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Abstract 
In this research, an attempt has been made to determine the dissociation constant and effective path 

length of the anti-biotin – biotin complex, using a novel technique called Fluid Force Discrimination. 

Beads that were coated with biotin were brought into contact with an anti-biotin functionalised 

surface, immobilising the beads, it is thought mainly due to anti-biotin – biotin bonds. Multiple 

experiments were done in which a water flow was used to exert a force (between 44 and 111pN) and 

a torque on the immobilised beads. The results are as follows: koff = 0,02±0,04s-1 and xß = 

0,08±0,07nm. These results are very deviant compared to other research (respectively a factor 150 

and 11). It seems that, although this research introduces a torque on the beads so different results 

are expected when compared to a research that only exercises a pulling force, the deviation is of 

such a size that is very likely that the results are invalid. What is suspected is that the beads were 

immobilised on the surface with multiple specific bonds. Recommendations are made in this report 

in order to overcome this. 
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1 Introduction 
The goal of this research is to gain more knowledge about force induced dissociation of the anti-

biotin – biotin antibody – antigen complex by using a technique called fluid force discrimination or 

FFD. This research was done within the research group MBx at the Eindhoven University of 

Technology, and must be seen in the context of the research done at MBx on biosensors.  

In this chapter, the concept of biosensors and FFD is explained, as is the relevance of FFD towards the 

biosensor research. Also more information is given about anti-biotin and biotin and an outline is 

given for this report. 

1.1 Biosensors 
A Biosensor is a device that can be used to detect very low concentrations of biological molecules in 

body fluids. Basically, this is done by labelling the biological molecules (ligand) with a larger particle 

(receptor) that can be detected fairly easily. If the excess label particles are then removed, the 

amount of remaining receptor particles will say something about the concentration of the ligand 

molecule in the body fluid. 

There are many possible applications for such a device. Most important probably is the possibility to 

diagnose diseases easily, quickly and cheaply. Common for almost all diseases, is that the body 

already fights the invader with the immune system, before symptoms are obvious. The immune 

system releases many antibodies that correspond to a particular pathogen, and these antibodies can 

be detected using a biosensor. 

One very promising type of biosensor is the magnetic biosensor. To illustrate the working of a 

magnetic biosensor, an example is given in figure 1.  The ligand in the body fluid cannot be detected 

optically because of its size. Its footprint can however be enlarged. The cell containing the body fluid 

also contains superparamagnetic beads, which are functionalised with anti-bodies (the receptors) as 

is the lower surface of the cell. These anti-bodies specifically bind with the ligand (the specific bond 

will be treaded later in this chapter). As is seen in the figure, the ligand binds the beads to the 

surface, using the specific binding properties of the ligand and the anti-body. The beads are of a 

much larger size than the ligand or anti-body, and after the excess fluid in the cell is removed, the 

superparamagnetic beads can be detected by measuring their magnetic response induced by a 

magnetic field.  
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Figure 1: An example of a magnetic biosensor. The illustration is not to scale, particularly, the beads are much larger 
compared to the ligand and receptors. 

Another application of this set-up is to determine the strength of certain specific bonds. Using an 

external magnetic field, a force can be applied on the beads in order to try to break the bond. The 

speed of the dissociation of the bonds will then contain the information on the strength of the bond. 

Developing a device that can be used to research antibody – antigen interactions is very useful. This 

is because the antibody – antigen interaction is a central part in almost all possible biosensors. To 

help develop a functional biosensor, we need to have a wide knowledge about these interactions, 

and this magnetic biosensor can thus help therein. 

 

1.2 Antibody – antigen complex  
As already stated, an antibody specifically binds to a specific antigen. Figure 2 shows an antibody of 

the IgG class. All antibodies of this class are similar, except for the two antigen-binding sites. At these 

binding sites, a strong non-covalent specific bond can be made with an antigen. The structure of the 

binding site corresponds to the structure of the antigen. The antigen thus fits inside the binding site. 

Now a multitude of non-specific interactions between the binding site and the antigen (these are Van 

der Waals interactions, electrostatic interactions and hydrogen bonds), amount to an energy 

minimum for the antigen inside the binding site. The antigen is thus trapped; it needs to overcome 

an energy barrier to break the bond. This bond, which is the result of a multitude of smaller 

interactions and is non-covalent, constitutes a specific bond.  
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Figure 2: An antibody of the IgG class accompanied by antigen. Only one type of antigen ‘fits’. 

In this research, the anti-biotin – biotin complex is used. This antibody – antigen complex is a typical 

biological bond that is non-covalent, and also one of the most researched antibody –antigen 

complexes. When working with complex biological molecules, non-specific bindings always occur. 

These non-specific bonds are unwanted and difficult to control. Because the complex has a high 

specific bond strength relative to the strength of the non-specific bonds, it is easier during an 

experiment to tell apart the specific and non-specific bonds. This is because under the influence of an 

applied force the non-specific bonds will break much quicker than their specific counterparts.  

Biotin figure 3 is a vitamin that is known as vitamin B7 (in the Netherlands it is commonly known as 

vitamin B8). Its dimensions are 0.52nm × 1.00nm × 2.10nm and its molar mass is 244.31g/mol. 

 

Figure 3: The chemical representation of biotin. 

Anti-biotin is an antibody of the IgG class, as figure 2, and is a much larger molecule with a molar 

mass of approximately 150 kg/mol. It can specifically bind with two biotin molecules.  

1.3 Fluid force discrimination 
The dissociation of the anti-biotin – biotin complex is examined in this research using FFD. The 

fundamental set-up, figure 4, contains a micro-channel filled with fluid and also polystyrene beads 

functionalised with biotin molecules. The lower horizontal polystyrene surface of the channel is 
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functionalised with anti-biotin. Because the roof of the structure is transparent, a microscope can be 

used to see the beads. The biotin on the beads will bind with the anti-biotin on the surface.  

When fluid flows through the channel a force is induced, acting on the beads. The beads that are 

bound to the anti-biotin will resist the force. Information about the anti-biotin – biotin complex can 

be obtained by examining the dissociation of the bonds, as a function of the force and the time it 

takes to dissociate.   

 

Figure 4: The flow of the fluid pulls the bead away. 

Data obtained about antibody – antigen interactions using the FFD technique can be compared to 

data obtained from a different technique about the interactions. What is however unique to the FFD 

technique is that the force that acts on the bead is sideways. Also a torque works on the bead, for 

the force on top of the bead is greater than the force on the bottom. An antibody – antigen complex 

will act differently when the force is applied in a different direction. So using the FFD technique, we 

could find out how antibody – antigen complexes act when the force is applied in this alternative 

manner, which in turn will tell us more about the complex. 

In this research, as is stated earlier, the anti-biotin – biotin complex is examined, with the goal to 

develop the FFD experiment in the process in such a manner that the above described goals can be 

reached. 

2 Theory 

In this chapter, first the theory of dissociation kinetics is examined. This will be expanded into forced 

induced dissociations. Then the dissociation of multiple bonds, the flow profile inside a rectangular 

duct and the influence of a force on a bead in a channel is examined. 

2.1 Anti-biotin – biotin reactions 
The forming of an antibody – antigen complex is considered a reversible reaction. When a solution of 

antigen is mixed together with a solution of its antibody, bonds form and dissociate spontaneously. 

Ultimately, equilibrium arises, because the amounts of bonds that are being formed and dissociated 

are equal. The time dependent concentration of antibody – antigen complexes,  , can be determined 

using: 

 
  

  
               .      (1) 

The concentration of unbound antibodies is given by  , and   is the concentration of unbound 

antigen.     and      are the association and dissociation constants in respectively [M-1s-1] and [s-1]. 
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In this research, a flow removes the unbound antigens from the area of interest. The assumption is 

made that this is done perfectly, meaning that after a complex dissociates the antigen is not capable 

of rebinding. In formula 1, this corresponds to   is zero, and the solution for the time-dependent 

concentration of antibody – antigen complexes becomes: 

                   ,      (2) 

where    is the concentration of antibody – antigen complexes at  =0. 

2.2 Force induced dissociation 
The dissociation constant determines the rate at which antibody – antigen complexes dissociate. If a 

force is used to pull the complex apart, the dissociation constant increases. In this research, the Bell’s 

model for the force dependent dissociation rate is used [1].  

According to this model, there is a minimum in free energy at a certain distance between the 

antibody and antigen, as can be seen in figure 5. This minimum in free energy corresponds to the 

bound state. Escape from this state happens along a preferential path, x. This must not be seen as a 

one-dimensional pathway, but as a succession of different orientations and separations of the 

molecules.  

In order to conclude this path, an energy barrier of the height Eb has to be overcome. It is 

experimentally shown that the dissociation rate for overcoming such a barrier can be described using 

the Arrhenius equation [2]: 

            [
   

   
].      (3) 

In this formula, v is the attempt frequency in which all the dynamics of the molecules are captured, 

Eb is the energy barrier that has to be overcome, and kbT represents the thermal energy.  

If a force is applied to help the separation, the energy landscape will change as depicted in figure 5, 

where the dotted line depicts the energy landscape when the force is applied. The energy barrier will 

be lowered by an amount of fxß, where f is the applied force and xß is the path length from the 

energy minimum till the energy barrier, so it can be seen as the effective length of the bond. 
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Figure 5: The energy landscape of a binding. A force lowers the energy barrier by fxß. 

So effectively, an applied force lowers the energy barrier that has to be overcome in order to break 

the complex. The force dependent energy barrier is Eb - fxß. If we use this force dependant energy 

barrier in formula (formule), we get the expression for the force dependant dissociation rate. 

               [
   

  
].      (4) 

 

2.3 Multiple bonds 
As is mentioned in the introduction, the antibody used in this research (anti-biotin) has two binding 

sites for its antigen (biotin).  In the experiments, the biotin introduced to the anti-biotin is 

immobilised by a covalent bond on the beads. On each bead, a large number of biotin molecules are 

immobilised. It is therefore possible that the binding of one biotin molecule with an anti-biotin 

binding site is followed by a second binding, saturating a single anti-biotin antibody with two biotin 

molecules located on the same bead. 

The previous paragraph treated the dissociation constant of a single anti-biotin – biotin bond. This 

can be expanded to a double bond by using the same model. The detachment of a bead that is bound 

by a double bond is illustrated in figure 6. The process contains two steps, first the rupture of one of 

the two bonds, and then the rupturing of the remaining bond. 

 

Figure 6: First one bond breaks, then the other. 
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The fraction of double bond beads is defined as N2 and the fraction of single bond beads is defined as 

N1. In the model we use the force that is applied at t = 0, and all the beads start off as double bond. 

So, N2(t=0) = 1 and N1(t=0) = 0. 

Under the assumption that the force is equally divided between the two bonds, a force f is 

introduced. The dissociation constant for N2 is given by:  

              ,       (5) 

where kf is the dissociation constant for a single bond (5). Using (2), N2 can be derived: 

              .       (6) 

The amount of beads with a single bond, N1, can be derived using the following differential equation: 

 
   

  
  

   

  
     .      (7) 

The first expression after the equals sign is the rise in concentration due to the transition from N2 to 

N1, the second expression is the lowering due to the force induced dissociation. Using the boundary 

condition N1(t=0) = 0, equation 7 solves into: 

    
  

     
                     .   (8) 

 The total amount of bound beads is then N=N2+N1. 

The second assumption in this model is that once a bead is in stage N1, it will not go back. This is 

plausible, because the force will pull the bead slightly away from the empty binding site. 

2.4 Flow profile in a micro-channel 
As is already discussed, a fluid flow in a micro-channel is used to induce a force on the beads. In 

order to determine the flow profile, it is important to know if the flow is laminar. A flow is laminar 

when the dimensionless Reynolds number is Re < 2000. The Reynolds number can be calculated 

using: 

    
  

 
,        (9) 

where V is the characteristic flow speed, L is the characteristic length and ν is the dynamic viscosity 

(10-6 m/s2 for water at 200C is used). The flow is well in the laminar region, for the characteristic flow 

speed (V= 0.1 m/s) and length (L = 1 µm, the width of the channel) Re = 100. 

Since the fluid enters the rectangular duct through a tube, the flow is not instantly laminar. The 

entrance length LE is the distance it takes for the flow to make a transition from a turbulent flow into 

a laminar flow. It can be determined by using the following formula: 

               [3]       (10) 

Re is the Reynolds number, calculated above. The Hydraulic diameter is given by: 
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.        (11) 

In this formula, A is the cross sectional area of the duct and P is the perimeter. In the experiments, 

multiple duct dimensions were used. Therefore, to be sure that all the different ducts had a small 

enough entrance length, the entrance length is calculated using the dimensions of the duct that 

would have the largest entrance length in this research. These are a width of 1mm and a height of 

250µm. Inserting these values into formula 10 and 11, we get an entrance length of  

LE = 1.6mm. So after 1.6mm, the flow in the rectangular channel will be laminar. 

The laminar flow profile in a rectangular duct can be determined using a model by Harnett et al. [4]: 

 

.  (12) 

This series expansion gives the flow profile of a cross section of a rectangular duct. v(0,0) is the flow 

speed at the centre of the duct, h is the height, w is the width and V is the average flow speed, which 

is : 

   
 

  
 ,        (13) 

where Q is the flow rate. 

2.5 Force on the bead 
The force on a bead by a flow has to be calculated when the bead is attached to a tether. As can be 

seen in figure 7, the flow pushes the bead sideways and also on the surface. Due to the stronger flow 

on top of the bead, not only a horizontal drag force is induced, but also a torque. To determine these 

forces the model of Morozov et al. [5]has been used. 
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Figure 7: A pulling force as well as a torque is applied. 

The flow profile is considered laminar, as is discussed in the previous paragraph. A laminar flow is 

described by: 

      
  

   
      ,      (14) 

where Q is volume flow rate, w and h are width and height of the flow cell, respectively. The velocity 
v is a function of the position in the channel, y. 
 
For        , which is the case in the area of the velocity profile that induces the force on the bead, 

the velocity profile can be simplified to: 

      
  

   
  .       (15) 

Using the linear flow profile, the shear rate can be determined: 

   
  

  
 

  

   
.       (16) 

The drag force and torque can be calculated using: 

                    (17) 

            ,       (18) 

where   is the dynamic viscosity of the fluid and   is the radius of the bead [6].These formulas are 

derived from the solution of the Navier-Stokes equation for the influence of a fluid on a sphere near 

a surface [7], as is the case in this research.   

The distance between the two points where the tether and the bead touch the surface,   , as seen in 

figure 7, is calculated using: 
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 .       (19) 

The assumption has been made that the tether points directly to the centre of the bead. 

Furthermore, because    , the formula can be simplified to: 

         
 

 .        (20) 

The angle between the tether and the surface in the direction of the bead for L =14 nm and R  = 

0.935 µm is      . To calculate the tension on the tether, T, the angle will be considered 90⁰. With 

this simplification, a force balance can be made. The sum of the moment of the drag force (R×FƬ) and 

the torque (M) is counterbalanced by the moment of the tether tension (T×Rc).This leads to the 

equation: 

            
       (

  

  
)

 

 
  .    (21) 
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3 Experimental work 
The set-up was designed to count as a function of the time the amount of biotin coated beads that 

remain immobile on the anti-biotin functionalised surface when a known force is applied on these 

beads. In this chapter, we will look into this set-up. Furthermore, we will evaluate how the flow 

profile develops according to formula 11. 

3.1 Set-up 
The general set-up which is used to inject beads into a channel and subsequently to induce a force 

can be seen schematically in figure 8.  

 

Figure 8: The set-up used in the experiment: 
 1 – syringe containing the functionalised beads (Hamilton “Microliter Syringe – 725”) 
 2 – a control valve, which is used to block the upper or lower syringe 
 3 – syringe containing assay buffer (Hamilton “Microliter Syringe – 725”) 
 4 – a syringe flow pump (Harvard single syringe pump model 70-2208) 
 5 – microscope 
 6 – channel in which the binding occurs 
 7 – waste output 

The fluid between the syringes and the control valve, between the control valve and the channel and 

between the channel and the waste output is transported through a tube. 

The control valve can be used either to allow the syringe filled with beads or the syringe filled with 

assay buffer to inject fluid into the channel. The flow rate from the syringe containing assay buffer is 

regulated by a syringe flow pump. The syringe containing beads is operated manually.  

3.2 Channel 
On the microscope stage, the set-up of figure 9 is fitted. This part of the set-up is positioned on the 

stage. It is however not fixed to the stage. This is important, for during an experiment, this part 

needs to briefly removed from the stage, as can be read in the section regarding the procedure. 
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Figure 9: the set-up to create the channel: 
 1 – four screws to press the polystyrene onto the PDMS 
 2 – aluminium block used to disperse pressure uniformly, has a hole in centre for the microscope 
 3 – functionalised polystyrene surface 
 4 – half-open PDMS channel, approximately 1cm thick 
 5 – block of plastic with holes for tubes and screws and fits on the microscope stage 
  6 – two tubes connected to the channel 

The channel is created by pressing a polystyrene surface (3), 75mm × 25mm × 1.1mm, onto a block of 

PDMS (4). The PDMS, which is approximately 1cm in height, contains the structure of a half-open or 

roofless channel which is around 200-300µ in height. Basically, the polystyrene surface functions as a 

roof for the channel. From underneath, tubes have access to the channel through holes in the plastic 

block (5) and the PDMS. An aluminium block (2), tightened with screws (1) to the plastic block, is 

used to press the polystyrene down in order to obtain a watertight channel. The aluminium has a 

hole in the centre, so the view for the microscope isn’t obstructed. 

3.2.1 PDMS 

PDMS is a transparent, widely used polymer for flow channels and is considered to be inert, which 

makes is suitable for use with biological materiel. Furthermore, PDMS is flexible, so from the half-

open channel, a complete, watertight channel can be built using the polystyrene “roof”. The PDMS is 

made by creating a negative mould, using SU-8, an epoxy-based negative photoresist. For details 

about the construction of the half-open PDMS channel, see appendix A. 

3.2.2 Functionalised polystyrene 

The polystyrene surface is functionalised with anti-biotin using the procedure described in appendix 

B. Polystyrene is used, because of its strength, transparency and the physisorption with anti-biotin. In 

order to lower the amount of beads that bind a-specific with the polystyrene surface, the polystyrene 

is blocked using casein.  

The fluid deposited contained 10 nM anti-biotin. Tests with less anti-biotin proved to produce too 

few bindings.  

3.3.3 Functionalised beads 

In this research, beads were used with a radius of R = 0.935 µm. The beads are functionalized with 

biotin, using the procedure described in appendix C.  

3.4 Flow profile 
The width of the channel is determined by the width of the UV-mask, which is w = 1mm throughout 

all the experiments. The height, however, is variable. It depends on how much the screws (in figure 9, 
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the screws are designated with 1) are tightened. In the experiments, the height varied between 100 

and 170 µm. If one wishes to set the force that is to be exerted on the beads in the channel, the 

shear rate that is needed to exert that force can be calculated using formula 21. Then, the flow rate 

can be set to obtain this shear rate. If the height width ratio would be sufficiently low enough, there 

would be a perfect parabolic flow profile, and the flow rate could easily be determined using formula 

16. However, in the experiments the ratio is not sufficiently low enough; the flow rate must be 

determined by calculating the flow profile using formula 12. Erroneously, this had not been done in 

the experiments. Because of this error, the actual forces on the beads during the experiments were 

higher than was planned. To correct the error, after the experiments were done, the actual forces 

were calculated by determining the flow profile, and hence the shear rate, in the centre of the 

channel, near the surface, using formula 12. Underneath is shown how the force is corrected for two 

heights. 

The parabolic flow profile, formula 14, is plotted with the vertical flow profile in the centre of the 

channel calculated using formula 12 for a height of h = 100 µm and h = 170 µm, figure 10. On the x-

axis, the height is normalised. The fluid flow is set to Q=w˙h. 

Because the force on the bead is determined by the flow near the surface, figure 11 depicts the flow 

profile in this area. 

It is clear that the flow profile in a rectangular duct is like the parabolic flow profile, but as the ratio   

a = w/h is smaller, it deviates more. From the data obtained with this model to describe the flow 

profile in the rectangular duct and formula 12, the deviation of the shear rate from the parabolic flow 

profile can be determined. For the heights used here, the following result is given:             and 

           . The same procedure is used to determine the correction of the shear rates of the 

experiments. Because the shear rate is linear with the force, the correction of the force is easily 

calculated. 

The vertical flow profile in figure 10 is at the centre of the rectangular channel. When moving to the 

side, nearer to the walls, the flow profile differs. This is because of the drag of these walls. To depict 

this, the horizontal flow profile at a height of a bead radius, y = 0.935µm, from the lower surface is 

plotted for a channel with a height of h = 100µm and h = 170µm in figure (12). 

Figure 10: flow profile at the height of the beads. Figure 11: flow profile in the middle of the channel. 
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Figure 12: Flow profile through the whole width, at the height of the beads. 

From figure 12 it is clear that the flow speed near the walls of the channel is different than the flow 

speed in the centre. Furthermore, this effect enlarges for a channel with a larger h. The flow rate is 

however constant in the centre, meaning that there is a uniform force on the beads that are located 

in the middle.  

  



15 
 

4 Results and discussion 
Using the procedure described in appendix D, 8 experiments were done. The intention was to 

conduct these experiments with the following forces: 40, 60, 80 and 100pN. The flow rates were set 

as to accommodate these forces, but as described in the previous chapter, this was done incorrectly. 

The actual forces that were used had to be calculated afterwards, using the flow rate and the height 

of the channel, also is described in the previous chapter. The resulting forces used are shown in table 

1. 

Experiment # 1 2 3 4 5 6 7 8 

Height channel (µm) 161 142 117 169 98 132 170 108 

Force on beads (pN) 44,0 65,5 64,9 88,9 84,9 108,4 111,3 105,8 
Table 1: The 8 experiments, with the recalculated force and height of the channel 

The data from the experiments is depicted in figure 13. The normalised amount of beads that 

remained attached as a function of the time is plotted. The graphs are coded with four colours, in 

order to visualise the results better.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: The 8 experiments, with colour coding to indicate which have that are almost similar forces 

The data from each experiment was then fitting using: 

                             .  (21) 

An extra rule for the fit is: a + b + c = 1. Now the data from these fits is interpretable in the following 

manner: there are three fractions of beads, a, b and c. Each with its own dissociation constant: ka, kb 

and kc. The highest dissociation constant should depict the non-specific bonds, which are relatively 

weak and break easily. The middle one should be the single bond bead, which is the most interesting 
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fraction for research purposes. The lowest dissociation constant than pertains the multiple bond 

beads. These are all the beads that are bonded to the surface with more than one specific bond. The 

results of these fits are given in table 2. 

Experiment # 1 2 3 4 5 6 7 8 

Force (pN) 44,0 65,5 64,9 88,9 84,9 108,4 111,3 105,8 

a 0,02 0,04 0,13 0,31 0,26 0,57 0,44 0,43 

b 0,11 0,19 0,46 0,16 0,27 0,31 0,38 0,28 

c 0,87 0,77 0,42 0,54 0,48 0,11 0,18 0,30 

ka (s-1) 8,37 10,6 0,920 1,02 4,01 3,89 2,01 1,90 

kb (s-1) 0,507 0,0927 0,0679 0,0636 0,101 0,296 0,0604 0,168 

kc (s-1) 0,00437 0,00441 0,000275 0,00680 0,00234 0,00869 0,00238 0,00599 
Table 2: The fit of formula (21) results in these constants 

What we expect is that the fractions, a, b, and c would remain constant in all the experiments. This is 

because we would expect that each sample would contain the same fraction of non-specific, single 

and multiple bond beads. The question why this is not the case in for these experiments will be 

treated in the discussion. 

What we look for is the dissociation constant at a force of 0pN, koff, and the effective length of a 

bond, xß. In order to retrieve these two parameters from the data, the dissociation constants are 

plotted in figure 14. 

 

 

 
 

 

 

 

 

 

 

 

Figure 14: The dissociation constants from table 2 are plotted logarithmically, in relation to the force that was used in the 
corresponding experiments. Three data points of the same colour and vertically aligned refer to the results of one 
experiment. 

The parameters that are needed are obtained by plotting formula 3 through the data points that 

should represent the single bond beads. Because the y-axis is of a logarithmical scale, formula 3, 

when plotted through the data points, would show up as a straight line. The data point from the 
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44pN measurement that should correspond with the single bond bead (the middle one), is clearly 

deviating from the other dissociation constants that should relate to the fraction of single bond 

beads. It is also clear in table 2 that the fractions of this experiment also deviate a lot from the 

others. Something could have gone wrong during the procedure of the experiment, corrupting the 

preparation. This is however difficult to conclude, because there is no second measurement done at 

a corresponding force. For now, however, the data of the 44pN measurement is considered incorrect 

due to a procedural error. 

The other data points that should correspond to the single bond beads are then fitted with formula 

3. This is depicted in figure 15.  

  

 

 

 

 

 

 

 

 

 

 

Figure 15: Formula 3 is fitted through the points that should represent the single bond beads. 

The fit gives us the following values for the dissociation constant of the anti-biotin – biotin complex 

and the effect bond length of this interaction: 

 koff = 0,02±0,04s-1 

 xß = 0,08±0,07nm 

The standard error of the dissociation constant and the effective bond length are both very large. 

In order to validate these values, they can be compared to those found in earlier research. They are 

here compared to values found by A. Jacob [9]. Her results were as follows: 

 koff = 1,3±0,3E-4 s-1 

 xß = 0,88±0,02nm 

The dissociation constant differs more than a factor of 150 and the effective length a factor of 11. 

Although the values are expected to be different, on the experiment of A. Jacob, no torque is 
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involved, only a pulling force in the direction of the bond, it is unlikely that this would account for the 

large factors. It is more likely that the interpretation of the data, that the middle dissociation 

constant represents the single bond beads, is incorrect.  

To understand what went wrong, and what should be changed in order to make the experiment 

work correctly, the data is again compared to the research of A. Jacob. Her values for the dissociation 

constant and effective length can be inserted in formula 3, and the resulting function for the force 

dependant dissociation constant can then be plotted together with our data, as has been done in 

figure 16. 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: An indication of what value the dissociation constant should have of a single bond bead. 

As has been made clear, A. Jacob uses a different technique to exert the force, one where no torque 

is applied on the beads. So it cannot tell what dissociation constants should be found, but it gives an 

indication of the region that is plausible. The red line in figure 16 thus indicates what dissociation 

constant could be expected at a certain force for the fraction of beads that is single bond. 

For the first conclusion of this comparison, it is important to mention that very high dissociation 

constants cannot be detected in our experiments. A fraction that has a dissociation constant of 100s-1 

will almost instantly disappear, which is similar to a fraction that has a dissociation constant of 10s-1. 

What happens is that all fractions of beads that have a high dissociation constant are accounted for 

in the same fraction. So because dissociation constants higher than approximately 1s-1 are not 

identified, it is futile to search for the dissociation constant of single bond beads in a force spectrum 

where the dissociation constant for the single bond bead is expected to be larger than 1s-1. We can 

thus conclude that in order to be able to do a useful measurement of the anti-biotin – biotin 

dissociation constant, the maximum force that is used should not be far more than 40pN. 

The second conclusion stems from the fact that the fractions that certainly do not incorporate the 

single bond beads are very large. For instance, when we compare the data from the 44pN 
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measurement (table 2) to figure 16, we can see that the fraction with the lowest dissociation 

constant, fraction c certainly does not represent the single bond bead. The fraction however 

comprises 87% of the beads. This means that for that experiment, at least 87% of the beads were not 

single bond beads. In all the other experiments, the b and c fraction certainly do not represent the 

single bond beads. Adding these numbers again gives a high percentage of beads that certainly do 

not represent the single bond beads. Since non-specific bonds are typically weaker than specific 

bonds, but these fractions pertain bonds that are much stronger than the single bond bead, we can 

conclude that a very large percentage of the beads are multiple bonded beads. 

What is somewhat promising is that if we compare measurements done at approximately the same 

force to each other, there seems to be a certain consistency in the fractions measured. This indicates 

that the protocol of the experiments ensure consistency of experimentation. So, when the two errors 

above are dealt with, FFD could show consistent results and be an augmentation to the techniques 

used for antibody – antigen interactions.  

Fixing the first error is simple, don’t measure at high forces. For the second error an idea can be 

given to resolve the issue. The multiple bindings of the beads are possibly due to the second last step 

in the procedure of the experiment. After the beads are already bound on the polystyrene, the set-

up is turned right-side-up. In the experiments, a period of at least ten minutes exceeded till the flow 

was started. In this period of time, the beads could bond with more antibody molecules. The ten 

minutes were introduced in order to make the beads visible for the camera, but this is not necessary. 

The experiment should therefore be tried without this ten minute gap between the incubation of the 

beads on the surface and the start of the measurement. 

A problem that occurred, and was only identified by chance, was the inducement of unwanted and 

possibly harmful flow through the channel. This flow occurs because when the volume changes in the 

tubes when the tubes are moved, even only slightly. After the incubation of the beads on the surface, 

the set-up under the microscope must be turned, which unavoidable also induces this flow. At this 

stage the flow may pull off beads that are attached, thus lowering the amount of beads on the 

surface. By blocking the flow in the channel at the entrance and exit, this could be countered. 

5 Conclusion 
The goal of this research was to gain more knowledge about the anti-biotin – biotin complex, using 

Fluid Force Discrimination. Using this technique, multiple experiments were done, and an attempt 

was made to determine the dissociation constant and the effective path length for the complex. The 

results were as follows:  

 koff = 0,02±0,04s-1 

 xß = 0,08±0,07nm 

These have very large error bars and differ a lot from values found with other research, where no 

torque was used however. What has probably gone wrong in this experiment is that the beads 

bonded with more than one specific bond to the anti-bodies on the polystyrene surface. This can 

probably be solved by changing a step in the procedure that wrongly allows the beads to be in 

contact with the antibodies for too long. The research did show some promising signs of consistency 
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in the different experiments, but not enough data is gathered to make a definitive statement about 

the usability of the technique. Follow-up experiments at a different force regime and with an 

adjusted procedure, in order to counter the multiple bonds, are needed. 
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Appendix  
 

A Protocol for manufacturing the PDMS channel 
To construct a half-open channel out of PDMS, the following is required: 

 Standard thin microscope glass plate, dimensions 76x26 mm2 

 Standard soap 

 Di-ionised water 

 IPA 

 SU-8 2005 

 SU-8 developer  

 Pre-polymer PDMS 

 PDMS curing agent 

Also needed: 

 Hot plate 

 Nitrogen blower  

 Ozone UV-chamber 

 UV-lamp 

 Photolithography mask  

 Desiccator 

A.1 SU-8 negative 

Clearly, the SU-8 cannot come into contact with UV-light until final development. Therefore, all steps 

until finalising the SU-8 mould must be done in a UV-free room. 

1. Thoroughly clean the glass plate using ordinary soap, rinsing it with tab water afterwards. 

2. Rinse the glass plate for a couple a seconds with de-ionised water, and subsequently with 

IPA. Blow-dry the glass plate using a nitrogen blower. 

3. In order to ensure the removal of all water, heat up the glass plate to 110oC on a hot plate. 

Let it cool down to room temperature afterwards. 

4. Place the glass plate into an ozone chamber for 10 minutes. 

The glass plate should now be completely clean and ready to use for the deposition of the SU-8. (In 

this research SU-8 2005 was used.) 

5. Weigh of the amount of SU-8 required for obtaining the desired height. 

6. With a glass pipette, carefully dispense the SU-8 on the glass plate, ensuring that no air 

bubbles arise. Dispense the SU-8 evenly over the surface area of the glass plate, since it will 

not even out automatically due to the viscosity. 

The following baking procedures are developed by M. Frade et al. [8] for substrates of 240µm high. 

7. Place the glass plate in the centre of the hot plate, covering it with an upside down Petri dish. 

The Petri dish should be supported using folded aluminium foil of approximately 2mm in 

height, in order to let air escape.  
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8. Use the following temperatures steps are to be taken: 

 35⁰C – 2 minutes. 

 45⁰C – 2 minutes. 

 55⁰C – 2 minutes. 

 65⁰C – 9 minutes. 

 75⁰C – 1 minute, remove Petri dish and cover with aluminium shell, preventing dust 

to settle. 

 85⁰C – 1 minute. 

 95⁰C – 120 minutes. 

 Let the glass plate cool down for 30 minutes. 

In this research, the Omnicure – Series 1000 UV lamp is used for the exposure. At a distance of 70cm 

from the light source, the irradiance was 10mW/cm2. 

9. Place the glass plate on a black surface, in order to prevent reflection. Supported by glass 

plates, put the mask as closely possible over the glass surface. 

10. Expose the SU-8 for 60 seconds. 

11. Put the glass plate on the hot plate covered by a aluminium shell, and use the following 

temperatures: 

 35⁰C – 2 minutes. 

 45⁰C – 1 minute. 

 55⁰C –1 minute. 

 65⁰C – 5 minutes. 

 75⁰C – 1 minute. 

 85⁰C – 1 minute. 

 95⁰C – 18 minutes. 

 Cool down for 30 minutes. 

In this research mr-Dev 600 is used as developer.  

12. Put the glass plate in a developer filled beaker. Use a rotating magnetic pill to circulate the 

fluid. After 10 minutes, rinse the glass plate with IPA. If the glass plate remains milky, put it 

back in the beaker for another minute. Repeat the last two steps until no milky substance 

remains on the glass plate. 

13. Using a slow flow of nitrogen, blow-dry the glass plate. 

A.2 Half-open PDMS channel 

In this research a block of approximately 6mm thick was created, using 12g of pre-polymer PDMS. 

1. Pour the pre-polymer PDMS with the curing agent. The mass ratio should be 10:1. 

2. After thoroughly mixing it, put it in de desiccator, until the mixture is gas-free. 

3. With aluminium foil, create a casket to put the negative mould in. 

4. Pour the PDMS mixture over the negative mould in the aluminium casket. Pour from a 

minimum altitude to prevent air bubbles from forming. When air bubbles do form, remove 

them carefully using a glass pipette. 

5. Place the contraption in a convection oven at 65⁰C for 4 hours. 

6. The PDMS block can now be peeled of the mould. 
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7. Cut off the elevated edges of the PDMS block. 

Using a glass pipette with a diameter of 850µm, holes can be made in the PDMS at the points where 

the tube goes through. These holes are made by rotating the pipette on the PDMS and 

simultaneously applying a little pressure. 

B Procedure to functionalise polystyrene with anti-biotin 
Use has been made of polystyrene with dimensions 75mm × 25mm × 1.1mm. The following steps 

were taken: 

1. To mark the area on the polystyrene that is to be functionalized, scratch a square on the 

backside of the polystyrene (0.5cm × 0.5cm). 

2. Pipette on the front, on the marked square, of the polystyrene 70µl of anti-biotin with a 

molar concentration of 10nM in PBS. Let it rest at room temperature for one hour. 

3. Use a pipette to remove the anti-biotin. Do this carefully, because the surface tension of the 

fluid can damage the anti-biotin bound on the surface. 

4. Deposit a drop of PBS with a pipette and remove it subsequently, to remove non-bound anti-

biotin. Repeat two times.  

5. Deposit 400µl of casein in the square. Let it rest at room temperature for one hour. 

6. Remove the casein and repeat step 4 to remove unbound casein. 

7. Deposit enough PBS to keep the area in the square hydrated. 

8. Put the functionalised surface in a fridge. 

The samples can deteriorate over time in the fridge. 

C Procedure to functionalise beads with biotin 

D Procedure 
To complete an experiment, the setups of figure 8 and 9 were used. Furthermore, functionalised 

beads, assay buffer and a vortexer were used.  

First, the setup of figure (9) is assembled: 

 Pull the tubes through the plastic block. 

 Put the block of PDMS on the plastic block. The tubes should fit in the holes of the PDMS. 

Make sure the tubes are at approximately 2/3 of the height of the PDMS. 

 The half-open channel is exposed on top. Use a pipette to fill it with assay buffer, in order to 

ensure a wet environment for the anti-biotin. 

 Remove the PBS from the functionalised polystyrene surface and put the surface carefully on 

the PDMS. Make sure that the functionalised area on the polystyrene is positioned half-way 

the channel. Otherwise, the aluminium block could obscure the vision. 

 The aluminium block and the screws are now put in place. The screws are to be tightened, to 

a degree that a resistance occurs. The screws are now to be tightened very carefully, one by 

one and through small steps (one quarter of a turn). If the screws are too tight, the stress will 

break the polystyrene. If the screws are too loose, the channel will not be watertight.  

 Under the microscope, the height of the channel can now be measured. This can be done by 

first to focus the microscope on the bottom of the channel, then setting the microscope 
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altitude meter to zero, and subsequently focus the microscope on the top of the channel.  

The height as can be read on the altitude meter must be adjusted for the reflective index of 

water, by multiplying by 1.33, to obtain the height of the channel. The water flow needed to 

obtain a specific force can now be calculated using (16) and (21). 

The setup of figure (8) can now be assembled, except for the syringe used for the bead injection (1 in 

figure (8)).  

 Completely fill the other syringe (3 in figure (8)) with assay buffer. With the control valve in 

the setting that connects the syringe with the channel, inject a little bit of assay buffer. This is 

done to make sure that the tubes, the control valve and the channel are void of air bubbles. 

 Change the fluid pump settings to the desired flow rate. 

 Mix the beads in a tube with assay buffer to obtain the desired bead concentration. 

 Put the tube on the vortexer and directly afterwards, fill the other syringe (1) with the beads. 

 Only after connecting the syringe to the valve control, change the setting to allow a flow of 

beads through the channel, otherwise, air bubbles may form. 

 Before injecting the beads into the channel, shake the syringe with beads on the vortexer. 

 While injecting, monitor the amount of beads via the microscope. When the beads reach the 

channel, enough is injected. Change the control valve back to allow assay buffer to flow. 

 Directly flip over the whole set-up of figure (9) and wait 3 minutes, than flip it back into 

place. After 10 minutes, when focussed on the polystyrene surface in the channel, the 

attached beads should be visible. 

 While focussed on these attached beads, start the recording of the microscope image and 

subsequently start the controlled flow of assay buffer. 

The computer program made by Pim Donkers [10] for the group MBx was be used to analyse the 

data. The program counts the immobilised beads as a function of the time. 
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