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Abstract 
 

CRP, short for C-Reactive Protein is an acute phase protein that is naturally occurring 

in the human body. A person with a chronically lightly increased CRP concentration 

between 3 mg/l and 10 mg/l has an increased risk of cardiovascular disease in the 

future. The goal of this thesis is to investigate the biological part of a biosensor for the 

detection of CRP, with superparamagnetic beads as label.  

 

Therefore first a working immunoassay has to be designed. To obtain a sensitive 

assay the ratio between specific bonds (CRP-antibody) and non-specific bonds should 

be as high as possible. To determine if a difference can be made between possible 

non-specific bonds and specific bonds occurring in the assay, insight in the CRP-

antibody bond present in the assay is required. To optimize the biological part 

different immunoassays are tested with Horseradish peroxidase (HRP) as label, since 

it is a well established way for detection. If an enzymatic substrate is added HRP will 

catalyze a chemical reaction producing light that can be detected. This type of assay is 

called an ELISA.  

 

For the quantification of CRP bound in the immunoassays, first a dose response curve 

of HRP is performed. The optimized dose response curve for HRP is linear and 

reproducible for a HRP quantity of 0.2 fmol to 12 fmol, with a sensitivity of 22±0.24 

RLU/fmol. The demands for a linear and reproducible dose response curve for HRP 

are: Block the material in which HRP is measured, always use the same materials for 

storage, never change the concentration of the stock solution HRP and always 

preserve it in the same way, the experiments have to be performed the same way 

always.  

 

Two immunoassays are tested, a sandwich assay and a competition assay, both 

immunoassays are capable to detect CRP. For a CRP sandwich assay a quantity of 40 

amol to 8 fmol CRP could be detected with a sensitivity of 19.9±1.83 RLU/fmol CRP. 

For a CRP competition assay a quantity of 10 to 100 fmol CRP could be detected with 

a sensitivity of 11±0.5 RLU/fmol CRP. When using HRP as label a sandwich assay 

for detection of CRP is best, however in a biosensor as less steps as possible are 

preferred, so a competition assay might be better especially since it is easier to shift 

the sensitive area of the assay, so no dilution steps of the blood have to be performed.  

 

For optimizing the detection of CRP with superparamagnetic beads Streptavidin-

beads with a diameter of 2.8 µm are used. Furthermore different blocking agents are 

tested: BSA and Casein. Casein appears to be a better blocking agent in a CRP assay 

with beads, resulting in less non-specific binding, an explanation is given with help of 

the DLVO theory, which discusses the interaction energies occurring between a 

sphere and a flat surface. It appeared that the second energy minimum of the sphere 

and flat surface is further away for Casein than BSA, also the interaction energy is 

lower for a Casein coated surface at this distance. This difference can be enough to 

reduce the non-specific interactions between the beads and surface. 

  

To get more insight in the antibody-CRP complex the dissociation rate constant of this 

complex when applying a force is studied. A setup has been used in which forces up 

to 100 pN can be exerted on the beads. Optical detection is used to observe the 

decrease in the number of beads that is bound to the surface as a function of time. A 
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kinetic model that describes the dissociation of beads with one or two identical 

parallel bonds is used to fit the number of beads attached to the surface as a function 

of time. The obtained force induced dissociation rate constant of the single bound 

beads is 0.6±0.4 s
-1

 and for beads bound with two bonds 4·10
-3

±2·10
-3

 s
-1

. With the 

obtained force induced dissociation rate constants it is possible to determine the 

effective bond length at the transition state, xβ and the dissociation rate constant. The 

xβ calculated has a value of (7.5±1)·10
-10 

m and the corresponding dissociation rate 

constant is (5.2±4)·10
-5

 s
-1

, which is in the same order of magnitude as values reported 

in literature. The accompanying activation energy is 0.83±0.02 eV. The obtained 

activation energy can be compared with other antibody-antigen complexes which 

values range from 0.8 eV to 1.1 eV. Taking into account all the results it is concluded 

that this model describes the dissociation of the antibody-antigen complex correctly.  
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1 Introduction 
 

Every year 17 million people are dying from heart disease
[1]

, and even more people 

are suffering due to a heart disease. An enormous amount of money is spent to keep 

these people alive and/or increase the quality of live. Unfortunately this is only 

picking up the pieces. It’s of great importance to prevent hart failure instead of 

restricting the damage. Of course already several methods of prevention are present, 

like an ECG or a CT-scan. The drawback is however that one is already close to heart 

failure and perhaps there is already some irreversible damage. Wouldn’t it be much 

better to prevent heart failure before a person even has symptoms or damage? Ippears 

from different studies that if a certain protein, named C-Reactive Protein (CRP) which 

is naturally occurring in the human body is slightly chronically elevated an increased 

chance of heart failure in the future is present
[2][3]

. If it’s possible to measure the CRP 

concentration, action can be taken to minimize or even prevent damage due to heart 

failure, by taking drugs or surgery. A point of care biosensor is accurate, sensitive, 

mobile, fast, easy to use and preferably cheap. Therefore it is an excellent device for 

the detection of CRP.  

 

1.1 Immunoassays  

 

A biosensor is a device that can detect the concentration and/or presence of biological 

molecules, for instance CRP, in body fluids. It is composed of a biological component 

to bind and often label the target molecule and a physical component to detect it. The 

biological component is often an immunoassay and is frequently based on the specific 

binding between proteins, like CRP and its antibody. Because proteins play a major 

role in binding and detecting of a target molecule the first paragraph gives some more 

insight in proteins in general. The class of proteins that is used most frequently in an 

immunoassay are antibodies. Therefore paragraph two describes antibodies in more 

detail.  

1.1.1 General structure of proteins 

 

Proteins are polymers built up out of different 

amino acids that are produced in living 

organisms
[4] . There are 20 different kinds of amino 

acids. The general structure of amino acids is 

shown in figure 1-1. Amino acids have a carboxyl 

as well as an amino group, furthermore they have a 

central carbon atom. The distinction between the 

different amino acids lies in the fact that they have 

a different side chain called R in figure 1-1. Amino 

acids are usually classified into four groups dependent on the properties of the side 

chain. The side chain can make them behave like a weak acid, a weak base, a 

hydrophilic amino acid if they are polar, and hydrophobic if they are non-polar. Due 

to the fact that an amino acid has a carboxyl as well as an amino group they can 

undergo a dehydration reaction which forms a peptide bond and a water molecule, see 

figure 1-2.  

Figure 1-1 General structure 

amino acid. 
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When a lot of amino acids form peptide bonds a protein is formed (see figure 1-3). 

Each type of protein has its own unique sequence of amino acids, which is called the 

primary structure of the protein. This sequence will often be coiled in one or more 

helical configurations which is called the secondary structure. This structure is 

stabilized by hydrogen bonds. Examples are alpha helices and beta sheets. The 

variable side chain of the amino acid is very important for the properties of the 

protein. Depending on the polarity of the side chain, amino acids vary in their 

hydrophilic or hydrophobic character. The importance of the side chains comes from 

the influence it has on the amino acid interactions with other structures, both within a 

single protein and between proteins. The distribution of hydrophilic and hydrophobic 

amino acids determines the tertiary structure of the protein, which is more or less 

spherical. This structure is held together by electrostatic, hydrophobic and van der 

Waals forces.  

 

 
Figure 1-3 General structure of a protein. 

      

For example, soluble proteins have surfaces rich with polar amino acids. Similarly, 

proteins that have to bind to positively-charged molecules have surfaces rich with 

negatively charged amino acids, while proteins binding to negatively-charged 

molecules have surfaces rich with positively charged chains. Some proteins also have 

a quaternary structure which means that the protein has several globular subunits held 

together by non-covalent forces
[5]

. 

 

1.1.2 Antibodies 

 

Proteins are the key molecules in the processes of life, and it is known that almost all 

activities which sustain living organisms are carried out by proteins
[6]

. An example of 

a protein class and its function are antibodies which are a defense against foreign 

proteins or pathogens.  

 

There are five classes of antibodies IgG, IgA, IgM, IgE and IgD, Ig stands for 

immunoglobulin. IgG is the main class of antibodies found in blood. It has four 

 Figure 1-2 Dehydration reaction. 
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subclasses IgG1, IgG2, IgG3 and 

IgG4 which are named in order of 

their occurrence in blood. The 

approximate dimensions of an 

IgG antibody are 14.5 by 8.5 by 

4.0 nm
[52]

. The molecular weight 

is dependent on the class, both 

IgG1 and IgG2 have a molecular 

weight of 146000 g/mol. The 

typical structure of an antibody is 

Y-shaped and shown in figure 1-

4. In general an antibody exists 

out of two identical heavy chains 

and two identical light chains, 

both composed of amino acid chains and held together by disulfide bonds. Each 

antibody has two identical binding sites positioned on the upper ends of the Y and 

both exists out of heavy and light chain regions. This part is different for every 

antibody. These sections are responsible for the specificity of the antibody towards an 

antigen. The remaining part of the antibody (the tail of the Y) is constant for each 

antibody class. The variable region of the Antibody is also called the Fab fragment 

and the constant region the Fc fragment
[7]

. 

 

The variable regions of the antibody have a particular shape and charge that enable 

the protein to bind to a particular antigen. This unique part of the antigen recognized 

by an antibody is called an epitope. The bonds between antibody and the epitope of 

the antigen are among else Hydrogen bonds and van der Waals forces. Antibody-

Antigen bonds are highly specific and therefore useful in biosensors for detecting and 

binding a desired antigen. In many cases an antigen has several epitopes that can be 

recognized by antibodies who slightly differ from each other in terms of affinity, 

association and dissociation rate constants. Therefore monoclonal antibodies are 

desired in immunoassays because only one type of antibodies against a specific 

antigen is used. 

 

1.2 Biosensors  

 

There are a lot of different types of biosensors, examples are the glucose meter for 

diabetics and the pregnancy test. Most glucose meters use an electrochemical method. 

The glucose in blood creates a redox reaction with an enzyme present in the test strip, 

the obtained charge passes through the electrode and is measured. The signal is 

proportional to the concentration of glucose in the blood. A pregnancy test detects the 

hormone hCG in urine. The urine migrates through the test strip, if hCG is present it 

will bind to a dye labeled antibody and forms a complex. This complex binds to the 

anti-hCG antibody in the test zone and produces a purple color band. In the absence of 

hCG, no band is formed in the test zone. Apart from biosensors based on electric or 

discoloration detection techniques also biosensors based on magnetism are used. 

 

Philips has designed such a biosensor based on magnetism. This type of biosensor 

uses ferrimagnetic grains composed of Magnetite (Fe2O3) randomly distributed in a 

polystyrene sphere also called superparamagnetic beads, as a label for detection. Bulk 

Figure 1-4 General structure of an antibody. 
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Fe2O3 would behave ferrimagnetic and would thus have a large magnetization at room 

temperature, also when there is no external magnetic field present. The time averaged 

magnetization of the grains in the beads however is in general zero at zero field. This 

is because the volume of these grains is so small that the energy needed to change the 

direction of the magnetization of the entire grain is small compared to the thermal 

energy. The size of the grains is about 6-12 nm. The thermal energy is sufficient to 

randomize the direction of the magnetization in the grains. Superparamagnetic beads 

placed in a magnetic field do get magnetized. 

 

Picture 1-5 shows a schematic representation of the detection principle of the 

biosensor chip. The beads coated with antibodies are incubated in the biological 

sample and bind via the antigen to the antibodies at the surface. The chip surface is 

washed to remove the surplus molecules and beads. In the surface a current wire as 

well as a Giant magnetoresistance (GMR) sensor is placed. As long as a current is 

applied to the wire, a magnetic field is created around the wire, which will magnetize 

the beads. These beads will create a magnetic field of their own which will be sensed 

by the GMR. The more beads are detected the stronger the output of the GMR. 

Therefore the strength of the signal is a measure for the amount of target molecules 

bound to the surface.  

 

 
 

Figure 1-5 A schematic representation of the detection mechanism of a magnetic biosensor. 

Figure adapted from [8]. 

 

The big advantage of a magnetic biosensor with respect to other types of biosensors 

lies in the fact that it not only measures the amount of antigens with a high sensitivity 

but it can also pull on the antibody-antigen bond by applying a magnetic field on the 

beads. The strength of the antibody-antigen bond can give some more insight in the 

affinity of the antibody for its antigen. This can be interesting because sometimes the 

severity of a disease can be derived from the strength of the antibody-antigen bond. 

Furthermore the magnetic background of even complex biological fluids is low
[9]

. 

 

1.3 C-Reactive Protein 

 

The ultimate goal is to detect CRP with a point of care 

biosensor with superparamagnetic beads as a detection label. 

Therefore this paragraph gives some more information about 

CRP and its function in the human body. A schematic picture 

of CRP is shown in figure 1-6. CRP is a protein naturally 

occurring in the human body and is produced in the liver and 

adipocytes, which are cells that store fat. It has been 

discovered in the 1930’s by the scientists Tillett and 
Figure 1-6 Structure of  

C-Reactive Protein. 
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Francis
[10]

. The protein was discovered when it reacted with the cell wall C-

polysaccharide of the bacteria, hence the name C-reactive protein. CRP is an acute 

phase protein, this is a class of proteins whose concentrations in plasma increase in 

response to inflammation or a serious injury like burns and myocardial infarction. 

Their purpose is to help the immune system to overcome the injury or inflammation. 

The increment is established by an increase of Interleukin-6 present in blood, which is 

produced predominately by macrophages that play a major role in the immune 

defense system. CRP is thought to bind via a phosphorylcholine receptor on microbes, 

and foreign and damaged cells. In this way it helps the complement system and 

macrophages to recognize the harmful agents. The reason why CRP leaves healthy 

cells untouched is due to the fact that although phosphorylcholine is present in the 

membrane of the cell it is inaccessible to CRP. If the cell is damaged its conformation 

will change and the phosphorylcholine becomes accessible to CRP. 

 

A healthy person has an average CRP concentration of 1 mg/l. At an inflammation or 

major injury in the body, the concentration of CRP rises dramatically, depending on 

the severity up to 1000 times, in approximately 24 hours. It appears from different 

studies that also lightly elevated concentrations of CRP are possible. If a person has a 

chronically lightly increased CRP concentration between 3 mg/l and 10 mg/l the 

chance of cardiovascular disease will increase
[11][12]

.  

 

1.4 Research goals 

 

This project focuses on the development of an optimized biological part of a magnetic 

biosensor for a fast and quantitative detection of C-Reactive Protein (CRP).  

 

To obtain a proper working immunoassay for the detection of CRP, first two different 

types of assays are investigated. The range of detection is investigated as well as the 

sensitivity for detecting CRP. Therefore also the contribution of the different non-

specific bonds is measured. A Chemiluminescence technique is used for 

determination of the best immunoassay type for CRP.  

 

Both assays are performed with superparamagnetic beads as label to look at the 

binding capacity of the prepared immunoassays. Various bead types as well as 

blocking agents are used to keep the ratio between specific-bonds and non-specific 

bonds as high as possible. Bond force experiments are performed to determine the 

strength of the antibody-antigen complex used in this immunoassay. The application 

of a magnetic force at the beads can be used to discriminate between non-specifically 

and specifically bound beads.  
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1.5 Outline 

 

This report is divided in seven chapters where the following subjects are described. 

 

Chapter two describes the various forces between the bead and a polystyrene surface. 

Furthermore is explained how to experimentally obtain the association and 

dissociation rate constant of an antibody-antigen complex. Then the theory about the 

fore induced dissociation rate constant of an antibody-antigen complex is discussed. 

Chapter three of this report describes the preparation of an immunoassay for the 

detection of CRP. First some properties of the used buffers are described, followed by 

some information of the used solid surface. Furthermore some details of CRP, 

antibodies and the labels used for detection and the detection mechanisms itself are 

described. Finally the two types of the immunoassays used are explained. 

 

Chapter four discusses the experimental set up used for the experiments performed 

with superparamagnetic beads. Furthermore the methods and materials for the 

superparamagnetic bead experiments are discussed. 

 

Chapter five discusses the obtained results on the ELISA experiments. First the results 

of a dose-response curve of Streptavidin-HRP is shown and explained. Then the 

results on the two types of immunoassays are discussed and compared.  

 

The assay results with superparamagnetic beads are discussed in chapter six. First the 

results of the experiments for optimizing the CRP immunoassay with 

superparamagnetic beads are shown, followed by experiments to determine the 

dissociation rate constant of the CRP-antibody complex.  

 

In chapter seven the final conclusions are given together with some recommendations.  
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2 Interactions 
 

This chapter describes the theory behind interactions between a sphere and a flat 

surface and the kinetics between antibody-antigen complexes. There are two theories 

that give information about the interaction between a sphere and a flat surface. In 

paragraph one the DLVO theory is explained. Paragraph two treats the extended 

DLVO theory. In paragraph three the basics of the antibody-antigen complex are 

discussed. The last paragraph describes the theory behind bond force measurements 

performed during this thesis.  

 

2.1 DLVO theory 

 

The DLVO theory is named after Derjaguin, Landau, Verwey and Overbeek who 

developed it around 1940. The theory describes the force between charged surfaces 

interacting through a liquid medium. It combines the effects of the van der Waals 

attraction and the electrostatic repulsion. In the first section of this paragraph the van 

der Waals interactions are explained in more detail, the second section discusses 

electrostatic repulsion. The last section shows the behavior of the combined 

interactions for a sphere approaching a flat surface. 

 

2.1.1 Van der Waals interactions  

 

The van der waals force includes three different phenomena which are closely related. 

First there is the interaction between two free movable polar molecules, which will be 

positioned in such a way that it is energetically favorable. This kind of interaction is 

called orientation interaction or Keesom interaction after Willem Hendrik Keesom. 

The second type of interaction is the attractive force between a free polar and non-

polar molecule. The polar molecule will induce an uneven charge distribution in a 

non-polar molecule which then will become a polar molecule, which is described by 

Peter J.W. Debye and are called induction interactions. The third type of attraction is 

usually named dispersion interaction figured out by F.London. This type of interaction 

is based on the fact that only the time average of the dipole moment of a molecule is 

zero. There is however a finite dipole moment at any instant given by the 

instantaneous positions of the electrons around the nucleus. The generated 

instantaneous field will polarize the nearby neutral atoms resulting in an attractive 

force of which the time average is finite. 

 

Of these three types of interactions the orientation and induction interactions are only 

found among molecules that have a permanent dipole moment. The dispersion 

interaction is present between all types of molecules as well as atoms. All these 

interactions are dependent on the distance between the molecules. The interaction 

energies between molecules will decay with distance r
-6

. If the three contributions are 

combined the following formula for the van der waals energy is obtained: 

      
6

r

C
E −=  

[13]
    (2.1) 
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Where r is the distance between the particles and C the van der waals constant which 

depends on the geometric properties of the interacting particles. 

 

When pairwise additivity is assumed (ignoring the influence of neighboring atoms on 

the interaction between any pair of atoms) and no retardation takes place, the net 

interaction energy of a molecule and the surface of a solid made up of one kind of 

molecules will be the sum of its interactions with all the molecules in the body. For 

the van der Waals interaction between a sphere and a flat surface the following 

equation is valid
[13]

: 

 

      
d

AR
E

vdw

6
−=     (2.2) 

 

Where A is the Hamaker constant which includes the constants of all three van der 

Waals interactions, R the radius of the sphere and d the distance between the flat 

surface and the surface of the sphere. The Hamaker constant is in this case  

 

         21

2 ρρπ CA −=      (2.3) 

 

where ρ1 and ρ2 are the number of atoms per unit volume for respectively the sphere 

and the flat surface. In the formulas stated above pair wise additivity was assumed, 

therefore it ignores the influence of the neighboring atoms and the interaction between 

any pair of atoms. In media where particles are separated at larger distances, as in 

gasses, the assumption of additivity still holds, but this is not the case for liquids and 

solids. 

 

To avoid the problem of non-additivity, by ignoring the atomic structure of the system 

the Lifshitz theory is introduced. It states that the forces between large bodies which 

will be treated as continuous media are derived in terms of bulk properties like their 

dielectric constants and refractive indices. With this theory only the Hamaker constant 

will be calculated in a different way. The formulas for calculating the interaction 

energy between a sphere and respectively a sphere or a surface stay the same. The non 

retarded Hamaker constant for macroscopic phase one and two who are interacting 

across a medium three is calculated as follows: 
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Where kB is the Boltzmann constant, with a value of 231038.1 −⋅ J/K , T the 

temperature expressed in Kelvin, h is the Planck constant with a value of 6.6·10
-34

J·s 

and νe the frequency of the electron, n1, n2, n3, ε1, ε2 and ε3 are respectively the 

refractive indices and the dielectric constants of the two phases and medium. The first 

term includes the Keesom and Debeye dipole interactions and the second term the 

London dispersion energy. When the bulk properties of the two macroscopic phases 

are the same the formula will become: 
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It must be taken into account that at distances beyond about 10 nm the dispersion 

contribution to the total van der Waals force begins to decay more rapidly due to 

retardation effects
[14]

. Retardation is the effect that takes place when two atoms are 

that far apart, that the time it takes for the electric field to reach the other atom and 

return can become comparable with the period of the fluctuating dipole itself. 

Therefore the energy will be overestimated at larger distances. 

 

If the interaction energy between two bodies is known it is also possible to calculate 

the interacting force between the two bodies. For conservational energies, the force 

can be derived from the gradient of the energy: 

 

EF −∇=     (2.6) 

 

The van der Waals force between a sphere and a surface becomes:  

 

26d

AR
F −=     (2.7)  

 

When formula 2.5 and 2.7 are examined closer it can be seen that the van der Waals 

force between two identical bodies in a medium is always attractive, due to the fact 

that A is positive. The van der Waals force between two different macroscopic bodies 

in a medium can be attractive or repulsive (when A is negative). 

 

2.1.2 Electrostatic interactions 

 

In the previous paragraph was stated that the van der Waals force between similar 

particles in a medium is always attractive. If only van der Waals forces were operating 

it could be expected that all dissolved particles (like beads) would coagulate and 

precipitate out of the solution. Fortunately this doesn’t happen, because particles 

suspended in water or any liquid of high dielectric constant are usually charged and 

can be prevented from coalescing by repulsive electrostatic forces.  

 

Electrostatic interactions take place 

between charged surfaces in a medium. If 

a surface is placed in a liquid it can 

become charged due to ionization or 

dissociation of surface groups as well as 

adsorption of ions from the solution onto 

the surface. The obtained surface charge 

will be canceled out by an equal but 

opposite charge region build up out of 

counter ions. Some of them are bound to 

the surface, which is called the Stern or 

Helmholtz layer. A note has to be made 

that ions that are bound onto a surface are 

not strongly attached but can exchange 

with other ions in the solution. Outside the 

Stern layer a cloud of ions is formed close     Figure 2-1 Electric double layer [8] 



 10 

to the surface which is known as the diffuse layer. The density of the ions present will 

decrease with an increasing distance from the surface till the bulk properties are 

reached. The combination of these two layers is called the electric double layer, see 

figure 2-1. In the Stern layer the potential will decrease linear with the distance, in the 

diffuse layer the net charge density will become  

 

      )/sinh(2 0 Tkzezen BΨ−=ρ  
[15]

   (2.8) 

 

Where n0 is the concentration of ions, z the valence of the ions, e the elementary 

charge, Ψ the potential as a function of the distance, kB the Boltzmann constant and T 

the temperature. With help of Poisson’s equation the potential of the diffuse layer can 

be calculated.   

 

          
εε

ρ

0

−=∆Ψ     (2.9) 

 

Where ε0 is the permittivity in free space and ε the relative permittivity of the 

medium. The acquired potential as function of the distance becomes
[16]

: 

 

      )exp(
4

tanh
4 0 d

Tk

ze

ze

Tk

B

B κ
ψ

−=Ψ    (2.10) 

 

Where 0ψ  is the potential of the surface, d the distance from the surface in meters and 

κ is the inverse of the Debye length. 
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Where NA is Avogadro’s number, and Ci the ionic concentration in Molar. When two 

interfaces with a surface charge approach each other the double layers of both 

interfaces will overlap and repulsion or attraction will take place dependent on the 

sign of the surfaces. For a two body system of sphere near a flat surface, the Debye-

Hückel approximation is used to calculate the interaction energy.   

 

                    der
RZeE

κ−=  
[17]

    (2.12) 

 

Where R is the radius of the sphere, d the distance between the sphere and the flat 

surface, constant Z is described as 
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Tk
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B
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0
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πεε  (2.13) 

 

With z the electrovalence of the ions, ψsphere the surface potential of the sphere and 

ψsurface the surface potential of the flat surface. In order to calculate the potential of the 

surface the Grahame equation is used
[13]

. 
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=

Tk

e
TCk

B

surface

B
2

sinh8 0

ψ
εεσ    (2.14) 

 

Where σ is the surface charge density in Coulomb per squared meters, C the ionic 

concentration in Molar and ψsurface the surface potential of the flat surface in mV. It 

should be mentioned that this equation is only valid for ions with an electrovalence of 

one. 

2.1.3 Total interaction energies of the classical DLVO theory 

 

To calculate the total interaction energy as function of the distance between a two 

body system both the van der Waals and electrostatic interactions have to be taken 

into account. The total interaction energy is the sum of both interactions.  

 
ervdwtot EEE +=     (2.15) 

 

The total interaction energy for a sphere and a flat surface becomes: 

 

        dtot
RZe

d

AR
E

κ−+−=
6

    (2.16) 

 

Figure 2-2 shows the general shape of 

a graph, where the total interaction 

energy is plotted against the distance 

between the two bodies. The van der 

Waals interaction is attractive and the 

electrostatic interaction will be 

repulsive, when added up a graph is 

shown with attractive areas and 

repulsive areas. There are two 

minima: one at a distance where the 

bodies are actually in adhesive 

contact and a second minimum. The 

position of the second minimum is 

highly dependent on the surface 

potential of the bodies and the 

amount of ions present in the liquid 

as can be seen in the inset. The more 

ions (or salt) are present the smaller 

the distance between the two bodies, 

due to the fact that the ions will 

shield the surface charge of the two 

bodies better. The distance also 

decreases when the surface potential 

becomes lower, because the bodies less strongly repel each other when the charge 

becomes lower. In order to decrease the surface charge the pH can be altered in such a 

way that the body reaches the Isoelectric point, this is the pH where the net charge of 

the body is zero. When the surface potentials of the bodies are near zero and there are 

enough salts in the solution a figure like d or e is obtained where the two bodies come 

Figure 2-2 Total interaction energy between two 

bodies as a function of distance. 
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into adhesive contact. When the electrostatic repulsion at a certain distance is higher 

than the van der Waals energy, there will be an energy barrier that prevents the bodies 

from coming in contact. There is however a secondary energy well minimum and if it 

is deep enough the bodies will stay at that distance from each other. 

 

2.2 The extended DLVO theory 

 

The Classical DLVO theory is based on electrostatic repulsion and van der Waals 

interactions between molecules. The extended DLVO theory also takes the acid-base 

interactions into account. This is the interaction between an electron acceptor 

molecule and an electron donor molecule, like a hydrogen bond. The electron 

acceptor molecule is called a Lewis acid. This Lewis acid has an affinity for an atom 

or molecule with an excess of electrons, the electron donor molecule is called a Lewis 

base. 

 

The Lewis acid base forces acting in water cause an attraction caused by the hydrogen 

bonding free energy of cohesion between the water molecules which surround all 

apolar as well as polar molecules and particles when they are immersed in water. 

Molecules and particles that attract water molecules more strongly than themselves 

and overcome the attraction between water molecules are considered hydrophilic and 

will experience a net repulsion among themselves
[18]

. 

 

Therefore the energy of the Lewis acid-base interactions can be calculated if the 

surface tension components of the interacting phases are known. An accurate way to 

determine these components is with a contact angle measurement. When a droplet of 

liquid is placed on a flat solid surface the total surface tension, γ
tot

 in mJ/m
2
 is build 

up out of van der Waals interactions and the Lewis acid-base interactions.  

 

       
AB

i

vdw

i

tot

i γγγ +=     (2.17) 

 

Where γi
tot

, γi
vdw 

and γi
AB

 respectively are the total surface tension component, the van 

der Waals surface tension component and the Lewis acid-base surface tension 

component, and i is the type of material.  

 

In order to determine the surface tension components between a liquid and a solid, a 

contact angle measurement of a droplet of liquid placed on a flat solid surface is the 

most accurate way
[19]

. The angle between the outer edge of the droplet at the liquid-

solid interface and the solid surface is measured, see figure 2-3. To calculate the 

surface tension components the following equation is used: 

 






 ++=+

+−−+

LSLS

vdw

L

vdw

S

TOT

L γγγγγγγθ 2)cos1(  (2.18) 
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θ is the equilibrium contact angle, 

γL
tot

 is the total surface tension of the 

liquid γS
vdw 

 and γL
vdw

 are the van 

der Waals surface tension 

components, γS
+
 and γL

+
 are the 

electron-acceptor surface tension 

components and γS
-
 and γL

-
 are the 

electron-donor surface tension 

components of respectively the solid 

and the liquid. The left side of 

formula 2.18 is a measure for the 

cohesion between the molecules in 

the liquid, and the right side of formula 2.18 is a measure for the adhesion between 

the molecules in the liquid and the solid. A contact angle can only be obtained when 

the cohesion between the molecules in the liquid is higher than the adhesion between 

the molecules of the liquid and the solid.  

 

To calculate the surface tension component of the solid and all the Lewis acid-base 

components, three well defined liquids are used in terms of surface tension 

components and parameters of the liquid. A frequently used liquid is water
[20][21]

. 

These values are used in equation 2.18 resulting in three equations and three unknown 

variables (of the solid), which are easily solved. The interaction energy between two 

flat surfaces of different materials (1 and 2) immersed in a liquid (3), where both the 

van der Waals and Lewis acid-base interactions are taken into account is described 

as
[19][22]

: 

 







 −−





 −++





 −+=

+−−++++−−−−+

2121321332130 2 γγγγγγγγγγγγ
AB

E  (2.19) 







 





 −




 −=

vdwvdwvdwvdwvdw
E 32130 2 γγγγ   (2.20) 

 

 

Equation 2.19 shows that the energy of acid-base interactions can both be positive and 

negative.  

 

The interaction energies between a sphere and a flat surface immersed in a liquid 

become
[23]

: 

 











=

d

rd
EE

vdwvdw

2

0
02π     (2.21) 

 

Where d0 is the minimal separation distance of 0.157±0.009 nm
[22][23]

, this is the 

distance of the outer electron shells of adjoining non-covalently interacting 

molecules
[20]

, d the distance in meters and r the radius of the sphere. 

 








 −

= λπλ

dd

ABAB
erEE

0

02    (2.22) 

 

Figure 2-3 Determination of the contact angle. 
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Where λ is the characteristic decay length of Lewis acid-base interactions in water, 

with a value of 0.6 nm
[19]

. The total interaction energy between a sphere and a flat 

surface according to the extended DLVO theory will become: E
tot

=E
vdw

+E
AB

+E
er

 

where E
er 

is the
 
electrostatic repulsion between a

 
sphere and a flat surface, explained 

in paragraph 2.1.2. 

 

2.3 Kinetics of antibody-antigen interactions 

 

This paragraph describes the kinetics of antibody-antigen complexes in more detail. In 

the first section the basics of antibody-antigen complexes are discussed. Section two 

describes examples of experimental methods for determination of the equilibrium 

constant the association and dissociation rate constant. 

2.3.1 antibody-antigen complex  

 

In most immunoassays, binding between the antigen and at least one antibody takes 

place. The bond between an antibody-antigen complex is composed of multiple non-

covalent bonds between ligands and geometrical complementary recognition sites on 

receptors which together produce molecular recognition. Only when two molecules 

each possess topologically and chemically complimentary surfaces will the weak and 

localized interactions sum to an overall strong bond. These bonds may have for 

instance electrostatic, van der Waals or Hydrogen bond contributions and are non-

covalent, and therefore reversible in nature. The Brownian-thermal excitations 

determine the bond lifetime due to the fact that they fully explore the chemical 

landscape of a bond, and barriers along optimal pathways. 

 

The reaction between an antibody and antigen can be described with the Law of Mass 

Action which states that the rate of an elementary reaction is proportional to the 

product of the concentrations of the participating molecules
[24]

. 

 

                                                        (2.23) 

 

Where [Ab] is the antibody concentration, [Ag] the antigen concentration, [AgAb] the 

antigen-antibody complex, kon the association rate constant in M
-1

s
-1

 and koff the 

dissociation rate constant in s
-1

. Typical values for respectively the association and 

dissociation constant are 10
4
-10

7
 M

-1
s

-1
 and 10

-4
-10

-6
 s

-1
. 

 

The association reaction of the antibody for its antigen can take place in a few seconds 

till many hours before equilibrium is reached depending on different factors, like the 

average distance the antigen has to travel before coming in contact with the antibody, 

the pH, ionic strength and the temperature. The dissociation rate constant for an 

antibody-antigen complex follows the Arrhenius equation: 

 

     
TkE

off
bacteAk

/−= ν     (2.24) 
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Where Aν is the pre-exponential factor [s
-1

] also called 

the frequency factor which has a value of ca. 111101 −⋅ s , 

koff is the dissociation rate constant, kB the Boltzmann 

constant, T the temperature in Kelvin and Eact the 

activation energy, which is the energy necessary for the 

reaction (in this case dissociation) to take place (see 

figure 2-4). The activation energy is equal to the height of 

the energy barrier with respect to the minimum. The time 

dependency of the antibody-antigen complex is as 

follows: 

 

][]][[
][

AgAbkAbAgk
dt

AgAbd
offon −=   (2.25) 

 

When the total concentration of the antigens is much higher than the antibody 

concentration added, it can be assumed that the concentration of free antigens is 

approximately the same as the total concentration of antigens, because the 

concentration of the complex is negligible compared with that of the total antigen. 

Furthermore is assumed that at time zero the concentration of the antibody-antigen 

complex is zero. The antibody-antigen complex concentration than will be given by: 

 
( )( )( )

)][(

1]][[
][

][

offton

tkAgk

tton

kAgk

eAbAgk
AgAb

offton

+

−
=

+−

  (2.26) 

 

Where t is the time in seconds, [Abt] the total antibody concentration, and [Agt] the 

total antigen concentration both in Molar. 

When the system is in equilibrium the formula reduces to  

 

[ ]
[ ][ ]AbAg

AgAb

k

k
K

off

on
eq ==     (2.27) 

 

The ratio of the two rate constants gives the equilibrium constant Keq in M
-1

 also 

called the association constant, which is a measure for the affinity of the antibody for 

its antigen.  

 

 

 

 

 

 

 

 

 

 

Figure 2-4 Activation energy of 

an antibody-antigen complex. 
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2.3.2 Determination of the equilibrium constant, association and 
dissociation rate constant. 

 

When the concentration of free antibodies is 

expressed in the total concentration of antibodies 

[Abt] minus the bound antibodies ][AgAb , 

formula 2.27 can be rewritten in  

 

][

][
][][

F

B
BKKAb eqeqt =−   (2.28) 

Where [B] is the concentration of bound antigens and [F] the concentration of free 

antigens. This equation indicates a linear relation between the number of bound 

antigens and the ratio between bound and free antigens. When plotted, this results in a 

so called Scatchard plot (see figure 2-5). There are two useful parameters that can be 

derived from the plot, the equilibrium constant and the total antibody concentration. 

The equilibrium constant is equal to the slope of the graph and the total antibody 

concentration can be found at the intersection of the x-axis.  

 

For determining the equilibrium constant, an ELISA experiment can be 

performed
[25][26]

. In order to measure the equilibrium concentration of an antibody 

antigen-complex two well plates (is flat plate with multiple cylindrical shaped wells 

used as small test tubes) are used, one plate for equilibrating antigens in solution with 

antibodies absorbed on the surface of the wells which will be called P(E), and the 

other for measuring the concentration of the equilibrated antigen solutions which will 

be called P(M). The P(E) plate is divided in a calibration section and an equilibrium 

section, the equilibrium section is first incubated with antibodies. After a wash step to 

get rid of the surplus antibodies the whole plate is incubated with a blocking agent to 

prevent non-specific binding (for a detailed description see paragraph 3.3). All wells 

in the measurement plate P(M) are coated with antibodies followed by a block step 

(see figure 2-6). 

 

                      
                              Figure 2-6 Schematic representation of an experiment for the  

               determination of the equilibrium constant for antibody-antigen  

               complex. 

Figure 2-5 Scatchard plot. 



 17 

In the equilibrium section as well as the calibration section of plate P(E) different 

known concentrations of antigens are added and equilibrated. After reaching the 

equilibrium in the P(E) plate, the liquid of every well is transferred to the 

corresponding wells in plate P(M) and incubated. After incubation the plate will be 

washed and a marker is added for detection of antigen-antibody complex. The idea is 

that no antigens have bonded in the calibration section of plate P(E), when they are 

transferred to plate P(M), they will bind to the antibodies. Due to the fact that 

different antigen concentrations are used a calibration dose response curve of the 

obtained signal plotted against the antigen concentration can be made. The 

concentration of free antigens will diminish in time at the equilibrium plate due to the 

fact that the antigens will bind to the antibody coating in the wells. When the fluid is 

transferred to the other plate P(M) only the free antigens will be present. These 

antigens will react with the attached antibodies in the well and again a dose response 

curve can be made. If these two 

obtained dose response curves are 

plotted in one figure, see figure 2-7, it 

can be seen that they are shifted from 

each other due to the fact that already 

antigens have bonded in the equilibrium 

plate, and thus aren’t measured in the 

measurement plate. This indicates that 

at every signal the concentration of the 

calibration dose response curve will be 

higher than that of the other dose 

response curve. It can be said that the 

concentration of the calibration dose response curve at a certain signal is the total 

amount of antigens present. The concentration of antigens measured at the 

measurement plate and recovered from the equilibrium section of P(E) is the amount 

of free antigens. When these values are filled into equation 2.28 a Scatchard plot can 

be made, and the equilibrium constant can be calculated.  

 

To determine the association and dissociation rate constants of an antibody-antigen 

complex, different types of experiments can be done like surface plasmon resonance, 

fluorescence polarization analysis and ELISA. The ELISA experiment will be 

explained in more detail
[27]

. To determine kon a well plate is used where some wells 

are coated with a known amount of antigen and a block protein. Another part of the 

wells is blocked without having an antigen coating, these wells are used for mixing a 

known amount of antibodies with a known amount of antigens. The incubation time 

for these mixtures is variable, but the concentration of antibodies and antigens is 

always the same. After the incubation time (which is different for every mixture) the 

solution is transferred to the wells with antigen coating, the mixtures are incubated for 

some time, washed and measured with help of a marker (At). In order to know the 

total amount of antibodies also the signal of the concentration antibodies (A0) used for 

the mixtures is measured. Also a blank is measured to avoid errors in signal (Ab). 

When al signals are measured the association rate constant can be determined as 

follows. The binding fraction of the bound antibody to the total amount of antibody is: 
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  (2.29) 

     Figure 2-7 Dose-response curve of the antigen. 
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The binding fraction in terms of measured signal is: 
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Where A0 is the signal of the total amount of antibodies [Abt], Ab is the background 

signal measured in absence of antigen coating, and At is the signal measured at the 

different incubation times. 

 

When equation 2.30 is substituted in 2.29 than 
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  (2.31) 

 

Where kon can be estimated by non linear regression
[28]

 since Keq and the rest of the 

parameters are known. When the equilibrium constant and the association rate 

constant are known the dissociation rate constant can be calculated with equation 

2.27. Not that these experiments are not performed during this master thesis. 

2.4 Force induced dissociation 

 

Another way of obtaining more insight in an antibody-antigen complex is the use of 

force induced bond dissociation. With this kind of measurement a force is applied on 

an antibody-antigen complex with as goal to investigate how well a bond can resist a 

force. A way to induce a force, is to use superparamagnetic beads coated with an 

antibody for its antigen. Due to the fact that the antibody-antigen complex binds in a 

non-covalent way it will always dissociate even when no force is applied. Inducing a 

force on the complex will however influence the lifetime of the bond, due to the fact 

that the barriers in the energy landscape are lowered by the external force. Typical 

force values for breaking weak non-covalent bonds are in the piconewton (pN) 

range
[29]

. 

 

In paragraph 2.3.1 is stated that the dissociation rate 

constant follows the Arrhenius behavior when no force is 

applied. When a force is used to pull the two interacting 

molecules apart, the lifetime of the bond is drastically 

decreased. A bond is composed of many weak non-

covalent interactions with associated activation energy 

barriers, when a force is applied these barriers will 

decrease. The bond energy landscape is tilted by the 

applied force, allowing the thermal noise to overcome the 

activation energies and break the overall bonds (see 

figure 2-8). 

 

 

Figure 2-8 Energy landscape 

of an antibody-antigen 

complex under force. 

E(r) 

r 

Eact-fxβ 

xβ 
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The dissociation rate constant for a single bond as a function of the applied force will 

become: 

)
~

exp()/exp()/)exp(()(, fkTkfxkTkfxEAfk offBoffBactsd ==+−= ββν
[29]

  (2.32)
 

 

Where xβ is the effective length of the bond at the transition state and f the applied 

force. The dissociation rate constant thus increases exponentially with the applied 

force. This equation is only valid if the energy barrier is sharp, this implies that the 

shape and location of the barrier are independent of force, and only the height will 

change
[29]

. 

 

When similar bond ruptures are repeated many times the following equation is valid. 

 

     )()()()(
)(

10
1 tNtktNtk

dt

tdN
da −= [29]

  (2.33)
 

 

Where N1 is the probability of the antibody-antigen complex to be in the bound state 

and N0 the probability to be in the unbound state. ka is the transition rate for the 

binding of the antibody-antigen complex and kd is the transition rate for dissociation 

of the antibody-antigen complex, both transition rates are expressed in per second. 

When no force is applied to the complex, kd is the same as koff. 

 

When the antibody-antigen complex is ruptured fast enough by force, the association 

of the antibody with the antigen can be neglected and the probability to be in the 

bound state will only be dependent on kd which dependents on the applied force. 

 

   )()(
)(

1
1 tNfk

dt

tdN
d−=    (2.34) 

 

When the applied force is constant the solution of this equation is a single exponential 

decay: 

       
tfkdeNN

)(0

11

−= [30] 
   (2.35) 

 

where N
0

1 is the probability that the antibody-antigen complex is in the bound state at 

time zero. The force induced dissociation rate constant, dk  is expressed as formula 

2.32. 

 

When force induced bond ruptures are measured with superparamagnetic beads, one 

can’t be sure that single bonds are ruptured, due to the fact that the with proteins 

covered bead is much larger than the surface of an antibody. Therefore it is very likely 

that multiple bonds will form. A way to avoid this is to dilute the concentration of 

antibodies in such a way that on average only one antibody can bind to the bead. It is 

necessary however that the antibodies will bind uniformly on the surface and not in 

clusters.  
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If all beads are bound to the surface with two identical parallel bonds, see figure 2-9, 

the probability that the beads are in the bound state can be expressed with formula 

2.36.  
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With     )2/
~

exp()(1, fkfk offd =     (2.37) 

 

and      )
~

exp()(2, fkfk offd =     (2.38) 

 

Where N is the fraction bound beads, kd,1 is the rate constant of the transition from 

two bonds to one bond, kd,2 is the rate constant of the transition from one bond to no 

bonds. When the bead is bound to the surface with two bonds, the force exerted on 

each bond is divided by two, hence the factor ½ in formula 2.37.  

 

           
 
        Figure 2-9 Dissociation of a bead bound by two identical bonds positioned in parallel. 

 

This formula is derived as follows: there are three states, in the first state the beads are 

bound to the surface by two bonds, the number of beads at this state is N1. In the 

second state the beads are bound to the surface by one bond, the number of beads 

bound with one bond is N2. In state three the beads are detached from the surface, the 

number of beads with no bonds is N3. 

 

The variation in number of beads bound with two bonds in time will be: 
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The variation of beads bound with one bond in time is: 
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This equation has a production factor, namely the transition from beads bound with 

two bonds to beads bound with one bound and a decay factor from one to zero bonds. 

This indicates that the detachment of the beads will always be via state 2. 
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C is zero since N2 at time zero is zero. 

kd,1 kd,2 
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The number of beads that detaches as a function of time is: 
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Since N3 is zero at time zero the formula will become: 
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The fraction bound beads will become:  
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With a similar model it is also possible to describe the dissociation of beads bound 

with one as well with two identical parallel bonds, it is assumed that all bonds are 

identical. A schematic picture is shown in figure 2-10. 

 

 

                   
 

    Figure 2-10 Dissociation of beads bound by one or two identical bonds  

    positioned in parallel. 

 

 

The corresponding formula for this model is: 
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Where A and B are the fractions of respectively the beads bound with two bonds and 

with one bond. 

 

It is also possible to describe the fraction of bound beads when they are attached with 

two different bond types, namely with two first order exponential decays: 

 

)exp()exp( 2,1, tkBtkAN dd ⋅−+⋅−=    (2.46) 

kd,1 kd,2 

kd,2 
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Each first order exponential decay describes the dissociation of beads attached with a 

different bond type, where A and B are the fractions of beads bound with this bond 

type and kd,1 and kd,2 the corresponding force induced dissociation rate constants  

 

A bead bound to the surface by two single bonds in series existing of bond type a and 

bond type b (see figure 2-11) can be described by two first order exponential decays.  

 

)exp()exp( ,, tkBtkAN bdad ⋅−+⋅−=    (2.47) 

 

 
                
 

Figure 2-11 Dissociation of beads bound by two different bonds positioned in series. 

 

In this case the bead will detach if one of the bonds breaks. A and B are the fraction of 

beads of bond type a and b. The force induced dissociation rate constant kd,a and kd,b 

for respectively bond type a and b can be described with formula 2.32. Note however 

that koff and xβ are different for both bond types. 

 

This expression (2.47) shows that the dissociation of beads bound with two bonds in 

series can not be distinguished from the dissociation of beads bound with single but 

different bond types. 
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3 Components of the immunoassay for binding and 
detection of CRP. 
 

This chapter describes the components as well as the structure of a sandwich and 

competition assay for the binding and detection of CRP. First the basic properties of 

the buffer used for storing, diluting and composing an immunoassay are discussed. 

Next the various solid surfaces used for immobilizing the assays are discussed. 

Furthermore blocking agents and detergents are described. The structure of CRP is 

described in paragraph 3.5. Paragraph 3.6 discusses the antibodies used for the 

binding of CRP followed by the labels used to detect CRP. Last the general structure 

of a sandwich immunoassay and a competition assay are discussed.  

3.1 Buffer solutions 

 

In order to store proteins in an optimal environment the natural conditions of the 

protein have to be approached as best as possible. The proteins used for detection of 

CRP in an immunoassay are naturally occurring in the blood of mammals like 

humans, mice and bovines. Therefore a buffer is needed that mimics the most 

important properties of blood like the pH, which is approximately 7.4 in blood.  

 

A buffer is a liquid solution consisting of a mixture of a weak acid and its conjugate 

base or a weak base and its conjugate acid. This type of mixture has the property that 

the pH of the solution changes very little when a small amount of acid or base is 

added. This is very important due to the fact that the shape of proteins deforms rapidly 

and will loose its function if for instance pH is altered. Proteins show this behavior 

because a change in pH will alter the charge of the side chains, which will repel or 

attract each other and change the shape of the protein
[5]

. The buffer used in the 

experiments is Phosphate Buffered Saline, PBS is a solution that contains salts like 

Sodium chloride (NaCl) and Potassium chloride (KCl). These salts are used to 

partially shield the electrostatic repulsion between the molecules solved in the 

solution, and therefore giving them the opportunity to bind with each other. 

Furthermore the buffer contains Na2HPO4·2H2O and KH2PO4 to sustain a constant pH 

if a small amount of acid or base is added. There exists an equilibrium between a 

weak acid in this case H2PO4
1-

 and its conjugated base HPO4
2-

 
[31]

. The pH of the PBS 

buffer is 7.4 and should fall within a range of 7.28 and 7.60.   

   

 
-2

432

-1

42 HPO  OH  OH  POH +↔+ +    (3.1) 

 

When an acid is added, there will be more hydrogen ions in the solution shifting the 

equilibrium to the left. When a base is added more hydroxide ions will be present and 

the equilibrium will shift to the right. By shifting the equilibrium the surplus hydrogen 

or hydroxide ions will react with respectively hydroxide and hydrogen to form H2O. 

See appendix A for the preparation of PBS. 
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3.2 Surface activation 

 

To compose an immunoassay a solid surface is used to immobilize the proteins on. 

The solid surface used for all performed experiments is polystyrene. This is a polymer 

composed of repeating structural units connected by covalent chemical bonds. In 

polystyrene, the repeating unit is called styrene, and has the chemical structure shown 

in figure 3-1. The obtained strands of polystyrene are cross linked to give it strength 

and resistance.  

 

 

                             
  Figure 3-1 Chemical structure of Styrene and polystyrene. 

 

White and transparent polystyrene well plates are used as solid surface. The well 

plates used contain cylindrical shaped wells, each carrying a volume of 400 µl. The 

well plates are specially designed for plate readers (a more detailed description is 

given in paragraph 3.7.1). Also a flat transparent polystyrene slide is used as solid 

surface. 

 

A way of coating the polystyrene is by physisorption, this is the binding of proteins to 

the polystyrene surface via non-specific interactions. These are hydrophobic 

interactions, van der Waals forces, hydrogen bonding and ionic interactions in order 

of increasing strength
[32]

. Each bond formed is 100 to a 1000 times weaker than a 

covalent bond. In order to have any stability of binding, each molecule must make 

many weak bonds with the surface. Due to the predominantly hydrophobic nature of 

polystyrene surfaces, adsorption will best take place at a pH at or slightly above the pI 

of the protein being adsorbed in order to avoid electrostatic repulsion. For optimal 

adsorption of the antibodies to the surface, a fluid with a pH of 7 to 9 and a salt 

concentration that helps maintain solubility and native conformation of the protein is 

best. Since the antibodies used are stored in PBS is decided to use this buffer for 

physisorption. 

 

3.3 Blocking agent 

 

For a proper working immunoassay the signal of non-specific bonds should be as low 

as possible. Coating of the solid surface with the capture antibody leaves unoccupied 

sites on the solid surface. These sites must be blocked in order to prevent non-specific 
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binding of the subsequent reactants. Therefore this blocking agent should bind well to 

the substrate, but shouldn’t react or bind with other molecules used in the 

immunoassay. Furthermore it should be non-toxic to molecules used in the 

immunoassay. It appeared that proteins are best for blocking, due to the fact that they 

bind very well to polystyrene and block the hydrophilic as well as the hydrophobic 

sites
[32]

. It is possible to add a blocking agent simultaneous with the capture antibodies 

for coating the surface. It is chosen however to block the surface after it is coated with 

antibodies. Two types of blocking agents are used BSA and a mixture of the different 

types of Casein naturally occurring in milk. The preparation of a block buffer with 

BSA as well as Casein is described in appendix A. 

 

3.3.1 BSA 

 

BSA is short for Bovine Serum Albumin, this is a protein that is naturally occurring in 

the blood of bovines, where it maintains among others the proper osmotic pressure 

needed to keep the distribution of fluids going between cells, for instance body fluids. 

The molecular weight of BSA is 66430 g/mol, the dimensions of BSA are 14 nm by 4 

nm by 4 nm, the Isoelectric point of BSA is 4.7. The charge of the molecule below the 

isoelectric point is positive and above negative. This indicates that BSA solved in 

PBS has a negative charge, this charge also helps avoiding coagulation of BSA 

because the electrostatic repulsion between BSA molecules keeps them apart. 

 

3.3.2 Casein 

 

Another blocking agent is Casein. This protein is found in milk where it accounts for 

almost 80% of the total amount of proteins. There are four types of Casein: α1-Casein, 

α2-Casein, β-Casein and κ-Casein. The approximate proportion of the type of caseins 

in milk powder is 42%, 5%, 31% and 13% respectively
[33]

. All four types of Casein 

are used in their natural proportions as a blocking agent. The molecular weight of the 

four Caseins is 23600, 25200, 24000 and 19000 g/mol respectively. The mean surface 

area of one Casein molecule on polystyrene is 13 nm
2
. The isoelectric points of the 

different types of Casein are 4.1, 4.1, 4.5 and 4.1 respectively
[34]

.  

3.4 Detergents 

 

To reduce non-specific binding after the solid surface is blocked, a detergent is added. 

Once binding has occurred, detergents at low concentration can be added in the buffer 

since they strongly inhibit protein interactions and dissociate weakly bound bonds
[32]

. 

Due to the fact that detergents are especially effective at blocking hydrophobic 

interactions between a protein and polystyrene and causing desorption of adsorbed 

proteins it should be avoided to use them during the adsorption or blocking steps. The 

concentration of detergent shouldn’t be too high due to the fact that at high 

concentration the detergents cluster together and form micelles. When this happens 

the hydrophilic part of the molecule will be in contact with the solution and the 

hydrophobic part will be shielded from the solution forming a sphere. In this state the 

detergent will not be effective in breaking non-specific bonds.  

 



 26 

During the experiments tween-20 is used as detergent. This is a non-ionic molecule 

with a molecular weight of approximately 1225 g/mol
[35]

 and has a critical micelle 

concentration of 8.04·10
-5

 M at 21ºC. It is widely used in biological and 

pharmaceutical applications since it is stable and non-toxic. Tween-20 is used in 

Wash buffer and Assay Buffer. For the wash buffer it is preferred to have the maximal 

amount of detergent in the solution without creating micelles. Therefore a 

concentration of 0.05% is used in the wash buffer. For the assay buffer, in which for 

example the coupling between CRP and its antibody takes place, a lower 

concentration of 0.02% is used. See appendix A for the preparation of assay buffer 

and wash buffer. 

 

3.5 CRP 

 

For the experiments human CRP from Calbiochem is used. CRP 

is composed of 5 identical subunits, each having a molecular 

weight of 25000 g/mol. They are non-covalently coupled 

together and have a cyclic pentameric configuration (see figure 

3-2)[11][36]. CRP in its pentamer form has a diameter of 11.1 nm 

and a height of 3 nm. When Calcium is removed from the 

solution it is possible that CRP dissociates in the identical 

monomer subunits leading to a change in epitope 

conformation
[36]

 . With as result that only C2 and C5 recognize 

monomer CRP. When the pentameric CRP is coated to a 

polystyrene surface its conformation will change leading to 

different epitopes also only recognized by type C2 and C5
[37]

.  

 

3.6 Antibodies used for binding and detection of CRP 

 

For the detection and binding of CRP, Monoclonal mouse anti-human CRP antibodies 

manufactured at Hytest are used (type C2, C4 and C5). Monoclonal antibodies C2 and 

C4 are of class IgG1. They are dissimilar due to the fact that they recognize different 

epitopes of CRP. C5 is an IgG2a class antibody, C5 might detect the same epitope as 

C2 but this is not certain. Antibody C4 only recognizes CRP in its pentameric 

configuration. Type C2 and C5 recognize the cyclic pentameric configuration of CRP 

as well as its monomer subunit.  

 

Both C4 and C5 are used as a capture antibody, and C2 is used as tracer antibody. 

Two types of C2 are used: C2 and Biotinylated-C2. Since C2 hasn’t got a label that 

can be detected a Biotin molecule is covalently attached to it. The big advantage of 

conjugating Biotin to C2 is that it is so small compared to an antibody that it doesn’t 

significantly change the biochemical activity of the protein. Biotin has an atomic 

weight of 244.31 g/mol. Furthermore it is known that Biotin binds to Streptavidin 

very thoroughly. This bond is actually the strongest non-covalent bond known in 

biochemistry. Streptavidin is a protein that can bind up to four Biotins. It has a 

molecular weight of 53000 g/mol and dimensions of 10 by 10 by 12.6 nm. To detect 

the amount of CRP via Biotinylated-C2, Streptavidin beads as well as HRP 

conjugated Streptavidin are used. 

 

Figure 3-2 Structure of  

C-Reactive Protein. 
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3.7 Labels 

 

For the detection of CRP two labels are used, HRP and Superparamagnetic beads. 

Two varieties of beads are used 1 µm and 2.8 µm Streptavidin-beads. The first 

paragraph explains the mechanism for the detection of HRP. Paragraph two describes 

the differences between the beads and discusses the detection mechanism of the 

beads. 

 

3.7.1 Horseradish Peroxidase 

 

HRP is a holoenzyme with hemin as the prosthetic group. The full name is 

Horseradish Peroxidase and it is isolated from the roots of a plant named Horseradish. 

Its molecular weight is 40000 g/mol. It has carbohydrate side chains that are used to 

conjugate HRP to for instance an antibody or Streptavidin. 

 

If HRP comes in contact with Luminol and hydrogen peroxide the Luminol will emit 

light, this process is called chemiluminescence. To establish the reaction, Luminol 

must first be activated with an oxidant. Usually, a solution of hydrogen peroxide 

(H2O2) and a hydroxide salt in water is used as the activator. In the presence of a 

catalyst such as an iron compound present in HRP, the hydrogen peroxide is 

decomposed to form oxygen and water. When luminol reacts with the hydroxide salt, 

a dianion is formed. The oxygen produced from the hydrogen peroxide will react with 

the luminol dianion. The product of this reaction, is very unstable and immediately 

decomposes with the loss of nitrogen to produce 3-aminophthalic acid with electrons 

in an excited state. As the excited state relaxes to the ground state, a photon is 

released, visible as light, see figure 3-3. 

 

 
 Figure 3-3 Reaction scheme of Luminol, Hydrogen peroxide and HRP.  

 

For the experiments Streptavidin-HRP from Pierce Biotechnology is used as label. 

Approximately two HRP molecules are conjugated to Streptavidin. The molecular 

weight of Streptavidin and HRP is respectively 53000 g/mol and 40000 g/mol. The 

total molecular weight of Streptavidin-HRP then is 133000 g/mol. For the 

chemiluminescence reaction SuperSignal West Pico Chemiluminescent Substrate 

from Pierce Biotechnology is used, The SuperSignal System is a two-component 

substrate that contains a stable luminol solution with an enhancer to amplify the signal 

and a stable peroxide solution. From various measurements it appeared that a volume 

of 100 µl of Luminol is optimal for the experiments performed
[38]

.  

 

For the detection of the light emitted by the HRP in combination with the SuperSignal 

West Pico Chemiluminescent Substrate the plate reader Fluoroskan Ascent FL of 

Thermo Electron Corporation is used. The white wellplate is placed in the Fluoroskan, 

and a photo multiplier senses and amplifies the light output from each well. With help 
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of the supplied software, the relative light output can be registered and evaluated. 

Additional options can be chosen like shaking of the wellplate and integration time of 

the measurement. All measurements are performed in white polystyrene Immuno 96 

Microwell plates from Nunc. This kind of wellplate has 96 wells, each with a flat 

bottom, a surface of 2.4 cm
2
 and a volume of 400 µl. White well plates are used to 

minimize cross talking when reading the emitted light from the substance in the wells. 

The background noise of the wellplate reader is 1.8·10
-2

±1.6·10
-3 

RLU 

 

Dependent on the quantity of HRP present, the 

time the reaction will take place varies. At a 

high amount of HRP it is possible that the 

reactants will deplete faster than the measuring 

time, resulting in an unstable signal. When this 

takes place no reliable data can be obtained. 

Figure 3-4 shows the signal measured by the 

well plate reader as a function of time. The blue 

line shows an unstable signal, the purple line 

shows a stable signal. The maximum amount of 

HRP that can be measured without depletion of 

the reactants if 100 µl Luminol is added is 3.1 

ng. 

 

3.7.2 Superparamagnetic beads  

 

The quantity of CRP can also be detected with superparamagnetic beads. Two bead 

varieties are used, both Dynabeads from Dynal Biotech. The specifications are 

described in the table below
[39][40]

 . 

 
  Table 3-1 Bead properties. 

Name 
Diameter 

(µm) 
density 
(kg/m

3
) 

Concentration stock solution  

MyOne 
Streptavidin T1 

1 1900 10mg/ml 

M-280 
Streptavidin 

2.8 1400 10mg/ml 

 

Both bead types coated with Streptavidin will bind to Biotinylated-IgG1. It is also 

possible to pre-coat the beads with Biotinylated-IgG1.  

 

For the detection of the beads a Leica DM6000M microscope is used to count the 

number of beads on the surface. The microscope has five objectives, four normal 

lenses with a magnification of 5, 10, 20 and 63 times and an immersion lens with a 

magnification of 63 times. The ocular magnifies 10 times. For taking pictures of the 

surface a Redlake MotionPr HS-3 high speed camera is used. The camera is mounted 

on top of the microscope. The pictures acquired are in grayscale, and the maximum 

resolution is 1028×1024 pixels. The camera is controlled via a computer, the acquired 

pictures are also stored on this computer. 
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   Figure 3-4 Obtained signal as a function 

   of the quantity HRP. 
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3.8 Immunoassays  

 

This paragraph describes the two immunoassay designs used during this graduation 

project. Paragraph one explains the general design of a sandwich immunoassay. 

Paragraph two describes the general structure of a competition immunoassay.  

 

3.8.1 Sandwich assay 

 

A sandwich assay is named this way because the target molecule/antigen which is to 

be measured is bound or sandwiched between two antibodies, the capture antibody 

and the tracer antibody. This implies that only antigens with multiple epitopes can be 

detected by a sandwich assay. 

 

The first step in preparing a sandwich 

immunoassay, is to select a proper solid 

surface for binding of the capture antibody 

(see figure 3-5A). In all experiments 

polystyrene is used. Next capture antibodies 

are bound on the solid surface, to 

immobilize the antigen (see figure 3-5B). 

 

Since there are always places on the surface 

that are not covered with capture antibody, 

a block protein is used to fill up the empty 

spots. This is done to avoid binding of 

molecules other than capture antibodies 

onto polystyrene (see figure 3-5C).  

 

Subsequently the sample fluid is added and 

the antigens will be ‘captured’ by the 

capture antibodies (see figure 3-5D).  

 

Next tracer antibodies are added. They will 

also bind to the antigen on the surface (see 

figure 3-5E). This second antibody has a 

label attached to it that can be detected by 

the physical component of a biosensor. The 

signal acquired is proportional to the 

quantity of antigen measured. 

 

Unbound molecules are washed away after 

each step, to avoid measurement errors.  

 

 

 

 

 

 

 

Figure 3-5A 

Figure 3-5B 

 
 

Figure 3-5C 

 

Figure 3-5D 

Figure 3-5E 



 30 

3.8.2 Competition assay 

 

This paragraph explains the principle of a 

competition assay. The name is derived from the 

fact that there is a competition between the 

antigen coated on the solid surface and the 

antigens present in the sample fluid to bind to the 

tracer antibody. This type of assay is frequently 

used for the detection of small molecules since 

the assay only needs one binding site on the 

antigen for detection. 

 

The first step in preparing a competition 

immunoassay, is to select a proper solid surface 

for coating of the antigen (see figure 3-6A). 

 

Next the antigens are bound to the surface (see 

figure 3-6B). This is the same type of antigen 

that is to be detected in the fluid. 

 

Again a block protein is used to fill up the empty 

spots (see figure 3-6C). Subsequently the sample 

fluid together with a known amount of tracer 

antibodies is added. The antibodies will bind to 

the immobilized antigens on the surface as well 

as to the antigens to be detected. The tracer 

antibodies bound to the antigens present in the 

sample fluid are not immobilized and therefore 

they can be washed away (see figure 3-6D and 3-

6E). 

 

Finally the quantity of tracer antibodies bound to 

the surface is measured. The obtained signal is 

inversely proportional to the amount of antigen 

present in the fluid. See figure 3-6F 

 

The surplus molecules are washed away after 

every step to avoid measurement errors. 

 

 

 

 

 

 

 

 

Figure 3-6A 

Figure 3-6B 

 

Figure 3-6C 

 

Figure 3-6D 

Figure 3-6E 

  Figure 3-6F 
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4 Setup for washing the activated surface and bond 
force measurements 
 

This chapter describes the various setups used for superparamagnetic bead 

experiments. Two types of experiments are done with superparamagnetic beads, first a 

variety of assays is examined, to obtain an optimized assay for the binding and the 

detection of CRP, two set ups are used. They will be explained in paragraph one and 

two. Also bond force measurements on an antibody-antigen complex are performed, 

the setup used for these measurements is also described in paragraph two. 

 

4.1 Mechanism, setup and procedure of magnetic washing 

 

To investigate the different assay parameters in a quick way a magnetic washer is 

used. The principle of a magnetic washer is that by means of a magnet, a force can be 

applied onto the superparamagnetic beads, where the force is dependent on the 

distance between the magnet and the beads. In that way the loose and weakly bound 

beads can be pulled to the magnet while leaving the stronger bonds intact. Thereby is 

assumed that the weakly bound beads are bound non-specifically on the surface and 

the stronger attached beads are bound specifically on the surface. A magnetic washer 

with multiple magnets has been used because it can wash multiple wells at once in a 

well plate. Paragraph one describes the theory to calculate the force applied on the 

beads by a magnet. Paragraph two describes a method to determine the optimal 

distance of the magnet with respect to the beads. The last paragraph shows the set-up 

for magnetic washing and analyzing the activated surface. 

 

4.1.1 Attractive force between magnets. 

 

To remove unbound and non-specific bound beads from the activated surface various 

types of washing are used. The magnetic washer is based on the principle that a 

magnet will attract the superparamagnetic beads. The force exerted on the beads 

should be high enough to attract loose beads and dissociate weakly bound beads in a 

short period of time, while leaving the stronger bound beads untouched. To calculate 

the optimal distance of the magnets with respect to the beads the force the magnet 

exerts on the beads should be calculated. 

 

The following formula describes the force in Newton between two magnets
[41]

: 

 

∫ ∇•= 3

0 )( drHMFm

rrrr
µ     (4.1) 

 

Where µ0 is the permeability of free space expressed in N/A
2
, with a value of 4π·10

-7
 

N/A
2
. M is the magnetization in Am

-1
 and H the magnetic field strength also in Am

-1
. 

A magnet’s magnetic moment is a vector that characterizes the magnet’s overall 

magnetic properties. Usually the following relationship between the magnetization 

and magnetic field strength is valid: 
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      HM v

rr
χ=     (4.2)  

 

It’s not valid when saturation of the magnetic field strength takes place, resulting in a 

non-linear relation between the magnetization and the magnetic field strength. χv is 

the volume magnetic susceptibility which is a measure for the degree of 

magnetization of an object in response of an applied magnetic field. Furthermore the 

following equation is valid: 

 

BH
rr

0

1

µ
=     (4.3) 

 

where B is the magnetic induction expressed in Tesla. This relation is only valid when 

the volume magnetic susceptibility of the surrounding is zero. When equation 4.2 and 

4.3 are substituted in equation 4.1 the following equation is obtained  

 

    ∫ ∇•= 3

0

)( drBBF v
m

rrrr

µ

χ
   (4.4)  

 

With help of the following formula: 

 

                )(2)(2)( BBBBBB
rrrrrr

×∇×+∇•=•∇    (4.5) 

 

with 0)( =×∇ B
r

,equation 4.4 can be written like  

 

            ∫∇= 32
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χ
   (4.6)  

 

resulting in  
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µ

πχr
   (4.7) 

 

where r is the radius of the object in meters. 
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4.1.2 Comsol simulation 

 

In order to determine the force applied on 

the super paramagnetic bead by a magnet 

used in the magnetic washer, formula 4.7 is 

used. The volume magnetic susceptibility of 

the 1 µm beads is 0.58. To determine 
2

B∇ of the magnet a simulation in the 

software package Comsol Multiphysics is 

done. In order to accomplish this, the 

magnetic induction produced by a magnet 

used in the washer, is measured with the 

help of a Gaussmeter. The magnetic 

induction of the magnet is measured at 

different heights from 0 mm to 5 mm in 

steps of 0.5 mm, the results obtained are 

shown in table 4-1. To obtain a reliable 

simulation of the used magnet, the magnetic 

induction measured is compared with the 

induction simulated in Comsol, as a result 2
B∇  of the magnet can be simulated. A 2D 

simulation in cylinder coordinates is used for determining the ideal distance.  

 

A distance of 1.5 mm between the bottom of the well and the magnet is chosen, 

corresponding to a force (Fm) of 6 pN on 1 µm beads. In this case it is assumed that 

the force applied on the beads isn’t too high to break the specific bonds in a short 

time, but strong enough to attract the loose and weakly bound beads in a short period 

of time
[42]

.  

 

To get an indication of the time the beads need to travel a certain distance under the 

applied forces the following formulas are used. The net force on the object in a fluid 

due to gravity is: 

      F=(ρobject-ρfluid)gV     (4.8) 

 

where ρfluid and ρobject are respectively the density of the fluid surrounding the object 

and the object both expressed in kg/m
3
, g is the standard gravity expressed in m/s

2
 and 

V is the volume of the object expressed in m
3
.  

 

If the beads sediment in the viscous fluid under influence of gravity a terminal 

velocity is reached when the drag force combined with the upward force exactly 

balances the gravitational force. The equation of the drag force is as follows: 

 

            Fd=6µπrv     (4.9) 

 

where Fd is the drag force in N, µ the fluid’s dynamic viscosity in Pa s, r the radius of 

the spherical object expressed in m, and v the particle’s velocity in m/s. This equation 

is only valid for spherical objects with very small Reynolds numbers in a continuous 

viscous fluid, which is valid for the beads used. The resulting terminal velocity is 

given by: 
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v
r

gVfluidobject

µπ

ρρ

6

)( −
=     (4.10) 

 

When a force is applied on the beads, formula 4.10 will change in formula 4.11. Since 

the force applied by the magnets at a distance of 1.5 mm is much larger than the force 

the gravity exerts on the beads, the gravity term may be neglected. The velocity of the 

beads towards the magnet will become: 

 

sm
r

F

r

FgV
v mmobjectfluid

/104.6
66

)(
4−⋅=≈

+−
=

µπµπ

ρρ
 (4.11) 

 

This corresponds with a time of 2.3 s to overcome the distance of 1.5 mm. It is 

assumed that the dynamic viscosity of PBS is approximately the same as for water 

which is 1·10
-3 

Pa·s. 

 

4.1.3 Procedure for examination of the activated surface washed 
with the magnetic washer. 

 

The actual setup for this experiment will become as follows. Transparent polystyrene 

wells from Nunc are used as solid surface for the immunoassay. They have to be 

transparent because the number of beads on the surface is counted with aid of the 

microscope. First the beads are incubated for 1 minute whilst placing the wells on top 

of the washer to increase diffusion of the beads to the activated surface. Next the 

magnets of the washer are placed in the wells for three minutes, to pull away the loose 

and weakly bound beads. Since the wells are too deep to acquire a sharp view of the 

activated surface, the wells are placed upside down. In this case the objective can 

approach the activated surface closer and a clear view is obtained. To avoid air 

bubbles from pulling away the beads if the wells are turned upside down, the wells are 

completely filled with assay buffer and covered with foil (see figure 4-1). 

 

                                        
     

  

 

 

 

Magnetic washer 

Wells 

Foil 

       Figure 4-1 Magnetic washer 
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4.2 Setup bond force measurements 

 

The complete setup for measuring bond forces is composed of a closed cell containing 

the activated surface, a magnetic system for applying a force to the beads and a 

microscope for the examination of the beads bound tot the activated surface. An 

overview of the complete setup is shown in figure 4-2. The preparation of the closed 

cell is described in paragraph one, followed by a description of the magnetic system. 

Last the microscope and camera are described used for taking movies of the bond 

force measurements. 

 

                       
 

           Figure 4-2 Set up for bond force measurements [42]. 

4.2.1 Closed fluid cell 

 

For the optimizing the assay for binding and detection of CRP as well for bond force 

experiments a closed fluid cell is used. With this setup a secure seal imaging spacer 

from Sigma Aldrich is pasted on a polystyrene slide. The polystyrene is activated and 

placed on a glass plate with a droplet of beads on it. In this way a closed cell is 

created with a height of circa 130 µm (see figure 4-3). When the cell is turned upside 

down the beads will sediment to the activated surface. After one minute the cell is 

flipped over again and is ready to be examined with the microscope. 

 

        
               Figure 4-3 Schematic figure of a closed fluid cell. 
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4.2.2 Magnetic system 

 

To exert a force on the superparamagnetic beads, a field gradient has to be generated. 

To achieve this, an electromagnet is used. The magnetic system consists of a copper 

wire wound around a hollow brass holder with a soft iron core (see figure 4-4). A 

detachable Perspex cylinder is placed on top of the brass holder with a cavity for the 

cone shaped part of the soft iron core. The core has a flat tip with a width of 1 mm in 

diameter. The tip is cone shaped for creating a large gradient just above the core tip. 

The tip is flattened of to create a homogeneous field gradient just above it. 

Calculations showed that the force exerted on the beads with the same saturation 

magnetization, varied 2% at most, over a circle shaped area around the center of the 

coil with a diameter of 293 µm
[42]

. Furthermore the tip is used for the reflection of the 

light back to the microscope. The core is coated with a thin layer of Nickel to prevent 

the Soft Iron from oxidizing. The Copper wire has a diameter of 0.38 mm, the coil has 

an inner diameter of 12 mm and an outer diameter of 23 mm. When the cell is placed 

on the Perspex cylinder the distance between the activated surface and the tip is 330 

µm. The current applied to the electromagnet to induce a force of 50 pN on the beads 

with a diameter of 2.8 µm at this distance is 0.44 A
[42]

. To prevent the coil from 

heating, the magnetic system is water cooled. 

 

                                      
    

4.2.3 Microscope and camera 

 

For the bond force experiments a Leica DM6000M microscope is used. For the 

experiments a water immersion lens is used which has a magnification of 63 times. 

The ocular magnifies 10 times, therefore the total magnification becomes 630 times. 

For recording movies a Redlake MotionPr HS-3 high speed camera is used. The 

camera is mounted on top of the microscope. The pictures acquired are in grayscale, 

and the maximum resolution is 1028×1024 pixels. For a magnification of 630 times 

this corresponds with an area of 185×230 µm. The camera is controlled via a 

computer, the acquired pictures are also stored on this computer. For force induced 

dissociation the magnet is triggered with a voltage of 25V supplied by the E3631A 

Triple Output DC Power Supply from Agilent Technologies. The 6V output of the 

power supply is connected to the external trigger of a function generator. The output 

of the function generator is connected to the camera and is programmed to give block 

pulses. At every up going flank of the pulse the camera takes a picture. The first 

second pictures are recorded at every 0.1 second, in the next nine seconds every 0.2 

seconds a picture is taken. The next 150 seconds every second a picture is taken. 

When recording for a longer time the cycle is repeated. The delay between switching 

on the power supply and the recording the first picture is 50 ms. 

               Figure 4-4 Magnetic system. 
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A movie taken in a bond force measurement contains typically 205 frames. Dedicated 

software
[43]

 is used to count the beads in each frame and plots the number of beads as 

function of time. 
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5 ELISA experiments 
 

To manufacture a biosensor based on superparamagnetic beads, first a working 

immunoassay has to be designed. A proper working assay is sensitive for its antigen 

and has less non-specific bonds. A relative easy way to test the quality of the 

immunoassay is using an enzymatic substrate which gives a visible light signal. This 

type of assay is called an ELISA. This chapter discusses the experiments necessary to 

design an optimized ELISA and the ELISA measurements itself. In the first paragraph 

the dose response curve of Streptavidin-HRP is discussed. This dose response curve is 

important to quantify the amount of CRP detected by two different kinds of assays, 

where also HRP will be used as detection label. Paragraph two describes the 

protocols, results and methods for optimizing the dose response curves of a CRP 

sandwich assay and a competition assay. In paragraph 5.3 the conclusions are given.  

5.1 Streptavidin-HRP dose response curve 

 

This paragraph shows the results obtained on measuring a Streptavidin-HRP dose 

response curve. First the general protocol is described. Next the requirements to 

acquire an optimized dose response curve are treated. Finally the dose response curve 

used to determine the quantity of CRP measured with the two different assays will be 

discussed  

5.1.1 Standard protocol for measuring Streptavidin-HRP. 

 

To obtain a reproducible and linear dose response curve different experiments have 

been performed. The used protocol is comprised of the steps stated below. For the 

steps one and three, two different parameters are investigated. 

 

1 Store and dilute the Streptavidin-HRP in: 

 (a) low bind tubes 

 (b) normal tubes 

2 Dilute the desired concentrations of Streptavidin-HRP in: 

(a) PBS 

3 Pipette 50 µl Streptavidin-HRP solution in a: 

(a) Unblocked well 

(b) BSA blocked well 

4 Add 100 µl SuperSignal ELISA Pico Chemiluminescent Substrate in each well. 

5 Place the wellplate in the Fluoroskan immediately, and measure the 

   Chemiluminescence signal. 

 

All concentrations are measured in threefold. The Streptavidin-HRP stock solution is 

stored in the fridge unless stated otherwise. Before starting an experiment, all used 

materials and solutions should have room temperature to avoid temperature dependent 

signal variations. 
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5.1.2 Optimizing a Streptavidin-HRP dose response curve 

 

An optimized Streptavidin-HRP dose response curve is both linear as well as 

reproducible. To obtain such a dose response curve some criteria have to be taken into 

account. It is very important to block the wells, furthermore the type of 

storage/dilution material as well as the concentration of the stock solution is very 

important. First is explained how a linear dose response curve can be acquired, and 

what happens when these demands are ignored. Second the criteria for a reproducible 

dose response curve are shown and discussed. In this paragraph the error bars in the 

figures are calculated as the average deviations of the average value. 

 

In order to obtain a linear dose response curve it appeared to be very important to first 

block the wells with BSA or another kind of blocking agent. Therefore the following 

experiment is performed to investigate the influence of blocked wells versus 

unblocked wells. In this experiment the stock solution Streptavidin-HRP is stored in 

the freezer and immediately used when thawed. When the general protocol is 

followed, with low binding tubes to store the dilution series of Streptavidin-HRP 

diluted in PBS in, and non blocked wells, a dose response curve is acquired as shown 

in figure 5-1 below. In this case Streptavidin-HRP is diluted in PBS to prevent partial 

blocking of the well during the experiment. For comparison also the optimized dose 

response curve is plotted in the figure. The dose response curve measured in the 

unblocked wells is not linear. It is known that the enzyme HRP will become partially 

inactive when it comes in contact with polystyrene. It is proposed that this loss is due 

to a structural change of the protein when the hydrophobic interior of the enzyme 

exposes itself to the hydrophobic surface, thus "spreading" the macromolecule at the 

solid-liquid interface 
[32][44][45]

. The ratio between the Chemiluminescence signals at 

the same theoretical concentration Streptavidin-HRP becomes smaller when the 

concentration of Streptavidin-HRP increases see figure 5-2. 
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Figure 5-1 Two dose response curves of Streptavidin-HRP measured in a (un-)blocked well. 
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Figure 5-2 Ratio of signal obtained at an un-blocked and blocked well at equal Streptavidin-HRP 

concentrations. 

 

An explanation is that proteins are in general non-spherical, therefore they can bind in 

two different ways: "side-on" with their major axis parallel to the surface or "end-on" 

with the major axis aligned perpendicular to the surface. When the protein 

concentrations in solution are low, the rate of collision of the proteins at the surface is 

relatively slow and sufficient time exists for the protein molecules to maximize the 

number of interactions by binding in a "side on" fashion. Conversely, when solution 

concentrations are high, the collision rate at the surface is more rapid than the process 

of orientation to the "side-on" position and thus the molecules are bound "end-on."
[45]

 

Therefore at low concentrations the enzyme will spread out on the hydrophobic 

surface and becomes inactivated. As the solution concentration increases, more 

enzyme is inactivated per surface area until a point is reached see figure 5-3 where the 

rate of arrival becomes equal to and then greater than the rate of the inactivation 

(spreading out) step. When higher enzyme conditions are approached the enzyme 

molecule is surrounded by other enzyme molecules before it has time to spread out. 

Thus a decrease in the amount inactivated per surface area is observed at higher 

enzyme solution concentrations. 
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Figure 5-3 Shows the quantity of HRP inactivated by polystyrene as a function of the quantity 

HRP. 

 

For determination of the amount of Streptavidin-HRP inactivated at a certain 

concentration, the assumption is made that the dose-response curve obtained at 

blocked wells doesn’t experience HRP inactivation due to polystyrene, therefore it is 

assumed that this dose-response curve shows the correct signal at a Streptavidin-HRP 

concentration. From this curve the correct Streptavidin-HRP concentration in 

unblocked wells can be obtained, this will be lower or equal to the real concentration, 

the difference will be the amount of HRP inactivated by the polystyrene. 

 

To obtain a reproducible dose response curve, three criteria are very important. First it 

is of importance to always use the same kind of tubes. Also the way of preserving the 

stock solution as well as the degree of dilution is very important, and finally the time 

it takes to carry out and measure the dose response curve.  

 

The two following experiments show how critical these criteria are. In these 

experiments Streptavidin-HRP is diluted in PBS and unblocked wells are used. 

 

In this experiment the stock solutions used for the dilution series are stored in the 

freezer. Two stock solutions with a concentration of 1 mg/ml where thawed and used 

immediately to make a dilution series. One series was diluted in normal 

Polypropylene tubes the other series was diluted in so called low bind tubes, which 

have a special surface to reduce non specific bonding of proteins onto the wall of the 

tube. Both measurements where performed in exactly the same way. The measured 

dose response curves of Streptavidin-HRP are shown in figure 5-4. The figure shows 

the Chemiluminescence signal plotted against the concentration Streptavidin-HRP. 
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Dose response curve of Streptavidin-HRP
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Figure 5-4 Signal dependency of Streptavidin-HRP diluted in different kinds of tubes. 

 

This figure shows that it is very important to always use the same type of storage 

bottles to avoid differences in the dose response curve. It can be seen that in the 10 

minutes required to make a dilution series, a lot of Streptavidin-HRP is already lost by 

adsorption to the wall of the normal tubes. The curves also appear to be a little bit 

different in shape. The concentration of Streptavidin-HRP will be lower than the 

initial concentration in normal tubes due to physisorption. As a result relatively more 

HRP will come in contact with polystyrene in comparison with Streptavidin-HRP 

stored in a low bind tube resulting in deactivated HRP. Hence the effect of the 

deactivation is stronger if Streptavidin-HRP is stored in a normal tube. Of course in 

both experiments HRP will deactivate because of contact with polystyrene. If the dose 

response curve of the normal tubes shifts to the left the curves will overlap.  

 

Tests were done with a freshly made stock solution of 2.5 µg/ml Streptavidin-HRP 

diluted form a concentration of 50 µg/ml both stored in the fridge, to figure out if the 

way of preserving the stock solution as well as the degree of dilution is important. 

Normal tubes were used for storage and dilution. Four dose response curves of 

Streptavidin-HRP were measured from the same stock solution. Two on the day the 

stock solution was made, measured with an interval of approximately an hour, and 

two a day later with also an interval of an hour. Figure 5-5 shows the results of the 

four measurements. 
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Dose response curve of Streptavidin-HRP in time
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Figure 5-5 Time dependency of the measured chemiluminescence signal. 

 

The figure clearly shows that initially the stock solution of 2.5 µg/ml isn’t stable in 

time. The signal probably drops due to physisorption of Streptavidin-HRP on the wall 

of the tube. Experiments were also performed with BSA blocked tubes and the signal 

was significantly higher than for the unblocked tubes, indicating that Streptavidin-

HRP will immobilize onto the wall of the tube unless BSA or another block prevents 

that. After a day the signal appears to be stable. Probably an equilibrium takes place 

within 24 hours between the Streptavidin-HRP in the solution and on the wall of the 

tube. After 24 hours the Streptavidin-HRP stored in the stock solution will still 

degrade, but at a much slower rate, probably due to a decreased activity of HRP. It is 

known that HRP will degrade over time when it is stored in a concentration lower 

than 0.1 mg/ml 
[32]

. This is different from the deactivation of HRP due to 

conformational changes by making contact with polystyrene. Comparing this figure to 

the previous, shows that the signal of a dose response curve made with a stock 

solution stored in the freezer with a concentration of 1 mg/ml is higher than the dose 

response curve of a freshly made stock solution of 2.5 µg/ml. This indicates that even 

a concentration of 50 µg/ml Streptavidin-HRP isn’t stable. 

 

Although a reproducible dose response curve can be obtained by using a stock 

solution of 2.5 µg/ml and leave it for a day before use, it will not be used due to a 

huge decrease in signal compared to Streptavidin-HRP stored in the freezer. Therefore 

it is decided that a new stock solution of 1 mg/ml stored in the freezer will be used 

every time in ELISA measurements discussed in the rest of the chapter.  
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5.1.3 Optimized dose response curve of Streptavidin-HRP. 

 

To obtain a dose response curve of Streptavidin-HRP, the chemiluminescence signal 

for different concentrations of Streptavidin-HRP is measured. It is important that the 

concentration isn’t too high to obtain a stable signal in time.  

 

The dose response curve acquired when following the protocol using BSA blocked 

wells, Streptavidin-HRP diluted in Assay Buffer and a low bind tube for storage is 

shown below (figure 5-6). The x-axis represents the concentration of Streptavidin-

HRP, the y-axis shows the signal from the chemiluminescence reaction obtained by 

the Fluoroskan. The figure shows that the dose response curve is linear in a range of at 

least 2 decades, namely from 0.2 fmol to 12 fmol, with a sensitivity of 22±0,24 

RLU/fmol. This indicates that the reactivity of the Chemiluminescence reaction is the 

same for all concentrations.  
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Figure 5-6 Dose response curve of Streptavidin-HRP diluted in Assay Buffer. 

 

5.2 Dose response curve of a CRP assay. 

 

To decide which type of assay is best for detecting CRP in a magnetic biosensor, dose 

response curves of a sandwich assay as well as a competition assay are measured and 

examined. The criteria important for deciding which assay is best, are the 

concentration range of CRP that can be detected and the sensitivity. For determining 

the range also the lowest detection limit is important. The first paragraph shows the 

protocols used for both assays. Paragraph 5.2.2 discusses the optimization process of 

the CRP sandwich assay. Then the optimal dose response curve of a CRP sandwich 

assay is discussed. Next the optimization process for a CRP competition assay is 

presented, and last the optimal dose response curve is shown and discussed.  
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5.2.1 Protocols of the CRP assay 

 

To obtain a reproducible and linear dose response curve different experiments have 

been performed. The standard protocol for a CRP sandwich assay as well as 

competition assay is stated below. The initial protocol for a sandwich assay is adapted 

from Philips. For a more detailed description of the protocol is referred to appendix B. 

 

CRP sandwich assay: 

 

1 Immobilize the capture antibodies onto a polystyrene well: 

 (a) Monoclonal mouse anti human CRP IgG1 (C4). 

 (b) Monoclonal mouse anti human CRP IgG2a (C5). 

2 Block the wells with: 

 (a) BSA. 

 (b) Casein. 

3 Bind the CRP to the capture antibodies. 

4 Bind the tracer antibodies to CRP. 

 (a) Monoclonal mouse anti human CRP Biotinylated-IgG1 (C2). 

5 Add 100 µl Streptavidin-HRP diluted in assay buffer. 

6 Add the Luminol and measure immediately. 

 

After various experiments it appeared that the optimal concentrations for the capture- 

and tracer antibody are 10 µg/ml in a CRP sandwich assay. These concentrations are 

used in all CRP sandwich assay experiments discussed. After every incubation step 

the wellplate is shaken for an hour, to maximize the diffusion of the proteins. 

Subsequently the surplus proteins are washed away, except for step two where the 

fluid is sucked out after the incubation step.  

 

CRP competition assay: 

 

1 Immobilize CRP to the polystyrene. 

2 Block the wells with BSA. 

3 Add the tracer antibodies (type Biotinylated-IgG1) and CRP simultaneous. 

4 Add Streptavidin-HRP diluted in Assay Buffer.   

5 Add the Luminol and measure immediately. 

 

After various experiments it appeared that the optimal concentration for Streptavidin-

HRP is 10 µg/ml in a CRP competition assay. This concentration is used in all CRP 

competition assay experiments discussed. A concentration of 5 µg/ml CRP is used to 

bind to polystyrene unless stated otherwise. After every incubation step the wellplate 

is shaken for an hour, except for step three where is shaken for half an hour. 

Subsequently the surplus proteins are washed away after every step. 

 

Three different solutions where used to dilute Streptavidin-HRP, namely PBS, Block 

Buffer and Assay Buffer. From these experiments it appeared that assay buffer is the 

best to avoid non-specific binding of Streptavidin-HRP with BSA. A convincingly 

explanation is that Tween-20 only present in assay buffer, strongly inhibits protein 

interactions and dissociates those that are weak (typically the nonspecific interactions) 
[32]

. Therefore assay buffer is used to dilute Streptavidin-HRP in both types of assays. 

At every experiment a concentration of 10 mg/ml BSA diluted in PBS is used to block 
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the wells. All dilutions were done in low bind tubes, all materials and fluids were at 

room temperature. Every measurement was done in threefold.  

 

5.2.2 Optimizing a CRP sandwich assay 

 

This paragraph discusses the measurements done to acquire an optimized CRP 

sandwich assay. First is determined if the capture antibody can be immobilized on 

polystyrene by physisorption. Next the concentration of Streptavidin-HRP is varied 

for optimizing the CRP sandwich assay and the results are discussed. In this 

paragraph the error bars in the figures are calculated as the average deviations of the 

average value. 

 

A starting point for designing a CRP sandwich assay is to coat the polystyrene with a 

capture antibody. To determine if the capture antibody could be immobilized on 

polystyrene by physisorption, Protein G-HRP is used. This is a protein that binds to 

the Fc-part of IgG antibodies. The following protocol is used: 

 

1 Incubate capture antibody (type IgG1, concentration 10 µg/ml) diluted in PBS in a 

well 

2 Block the well 

3 Incubate Protein G-HRP diluted in block buffer. 

4 Add Luminol and measure in the Fluoroskan. 

 

After every step the wellplate is shaken for an hour. Subsequently the surplus proteins 

are washed away, except for step two where the fluid is sucked out. All dilutions were 

done in low bind tubes, all materials and fluids were at room temperature. Every 

measurement was done in threefold.  

 

Figure 5-7 shows the signal obtained by following the protocol. Also the non-specific 

bond between Protein G-HRP and BSA is measured to exclude the possibility that the 

signal of the non-specific bond is mistaken for the specific bond. The height of the 

signal due to the non-specific bond can be measured by following step 2, 3 and 4 of 

the protocol. 



 48 

        

0,01

0,1

1

10

100

Specific bond Non-specific bond

S
ig

n
a

l 
(R

L
U

)

 
           Figure 5-7 Immobilization of the capture antibody to polystyrene. 

 

The signal of the specific bond is significantly higher than of the non-specific bond. 

This indicates that the antibody immobilizes on polystyrene by means of 

physisorption. It is important to realize that Protein-G binds to the Fc-part of an IgG 

antibody. This means that in order to detect the IgG1 with protein-G the Fab side has 

to bind to the polystyrene, while for the sandwich assay to work the Fc side has to 

bind to polystyrene. Fortunately the antibodies will bind in a random way to the 

polystyrene when using physisorption for coating the polystyrene, so that also a 

fraction of the antibodies will have the right position to be useful in a sandwich assay, 

this is supported by figure 5-8. 

 

To produce a stable dose-response curve of a CRP sandwich assay, the 

Chemiluminescence signal shouldn’t be too high. A way to tune the signal at a certain 

concentration CRP is to change the concentration of Streptavidin-HRP. If the 

Streptavidin-HRP concentration is too high, the signal will become unstable in time 

due to H2O2 depletion, resulting in a decreasing signal. If the concentration 

Streptavidin-HRP is too low, there will be more immobilized CRP than available 

Streptavidin-HRP, resulting in a saturated signal at low CRP concentrations. 

 

At an ideal Streptavidin-HRP concentration a reproducible and representative part of 

the CRP concentration will be measured. Therefore different concentrations of 

Streptavidin-HRP have been used to determine which concentration is best for making 

a sensitive and reproducible CRP sandwich assay. Four dose response curves of a 

CRP sandwich assay are measured using different Streptavidin-HRP concentrations 

(0.01, 0.1, 1 and 10 µg/ml). 

 

The result is illustrated in figure 5-8. The obtained signal expressed in RLU is plotted 

against the number of molecules in mol. 

 

 



 49 

0

50

100

150

200

250

300

350

400

0 5E-16 1E-15 1,5E-15 2E-15 2,5E-15 3E-15 3,5E-15 4E-15 4,5E-15 5E-15

Number of CRP molecules in a well (mol)

R
L

U

Streptavidin-HRP 10 µg/ml

Streptavidin-HRP 1 µg/ml

Streptavidin-HRP 0.1 µg/ml

Streptavidin-HRP 0.01 µg/ml

 
Figure 5-8 The dose response curve of a CRP sandwich assay using different concentrations 

Streptavidin-HRP. 

 

If a concentration of 10 µg/ml or 1 µg/ml Streptavidin-HRP is used, the signal 

becomes unstable very quickly at higher CRP concentrations due to H2O2 depletion, 

in comparison to the other two Streptavidin-HRP concentrations. The signal at a 

Streptavidin-HRP concentration of 0.01 µg/ml is very low, and shows already 

saturation at the higher CRP concentrations. Therefore is decided to use a 

Streptavidin-HRP concentration of 0.1 µg/ml for the CRP sandwich assay.  

5.2.3 Optimized dose response curve of a CRP sandwich assay 

 

By following the general protocol for designing a CRP sandwich assay and using 

IgG2a as capture antibody, BSA as block and Streptavidin-HRP diluted in AB an 

optimized does response curve is measured and plotted in the figure below. For 

comparison also the dose response curve of Streptavidin-HRP is added. Figure 5-9 

shows the Chemiluminescence signal plotted against the number of molecules added 

to the well for CRP as well as Streptavidin-HRP in mol. Both the x- and y-axis have a 

logarithmic scale. In this paragraph the error bars in the figures are calculated as the 

average deviations of the average value. 
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Figure 5-9 Optimized dose response curves of respectively a CRP sandwich assay and 

Streptavidin-HRP. 

 

Only the linear part of the dose response curve is shown because this is the most 

sensitive part. Very low concentrations of CRP will give a signal comparable to the 

signal of non specific bonds, at higher concentrations all available capture antibodies, 

tracer antibodies or Streptavidin-HRP will be bound and saturation of the signal will 

take place, resulting in a less sensitive curve. Also an unstable signal can be measured 

at higher CRP concentrations due to H2O2 depletion, which is the case if a CRP 

quantity is used between approximately 10 fmol and 440 fmol, at these concentrations 

no saturation takes place because the measured signals are still different from each 

other (figure is not shown here). It is approximated that one antibody covers an area 

of 123 nm
2
, the surface area that is in contact with the fluid is 1·10

-4
 m

2
. Then in 

theory approximately 1307 fmol IgG2a is bound to the walls of the well In practice 

not all of the well will be covered, but the measurements indicate that there is enough 

IgG2a (at least 440 fmol) to bind to all the added CRP. From figure 5-9 can be seen 

that the dose response curve of a CRP sandwich assay is quite linear for a range of 

approximately two decades, namely from 44 amol till 8 fmol. This indicates that none 

of the proteins used to detect CRP in this concentration range is depleted. If the two 

dose response curves are compared it can be seen that the graphs coincide. This means 

that at every quantity shown in the figure the amount of CRP is equal to the amount of 

Streptavidin-HRP. This indicates that every CRP molecule added for these 

concentrations, is bound to one capture- and one tracer antibody, and that one 

Streptavidin-HRP will bind to a Biotinylated tracer antibody. In other words for the 

used CRP concentrations every CRP will be detected one on one. The slope (or 

sensitivity) of the dose response curve is 19.9±1.83 RLU/fmol CRP.  

 

To determine the limit of detection of the CRP sandwich assay the height of the non-

specific bonds has to be taken into account. There are six types of non-specific 

binding in a CRP sandwich assay, which are shown schematically in figure 5-10. The 

height of the signal is plotted against the type of non specific binding including the 

error bars. The non-specific bonds are measured by performing the assay whilst 



 51 

leaving one or more components away. Figure 5-10A shows for instance the non-

specific binding of the two antibodies. To measure the height of the non-specific 

binding CRP is left out. 

Non-specific bonds of a CRP sandwich assay
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Figure 5-10 Types of non-specific binding in a BSA blocked CRP sandwich assay. A Tracer 

antibody with capture antibody. B Streptavidin-HRP with capture antibody. C CRP with BSA. D 

Tracer antibody with BSA. E Streptavidin-HRP with BSA. F Streptavidin-HRP with CRP. 

 

Before analyzing the figure one has to take into account that all measurements except 

for measurement E, have the possibility of more than one type of non-specific bond. 

All measurements will be influenced by the non-specific bond between Streptavidin-

HRP and BSA (E). With exception of measurement A the signals of the experiments 

are almost alike. This indicates that mainly the non-specific bond between 

Streptavidin-HRP and BSA is measured at these experiments. The only two non-

specific bonds that result in a significant signal are the non-specific bond between the 

two antibodies and between Streptavidin-HRP and BSA. The non-specific bond 

between the two antibodies (A) is a factor three higher than the rest. Also the error bar 

is relatively large compared to the other measurements; this is due to deviation in a 

measurement repeated three times. To determine the limit of detection for a CRP 

sandwich assay the signal measured must be higher than the value of the non-specific 

bond occurring the most (A) plus three times the deviation. The limit of detection is 

0.92 RLU, this corresponds with a CRP concentration of 1.8·10
-11

 g/ml CRP. 
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5.2.4 Optimizing a CRP competition assay 

 

In this paragraph the measurements are shown and discussed necessary for optimizing 

a CRP competition assay. First the optimal quantity of CRP immobilized on 

polystyrene is determined, followed by experiments to figure out the optimal quantity 

of Biotinylated-IgG1. Two dose response curves of the competition assay are 

compared to decide which concentration of Biotinylated-IgG1 is best. In this 

paragraph the error bars in the figures are the average deviation of the average of the 

measurements. 

 

To determine which CRP concentration is best for coating the polystyrene, the 

competition assay protocol is followed except for step three where only Biotinylated-

IgG1 is added and incubated for an hour. The concentration of both Biotinylated-IgG1 

as Streptavidin-HRP is 10 µg/ml. Five different concentrations of CRP are measured 

namely 0.5, 1, 2, 5 and 10 µg/ml. The CRP concentration in a competition assay 

coated on the surface shouldn’t be too high because H2O2 depletion will take place 

resulting in a decreasing signal in time. A very low concentration of CRP coated on 

the surface results in low signals and saturation at low sample CRP concentrations in 

a competition assay. The Chemiluminescence signals obtained are plotted against the 

concentration CRP used for coating in figure 5-11.  
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Figure 5-11 The chemiluminescence signal as a function of the concentration CRP  

used for coating the surface. 

 

In theory maximal 1790 fmol CRP can be bound to the well if 100 µl fluid is added. 

Assuming that the area one CRP covers is 100 nm
2
. The signal acquired shown in the 

figure has been compared with the optimized dose response curve of Streptavidin-

HRP (see figure 5-6) in order to determine the quantity of CRP. Hereby is assumed 

that all available binding sites of CRP will be filled, and that all available binding 

sites of Biotinylated-IgG1 will be filled by Streptavidin-HRP. If this signal is 

compared with the theory it appears that the quantity of CRP bound to the side of the 
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well is significantly lower namely 2.5 fmol. This might indicate that CRP doesn’t bind 

as well to polystyrene as the capture antibodies used for the sandwich assay.  

 

The signal acquired when a CRP concentration of 10 µg/ml is used isn’t stable in time 

due to H2O2 depletion. The lower concentrations (0.5-2 µg/ml) all produce a low 

signal that is alike. Therefore these concentrations are not suitable for a CRP 

competition assay. The signal acquired at a CRP concentration of 5 µg/ml is stable in 

time and high enough for proper detection. Therefore a concentration of 5 µg/ml CRP 

is used for coating in further experiments. 

 

To obtain an optimal dose response curve of a CRP competition assay it’s important 

to use suitable tracer antibody concentration. To find this suitable concentration the 

protocol of a competition assay is used with one alteration: in step three only 

Biotinylated-IgG1 is added and shaken for an hour. Seven different concentrations are 

measured twice namely 0.001, 0.01, 0.1, 1, 5, 10 and 20 µg/ml Biotinylated-IgG1. If 

the tracer antibody concentration is too low, the signal acquired will approximately be 

the same as the non-specific bonds present in this assay. Therefore a tracer antibody 

concentration is needed that measures a reproducible and representative part of the 

CRP concentration coated on the surface. The results are shown in figure 5-12. The 

obtained signal expressed in RLU is plotted against the concentration of tracer 

antibody used. 
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Figure 5-12 The chemiluminescence signal as a function of the concentration Biotinylated-IgG1. 

 

The concentrations of 1, 5, 10 and 20 µg/ml Biotinylated-IgG1 produce a very high 

signal which is unstable in time. It appears that the signal obtained is approximately 

the same at these measurements, indicating that all available binding sites are 

occupied. A remarkable transition in signal between 0.1 and 1 µg/ml Biotinylated-

IgG1 is shown. The signal decreases significantly between those two concentrations, 

while the signal is relative constant above and below these two concentrations. 
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Due to the fact that there is an enormous decrease in signal between a concentration of 

1 and 0.1 µg/ml Biotinylated-IgG1, a concentration of 0.2 as well as 2 µg/ml 

Biotinylated-IgG1 is further investigated in the following measurement: a dose 

response curve of a CRP competition assay. If the concentration of the tracer antibody 

is high compared to the CRP concentration range, a high signal is obtained at all CRP 

concentrations, resulting in an unstable signal in time. If the concentration tracer 

antibody is too low compared to the CRP concentration range, almost no signal will 

be measured due to the binding of the tracer antibody to CRP in the fluid. The result 

can be seen in figure 5-13. The signal in RLU is plotted against the concentration of 

sample CRP. 
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Figure 5-13 A dose response curve of a competition assay with different concentrations 

Biotinylated-IgG1. 

 

Both dose response curves are shaped s-like due to saturation at low CRP 

concentrations and to a low signal at high CRP concentrations. In the region between, 

where a huge decrease in signal is seen, the assay can measure the concentration of 

CRP in a sensitive way. For both IgG1 antibody concentrations the sensitive area is 

observed when the proportion between the sample CRP and the IgG1 concentration 

was 10 times lower or approximately the same. Furthermore it appears that the 

sensitive area of the two graphs is at different CRP concentrations. The sensitive area 

of the dose response curve with the highest tracer antibody concentration is between 

1.8 nM and 18 nM the other one between 180 pM and 1.8 nM. The more tracer 

antibody is added, the higher the quantity of CRP must be to get a noticeable change 

in signal, hence shifting the sensitive area. Also the slope of the sensitive area 

measured at the highest antibody concentration is higher (40±5.9RLU/fmol CRP) 

compared to the other one (11±0.5RLU/fmol CRP). Due to the fact that the higher the 

total concentration of antibodies is that can bind to the immobilized CRP the more 

signal there will be because there are more binding sites available for Streptavidin-

HRP. At an IgG1 concentration of 2 µg/ml the signal at low CRP concentrations is too 
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high to obtain a stable signal in time. Therefore in spite of a higher sensitivity is 

decided to use a tracer antibody concentration of 0.2 µg/ml.  

5.2.5 Optimized dose response curve of a CRP competition assay 

 

For a CRP competition assay the optimized dose response curve is shown below in 

figure 5-14.The figure shows the Chemiluminescence signal plotted against the CRP 

concentration (step three of the protocol) when a Biotinylated-IgG1 concentration of 

0.2 µg/ml is used. Note that the concentration is plotted on a logarithmic scale. In this 

paragraph the error bars in the figures are the average deviation of the average of the 

measurements. 

 

The figure shows that a CRP quantity of approximately 1 fmol and lower will result in 

a maximum signal. This indicates that the ratio between CRP and the tracer antibody 

is very low, with as result that almost all antibodies bind to the immobilized CRP 

leading to saturation of the signal. At high CRP quantities of around 1 pmol, the 

signal will be very low due to binding of the tracer antibody to CRP dissolved in the 

fluid (leaving no tracer antibody left for binding to the CRP coated on the surface), 

and will be washed away before Streptavidin-HRP is added, leading to almost no 

available binding sites for Streptavidin-HRP. The sensitive part of the assay has a 

concentration range of one decade which is between 10 and 100 fmol CRP. At the 

lowest concentration in the sensitive range, the quantity of CRP is approximately ten 

times lower than the amount of tracer antibodies and at the highest concentration the 

same. The slope of the sensitive part is approximately 11±0.5 RLU/fmol CRP. For the 

limit of detection also the non-specific bonds of the assay are investigated.  
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Figure 5-14 Optimized dose response curve of a CRP competition assay. 

 

A CRP competition assay has three types of non-specific bonds shown in figure 5-15 

below. Also the signal of each type of bond is shown in this figure. The x-axis shows 

the type of non-specific bond and the y-axis the RLU signal measured. 
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Non-specific bonds of a CRP competition assay

0

0,2

0,4

0,6

0,8

1

1,2

1,4

R
L

U

 

 
Figure 5-15 Types of non-specific binding in a BSA blocked CRP competition assay. A 

Streptavidin-HRP with CRP. B Tracer antibody with BSA. C Streptavidin-HRP with BSA.  

 

The non specific bond between Streptavidin-HRP and BSA (C) will probably also 

take place in the other two cases. Thus the signal of measurement A is the result of 

two different bonds. Because the signal of the bond between Streptavidin-HRP and 

BSA is significantly lower than the signal of measurement A, the signal measured will 

be mainly caused by the bond between Streptavidin-HRP and CRP. The signal from 

measurement B consists in theory also of two types of non-specific binding. First 

there is the non-specific bond between the tracer antibody and BSA and second the 

non-specific bond between Streptavidin-HRP and BSA. The signal of measurement B 

and C is almost the same. This indicates that the there is almost no non-specific 

binding between the tracer antibody and BSA, and most of the signal will be due to 

the non-specific binding of Streptavidin-HRP and BSA. 

 

Although the measurement is not exactly the same, the non-specific bond between 

Streptavidin-HRP and CRP was also measured in the sandwich assay (measurement 

F). At that measurement as stated earlier, the signal is probably due to the non-

specific bond between Streptavidin-HRP and BSA. Here it’s significantly higher, this 
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might be due to the fact that in a competition assay the conformation of CRP will 

change due to binding to polystyrene
[37]

. Resulting in a more attractive protein for 

Streptavidin-HRP compared to the CRP bound by the antibody in a sandwich assay. 

Measurement B and C are also measured in the CRP sandwich assay, and the signals 

are almost the same. 

 

Although the non specific binding is very low, the range of the assay doesn’t change 

because the sensitivity is already very low before the Limit of Detection is reached. 

 

5.3 Summary 

 

For designing a sensitive immunoassay with a multi decade range, two different types 

of assays are investigated: a CRP sandwich assay and a CRP competition assay. In 

order to quantify the amount of CRP measured by both assays a dose response curve 

of Streptavidin-HRP is measured. The optimized dose response curve for HRP is 

linear and reproducible for a HRP quantity of 0.2 fmol to 12 fmol, with a sensitivity 

of 22±0.24 RLU/fmol. 

 

To design an optimized dose response curve for a CRP sandwich assay a 

concentration of 10µg/ml for respectively the capture antibody and tracer antibody 

and a Streptavidin-HRP concentration of 0.1 µg/ml are best. A quantity of 40 amol to 

8 fmol CRP could be detected in a quantified way. The sensitivity of a CRP sandwich 

assay is 19.9±1.83 RLU/fmol CRP. Although there are 6 types of non-specific bonds 

in theory, in practice only two bonds namely the bond between tracer and capture 

antibody and the bond between Streptavidin-HRP and BSA are observed. To keep the 

non-specific bonds as low as possible assay buffer is used for dilution of Streptavidin-

HRP.  

 

To design an optimized dose response curve for a CRP competition assay a 

Streptavidin-HRP concentration of 10 µg/ml, a CRP concentration of 5 µg/ml for 

coating the surface and a Biotinylated-IgG1 of 0.2 µg/ml is best. The sensitive part of 

the optimized competition assay covers a concentration range of one decade, from 10 

to 100 fmol CRP. At the lowest concentration in the sensitive range, the quantity of 

CRP is approximately ten times lower than the amount of tracer antibodies and at the 

highest concentration the same. The slope of the sensitive part is approximately 

11±0.5 RLU/fmol CRP. It appears that only a small amount of the CRP added to the 

well is immobilized onto polystyrene, and much lower than the theoretical value. Of 

the three types of non specific bonds that can occur in a competitive assay in theory, 

only two are observed namely the bond between Streptavidin-HRP and CRP and the 

bond between Streptavidin-HRP and BSA.  

 

When the optimized CRP sandwich assay and the CRP competition assay are 

compared, it appears that the sensitive range of the sandwich assay is two decades and 

of the competition assay one decade. Also the area of sensitivity is different; for a 

sandwich assay the sensitive area ranges from 40 amol to 8 fmol CRP, and for a 

competition assay with a Biotinylated-IgG2a concentration of 0.2µg/ml from 10 fmol 

till 100 fmol The sensitivity for a CRP sandwich assay is 19.9±1.83 RLU/fmol CRP 

and for competition assay respectively 11±0.5 RLU/fmol CRP and 40±5.9RLU/fmol. 
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Furthermore it appears that CRP doesn’t immobilize as well to polystyrene as 

antibody IgG1.  

 

For a CRP assay with HRP as label both assays seem to work. The optimized 

sandwich assay has a broader range and a higher sensitivity, but the competition assay 

is a less complicated system and its sensitive range is large enough for the detection of 

CRP.  
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6 Optimizing a CRP assay with paramagnetic beads as 
label 
 

This chapter discusses the experiments performed for optimizing a CRP assay with 

paramagnetic beads as label. To analyze if beads that are non-specifically bound to 

the surface can be pulled of, while leaving the specific bound beads attached, a 

magnetic washer is used. With this washer various blocking agents are tested, the 

results obtained are described in paragraph 6.1. To further optimize the ratio between 

non-specific and specific bound beads the number of beads for different bead-types 

are counted with aid of the microscope. The results are attended in paragraph two. To 

get more insight in the strength of the antigen-antibody bond in a CRP assay, force 

induced dissociation experiments are performed, which will be discussed in paragraph 

three.  

6.1 Results competition assay experiments. 

 

This paragraph describes the results obtained for a CRP competition assay without 

sample CRP with superparamagnetic beads as label. Either BSA or Casein is used as 

blocking agent. To decide which blocking agent is most suitable, the ratio between 

specific and non-specific bound beads present in the competition assay is determined 

for both blocking agents. There are two different non-specific bonds possible in the 

assay: first the non-specific binding of Streptavidin-beads with the blocking agent, 

second the non-specific binding of the Streptavidin-bead with CRP. The number of 

beads that bind non-specific and specific when Casein or BSA is used as blocking 

agent is determined. The protocols used in the various measurements are stated in 

paragraph 6.1.1, followed by the results of the performed measurements. 

 

6.1.1 Protocol 

 

To investigate the ratio between specific and non-specific bound beads in the 

competition assay for the two blocking agents, the three protocols stated below are 

performed. First the protocol for the determination of the non-specific bond between 

the block and the Streptavidin beads is stated. Second the protocol for the 

determination of the non-specific binding between CRP and the Streptavidin-beads is 

described. Finally the protocol of the complete assay is described. A competition 

assay is chosen since it is a less complicated system than a sandwich assay. This is an 

advantage when the assay has to be implemented in a biosensor. 

 

Protocol for the determination of the non-specific binding of the blocking agent with 

Streptavidin-beads: 

 

1 Block the wells with 300 µl: 

(a) BSA diluted in PBS 

(b) Casein diluted in PBS 

2 Add 50 µl 1 µm Streptavidin-beads diluted in Assay Buffer.(1:100) 

3 Wash with magnetic washer for three minutes. 

4 Add 300 µl Assay Buffer 
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5 Cover with foil. 

6 Flip over and count the beads on the surface with the aid of a microscope. 

 

After the first step the well plate is shaken for an hour. Subsequently the surplus 

proteins are removed by washing with wash buffer 5 times. 

 

Protocol for the determination of the non-specific binding of CRP with Streptavidin-

beads: 

 

1 Immobilize 100 µl CRP diluted in PBS onto a polystyrene well. 

2 Block the wells with 300 µl: 

(a) BSA diluted in PBS 

(b) Casein diluted in PBS 

3 Add 50 µl 1µm Streptavidin-beads diluted in Assay Buffer.(1:100) 

4 Wash with magnetic washer for three minutes. 

5 Add 300 µl Assay Buffer 

6 Cover with foil. 

7 Flip over and count the beads on the surface with the aid of a microscope. 

 

After the first two incubation steps the well plate is shaken for an hour. Subsequently 

the surplus proteins are removed by washing with wash buffer 5 times. 

 

CRP competition assay without sample CRP: 

 

1 Immobilize 100 µl CRP diluted in PBS onto a polystyrene well. 

2 Block the wells with 300 µl: 

(a) BSA diluted in PBS 

(b) Casein diluted in PBS 

3 Add 100 µl Biotinylated-IgG1 diluted in Block Buffer. 

4 Add 50 µl 1µm Streptavidin-beads diluted in Assay Buffer.(1:100) 

5 Wash with magnetic washer for three minutes. 

6 Add 300 µl Assay Buffer 

7 Cover with foil. 

8 Flip over and count the beads on the surface with the aid of a microscope. 

 

Note that for these experiments no sample CRP is added in step three. 

 

After the first three incubation steps the well plate is shaken for an hour. Subsequently 

the surplus proteins are removed by washing with wash buffer 5 times.  

 

At every experiment an incubation time of 1 minute is used for binding 1 µm 

Streptavidin beads to the surface. To speed up the diffusion of the beads to the 

surface, a magnet is placed beneath the surface. The measurements are done once at 

least. A concentration of 10 µg/ml CRP is used to coat the polystyrene. For blocking 

the surface a concentration of 10 mg/ml and 100 mg/ml of respectively BSA and 

Casein is used. Furthermore a concentration of 10 µg/ml Biotinylated-IgG1 is used. 

The Streptavidin beads are diluted one hundred times. 

 



 61 

6.1.2 Results 

 

Surfaces as stated in the protocols from the previous paragraph are prepared, with 

BSA as well as Casein as blocking agent. To determine the ratio between specific and 

non-specifically bound beads both the number of the specific and non-specific bound 

beads have tot be known. In a competition assay three types of non-specific bonds are 

present, see figure 6-1.  

 

 
Figure 6-1 Types of non-specific binding in a blocked CRP competition assay. A Biotinylated-

IgG1 with block. B Streptavidin-beads with CRP. C Streptavidin-bead with block.  

 

Only the non-specific bonds between the Streptavidin-bead and respectively CRP (B) 

and the block(C) are determined. The non-specific bond between Biotinylated-IgG 

and BSA/Casein isn’t investigated in this experiment, since ELISA experiments 

(described in paragraph 5.2.5 page 55) showed that there is negligible non-specific 

binding between Biotinylated-IgG and BSA (A). After various experiments (not 

shown here) it appeared that the non-specific binding between Biotinylated-IgG and 

BSA can also be neglected when beads are used. Therefore this type of bond is not 

further investigated.  

 

The results obtained when BSA is used as a blocking agent is shown in table 6-1 and 

in figure 6-2. Table 6-1 shows the number of beads bound to the surface at 

respectively a BSA blocked surface and a CRP coated surface blocked with BSA. The 

table gives the number of beads present on that area of the surface seen through the 

microscope with a magnification of 200 times. This corresponds to an area of 

583×724 µm. 

 

 
         Table 6-1 Number of beads non-specifically bound 

Type of 
surface 

BSA blocked 
surface 

CRP surface blocked 
with BSA 

Number of 
beads 

17 485 
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Figure 6-2 shows the number of beads bound specifically in the competition assay 

blocked with BSA. 

 

                                          
      Figure 6-2 Beads specifically bound at a  

      competition assay without sample CRP 

      and blocked with BSA 

 

It appears that a surface coated with CRP and blocked with BSA binds much more 

beads to the surface than a surface only blocked with BSA. This indicates that the 

Streptavidin-beads will bind to CRP as well as BSA. The ELISA experiments also 

showed a relatively high signal when measuring the non-specific bond between CRP 

and Streptavidin-HRP (described in paragraph 5.2.5 page 55). Therefore it is likely 

that Streptavidin and CRP bind (at least partly) independent of the attached label. As 

expected, the number of Streptavidin-beads that bind to Biotinylated-IgG1 is very 

high since this are specific bonds (shown in figure 6-2), this is probably because the 

CRP concentration as well as the Biotinylated-IgG1 concentration is very high. This 

indicates that there are many available binding sites for the Streptavidin-beads. The 

ratio between the specific bound and non-specific bound beads is very high. 

 

To get some more insight in the non-specific binding of the Streptavidin-beads with 

BSA, the DLVO theory is used. In order to calculate the distance of the second energy 

minimum, some values of the beads as well as BSA are needed. The surface potential 

of Streptavidin beads in solution is -25±2 mV at a pH of 6 and the potential of the 

beads at a pH of 10 is -53±4 mV
[46]

. The pH of the buffer used in these experiments is 

7.4, the interpolated bead surface potential is then -35mV±2 mV. Due to the fact that 

the surface potential of BSA is not known, an estimation is made with help of the 

Grahame equation (formula 2.14). The surface charge density of the protein can be 

calculated by dividing the charge of the protein by its surface area. For BSA the 

charge is approximately -10e at a neutral pH. The dimensions are 4 nm by 14 nm, 

therefore the resulting surface charge density will become 29 mC/m
2
. The surface 

potential of the surface than will become -33 mV. For proteins interacting across an 

aqueous medium, the combined Hamaker constant is approximately1·10
-20

 J. 

 

When these values are used in equation 2.2 and 2.13, a graph with the van der Waals 

interaction, electrostatic repulsion and total interaction energy in kBT as a function of 

the distance (in meters) between the two bodies can be plotted. Figure 6.3 shows the 

total interaction energy between a surface covered with BSA and a 1 µm Streptavidin-

bead as a function of the distance. The used medium is 0.14 M Assay Buffer. For the 

calculations of the ionic strength only the molarity of NaCl is taken into account due 

to the fact that the molarity of the other salts present is much lower. As can be seen in 
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the figure, the secondary energy minimum of the two body system is at a distance of 

3.7 nm. This will be the distance where the bead most likely will be with respect to 

the flat surface, the corresponding energy is -43kBT. At this distance the total force on 

the bead will be zero (see EF −∇= ). The force as function of the distance between 

the beads and the BSA coated surface is shown in figure 6-4. 

 

 

 

Figure 6-3 The van der Waals energy, Electrostatic repulsion and total interaction energy of a 

Streptavidin bead with a BSA coated surface. 

 

 
 

  
Figure 6-4 The van der Waals force, Electrostatic repulsion and total interaction force of a 

Streptavidin bead with a BSA coated surface. 

 

 

The maximum attracting force exerted on the beads is at a distance of 5.2 nm from the 

surface and is 21 pN. The results obtained when Casein is used as a blocking agent is 

shown in table 6-2 and in figure 6-5. Table 6-2 shows the number of non-specific 

bound beads at respectively a Casein blocked and a CRP coated and Casein blocked 
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Total interaction 
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Total interaction 
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surface. The number of beads present on a competition assay with Casein as block is 

shown in the following figure 6-5. 

 
         Table 6-2 Number of beads non-specifically bound. 

Type of 
surface 

Casein blocked 
surface 

CRP surface blocked 
with Casein 

Number of 
beads 

3 35 

 

                                        
   Figure 6-5 specifically bound beads at a  

   competition assay without sample CRP and 

   blocked with Casein 

 

The presence of CRP increases the non-specific binding of beads for Casein as 

blocking agent. Furthermore the number of beads that bind specific at the competition 

assay is much higher than the number of non-specific bound beads, indicating that the 

signal to noise ratio is high.  

 

To get some more insight in the non-specific binding between the Casein covered 

surface and the bead, again the DLVO theory is used. The same formulas are used for 

the calculation of the interaction energy and force between the bead and the Casein 

surface as for the bead and a BSA coated surface. An estimation of the surface charge 

of Casein is made with help of the Grahame equation (formula 2.14). The charge of 

Casein at neutral pH is approximately -15e and the dimensions are 13 nm
2
, therefore 

the surface charge is 184 mC/m
2 [47]

. 

Figure 6-6 shows the total interaction energy between a surface covered with Casein 

and a 1 µm Streptavidin-bead as a function of the distance in meters. When Casein is 

used as a block, the secondary energy minimum is at a distance of 5 nm and has an 

interaction energy of -34kBT. The total interaction force between the bead and the 

surface is plotted in figure 6-7. The maximum attracting force between the bead and 

the surface is at a distance of 6.5 nm, and is 15 pN at that distance.  
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Figure 6-6 The van der Waals energy, Electrostatic repulsion and total interaction energy of a 

Streptavidin bead with a Casein coated surface. 

 

 

Figure 6-7 The van der Waals force, Electrostatic repulsion and total interaction force of a 

Streptavidin bead with a Casein coated surface. 

 

When the results of the competition assays with both blocking agents are compared, it 

can be seen that much more beads bind non-specifically on a BSA surface than on a 

Casein surface. According to the DLVO theory, the second energy minimum distance 

of the beads is 1.3 nm further away for a Casein blocked surface than for a BSA 

blocked surface. Furthermore the maximum interaction energy of a BSA coated 

surface is -43kBT and for a Casein coated surface -34kBT. The energy barrier between 

the first and second minimum is much higher for Casein than for BSA. This is due to 

the fact that the electrostatic repulsion at a Casein coated surface is much higher than 

at a BSA coated surface whilst the van der Waals energy is assumed the same. The 

electrostatic repulsion is higher because the surface potential of Casein at a pH of 7.4 

is much higher than of BSA. The maximum attracting force between the bead and the 

blocked surface is higher for BSA which is 21 pN than for Casein which is 15 pN.  

 

Due to the fact that the second energy minimum is further away and that the energy at 

this distance is lower for Casein than for BSA the non-specific interactions between 

the beads and surface is likely to be reduced. 
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If the non-specific bonds of the beads with a CRP surface blocked with BSA and 

Casein are compared one can see something peculiar. It appears that if blocked with 

BSA much more beads will bind to CRP in comparison with a Casein blocked 

surface. There are two explanations. Due to the fact that a bead can approach the 

surface closer when using BSA as block instead of Casein, it has a better chance to 

bind non-specifically with the CRP. Furthermore it could be possible that the Casein 

will partially overlap the CRP making it harder for the Streptavidin bead to bind non-

specifically to it, but leaving the specific bonds (partially) untouched as can be seen in 

figure 6-5. This might be due to the fact that Casein exists out of a mixture of milk 

proteins which differ in size, amino acid sequence and surface charge. For the same 

reason Casein can fill the gaps between the CRP molecules better than BSA, 

producing a better block layer
[48]

. Therefore these results indicate that Casein is a 

better block than BSA for this kind of assay.  

6.2 Bead type selection 

 

To develop a CRP sandwich assay with superparamagnetic beads, first the way the 

beads are applied in the assay is varied. Streptavidin-beads can be added as final step 

in the assay or they can first be coated with the secondary antibodies. These 

procedures are investigated with the aim to get the highest specific to non-specific 

ratio. A closed fluid cell is used for these experiments (described in paragraph 4.2.1), 

which is examined with aid of a microscope. In paragraph one all the protocols used 

are stated, followed by the results obtained shown in paragraph 6.2.2.  

6.2.1 Protocol 

 

For the experiments Streptavidin-beads, Biotinylated-IgG1 bound to Streptavidin 

beads blocked with Biotin and Biotin-Streptavidin beads are used. The protocols for 

Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin and Biotin-

Streptavidin beads are stated below: 

 

The protocol for Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin 

is: 

 

1 Add Biotinylated-IgG1 to the beads and incubate for half an hour whilst rotating. 

2 Wash the beads three times to get rid of the surplus Biotinylated-IgG1. 

3 Add Biotin to the beads and incubate for half an hour whilst rotating. 

4 Wash the beads three times to get rid of the surplus Biotin. 

5 Dilute the beads in assay buffer. 

 

For Streptavidin beads blocked with Biotin follow step three, four and five. These 

beads are implemented in the measurements, to compare with Biotinylated-IgG1 

bound to Streptavidin beads blocked with Biotin. This comparison might give some 

information which molecule of the Biotinylated-IgG1 bound to Streptavidin beads 

blocked with Biotin causes the non-specific binding. 

 

For the examination of specific interactions and non-specific interactions of 

Streptavidin beads in the CRP sandwich assay, four protocols are performed.  
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Protocol for the examination of the non-specific bond between Casein and the three 

bead types:  

 

1 Block the wells with: 

  Casein 

2(a) Add Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin 

diluted in assay buffer. 

2(b) Add Streptavidin beads blocked with Biotin diluted in assay buffer. 

2(c) Add Streptavidin beads diluted in assay buffer. 

3  Count the number of beads on the activated surface with aid of a microscope. 

 

After the first step the polystyrene is shaken for an hour, to maximize the diffusion of 

the proteins. Subsequently the fluid is sucked out after the incubation step. 

 

Protocol for the examination of the non-specific bond between IgG2a and the three 

bead types:  

 

1 Immobilize capture antibodies onto a polystyrene well: 

 Monoclonal mouse anti human CRP IgG2a 

2 Block the wells with: 

  Casein 

3(a) Add Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin 

diluted in assay buffer. 

3(b) Add Streptavidin beads blocked with Biotin diluted in assay buffer. 

3(c) Add Streptavidin beads diluted in assay buffer. 

4  Count the number of beads on the activated surface with aid of a microscope. 

 

 

At the first two steps the polystyrene is shaken for an hour, to maximize the diffusion 

of the proteins. At step one the surplus proteins are washed away, at step two the fluid 

is sucked out after the incubation step, since the beads are diluted in a fluid containing 

Casein. 

 

Protocol for the examination of the bond between CRP and the three bead types:  

 

1 Immobilize capture antibodies onto a polystyrene well: 

 Monoclonal mouse anti human CRP IgG2a 

2 Block the wells with: 

  Casein 

3 Bind the CRP diluted in Block Buffer to the capture antibodies. 

4(a) Add Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin 

diluted in assay buffer. 

4(b) Add Streptavidin beads blocked with Biotin diluted in assay buffer. 

4(c) Add Streptavidin beads diluted in assay buffer. 

5  Count the number of beads on the activated surface with aid of a microscope. 

 

Note that for Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin the 

bond is specific, for the other two bead types the bonds are non-specific. After the 

first three steps the polystyrene is shaken for an hour, to maximize the diffusion of the 
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proteins. After step one and three the surplus proteins are washed away, at step two 

the fluid is sucked out after the incubation step. 

 

Protocol for the examination of the specific bond between Biotinylated-IgG1 and 

Streptavidin-beads: 

 

1 Immobilize capture antibodies onto a polystyrene well: 

 Monoclonal mouse anti human CRP IgG2a 

2 Block the wells with: 

  Casein 

3 Bind the CRP diluted in Block Buffer to the capture antibodies. 

4 Bind the tracer antibodies to CRP. 

  Monoclonal mouse anti human CRP Biotinylated-IgG1. 

5 Add Streptavidin-beads diluted in assay buffer. 

6 Count the number of beads on the activated surface with aid of a microscope. 

 

The concentrations used for the capture-, tracer antibody and CRP are 10 µg/ml. A 

concentration of 100 mg/ml Casein has been used. After the first three steps the 

polystyrene is shaken for an hour, to maximize the diffusion of the proteins. 

Subsequently the surplus proteins are washed away, besides for step two where the 

fluid is sucked out after the incubation step. Beads with a diameter of 2.8 µm are used 

and diluted fourteen times in Assay buffer.  

 

6.2.2 Results 

 

To determine whether the Streptavidin beads or the 

Biotinylated-IgG1 bound to Streptavidin beads 

blocked with Biotin have the highest specific 

bound non-specific bound ratio in a CRP sandwich 

assay, the specific bonds as well as the non-specific 

bonds between the beads and the various surfaces 

are investigated. The results obtained when the 

protocols from the previous paragraph are 

followed, is shown in table 6-3. All surfaces are 

examined with the aid of a microscope with a 

magnification of 630 times, which corresponds to a 

viewing area of 185×230 µm. The types of 

surfaces tested are shown in figure 6-8. The 

examined bead types are: 1 Streptavidin beads, 2 

Streptavidin beads blocked with Biotin and 3 

Biotinylated-IgG1 bound to Streptavidin beads 

blocked with Biotin.  

 

Before studying the table it should be taken into account that only on the Casein 

surface only one type of non-specific bond can occur, at the other surfaces different 

types of bonds can be present. The uncertainty in the figures is the average deviation 

of the average of the measurements. 

 

 

Figure 6-8 Type of surface: A Casein 

blocked surface B Casein blocked 

IgG2a surface C Casein blocked IgG2a-

CRP surface D Casein blocked IgG2a-

CRP-IgG1-Biotinylated surface 
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Table 6-3 Number of beads at the various surfaces for different bead types. 

    1 2 3 

    
Streptavidin 

beads 
Streptavidin beads 
blocked with Biotin 

Biotinylated 
IgG1 bound to 
Streptavidin 

beads blocked 
with Biotin  

A 
Casein blocked 

surface  
3 9±3 1 

B 
IgG2a surface 
blocked with 

Casein  
4±2 3±1 42±38 

C 
CRP- IgG2a 

surface blocked 
with Casein 

9±5 1 
29±21 

(specific) 

D 

Biotinylated-
IgG1-CRP- IgG2a 
surface blocked 

with Casein 

49±32 (specific) Not tested Not tested 

 

Four types of measurements are done with Streptavidin beads (1), the specific binding 

between Biotin and Streptavidin is investigated (D) and three types of non-specific 

binding are investigated: the non-specific bond between the bead and respectively 

Casein (A), IgG2a (B) and CRP (C). Other non-specific interactions aren’t 

investigated because previous measurements from chapter 5 showed that the 

contribution of all non-specific bonds was very small, except for the non-specific 

bond between the two antibodies (see chapter 5.2.3 page 50). This will be investigated 

with the Biotinylated-IgG1 bound to Streptavidin beads blocked with Biotin (3). 

 

If the number of Streptavidin-beads (1) on the various surfaces is studied, it appears 

that the number of beads which bind non-specific increases if there are more different 

proteins on the surface. The spread in the number of beads on each surface is around 

50%. Although the number of beads is close between the non-specific and specific 

bonds, still a difference can be made.  

 

Three measurements are performed with Streptavidin beads blocked with Biotin (2) to 

investigate if Biotin or IgG1 binds non-specifically if Biotinylated-IgG1 bound to 

Streptavidin beads blocked with Biotin (3) are used. Therefore the non-specific bond 

between the Streptavidin beads blocked with Biotin (2) and respectively Casein (A), 

IgG2a (B) and CRP (C) are investigated. From the obtained results it appears that the 

most non-specific binding takes place at a Casein surface and decreases when there 

are other proteins on the surface. 

 

Three measurements are done when Biotinylated-IgG1 bound to Streptavidin beads 

blocked with Biotin (3) are used. First the specific bond between the bead and CRP 

(C) is measured, furthermore two types of non-specific bonds are measured namely 

the non-specific bond between the bead and respectively Casein (A) and IgG2a (B). 

When the number of Biotinylated-IgG1 bound to Streptavidin beads blocked with 

Biotin (3) on the different surfaces is examined, it can be seen that almost no beads 

bind to Casein (A). Furthermore it appears that on surface B even more beads stick 

than at surface C, which is the surface where specific bonds should form. This is 
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consistent with the ELISA results obtained earlier (see chapter 5.2.3 page 50). From 

these measurements it can be concluded that all beads will stick to IgG2a on surface 

B, it even appears that the beads stick more onto the IgG2a than onto CRP whilst 

IgG1 is an antibody against CRP. Furthermore the number of beads vary when the 

experiment is repeated. 

 

If Streptavidin beads blocked with Biotin (2) and Biotinylated-IgG1 bound to 

Streptavidin beads blocked with Biotin (3) are compared it can be seen that Biotin has 

more affinity with Casein than IgG1. Also the number of beads for both bead types 

differs enormously on the same type of surface, indicating that the coating of the two 

types of beads is different.  

 

Uncoated Streptavidin beads (1) are most suitable for a CRP sandwich assay, due to 

the fact that the absolute number of beads that binds non-specifically is small, and 

more important a difference can be made between specific bonds and non-specific 

bonds in the assay. Therefore Streptavidin beads (1) are used for force induced 

dissociation experiments.  

 

6.3 Force induced bond dissociation 

 

To get a better insight whether a 

discrimination can be made between non-

specific and specific bound beads in a CRP 

assay, when applying a force to the beads, 

the force induced bond dissociation of the 

CRP-IgG1 complex is examined. To induce 

a force at a certain bond, it is best to have as 

few other bonds as possible, therefore is 

decided to use a competition assay without 

adding sample CRP. Casein is used as 

blocking agent (see figure 6-9). The 

immunoassay is performed with 2.8 µm 

Streptavidin beads because there is more 

magnetic material present in a 2.8 µm bead than in a 1 µm bead, hence a larger force 

can be applied. All experiments are examined at a magnification of 630 times. The 

uncertainty in the figures is the average deviation of the average of the measurements. 

 

For this experiment CRP is coated to the polystyrene by physisorption and 

Streptavidin beads are used for pulling. Various CRP concentrations are used in a 

range from 1 pM to 1 µM to examine whether the dissociation rate constant will 

change. 

 

The successive steps for force induced dissociation are stated below. 

 

1 Incubate 40 µl CRP on a polystyrene plate and incubate ¾ of an hour whilst  

   shaking. 

2 Wash surplus CRP away with PBS. 

3 Incubate the surface with 80 µl Casein for half an hour whilst shaking. 

4 Wash away the surplus Casein with PBS 

Figure 6-9 Competition assay 

Casein 

 
  
  

 

CRP 

 
Biotin 

  

  Streptavidin   
         bead 

 
IgG1 CRP bond 
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5 Incubate 40 µl IgG1-Biotin for three quarters of an hour whilst shaking. 

6 Wash surplus IgG1-Biotin away with PBS 

7 Add 11 µl bead solution and incubate one minute. 

8 Apply force of 50 pN on superparamagnetic beads. 

9 Monitor bead surface coverage for 90 seconds. 

 

Every experiment is performed twice at least. A concentration of 100 mg/ml Casein is 

used, which is diluted in PBS. A concentration of 10 µg/ml Biotinylated-IgG1 is used, 

which is diluted in Casein block buffer. Streptavidin-beads diluted 4.9 times in Assay 

Buffer are used. 

 

To get some more insight in the number of bonds between a bead and the surface, the 

distance between the CRP molecules is calculated for the various CRP concentrations, 

used to coat the surface. Here is assumed that all CRP molecules in the solution, are 

adsorbed uniformly to the polystyrene. First the surface density is calculated, which is 

the area of the activated surface divided by the total area of the CRP molecules added. 

From this value the length between two molecules can be calculated by assuming that 

the area around one CRP molecule is a circle, first the diameter of the circle is 

calculated, if the diameter of a CRP molecule is subtracted from it the minimum 

distance between the CRP molecules is known. The calculation of theoretical distance 

between the CRP molecules as a function of the concentration is shown in table 6.4. 

 
            Table 6-4 Distance between CRP molecules on the surface as a 

             function of the CRP concentration. 

Concentration 
CRP 

distance between CRP molecules 
(nm) 

1pM 175 

10pM 48 

100pM 7 

1nM 0 

10nM 0 

100nM 0 

1µM 0 

 

At the three lowest concentrations the CRP molecules aren’t touching each other, at 

the higher concentrations there are that many molecules that the surface is completely 

coated. Of course not all molecules in the solution will bind to the surface. This 

calculation only shows the minimum distance between the molecules that is 

theoretically possible when taking the assumptions into account. If the bead is 

attached to one CRP molecule the bead will be at a distance of 11 nm above the next 

CRP molecule at the lowest concentration, taking into account the curvature of the 

bead. 

 

Figure 6-10 shows the number of beads bound on the surface, directly before and 

directly after pulling, against the concentration CRP used to activate the surface. The 

number of non-specific bonds on a Casein and CRP/Casein surface is very low if not 

zero. Therefore it is reasonable to say that all beads counted are specifically bound. 

Figure 6-11 shows the ratio of beads bound to the surface directly before and after 

pulling with a force of 50 pN for 90 seconds. 
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Figure 6-10 Number of beads as a function of the concentration CRP used for coating the 

surface. 
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Figure 6-11 The ratio between the number of beads on the surface directly before and after 

pulling with a force of 50pN. 

 

Taking the uncertainty into account; in general the number of beads present on the 

surface increases for higher CRP surface coverages. A decrease in the percentage of 

beads pulled of can be noticed if the concentration of CRP increases (figure 6-11). An 

explanation is that at a low CRP concentration used for coating the surface, there is a 

probable chance that at least a part of the beads binds to one CRP instead of multiple 

CRP molecules, due to the fact that molecules are relatively far away from each other 

(table 6-4), provided that the CRP isn’t attached to the surface in clusters. If the bead 

is bound to the surface by multiple bonds it takes a higher force or longer time to 
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rupture the bonds than for a bead bound by a single bond, decreasing the ratio 

between bound and detached beads.  

 

A way to explain figure 6-10 is with a model that describes the dissociation of beads 

bound with two identical parallel bonds as well as beads bound with one bond. 

Therefore this model is used for analyzing the detachment rate of the beads from the 

surface. In this model it is assumed that all bonds are identical. The formula 

describing the model is: 
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With kd,1 the force induced dissociation rate constant for the rupture of the first bond 

at a bead attached with two parallel bonds to the surface: 

 

)2/exp()(1, Tkfxkfk Boffd β=    (6.2) 

 

And with kd,2 the force induced dissociation rate constant for the dissociation of a 

bead bound with one bond to the surface: 

 

)/exp()(2, Tkfxkfk Boffd β=    (6.3) 

 

The fraction-time plots including the fits described in formula 6.1 are shown in figure 

6-12. Figure 6-12 also shows that there is a change in behavior between a surface 

coated with a concentration of 100pM CRP and 1nM CRP respectively, since the 

fraction of beads detaching from the surface decreases when the CRP coating 

increases. 

 
Figure 6-12 The fraction of beads bound on the surface as a function of time fitted with formula 

6.1 
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Figure 6-13 Initial fraction of beads bound with one or two bonds to the surface. 

 

Figure 6-13 shows the initial fraction of beads (obtained from the fit results) bound 

with one or two identical parallel bonds to the surface. It can be seen that the fraction 

of beads bound with one bond or two bonds is dependent on the CRP concentration. 

At a higher concentration the fraction of beads initially bound with two bonds 

becomes dominant, probably due to the fact that an increase of CRP molecules on the 

surface creates a higher chance for the beads to bind by two bonds to the surface. This 

model also explains why the fraction of beads that detach over time decreases at 

higher CRP concentrations since the bonds at a bead with two bonds experience a 

force of 25 pN instead of 50 pN increasing the lifetime of the bond. There are various 

explanations possible why beads are bound by two bonds to the surface. It could be 

that at least a part of the antibodies binds to one CRP with both sensitive regions. This 

is plausible because the diameter of the pentamer CRP is ca. 11 nm and the width 

between the two ‘arms’ of the antibody is 10 nm. This is only valid though if the CRP 

is in its pentameric state. The reason why the fraction is dependent on the 

concentration of CRP is that at higher concentrations also one antibody could bind to 

two CRP molecules or that even two antibodies on one bead each can bind to a CRP 

molecule and therefore increasing the probability that the bead is bound to the surface 

with two bonds.  

 

The force induced dissociation rate constants obtained from the fits of formula 6.1 

through the bead fraction-time plots is shown in figure 6-14. The figure shows that the 

force induced dissociation rate constant for one bond is 0.6±0.4 s
-1

 and the force 

induced dissociation rate constant for two bonds is 4·10
-3

±2·10
-3

 s
-1

. The force induced 

dissociation rate constant of the single bound beads is higher than for the beads bound 

with two bonds, this is expected since the single bond is bound less rigid than beads 

bound with two bonds. 
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Figure 6-14 Force induced dissociation rate constants of the IgG1-CRP bond obtained from the 

model. 

 

It is possible to determine the dissociation rate constant koff at zero applied force from 

the force induced dissociation rate constants obtained from the fit. For the calculation 

of the dissociation rate constant, the effective length of the bond at the transition state 

(see figure 2.8), xβ, is required, which can also be calculated with the obtained force 

induced dissociation rate constants. 

 

)2/exp(
1,

2,
Tkfx

k

k
B

d

d

β=    (6.4) 

 

At every experiment two force induced dissociation rate constants are obtained, 

therefore xβ can be calculated with formula 6.4. The mean value of xβ  becomes 

(7.5±1)·10
-10 

m, this value compares well with the position of the energy barrier for 

dissociation found for the Biotin-Streptavidin bond as reported by Evans
[29].

 The 

calculated dissociation rate constants (equation 6.2 and 6.3) are shown in figure 6-15. 

The dissociation rate constant koff should be the same for all experiments, since it is 

stated in the model that all bonds are identical. The calculated dissociation rate 

constant has a value of (5.2±4)·10
-5

 s
-1

 , the dissociation rate constant for the bond 

between scFv antibody fragment type A1 and CRP is in the same order of magnitude 
[50]

. It is possible that other bonds than the IgG1-CRP would break during the 

experiment, the value of the dissociation rate constant measured however indicates 

that the IgG1-CRP bond is ruptured. 
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Figure 6-15 Dissociation rate constants of the IgG1-CRP bond obtained from both force induced 

dissociation rates. 

 

The activation energy of the CRP-IgG1 bond can be calculated with formula 6.5. 

 
TkE

off
bacteAk

/−= ν    (6.5) 

 

To calculate the activation energy however the frequency factor (Aν) is needed. This 

can be considered as the number of times the ligand tries to escape the potential well 

per second. The frequency factor can be estimated as follows; first the velocity of the 

ligand oscillating in the potential well is needed, which can be calculated with 

formula 6.6. 

 

Tkmv B
2

1

2

1 2 =  
[17]

   (6.6) 

 

Where m is the mass of the ligand in kilograms and v the velocity of the ligand 

oscillating in the potential well in meters per second. When the mass of the ligand is 

assumed 2·10
5
 Da and the width of the potential well of 1 nm, the frequency factor is 

3.5·10
9
 s

-1
. The mean value of the obtained activation energy of the CRP-IgG1 bond 

becomes 0.83±0.02 eV. The activation energy of the CRP-IgG1 bond can be 

compared with other antibody-antigen complexes which values range from 0,8 eV to 

1,1 eV 
[51]

.  
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7 Conclusions and recommendations 
 

The goal of this thesis is to design a working assay for the detection of CRP based on 

superparamagnetic beads. A proper working assay is sensitive for its antigen and has 

less non-specific bonds. To determine if a discrimination can be made between 

possible non-specific bonds occurring in the assay and specific bonds, insight in the 

CRP-antibody bond present in the assay is required. To optimize the biological part 

different immunoassays are tested with Horseradish peroxidase (HRP) as label, since 

it is a well established way for detection. Furthermore bond force experiments are 

performed to determine the force induced dissociation rate constant of the CRP-

antibody bond. 

 

For designing a sensitive immunoassay with a multi decade range, two different types 

of assays are investigated: a CRP sandwich assay and a CRP competition assay Both 

with HRP as detection label. The main conclusions are: 

 

 

• A CRP sandwich assay can quantitatively detect a quantity of 40 amol to 8 

fmol CRP. The sensitivity of a CRP sandwich assay is 19.9±1.83 RLU/fmol 

CRP. 

•  The results show that the dose response curve of Streptavidin-HRP and the 

CRP sandwich assay coincide. This means that for a quantity CRP of 40 amol 

to 8 fmol is equal to the amount of Streptavidin-HRP. This indicates that every 

CRP molecule added for these quantities, is bound to one capture- and one 

tracer antibody, and that one Streptavidin-HRP will bind to a Biotinylated 

tracer antibody. In other words for the used CRP concentrations every CRP 

will be detected one on one.  

• The sensitive part of the optimized competition assay covers a concentration 

range of one decade, from 10 to 100 fmol CRP. The slope of the sensitive part 

is approximately 11±0.5 RLU/fmol CRP. At the lowest concentration in the 

sensitive range, the quantity of CRP is approximately ten times lower than the 

amount of tracer antibodies and at the highest concentration the same.  

• The conformation of CRP changes when it is coated directly to polystyrene, 

resulting in a change in the number of non-specific bonds between CRP and 

Streptavidin-HRP. 

• The amount of CRP coated to the polystyrene is much lower than expected 

from theory. 

 

To get more insight in the antibody-antigen complex of the CRP assay, experiments 

are performed to determine the force induced dissociation rate constant of CRP with 

its antibody IgG1, since this bond is present in both a CRP sandwich assay as well in 

a CRP competition assay. Therefore it is necessary to first optimize the CRP 

immunoassay with superparamagnetic beads as label. First different blocking agents 

are tested: BSA and Casein. For optimizing the detection of CRP with 

superparamagnetic beads, two bead types are used: Streptavidin-beads and IgG1-

Biotinylated-Streptavidin beads both with a diameter of 2.8 µm. 
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The main conclusions are: 

 

• Casein is a better blocking agent than BSA for a CRP assay, since the ratio 

between specific bound beads and non-specific bound beads is larger. 

• The DLVO theory explains why Streptavidin beads experience less non-

specific binding on a Casein surface than on a BSA blocked surface. 

According to the DLVO theory, the second energy minimum distance of the 

beads is 1.3 nm further away for a Casein blocked surface than for a BSA 

blocked surface. Furthermore the maximum interaction energy of a BSA 

coated surface is -43kBT and for a Casein coated surface -34kBT. The energy 

barrier between the first and second minimum is much higher for Casein than 

for BSA. 

• The larger the variety of molecules, the more Streptavidin-beads bind non-

specifically to the surface.  

• The non-specific binding between antibody IgG2a and IgG1 is high compared 

to the other non-specific bonds for HRP as well as superparamagnetic beads as 

a detection label. 

• The measurements show that Streptavidin beads are best, since the ratio 

between specific bound beads and non-specific bound beads is larger than 

compared to IgG1-Biotinylated-Streptavidin-beads blocked with Biotin. 

 

To induce a force at a certain bond, it is best to have as few other bonds as possible, 

therefore is decided to use a competition assay without sample CRP. For this 

experiment various concentrations of CRP are coated on the surface and blocked with 

casein. Biotinylated-IgG1 is incubated and Streptavidin beads are used to exert a force 

on the IgG1-CRP bond. A force of 50 pN is exerted on the beads during the 

experiments. 

 

The main conclusions of the force induced dissociation rate constant experiments: 

 

• The number of beads bound non-specifically to the surface is very low if not 

zero. 

• When the concentration CRP used for coating the surface increases the 

number of beads bound to the surface also increases. 

• The ratio between bound beads directly before and after pulling with a force of 

50 pN decreases when the concentration CRP for coating the surface 

increases. 

• A model that describes the dissociation of beads bound with two identical 

parallel bonds as well as with one bond correctly describes the observed 

dissociation data. 

• The initial fraction of the beads bound with one bond decreases and the initial 

fraction of the beads bound with two parallel identical bonds increases if the 

concentration CRP for coating the surface increases. 

• The effective length of the bond at the transition state, xβ can be calculated 

with the model. The value is (7.5±1)·10
-10 

m. 

• It is possible to calculate the dissociation rate constant of the CRP-IgG1 bond 

with this model. The dissociation rate constant is (5.2±4)·10
-5

 s
-1

. This value is 

in agreement with the dissociation rate constant for the bond between scFv 

antibody fragment type A1 and CRP. 
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• The activation energy of the bond can be calculated and is 0.83±0.02 eV. 

• Taking all the obtained values in account it is likely that the CRP-IgG1 bond is 

indeed ruptured during the experiment. 

 

The results showed that also at very low CRP concentrations for coating the surface 

initially beads are bound with two bonds. It is possible that the antibody binds to the 

CRP molecule with both sensitive regions since the width of the arms of the antibody 

is circa 10 nm and the diameter of CRP 11 nm in its pentameric state. To create a 

surface with only single bound beads it might be interesting to coat the surface with 

monomer CRP molecules. It is possible to break the bonds that keep the five sub-units 

of CRP together if all the calcium is separated from the solution, which can be 

achieved with for instance EDTA. Therefore it is recommended that the calcium 

dependency of CRP is examined. Furthermore dynamic force spectroscopy 

experiments should be done, as an extra validation of the results (xβ and koff ) shown 

in this report. In Dynamic force spectroscopy (DSF) the force at which a biological 

bond most probably breaks, when a force that is increased at a constant loading rate is 

applied to the bond, is determined. 

 

As a control, a competition assay with CRP covalently linked to Carboxyl beads and 

IgG1 covalently bound to the surface, can be used to determine the effective length of 

the bond at the transition state and dissociation rate constant of the CRP-IgG1 bond. It 

is expected that the IgG1-CRP bond will rupture first since all the other bonds are 

covalent in nature. Various experiments showed a high background when CRP coated 

Carboxyl beads are incubated on a Casein blocked surface. Therefore it is 

recommended to apply a loading rate on the CRP coated carboxyl beads bound to a 

IgG1 coated blocked with Casein surface, to determine the most probable rupture 

force of the antibody-antigen complex and the non-specific bonds. It is likely that the 

non-specific bound beads will come of at a low force and in a short time. In order to 

break the specific bonds between the bead and the antibody a larger force over the 

same period of time is needed to detach. From this data the dissociation rate constant 

and the effective length of the bond at the transition state can be calculated
[42]

. 

 

To decrease the number of non-specific bound beads and/or reduce the strength of the 

bonds, experiments can be performed where the molarity of the buffer is decreased. It 

should be noted however that also the specific interactions will be influenced by 

molarity variations of the buffer. According to the DLVO theory electrostatic 

interactions take place between charged surfaces in a medium. Dependent on the 

molarity of the medium, which is responsible for shielding the charge of the surface, 

two surfaces can approach each other to a certain distance before they repel another. 

At a low molarity the surfaces will notice each others presence on a relatively large 

distance. At a high molarity the surfaces can approach another closer.  

 

The CRP concentration in blood indicative for an increased risk of heart failure ranges 

from 3 mg/l to 10 mg/l. Therefore, the assay should be sensitive in this region. To 

design a biosensor for CRP detection a proper choice has to be made between a 

competition or sandwich assay. Below is discussed which assay is expected to have 

the best performance in a biosensor. 
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In a sandwich assay the quantity of capture antibodies must be equal to or higher than 

the quantity of antigen in the sample fluid, to avoid saturation of the signal. On 

average a biosensor has an activated surface of 1 mm
2
 and a fluid compartment of 1 

mm
3
. To detect 10 mg/l of CRP in blood in a fluid compartment of 1 mm

3
, it is 

necessary to coat the activated surface with 5·10
10

 capture antibodies. Assuming that 

the area of an antibody is 10×10 nm, only 10
10

 antibodies can be coated on the 

surface. It is therefore impossible to measure CRP over the full concentration range, 

unless the blood is diluted. The latter is not preferred since this highly complicates 

sample transfer to the sensor compartment. 

 

For a competition assay the quantity of tracer antibodies in the fluid tunes the range of 

sensitivity. In this case the maximum surface coverage is not a limiting factor. This 

makes a competition assay more versatile and better suited for the application in a 

biosensor. 

 

In the experiments described in this report, one and three micron sized beads are used. 

For the application in a biosensor, the use of smaller beads is probably preferred. The 

total number of beads that then can bind to the surface is larger, increasing the 

dynamic range of the sensor. Non-specifically bound beads can be removed from the 

surface by applying a small force. However, beads should not be too small, since the 

force that can be applied dependents on the induced magnetic moment of the bead, 

which diminishes with decreasing size. 

 

A biosensor should be constructed with the activated surface at the top of the fluid 

compartment. This is advantageous for magnetic washing; rebinding of removed 

beads will now not occur. Furthermore, the sedimentation of components from the 

blood sample, for example red blood cells, will in this case not result in blocking of 

the sensor surface. 
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Appendix A 
 

Phosphate Buffered Saline (PBS) 
40 g NaCl 

1.0 g KCl 

5.75 g Na2HPO4·2H2O 

1.0 g KH2PO4 

Dissolve in 5000 ml Millipore water to obtain a molarity of 0.15 M, pH=7.2 

The same Phosphate buffer can be prepared with the aid of tablets of Sigma. To 

obtain 0.15 M PBS, dissolve one tablet in 200 ml Millipore water. 

 

Wash buffer (WB) 
0.15 M Phosphate buffered Saline 

0.05% (Volume percent) Tween-20 

 

Assay buffer (AB) 

0.15 M Phosphate buffered Saline 

0.02% (Volume percent) Tween-20 

10 mg/ml BSA 

 

Block buffer with BSA (BB) 
0.15 M Phosphate buffered Saline 

10 mg/ml BSA 

 

Block buffer with Casein 
0.15 M Phosphate buffered Saline 

100 mg/ml Casein 
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Appendix B 
 

Protocol for binding and detection of CRP with a sandwich assay. 
 

Protocol CRP 

 

- CRP room temperature 

- Antibody 1(C5) room temperature  

- Antibody 2 (C2) room temperature 

- White Wellplate 

- 12 eppendorf tubes 

- Pipet 2-20 µl 

- Pipet 20-200 µl 

- Pipet 100-1000 µl 

- Yellow pipet tips 

- Blue pipet tips 

- 5x Cover foil 

- Bottle for Luminol 

 

1) Dilution of capture antibody C5. 

- Dilute antibody1 (C5) from 6.5 mg/ml to 10 µg/ml. Take 6 µl Antibody C5, add 384 

µl PBS (100 µg/ml) and stir.  

- Take 110 µl C5/PBS mixture, dilute with 990 µl PBS (10 µg/ml) and stir. Repeat 

two times. 

 

Step 1: 
 

2) Coating of capture antibody C5 to polystyrene. 

- Add 100 µl antibody mixture (10 µg/ml) to 21 wells. (A B1t/m9) 

- Cover wells with foil and incubate for one hour whilst shaking (room temperature). 

 

3) Wash away surplus capture antibodies. 

- Use the Wellwash program LZ 1. (row 1,2) 

 

Step 2: 
 

4) Incubate capture antibodies and block wells. 

- Add 300 µl BB (10µg/ml) to 24 wells (A,B) 

- Add 100 µl antibody 1 (C5) to 6 wells (C 1,2,3,4,5,6) 

- Cover wells with foil and incubate for one hour whilst shaking (room temperature). 

 

Meanwhile: 
 

5) Dilute CRP. 

- Take 5 µl of the stock solution (1mg/ml) and add 995 µl BB (5 µg/ml) 

- Take 2,6 µl of the dilution (5 µg/ml) and add 1297.4 µl BB (10 ng/ml) 

- Take 265 µl of the dilution (10 ng/ml) and add 265 µl BB (5 ng/ml) 

- Take 130 µl of the dilution (5 ng/ml) and add 520 µl BB (1 ng/ml) 

- Take 265 µl of the dilution (1 ng/ml) and add 265 µl BB (0,5 ng/ml) 
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- Take 130 µl of the dilution (0.5 ng/ml) and add 520 µl BB (0.1 ng/ml) 

- Take 250 µl of the dilution (0.1 ng/ml) and add 250 µl BB (0.05 ng/ml) 

- Take 80 µl of the dilution (0.05 ng/ml) and add 320 µl BB (0.01 ng/ml) 

 

6) Wash away surplus proteins. 

- Use LZ 1. (row 3) 

- Suck up BB, use Wellwash program Aspirate (row 1,2) 

 

Step 3: 
 

7) Incubate the wells with C5/BSA/CRP 

- Fill 6 wells with 100 µl CRP (10 ng/ml). (A 1,2,3 B10,11,12) 

- Fill 3 wells with100 µl CRP (5 ng/ml) (A 4,5,6) 

- Fill 3 wells with 100 µl CRP (1ng/ml) (A 7,8,9) 

- Fill 3 wells with 100 µl CRP (0.5 ng/ml) (A 10,11,12) 

- Fill 3 wells with 100 µl CRP (0.1ng/ml) (B 1,2,3) 

- Fill 3 wells with 100 µl CRP (0.05 ng/ml) (B 4,5,6) 

- Fill 3 wells with 100 µl CRP (0.01ng/ml) (B 7,8,9) 

- Add 300 µl BB (10 mg/ml) to 9 wells (C 1,2,3,4,5,6,7,8,9) 

- Add 100 µl antibody 1 (C5) to 3 wells (D 1,2,3) 

- Cover wells with foil and incubate for one hour whilst shaking (room temperature). 

 

Meanwhile: 
 

8) Dilution of tracer antibody C2 

- Dilute antibody C2 from 1.4 mg/ml to 10 µg/ml. Take 50 µl Antibody (1.4 mg/ml) 

and add 950 µl BB (70µg/ml).  

- Take 200 µl C2/BB mixture and dilute with 1200 µl BB. 3x 

 

9) Wash away surplus proteins. 

- Use LZ 1. (row 1,2,4) 

- Suck up BB, use Aspirate (row 3) 

 

Step 4: 
 

10) Incubate wells with antibody C2/CRP/BSA 

- Add 100 µl C2 (10 µg/ml) to 30 wells. (A, B, C 4,5,6,7,8,9) 

- Fill 3 wells with 100 µl CRP (0.1 µg/ml). (C 1,2,3) 

- Add 300 µl BB (10 µg/ml) to 6 wells (D 1,2,3,4,5,6) 

- Cover wells with foil and incubate for one hour whilst shaking (room temperature). 

 

Meanwhile: 

 

11) Dilute Streptavidin-HRP from 1 mg/ml to 0.1µg/ml 

- Take 20 µl Streptavidin-HRP (1 mg/ml) and dilute with 380µl AB (50µg/ml).  

- Take 20 µl Steptavidin-HRP and dilute with 980 µl AB (1µg/ml).  

- Take 150 µl Steptavidin-HRP and dilute with 1350 µl AB (0.1µg/ml). 3x 

12) Wash away surplus proteins. 

- Use LZ 1. (row 1,2,3) 

- Suck out BB, use Aspirate (row 4) 
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Step 5: 
 

13) Incubate wells with Streptavidin-HRP 

- Add 100 µl Streptavidin-HRP (10 µg/ml) to 27 wells.(A B C 1t/m9 D 1t/m6) 

- Cover wells with foil and incubate for one hour whilst shaking (room temperature). 

 

Meanwhile: 
 

14) Mix SuperSignal West Pico Chemiluminescent Substrate. 

 

15) Wash away unbound Streptavidin-HRP 

- Use LZ 1. (row 1,2,3,4) 

 

16) Add SuperSignal West Pico Chemiluminescent Substrate. 

- Add 100 µl SuperSignal West Pico Chemiluminescent Substrate to 39 wells. 

- Measure with Fluoroskan Ascent FL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


