result shows that the maximum rotation 
angle with respect to the bead’s equilibrium position is equal to °= 550max,θ . This 

corresponds very well to the maximum rotation angle with respect to the bead’s 
equilibrium position °≈= 6.540max, kBlockedµθ  in the quasi static limit given by 

relation (2.24). However, the result also indicates that the oscillation of the bead is not 
symmetric with respect to the equilibrium position of the bead. The asymmetry with 
respect to the equilibrium position indicates that when remagnetization occurs the 
amplitude of the oscillation does not provide information on the torsion constant k(θ). 
After all, it is the maximum rotation angle 0max,θ with respect to the equilibrium 

position of the bead, θ = 0 in figure 6.18, that is required for the computation of k(θ) 
by relations (2.23), (2.24) and (2.30). The measurements carried out throughout the 
experiments described in this thesis do not include the equilibrium position of the 
bead so that 0max,θ  is unknown. This implies that the maximum rotation angle maxθ as 

a function of the field strength B as presented in figure 6.14 is not a reliable measure 
for the torsion constant k(θ).  
 
6.3.7 Torsion constant of the protein G-IgG bond 
 
The quantification of the torsion constant has to be achieved in another way. In 
section 2.7.2 it was shown that k(θ) can be extracted directly from the equation of 
motion of bound beads as shown by relation (2.28). This requires only a single 
measurement of the rotation angle as a function of time as shown by figures 6.12 and 
6.13. However, the equilibrium position of the bead θ0 is unknown and consequently 
so is the absolute value of the rotation angle θ required for relation (2.28). On the 
other hand, it is possible to determine the phase lag θω −tfield  for all rotation angles 
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addressed during the anticlockwise rotation of the bead. Note that, the maximum 
rotation angle maxθ corresponds to the maximum magnetic torque where the phase lag 

is given by °=− 90θω tfield . Both the difference in time and angle with respect to the 

maximum angle is known for every rotation angle on the graphs shown by figures 
6.12 and 6.13. This means that the phase lag θω −tfield  can also be computed for 

every rotation angle. Consequently, it possible to compute the torque due to the 
twisted biological complex for every rotation angle 0θθ +  throughout the clockwise 

rotation of the bead 
 

dtdRCtBk fieldlocked /8)sin()( 3 θπθωµθθ −−= .              (6.3) 

 
The rotation angle is now written as 0θθ +  to illustrate that the obtained torque 

θθ )(k  is actually shifted along the x-axis by an angle equal to the equilibrium 
position of the bead θ0 which is unknown. Note that the angular velocity dtd /θ  of 
the bead can be computed for every rotation angle 0θθ +  by determining the slope of 

the graphs shown in figures 6.12 and 6.13. Figure 6.19 gives the torque θθ )(k  as a 

function of the rotation angle 0θθ +  obtained for the two beads bound to a surface of 
different IgG coverage. Note that this result concerns the two beads involved in the 
measurements shown in figure 6.12 and 6.13. The torque θθ )(k   is computed after 

averaging four cycles of the rotation angle 0θθ +  passed throughout the clockwise 
rotation of the bead as a function of time  

 
Figure 6.19: The torque k(θ)θ due to the stiffness of the biological complex as a function of the 
measured rotation angle θ + θ0  for two functionalized M-270 beads bound to a substrates of 
different IgG coverage.  One of the substrates was treated with 50 nM IgG, the other with 1 µM 
IgG. 

 
The result presented in figure 6.19 indicates that the torque θθ )(k  depends linearly on 

the rotation angle 0θθ + . This implies that the torsion constant k(θ) is likely to be 
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independent of the rotation angle θ,  i.e. k(θ) = k. Moreover, the torsion constant can 
be quantified by the slope of the torque θθ )(k  as a function of the rotation angle 

0θθ + . Note that a shift along the x-axis of figure 6.19 does not influence the slope. 
Therefore, the torsion constant k can be determined without any knowledge about the 
equilibrium position of the bead θ0. Furthermore, the slope of the torque θθ )(k  is 
steepest for the bead bound to the substrate that was functionalized with 1 µM IgG. 
This is in line with a previous discussion given in section and 6.3.3. There it was 
pointed out that a higher IgG coverage of the substrate probably corresponds to more 
protein G-IgG bonds between bead and substrate which results in a higher torsion 
constant k.  
 
Linear fits of the data presented in figure 6.19 yield a torsion constant k = 
(4.4±0.4)·10-18   Nm for the 1 µM IgG substrate and k = (1.5±0.2)·10-18   Nm for the 50 
nM IgG substrate.   
 
It is important to note that this procedure only works when the torsion constant is 
given by k(θ) = k. If the torsion constant does depend on the rotation angle it makes 
no sense to determine the slope of the torque θθ )(k . In that case the torque does not 
linearly depend on the rotation angle and the slope does not yield the torsion constant 
k(θ). However, if the equilibrium position of the bead θ0 is known, the torsion 
constant k(θ) can be computed as a function of the rotation angle θ for a biological 
system with any given torsion constant k(θ). In that case the absolute angle θ is known 
and relation (2.28) can be used.   
 
Bases on the analysis presented above, it was concluded  that the torsion constant k(θ) 
of the protein G-IgG complex is likely to be independent of the rotation angle θ. This 
means that the method involving the angular velocity of the bead throughout its 
anticlockwise rotation can also be used to determine k by using relation (2.32). This 
method is only valid for a torsion constant that does not depend on the rotation angle, 
i.e. k(θ) = k. Again this requires the equilibrium position of the bead θ0. However, 
figures 6.12 and 6.13 indicate that the angular velocity dtd /θ of the bead is 
approximately constant after the transition from clockwise to anticlockwise rotation 
approximately up to a rotation angle θ + θ0 = 2/maxθ . It can be assumed that θ0 is 
situated in this angular range so that the exact position of the equilibrium position of 
the bead θ0 is not required. Note that the numerical solution including the effects of 
remagnetisation as presented in figure 6.18 also indicates that the angular velocity of 
the bead is approximately constant after the transition form clockwise to 
anticlockwise rotation. Moreover, the angular range for which this is valid also 
contains the equilibrium position of the bead defined as θ = 0 in figure 6.18.      
 
The clockwise rotation of the beads for which rotation angle as a function of time is 
given by figures 6.12 and 6.13 is averaged over four cycles. The rotation angle θ + θ0 
passed throughout the clockwise rotation of both beads is linearly fitted as a function 
of time for the time interval restricted by the transition from clockwise to 
anticlockwise rotation  up to the time where θ + θ0 = 2/maxθ .  This yields an angular 

velocity of dtd /θ  = 0.58±0.01 s-1 for the bead bound to the 1 µM IgG substrate. For 
the bead bound to the substrate functionalized with 50 nM IgG an angular velocity 

dtd /θ = 0.89±0.02 s-1 is computed. Using relation (2.32) this gives a torsion constant 
k = (3.3±0.8)·10-18 Nm and k = (1.2±0.3)·10-18 Nm for the beads bound to the 
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respective 1 µM IgG substrate and 50 nM IgG substrate. These two values are within 
the error margins of the values computed from torque due to the torded biological 
complex presented in figure 6.19    
 
6.3.8 Summary 
 
Rotation experiments are carried out for different IgG coverage of the substrate which 
is achieved by using different IgG concentrations throughout the functionalization of 
the substrate.  
 
For the highest concentration of 1 µM IgG most beads do not rotate in a rotating 
magnetic field. Not even at the highest possible magnetic torque =mτ  (2.9±0.9)·10-18 

Nm corresponding to a magnetic field strength B = 22 mT. This can be explained by 
the fact that for this IgG concentration the bead is bound to the substrate by multiple 
protein G-IgG bonds which is supported by figure 6.7 and the discussion given in 
section 6.1.3. Some of the beads do show an oscillatory behaviour as predicted by the 
model discussed in section 2.6. However, the oscillation has a frequency that is 
exactly equal to twice the field frequency of the rotating magnetic field. This is most 
likely due and can be explained by remagnetization of the beads. The observed 
maximum rotation angle maxθ  has values in the range from 0 to 50 degrees as 

illustrated by figure 6.14. This also suggests that the beads are bound to the substrate 
via multiple protein G-IgG bonds.     
 
Protein G coated beads bound to a substrate functionalized with lower concentrations 
of IgG show a similar oscillating behaviour, albeit with a higher maximum rotation 
angle maxθ . This is in line with the presence of less protein G-IgG bonds between bead 

and substrate which corresponds to a lower torsion constant k(θ) and hence a larger 
maximum rotation angle as illustrated by relation (2.23). Figure 6.14 indicates that the 
maximum rotation angle θmax appears to converge to a value of about 60 degrees for 
decreasing IgG concentrations. This might very well correspond to the single protein 
G-IgG bond regime. This is supported by figure 6.7 which suggests a transition 
towards fewer bonds between 100 nM and 10 nM IgG used for the functionalization 
of the substrate.   
 
No breaking of the protein G-IgG bonds is observed. Not even for the highest possible 
magnetic torque =mτ  (2.9±0.9)·10-18 Nm applied to beads that are bound to a 

substrate functionalized with 50 nM IgG substrate. This suggests that single protein 
G-IgG bonds can not even be broken by applying the highest possible magnetic 
torque. The latter might also be related to the relatively low locked magnetic moment 
of the M-270 beads of  1610)4.03.1( −⋅±=lockedµ  J/T with respect to the M-280 beads. 

This also restricts the highest possible magnetic torque which is linearly related to the 
locked magnetic moment.  
 It is observed that some of the attractive non-specfic interactions between 
functionalized M-270 beads and the substrate can be broken by gradually increasing 
the magnetic torque via the field strength B. It is concluded that non-specific 
interactions can be broken by application of a magnetic torque in the range between 
10-19 Nm and 10-18 Nm. Moreover, some of the non-specifically bound beads rotate 
when a rotating magnetic field is applied. This provides evidence that non-specific 
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interactions of the functionalized M-270 beads to the substrate are weaker than 
protein G-IgG interactions.  
 
The maximum rotation angle of the oscillation maxθ  increases as a function of the 

magnetic field strength B as illustrated by figure 6.15. This is expected since the 
maximum rotation angle increases as a function of the magnetic torque as is illustrated 
by relation (2.24). The oscillation of the bead is asymmetric with respect to the bead’s 
equilibrium position due to the effects of remagnetization of the bead. This is 
supported by the computed numerical solution shown in figure 6.18. The 
measurements carried out throughout this project do not include a determination of 
the equilibrium position of the bead i.e. the bead’s orientation when no magnetic 
torque is applied. Consequently, the computation of the maximum rotation angle 

maxθ does not provide any information on the maximum rotation angle with respect to 

the equilibrium position 0max,θ . Consequently, the maximum rotation angle maxθ of the 

bead’s oscillation is unreliable for determining the dependence of the torsion constant 
k(θ) on the rotation angle θ. 
 
However the torsion constant can be extracted from the data via another pathway. 
This entails the computation of the torque k(θ)θ on the bead due to the stiffness of the 
biological complex as a function of the rotation angle throughout the anticlockwise 
rotation of the bead. The phase difference between locked magnetic moment and 
magnetic field θω −tfield  can be determined for every rotation angle. This is possible 

due to the fact that the maximum rotation angle maxθ  corresponds to the maximum 

magnetic torque where the phase lag is given by °=− 90θω tfield . The torque k(θ)θ 

depends linearly on the rotation angle as illustrated by figure 6.19 which indicates that 
the torsion constant k(θ) is independent of the rotation angle θ. A linear fit yields k = 
(4.4±0.4)·10-18   Nm for the bead bound to a substrate that is functionalized with 1 µM 
IgG. For a measurement on a bead bound to a substrate coated using 50 nM IgG a 
torsion constant k = (1.5±0.2)·10-18  Nm is found. Note that the computation of the 
torsion constant by this method does not require the equilibrium position of the bead 
since the slope of the torque k(θ)θ does not depend on the equilibrium orientation.  
 
The torsion constant k is computed for the same two beads from the angular velocity 
of the bead throughout its anticlockwise rotation of the bead using relation (2.32). 
This method is valid since it has been shown that the torsion constant is independent 
of the rotation angle. A value k = (3.3±0.8)·10-18 Nm and k = (1.2±0.3)·10-18 Nm is 
found for the 1 µM IgG IgG  substrate and 50 nM IgG substrate respectively. This is 
within the error margins of the two values computed from the torque k(θ)θ. 
 
The method used to determine the torsion constant involving the torque due the 
twisted biological complex is more accurate than the one based on the angular 
velocity of the bead around its equilibrium position. Note that in the first method, the 
torque is computed for several rotation angles throughout the anticlockwise rotation of 
the bead. In the case of the method involving the angular velocity of the anticlockwise 
rotation, only the angular velocity of the bead around its equilibrium positions is 
considered.  
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The values found for the torsion constant are consistent with the conclusion that 
multiple protein G-IgG bonds correspond to a lower torsion constant k. The 
measurements on the substrate functionalized with 50 nM IgG probably involve a 
bead that is bound via a single protein G-IgG bond. DNA generally has a torsion 
constant characterized by kL of order 102 pN nm2 where L is the tether length. The 
diameter of the protein G-IgG complex is of order 101 nm. Based on this a kL of order 
104 pN nm2 is found for the protein G-IgG complex corresponding to the lowest 
computed value k = (1.5±0.2)·10-18 Nm. This is two orders of magnitude higher than 
the value known for DNA which indicates that the protein G-IgG complex is much 
stiffer. This seems not unrealistic since proteins are folded in complex ways via 
numerous interactions whereas DNA has a more fibrous structure. A physical model 
to estimate the torsional stiffness of proteins might elucidate whether the values found 
here are representative for the protein-G – IgG complex and might provide insight in 
possible applications of measuring the torsion in sensors. However, the development 
of such a model is beyond the scope of this research project.  
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7. Conclusions & Outlook 
 
The aim of this project was to study the response of the protein G-IgG complex upon 
twisting which induces molecular defomation or dissociation of the complex. The 
torsion was applied with a magnetic field acting on superparamagnetic M-270 beads. 
In order to achieve this, the permanent magnetic moment of the M-270 is 
characterized first.   
 
At first, the behaviour of the M-270 beads in a low frequency rotating magnetic field 
(10-1 Hz) has been studied. In order to visualize rotation, the M-270 beads are 
labelled with small polystyrene beads with a diameter 250 nm. Based on the results, it 
is concluded that the M-270 beads do have a permanent magnetic moment. The 
permanent magnetic moment shows bead to bead variations and ranges from 1·10-16 
J/T to 1.5·10-16 J/T. This is a relatively well defined magnetic moment compared to 
the M-280 beads which are characterized by values of 10-16 up to 10-15 J/T. On the 
other hand, the M-270 beads have a permanent magnetic moment that is typically an 
order of magnitude lower than the M-280 beads. Consequently, the highest possible 
magnetic torque applied to the M-270 bead is also one order of magnitude lower than 
for the M-280 beads. The maximum magnetic torque that can be applied on a 
biological complex via the M-270 beads is (2.9±0.9) ·10-18 Nm.        
 
The angular orientation of M-270 beads bound to a surface via the Protein G-IgG 
complex generally oscillates as a function of time when a low frequency rotating 
magnetic field (10-1 Hz) is applied. Moreover, the oscillation frequency equals twice 
the field frequency which can be explained by remagnetization of the bead. The 
results suggest that the maximum rotation angle decreases with the number of protein 
G-IgG bonds between the bead and the substrate. Moreover, it is concluded that a 
maximum rotation angle of about 60 degrees probably corresponds to a bead bound 
to the surface via a single protein G-IgG bond. It is concluded that the maximum 
magnetic torque (2.9±0.9) ·10-18 Nm is not high enough to break protein G-IgG 
bonds. On the other hand, the oscillating behaviour of the bound beads in a rotating 
magnetic field does enable the characterization of the torsion stiffness of the protein 
G-IgG complex.  
 
Two methods are used to extract the torsion constant of the protein G-IgG complex 
from the experimental data.  
 One method entails the computation of the torque due to the twisted protein G-
IgG complex as a function of the rotation angle directly from the equation of motion. 
Following this procedure it is concluded that the protein G-IgG complex has a torsion 
constant that does not depend on the torsion angle. A torsion constant (1.5±0.2)·10-18 
Nm is found for a low surface coverage of IgG on the substrate most probably 
corresponding to a single protein G-IgG bond. It is also shown that it is possible to 
discriminate between high and low surface coverages of IgG on the substrate 
probably corresponding to multiple and single bonds. A torsion constant of 
(4.4±0.4)·10-18 Nm was found  for a bead bound to a surface via multiple protein G-
IgG bonds. 
 A second method which is valid only for a torsion constant that is independent 
of the rotation angle is used on the same two beads. The torsion constant is 
determined from the angular velocity of the bead around its equilibrium position. 
This method yields a torsion constant (1.2±0.3) ·10-18 Nm and (3.3±0.8) ·10-18 Nm for 
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respectively a single protein G-IgG bond and multiple bonds. This is within error 
margins equal to the values determined from the torque obtained through the equation 
of motion. 
 
It has been reported in literature that the torsion stiffness of DNA is characterized by 
a torsion constant multiplied by the tether length of approximately 102 pN Nm2. 
Given that the diameter of the protein G-IgG complex is approximately 101 nm, the 
computed torsion constant for a single protein G-IgG bond results in a value of order 
104 pN Nm2. This indicates that the protein G-IgG complex is much stiffer than 
DNA. This is most likely due to the eleastic behaviour of the folded proteins whereas 
DNA is more fibrous.  
 
The method involving the computation of the torque due the twisted biological 
complex from the equation of motion is more accurate and more widely applicable. 
The torsion constant is determined from the torque evaluated over a whole range of 
angular orientations of the bead. Therefore, the slope of the torque, i.e. the torsion 
constant, can be computed in more detail than for the method involving the angular 
velocity of the bead. The latter involves the angular velocity of the bead around only 
one rotation angle, that is the equilibrium position of the bead. It should be noted that 
the procedure on the torque due to the twisted biological complex used throughout 
this project is only valid for a torsion constant that is independent on the rotation 
angle. In that case, the slope, i.e. the torsion constant, can be determined without any 
knowledge of the equilibrium position of the bead. If the torsion constant does 
depend on the rotation angle, the corresponding torque does not linearly depend on 
the rotation angle. Consequently, the computation of the torsion constant from the 
slope of the torque caused by the twisted biological system is not valid. 
 For a biological system with a torsion constant that does depend on the torsion 
angle it is still possible to determine the torsion constant from the torque due to the 
twisted biological system. However, this requires the absolute angle with respect to 
the bead’s equilibrium position as a function of time. This equilibrium angle is not 
known for the measurements carried out throughout this project. A measurement of 
the angular orientation as a function of time is started when the bead is already 
oscillating. If the absolute angle is known the dependency of the torsion constant on 
the rotation angle can be computed without any assumptions on its general 
dependence. This makes this method more widely applicable than the method 
involving the angular velocity of the bead around its equilibrium position. 
 Consequently it can be argued that the equilibrium position of the bead should 
be measured throughout future studies on the rotation of beads bound to a surface via 
a biological complex. By doing so, the maximum rotation angle of the bead with 
respect to the equilibrium position can also be determined. This provides an 
additional method to quantify the torsion constant. 
 
The analysis of bead rotation is very time consuming due a very high sensitivity on 
the required parameters of the analysis algorithm. The rotation of the labelled M-270 
beads is easily observed by visual inspection throughout the measurements. On the 
other hand, successful computation of the angular orientation as a function of time 
requires fine-tuning of the analysis parameters such as the intensity threshold value. 
Sometimes it is just not possible to successfully analyse a measurement. 
Consequently, it can be concluded that improvements in the image analysis software 
are definitely required to make the algorithm more user-friendly. Another possibility 



CONFIDENTIAL 

 77 

is the use of a different type of labelling, perhaps of a luminescent nature, which 
might be easier for the algorithm to analyse.  
 
Future research may benefit from the use of (ferromagnetic) magnetic beads with a 
well-defined magnetic moment. This will further increase the resolution of both 
methods used to quantify the torsion constant of a biological system. Moreover, if 
beads with a higher magnetic moment are used it might be possible to break protein 
G-IgG bonds. This could open up the possibility to study the bond strength of protein 
G for IgG. It should be noted that the use of ferromagnetic beads poses another 
challenge: avoiding the formation of clusters. 
 
Finally, it may be interesting to study the torsion stiffness of a protein G-IgG 
complex for an IgG from a different source. For this project Mouse IgG is used which 
has a strong binding affinity for IgG. It has been reported that protein G has varying 
affinity for IgG’s from different sources which might also have an effect on the 
torsion stiffness of the protein G-IgG complex. Once again, magnetic particles with a 
(well-defined) higher magnetic moment than the M-270 beads could be used to break 
the protein G-IgG complex for IgG’s from a different source. Perhaps differences in 
binding affinity can be revealed in this way. 
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Appendix A: Sample preparation 
 
This section gives a detailed description of the sample preparation protocol. A 
distinction is made between experiments on free beads and protein G-IgG bound 
beads. 
 
Rotation experiments on free functionalized and labelled M-270 beads  
 
1. Prepare an open fluid cell consisting of a glass substrate and a spacer. 
 
2. Pipette 8 µl 2·107 beads/ml (100x diluted with respect to the M-270 stock 
 concentration) labelled and functionalized M-270 beads suspended in 
 assay buffer in the open fluid cell.  
 
3   Close the fluid cell with a glass cover slide. 

 
Rotation experiments protein G-IgG bound beads 
 
1. Prepare an open fluid cell consisting of a polystyrene substrate and a spacer. 
 
2. Incubate 100 µl Mouse IgG of a particular concentration on the polystyrene 
 substrate for 45 minutes in order to functionalize the substrate with Mouse IgG 
 through physisorption. Dilution of the Mouse IgG is done using 0.01 M 
 phosphate buffered saline (PBS, PH 7.4). 
 
3. Pipette out the unbound Mouse IgG from the open fluid cell. Pipette 100 µl 
 PBS in the fluid cell. Remove the PBS with the pipette so that the 
 functionalized surface is washed with PBS. 
  
4. Incubate 100 µl 100 mg/ml casein diluted in PBS on the Mouse IgG 
 functionalized substrate for 45 minutes. The casein covers the part of the 
 polystyrene substrate that has not been functionalized with IgG. 
 
5. Wash the open fluid cell by moving the sample up and down in a beaker filled 
 using tweezers with PBS for about 30 seconds. The normal on the plane of 
 the substrate should be directed horizontally. 
      
6. Pipette 8 µl 2·107 beads/ml (100x diluted with respect to the M-270 stock 
 concentration) labelled and functionalized M-270 beads dissolved in 
 assay buffer on a glass cover slide. Make sure that the beads form a drop on 
 the cover slide that roughly equals the diameter of the spacer on the fluid cell  
 Put the open IgG functionalized fluid cell on top of the cover slide with the 
 functionalized surface directed towards the interior of the fluid cell. As a result 
 a closed fluid cell is created with the IgG functionalized substrate on top and 
 the protein G coated beads on the bottom.  
 
7. Turn the fluid cell upside down so that the beads move towards the IgG coated 
 surface. Immediately put the sample on the magnetic quadrupole. Switch on 
 a static magnetic field of 2 mT. This can be achieved by manually generating 
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 a DC signal via one of the function  generators that is connected to the 
 current regulator. Two opposing pole tips of  the magnetic quadrupole then 
 form a magnetic north and south pole. Incubate the beads for five minutes in 
 the static magnetic field in order to induce protein G-IgG binding and align 
 the locked magnetic moment of the beads. 
 
8. Switch off the magnetic field and gently remove the sample from the magnetic 
 quadrupole. Turn the fluid cell upside down so that the functionalized 
 substrate with protein G-IgG bound beads is located on top and put the fluid 
 cell back on the magnetic quadrupole. The M-270 beads  that are not bound 
 by the protein G-IgG complex fall down towards the glass cover slide 
 under the influence of gravity. The protein G-IgG bound beads can be 
 visualised by focusing the microscope in on the plane of the IgG 
 functionalized surface.        
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Appendix B: Functionalization & labelling protocol 
 
In this section the protocol used to functionalize the M-270 beads with biotin and 
recombinant protein G is discussed. This is followed by the protocol used to label the 
M-270 beads with small polystyrene beads.   
 
Required materials 
 
1. Dynabeads M-270 Carboxylic Acid (stock concentration 2·109 beads/ml). 
2. Carbxylate-modified streptavadin labelled latex beads from Sigma (stock 
 concentration  1.2·1012 beads/ml). 
3. 25 mM MES PH 5 buffer (1200 µl).  
4. 100 mM MES PH 5 buffer (600 µl). 
5. Bead wash buffer (1000 µl 0.01 M PBS, 0.5% BSA, 0.01% Tween-20). 
6. Assay buffer (400 µl 0.01 M PBS, 1% BSA, 0.02% Tween-20). 
7. One Eppendorf tube containing 50 µl 50 mM Biotin EZ-link®. 
8. Two Eppendorf tubes each containing 40 µl 1 mg/ml recombinant protein G.   
9. 80 mg EDC. 
10. 80 mg NHS. 
11. 200 µl 50 mM ethanolamine.  
 
Functionalization of M-270 beads with biotin and recombinant protein G  
 
This is a protocol for the functionalization of 100 µl stock concentration (2·109 
beads/ml) Dynabeads M-270 Carboxylic Acid with biotin and recombinant protein G. 
 
1. Take 100 µl Dynabeads M-270 Carboxylic Acid from the stock and pipette 
 it out in an Eppendorf tube.  
 
2. Separate the storage buffer from the M-270 bead solution by using a magnet. 
 Remove the storage buffer and resuspend the beads in 200  µl 25 mM MES 
 PH 5 buffer. Vortex the bead solution. Repeat this procedure another 
 three times so that the beads are magnetically washed a total of four 
 times with 200 µl 25 mM MES PH 5 buffer. The used buffer solution has a PH 
 of 5 because this stimulates the activation of the carboxyl groups.      
 
3. Separate the 25 mM MES PH 5 buffer from the beads by using a magnet and 
 pipette out the buffer solution. Incubate 200 µl 10 mM biotin EZ-link® 
 dissolved in 25 mM MES PH 5 buffer on the washed beads for 30 minutes 
 under continuous shaking. 
 
4. Add 80 µl 100 mg/ml EDC dissolved in 100 mM MES PH 5 buffer to the bead 
 bead mixture. Vortex the bead solution. Incubate for one hour under 
 continuous shaking to activate the carboxyl groups on the beads. In this way 
 peptide bonds are formed between the carboxyl groups and the amine groups 
 of the biotin EZ-link®. 
 
5. Separate the biotin functionalized M-270 beads from the buffer solution using 
 a magnet. Pipette out the buffer solution to remove the EDC and biotin EZ-
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 link® that did not bind to the beads. Resuspend the beads in 280 µl 100 mM 
 MES PH 5 buffer. Vortex the bead solution.     
 
6. Add 80 µl 100 mg/ml NHS dissolved in of 100 mM MES PH 5 buffer and 50 
 µg of recombinant protein G to the bead solution. Incubate for one  hour under 
 continuous shaking to bind the protein G to the remaining free carboxyl 
 groups  on the M-270 beads.       
  
7. Quench the reaction by adding 200 µl 50 mM ethanolamine. Incubate for one  
 hour under continuous shaking. 
 
8. Magnetically wash the beads using 200 µl bead wash buffer. Sonicate the 
 beads using the sonic bath for 30 seconds to destroy bead clusters. Repeat  this 
 procedure another three times so that the bead are washed and sonicated a 
 total of four times. Resuspend the beads in 100 µl bead wash buffer. Store  the 
 protein G and biotin functionalized beads in an Eppendorf tube at 4°C.  
 
Washing the Carboxylate-modified streptavadin labelled latex beads 
 
The polystyrene beads are suspended in a storage buffer which needs to be thoroughly 
removed in order to bind the streptavadin coated beads to the M-270 beads. To wash 
50 µl of stock concentration (1.2·1012 beads/ml) Carboxylate-modified streptavadin 
labelled latex beads the following procedure should be carried out. 
 
1. Take 50 µl of Carboxylate-modified streptavadin labelled latex beads from the 
 stock and pipette it out in an Eppendorf tube. Add 50 µl of bead wash buffer.  
 
2. Centrifuge the bead solution at 13 400 rpm for 5 minutes so that the beads 
 form a pellet. 
 
3. Remove the buffer solution and add 100 µl bead wash buffer. 
          
4. Repeat steps 2 and 3 another four times so that the beads are washed a total of 
 four times in bead wash buffer. 
 
5. Resuspend the beads in 50 µl bead wash buffer. Store the beads in an 
 Eppendorf tube at 4°C.  
 
Labelling of the functionalized M-270 beads with small polystyrene beads 
 
The following protocol results in 100 µl 2·107 beads/ml labelled and functionalized 
M-270 beads. Note that the obtained labelled bead solution is 100x diluted with 
respect to the stock concentration of the M-270 beads. 
 
1. Suspend 2 µl of stock concentration (2·109 beads/ml) functionalized M-270 
 beads in 92 µl of assay buffer in an Eppendorf tube. 
 
2. Take 6 µl of Carboxylate-modified streptavadin labelled latex beads 
 suspended in bead wash buffer from the stock and add this to the M-270 
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 bead solution. Vortex the bead mixture and  incubate for 1 to 2 minutes 
 without shaking.    
 
3. Separate the magnetic M-270 beads from the polystyrene beads by using the 
 magnet. Pipette out the buffer solution to remove the polystyrene beads and 
 resuspend the labelled and functionalized M-270 beads in 200 µl assay buffer. 
 Vortex the bead solution. Use the labelled beads for only one experiment, do 
 not store them overnight.  
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Appendix C: Rotation experiments free M-270 beads 
 
Figures C1 to C6 shows the rotation angle θ as a function of time t for different beads. 
The field frequency is fixed just above the breakdown frequency. The straight dashed 
line is the linear fit computed to determine the average bead rotation frequency. The 
determined average rotation frequency fbead and breakdown frequency fbd is given for 
each measurement. The oscillations predicted above the breakdown frequency are not 
always well-pronounced.  

0 2 4 6 8 10
0

200

400

600

800

1000

fbead = 247±3 mHz

f
bd

 = 431±2 mHz

 

 

R
o

ta
ti

o
n

 a
n

g
le

 θθ θθ
 (

d
eg

)

t(s)

ffield = 500 mHz

B = 2 mT

 
Figure C1: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 500 mHz and field strength B = 2 mT. 
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Figure C2: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 500 mHz and field strength B = 2 mT.  
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Figure C3: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 1.2 Hz and field strength B = 5 mT. 
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Figure C4: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 1.5 Hz and field strength B = 9 mT. 
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Figure C5: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 1.5 Hz and field strength B = 9 mT. 
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Figure C6: The rotation angle θ as a function of the time t for an applied rotating magnetic with 
field frequency ffield = 1.5 Hz and field strength B = 9 mT. 
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Appendix D: Matlab scripts numerical solution 
 
The numerical solution θ(t) of equation 2.21 is computed by using a solver based on 
the Runge-Kutta 4 formula which solves differential equations of type dy/dt = f(y, t). 
The solution is calculated and plotted by running the script solve.m:   
 
clear all  
  
tspan = [0 10];                         %TIME INTERVAL SOLUTION 
  
y0=0;                                   %SOLUTION y AT t=0  
  
[t,y]=ode45(@differential, tspan, y0);  %SOLVE dy/dt=differential(y)  
  
y=(180/pi)*y;                           %CONVERT RADIALS�DEGREES  
  
plot(t,y, '-.b' )                         %PLOT SOLUTION 
xlabel( 't(s)' )  
ylabel( '\theta(deg)' )  
 
differential  is passed as a function handle to the solver ode45 . The script 
Differential.m evaluates the angular velocity of the bead for dθ/dt = f(θ,t) for a given 
time t and rotation angle θ as described by the equation of motion 2.21:   
 
function [f]=differential(t,y)  
                                     
%PARAMETERS DIFFERENTIAL EQUATION 
                                       
n=1E-3;                               %Dynamical viscosity water eta   
R=2.8/2*1E-6;                         %Radius R M-270 bead  
correction=1.3;                       %Correction factor C   
H=correction*8*pi*n*R.^3;             %Hydrodynamic factor  
k=3*1E-18;                            %Torsion constant k  
u=1.3*1E-16;                          %Magnitude magnetic moment mu  
B=22*1E-3;                            %Magnetic field strength B  
w=2*pi*0.2;                           %Angular velocity field omega  
Bcor=2*1E-3;                          %Coercive field of the beads  
  
%REMAGNETISATION FOR w*t-y>=90 deg (FLIPPING 180 DE G WITH RESPECT TO 
%ORIGINAL LOCKED MAGNETIC MOMENT OF THE BEAD) 
  
if  cos(w*t-y)<=0                                                              
  
    angle=sin(w*t-y-pi/2);                                                   
    angle=asin(angle);                                                         
     
    if  angle<=2*asin(Bcor/B) && cos(w*t-y-pi/2)>=0                          
                                                                                                               
        U=u*(1-2*angle/(2*asin(Bcor/B)));   
         
    else      
        U=-u;                                                                
    end                                                                      
  
end  
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%REMAGNETISATION FOR w*t-y>=270 deg (FLIPPING 180 D EG BACK, ALIGNMENT 
%WITH THE ORIGINAL LOCKED MAGNETIC MOMENT)    
  
if  cos(w*t- y)>=0                                                                                            
     
    angle=sin(w*t-y-3*pi/2);                                                 
    angle=asin(angle);                                                       
     
    if  angle<=2*asin(Bcor/B) && cos(w*t-y-3*pi/2)>=0 && w *t-y-pi/2>=0       
         
        U=u*(2*angle/(2*asin(Bcor/B))-1);                                    
         
    else  
        U=u;                                                                 
    end                                                                                                              
     
end  
  
%COMPUTATION MAGNETIC TORQUE 
  
M=U*B;                                                                       
  
%EQUATION OF MOTION FOR K(THETA)= K  
  
f=M/H*sin(w*t-y)-k/H*y;                                                      
  
  
 
                                               
  
  
 
 
  
  
 
                                         
  
  
 

 
 
 
 

  
 
 
 


