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Sammanfattning 
Abstract 

 
Studies of binding reactions are of highest importance in a vast number of areas of biomedicine 
and biotechnology. A demand for fast and accurate small-volume measurements grows stronger, 
partly due to the development of therapeutic antibodies. In this report, a novel method for studies 
of binding reactions of antibodies is described. The use of a microfluidic platform shows 
promising results in determination of affinity binding constants.  
 
Affinities between 1*10-09 and 1*10-11 M have been determined for four TSH antibodies. 
Reproducibility tests give a CV below 10%, using different Gyrolab instruments and microfluidic 
CD:s. The method carries the advantages of using solution-based measurements of unmodified 
molecules. Also an initial proof-of-concept for measurement of binding reaction rate constants 
shows further usage of the method. The kinetic association rate constant has been determined to 
2*106 M-1s-1 for one antibody. The possibility of using this method for screening of antibody 
libraries is also discussed. 



 
 



Abstract 
Studies of binding reactions are of highest importance in a vast number of areas of 
biomedicine and biotechnology. A demand for fast and accurate small-volume 
measurements grows stronger, partly due to the development of therapeutic 
antibodies. In this report, a novel method for studies of binding reactions of antibodies 
is described. The use of a microfluidic platform shows promising results in 
determination of affinity binding constants.  
 
Affinities between 1*10-09 and 1*10-11 M have been determined for four TSH 
antibodies. Reproducibility tests give a CV below 10%, using different Gyrolab 
instruments and microfluidic CD:s. The method carries the advantages of using 
solution-based measurements of unmodified molecules. Also an initial proof-of-
concept for measurement of binding reaction rate constants shows further usage of the 
method. The kinetic association rate constant has been determined to 2*106 M-1s-1 for 
one antibody. The possibility of using this method for screening of antibody libraries 
is also discussed. 
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Common Abbreviations 
 
[X] Concentration of X 
BIA Biointeraction Analysis. Here: Biacore 
BSA Bovine Serum Albumin 
BSA-b Biotinylated BSA (used as capture reagent) 
CV Coefficient of Variation 
FAC Frontal Affinity Chromatography 
h-TSH Human TSH 
IC50 Inhibitory Concentration 50% 
IgG Immunoglobulin G 
kass Association Rate Constant 
KD Equilibrium Dissociation Constant 
kdiss Dissociation Rate Constant 
kDa kilo Dalton 
L Ligand 
LIF Laser-Induced Fluorescence 
mAb Monoclonal Antibody 
mAb-Alexa mAb labelled with Alexa fluorophore 
M Molar 
Milli-Q Ultrapure laboratory water 
MP Microtiter Plate 
µ-TAS Micro Total Analysis System 
pAb Polyclonal Antibody 
PBS-T Phosphate Buffered Saline with 0.01% Tween 
PMT Photomultiplier Tube 
R Receptor 
RIA Radioimmunoassay 
SA Streptavidin 
S/N Signal-to-Noise Ratio 
TSH Thyroid Stimulating Hormone 
TSH-b Biotinylated TSH (used as capture reagent) 
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1 Introduction 
Binding studies of biomolecules are of highest importance in a vast number of 
different areas within biotechnology and biomedicine. In diagnostics and in studies of 
disease mechanisms, this is a central issue. Today, the development of therapeutic 
antibodies leads to higher demands on the methods used to evaluate the products. 
Studies of binding properties such as affinity and specificity are essential when 
developing antibodies. Improvement of the product includes increased affinity among 
other things. High affinity to a certain target antigen increases the efficacy of a 
medicine, leading to lower dosage and economic and health improvements (1, 2). This 
however, requires analysis methods capable of measuring such high affinities. 
 
There are several methods described for affinity studies. The methods used are often 
suffering from different drawbacks. A typical problem is that the use of labelled or 
surface-immobilized analytes are claimed to produce defective affinity values, 
suffering from alteration of a compound (1). This is sometimes seen as a difference of 
the values compared to those given from solution-based methods. The unreliability of 
some methods and the demand for fast parallel analyses requests a new alternative 
method for binding studies. 

1.1 Aim 
The aim of this master thesis is to develop a method to characterize binding properties 
of monoclonal antibodies in a microfluidic immunoassay platform produced by the 
company Gyros AB. Experimental set-up and results interpretation are optimized for 
determination of binding affinity and kinetic rate constants. The results are used to 
evaluate the method and discuss performance and robustness. Also, future studies and 
applications are discussed. 
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2 Theory 

2.1 Antibodies 

2.1.1 Antibody Structure and Therapeutic Use 
Antibodies, also known as immunoglobulins, play a central role in the adaptive 
immune system in mammals. Their ability to bind intruding pathogens leads to that 
infections are averted, as binding activates the immune system. 
 
There are five different classes of antibodies with different functions in the immune 
response; IgA, IgD, IgE, IgG and IgM. The most common class in human blood is 
IgG, representing about 75-80% of the total antibody amount (3, 4). This is also 
produced in large quantities during the secondary immune response, where IgG has 
the ability to activate the complement system and induces phagocytosis of the 
pathogen (4). 
 
In spite of their ability to bind an infinite number of pathogens, all antibodies share a 
common structure (Figure 2-1). They consist of four polypeptide chains; two identical 
heavy chains and two identical light chains, forming a protein structure with a 
molecular weight of about 150 kDa. The chains are held together with a combination 
of disulfide bonds and non-covalent bonds (4). The antigen-binding sites are located 
at variable parts of the Fab regions that give a certain antibody its unique specificity 
for binding of a certain antigen epitope, i.e. binding site on antigen. A part of the 
constant region is known as the Fc region and mediates biological effector functions 
(5). The antibody consists of one Fc and two Fab regions, making an antibody 
divalent, i.e. capable of binding two antigen molecules. 
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Figure 2-1 Overview of the structure of an antibody. 
 
Antibodies can be produced either as monoclonal or polyclonal antibodies. 
Monoclonal antibodies (mAb:s) originate from the same cell clone and are therefore 
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identical. Polyclonal antibodies (pAb:s) on the other hand, are produced from 
different cells, forming a mixture of antibodies with different properties. Monoclonal 
antibodies have become a very common tool in a vast number of medicine-related 
areas. 
 
Monoclonal antibodies were at first produced with the so-called hybridoma technique. 
This was based on that an injection of a certain antigen in a mouse leads to that B 
cells in the mouse start to produce antibodies against the antigen. Thereafter, such B 
cells were extracted from the spleen and fused with myeloma cells, forming 
hybridoma cells. These were grown either in vitro or as a mouse tumor cell. 
 
Until recently, most mAb:s were used for diagnostics, but they are now gaining more 
recognition as medical agents. Monoclonal antibodies are now being produced for 
therapeutic use and mAb therapy has become widely accepted for use in different 
applications, such as clinical indications of autoimmune diseases and cancer (6). Most 
monoclonal antibodies for therapeutic use originate from mouse cells and therefore 
have relatively low affinities. They must therefore be taken in relatively high doses, 
which have both health and economic drawbacks. A new technique using transgenic 
mice with a humanized immune system (XenoMouse) makes it possible to produce 
human mAb:s with desired properties, such as high affinities among other things (2). 

2.1.2 Antibody Affinity 
Interactions between antibodies and antigens are of utmost importance for numerous 
life processes, including adaptive immune responses. A central issue for these events 
is how strong antigen and antibody bind to each other, a property called affinity. 
During an immunoresponse, B-cells produce antibodies with higher affinity for the 
pathogen, the longer time exposed to it. This process is called affinity maturation, and 
strengthens the binding to the pathogen, leading to a more effective immune defense 
(7). 
 
When binding between antibody and antigen occurs, different noncovalent 
interactions, such as hydrogen bonds, van der Waals forces, Coulombic forces and 
hydrophobic bonds, act together and result in high total binding energy. The long 
range forces (hydrogen and electrostatic forces) are important for the association rate 
of the complex, as the short range forces (hydrophobic, van der Waals) contributes to 
the binding strength by reducing the dissociation rate. Since the forces are relatively 
weak, many bonds have to form simultaneously to make the binding interaction 
effective (4, 5). 
 
In a diluted solution of antibody and antigen, the binding events can be described as a 
stochastic process. A complex will form through an association reaction when the 
epitopes of the antigen collides with a binding site of the antibodies. Briefly 
afterwards, the reverse reaction, dissociation, will occur due to thermally induced 
motion. These two binding reactions will eventually lead the mixture to an 
equilibrium state with equal amounts of binding and dissociation events per second. 
The concentrations of the components in this steady state are strongly related to the 
affinity of the binding reaction (4). 
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2.1.3 Effects Influencing on Affinity Measurements 
Affinity studies have become subject to debates questioning the accuracy of different 
experimental setups. The strict meaning of affinity is described by the binding energy 
between a monovalent antibody and a single antigen epitope, with no outer influences. 
This can hardly be determined in other ways than through studying of Fab fragment 
binding antigen. This leads to the introduction of a concept named avidity. 
 
Avidity, in contrast to affinity, describes the complex interaction between antigen and 
antibody containing multiple binding sites. An example is IgM, a pentamer of divalent 
antibodies, which has low affinity but high avidity. The high avidity is due to that it 
contains multiple binding sites, facilitating a second binding event (7). This effect is 
important for in vivo situations, where many complicated interactions might take 
place. A recent study showed, however, only a slight difference in affinity for a Fab 
segment binding a ligand in solution and the corresponding mAb binding to the ligand 
on a cell surface respectively (6), indicating that avidity is somewhat unpredictable. 
 
Another issue is allosteric effects. This phenomenon is a change of binding properties 
due to a conformational change induced from a binding event at another site. 
Potentially, this can happen when divalent antibodies have bound a ligand with one 
binding site. This might lead to that the antibody undergoes a slight change and 
facilitating binding at the second binding site, thus affecting the affinity (8). However, 
allosteric effects have rarely been reported, with some exceptions (9, 10).  
 
More commonly reported events are general cooperative effects. These phenomena 
are related to allosteric effects and avidity, and simply mean that a change of affinity 
has occurred. Positive cooperativity has been seen during studies of multiple 
antibodies binding to different sites on an antigen, explained to be caused either by 
conformational changes of the antigen or by the forming of cyclic complexes (11, 10). 
A change of the ligand concentration often affects the affinity value when cooperative 
effects are present (8). 
 
When not being taken into consideration, all of these effects might influence the 
affinity as it is being measured. Therefore it is necessary to understand that these 
effects exist and that they might lead to strange results and “false” values of the 
affinity. 

2.1.4 Studying Affinity 
There are several different methods used for affinity studies of receptor-ligand 
systems, not necessarily antibody-antigens. A common variant is isothermal titration 
calorimetry (ITC) that utilizes that the change of temperature during a binding process 
is related to the binding energy and affinity (12). 
 
A method utilizing chromatography is frontal affinity chromatography (FAC) (13). 
This method is based on the principle that when a receptor solution passes through a 
column with immobilized ligand, the fluid front at the end of the column is delayed 
the more the higher affinity the receptor has to the ligand. 
 
Several other methods based on different types of dialysis, HPLC and capillary 
electrophoresis have been described for use in binding studies (14). Anyhow, when 
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studying affinity, immunoassays provide very versatile and useful setups and are 
undoubtedly the most commonly used. 

2.2 Immunoassays 
The immunoassay is a well-established method for binding studies of ligands and 
receptors. A common analysis approach is the sandwich assay design. In this case, the 
receptor is immobilized on the surface. In the following step, the ligand is exposed to 
the surface and binds to the receptors to some extent, depending partly on affinity. In 
a later step a secondary labelled antibody is bound to the ligand at another epitope, 
thus enabling quantification. 
 
Two different principles used are non-competitive and competitive immunoassays. In a 
non-competitive assay the binding of an analyte to an immobilized compound is done 
without a binding site blocking factor. On the contrary, in competitive assays, the 
analyte in the solution have binding affinity for both a compound on the surface and 
to a compound in the solution, which are therefore competing for the same binding 
site. The distribution of the analyte between bound and free forms is then related to 
the total analyte concentration. (5) 
 
Immunoassay is a versatile analysis method, used in many application areas: 
therapeutic drug development, identification and quantification of enzymes and 
hormones, and pathogen identification, to mention some (3, 5). All the same, 
immunoassays are very useful for antibody affinity studies. There are several methods 
suitable for such measurements, for example RIA, ELISA, SPR and kinetic exclusion 
assays. 
 
Radioimmunoassay (RIA) was the first type of immunoassay described and is based 
on radioactive decay for analyte detection. The detecting reagent is labelled with an 
unstable isotope emitting β- or, most frequently, γ-radiation. As RIA, enzyme-linked 
immunosorbent assay (ELISA) is mostly carried through in a microtiter plate. It is a 
technique using an enzyme’s properties to change it’s ligand as detection principle 
(5). 
 
The principle of surface plasmon resonance (SPR) is used in some different biosensor 
instruments on the market (15-18). With this method, a response is induced from a 
change of refractive index of a thin surface due to that binding occurs at the other side 
of the surface. The response is related to the quantity of the bound compound. It is a 
real-time sensor that measures the kinetic rate constants for association and 
dissociation. The quotient of the rate constants gives the affinity constant, see section 
3.5. Another surface-based method is quartz crystal micro balance (QCM). A quartz 
crystal is vibrating with a certain frequency when voltage is applied due to the 
piezoelectric effect. When an analyte is added to the surface the resonance is changed 
and real-time measurements gives the affinity constant as with SPR. This is a 
common biosensor principle with a growing market (19-21). 
 
In both these methods, one of the ligand-receptor pair has to be immobilized to the 
surface. It is widely discussed whether the measured affinity is accurate in these cases, 
since immobilization to the surface might lead to a change of the binding properties 
and cause other problems (1). 
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A method that has solved this problem is the so-called kinetic exclusion assay 
(KinExA) (22). This is a method determining affinity without having any of the 
participating compounds labelled or immobilized on a surface. A mixture of receptor 
and ligand is flown over a column, whereas the receptors with at least one free 
binding site is captured by immobilized ligand not participating in the affinity 
determination. Two separate analyses with this instrument give the inverted affinity 
constant and the association rate constant respectively (1). 
 
In spite of the discussions going on about surface-based methods, a study comparing 
Biacore and KinExA measurements show that no significant difference is seen 
between these methods (23). 

2.3 Microfluidic Analysis Systems 
The idea of having a microscale total analysis system (µ-TAS) was introduced in 
1990 (24). A µ-TAS, i.e. an analysis system with all steps integrated, was supposed to 
lead to higher selectivity, less consumption of sample and to make simultaneous 
performance of a large number of similar measurements possible. Since then this has 
become a growing industry leading to a lot of applications in the biotechnology field. 
During the last ten years, microfluidic based applications has evolved from awesome 
academic applications to commercialized analysis systems provided by serious 
companies. 
 
Microfluidics refers to liquid handling in miniaturized systems. Then the fluid is 
affected in other ways than in conventional systems, e.g. capillary forces become 
much more important than gravity. Also, the low Reynolds number obtained due to 
miniaturized channels indicates that flow is laminar. Due to this, two adjacent fluids 
flowing in a channel of small dimensions maintain well-defined interfaces and mix 
only by diffusion (25). 
 
The use of microfluidics in analysis applications gives rise to new possibilities of 
biochemical studies. The use of micro scale channels has numerous advantages, 
including the possibility of faster and cheaper analyses with less consumption of 
expensive reagents. Theoretically, it’s also possible to get enhanced sensitivity due to 
increased surface-to-volume ratio (25). Among the applications are miniaturized types 
of PCR, electrophoresis and DNA separation (26). Miniaturized immunoassay 
systems have also been described. Companies like Caliper Life Sciences, 
DiagnoSwiss, Åmic, Nanostream and Gyros have implemented microfluidics in assay 
studies. 

2.4 Gyros’ Analysis Platform 
Gyros AB is a company with an analysis platform based on microfluidics (27). This 
product is a µ-TAS compact disk with channels and structures incorporated into it, 
forming a parallel nanoliter analysis system (Figure 2-2) with immunoassay studies as 
the present main application. 
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Figure 2-2 Gyros’ Bioaffy microfluidic CD containing 112 columns. 
 
This CD has no fragile parts as pumps etc. as the liquid flow is controlled with other 
means. Capillary action is used for the imbibition, i.e. the influx of liquid into and 
through the hydrophilic channels. On strategic sites, there are hydrophobic barriers 
that stop the liquid from moving any further. To get the liquid past these when 
desired, the CD is spun and the centrifugal force presses the liquid out from the CD 
center. With a spin program controlled from a computer, a well defined spin sequence 
can be performed. The spin program controls the rotational frequency, and this way 
the flow rate is controlled. (28) 
 
There are currently three different CD:s on the market, each with a certain defined 
sample volume; 20, 200 and 1000 nl. The CD contains a large number of 
microstructures with a 15 nl streptavidin-functionalized column for sample analysis. 
The Gyrolab Biaffy® 200 CD microlaboratory, with a 200 nl volume definition, 
contains 112 structures. 
 
There are two liquid loading alternatives; through the common channel or the 
individual structure (Figure 2-3). The common channels are used when multiple 
columns are prepared with the same reagent, e.g. capture and detecting reagents for 
immunoassays. The individual structures allows for sample loading for each column, 
thus making it possible for 112 different samples to be studied in one Bioaffy 200 CD. 
The liquid volume is well-defined in the CD thanks to the design of the structures. 
After liquid has been dispensed in an individual structure, a slow spin removes excess 
liquid through an overflow channel leaving the defined volume in the structure. The 
common channel is volume defined by its zigzag outline. The restriction channel 
below the column is made for flow control during spin of fluid through the column. 
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Figure 2-3 Overview of a structure in the Gyrolab Bioaffy 200 CD. 
 
The instrument used for the CD analyses is the Gyrolab Workstation (Figure 2-4). 
Microtiterplates (MP:s) with reagents and 1-5 CD’s are loaded into the workstation. 
The transfers of wash liquid and reagent transfers from MP to CD are made by robot-
controlled needles. Detection is made by a LIF (laser induced fluorescence) detector 
and HeNe laser of wavelength λ = 633 nm. The detecting reagent used has absorbing 
and emitting properties matched to the laser wavelength. The sensitivity of the PMT 
(photomultiplier tube) can be regulated with the accompanying software. The 
detection of all 112 columns of the Bioaffy 200 CD is completed during 1.5 minutes 
as the CD is rotated fast, during which 3D images of all columns are produced (27). 
The response values taken from an integrated area of the pictures are exported into an 
MS Excel data sheet. The instrument is connected to a PC with the Gyrolab 
Workstation Control Software. This controls the analysis run with predefined 
methods, making the analysis highly automated. 

Hydrophobic breaks 
stop liquid flow 

Column for analyte 
capture 

Volume definition area of 
common channel (200 nl) 

Common channel for liquid 
distribution to eight structures 

Individual structure 
sample loading 

Volume definition 
chamber (200 nl) 

Overflow channel for 
volume definition 
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Figure 2-4 The Gyrolab Workstation. MP:s are loaded to the left and up to 5 CD:s are loaded to the 
right. In the middle is the robot responsible for fluid transfer. 
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3 Analysis Method 

3.1 The Immunoassay 
For all the affinity studies described in this report, a fluorescent indirect antibody 
assay is used. In this case, an antigen is attached on the column, and the antibody of 
interest is captured by the antigen on the column. In the next step a secondary 
antibody labelled with a fluorophore is flowed through the column, binding to the 
antibodies studied. For the affinity studies, a competitive pre-mixing step is 
introduced into the assay. Pre-mix is made externally in a microtiter plate well. The 
procedure is described in Figure 3-1. 
 
 
1
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1) The target molecule, i.e. the antigen, is immobilized on the column through biotin-
streptavidin binding. 

2) A pre-mixed solution of antibody and antigen is flowed over the column and the 
antibodies with at least one free binding site are captured. 

3) A detecting secondary antibody is flowed through the column and bound to the 
captured antibodies. 

 
Figure 3-1 Overview of the assay used for the affinity measurements. 
 
These steps are made in the Gyrolab Bioaffy CD, and the assay sequence above is 
performed as explained in Figure 3-2 to Figure 3-4. The assay is made with the 
standard method used for most common immunoassays. 
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A  The common channel is filled with capture reagent. 

B  Spin the CD to get fluid past the hydrophobic breaks and down through the column. 

C  The column is functionalized with the biotinylated antigen. 

 
Figure 3-2 Immobilization of capture reagent steps. 
 

      
 
 
D  The individual structure is filled with the externally mixed sample. 

E  The volume is defined with a weak first spin and excess liquid leaves structure through 
the overflow channel. 

F  With a higher second spin, the sample passes the hydrophobic break and is spun through 
the column. 

G The antibodies are captured on the column by antigen binding. 

 
Figure 3-3 Sample addition and capturing on column steps. 
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H  The common channel is filled with the detection reagent. 

I  Spinning of the CD makes the fluid pass the hydrophobic breaks and the detection 
antibodies bind to the captured antibodies in the column. 

J  The captured antibodies are detected by laser-induced fluorescence in the instrument. 
Response value is proportional to the amount of captured antibodies on the column. 

Figure 3-4 Detection reagent addition and capture on column. 

3.2 Reagent system 
The reagent system chosen to study the assay explained above, was human thyroid 
stimulating hormone (h-TSH) and four anti-TSH mAb:s named 5401, 5404, 5407 and 
5409. The mAb:s bind to only one epitope each on TSH, which reduces influence of 
avidity and similar effects. An epitope map showing a schematic view of the binding 
sites of the mAb:s is seen in Figure 3-5. 
 
 

5401
5404

5407

5409α β

5401
5404

5407

5409

5401
5404

5407

5409α β

 
 
 
Figure 3-5 Epitope map of TSH α and β subunits, showing binding sites for different anti-TSH types. 
 
The anti-TSH mAb:s were purchased from Medix, and their equilibrium dissociation 
constants were given in a product catalogue. Table 3.1 lists the KD:s together with the 
affinity determination method. RIA means that affinity determination has been made 
by radioimmunoassay. Additional KD values and kinetic rate constants were given 
from Medix (Table 3.2). BIA means determination by a Biacore SPR instrument. 
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Antibody product no. KD (M) Determination method 
5401 1.7E-10 RIA? 
5404 5.0E-11 RIA? 
5407 2.0E-10 RIA? 
5409 5.0E-11 RIA? 

 
Table 3.1 Data from Medix mAb product catalogue, probably measured with RIA. 

 
Antibody prod. no. kass (M-1s-1) kdiss (s-1) KD (M) Det. method 
5401 5.2E+04 6.9E-04 1.3E-08 BIA 
5404 1.4E+05 4.3E-04 3.3E-09 BIA 
5407 2.3E+05 3.9E-04 1.7E-09 BIA 
5409 3.2E+05 1.8E-04 5.6E-10 BIA 

 
Table 3.2 Data from Medix poster showing kinetic rate constants obtained from BIA. 

3.3 Analysis Evaluation 
When using a new reagent system, it is interesting to study how the reagents interact 
with each other and how the response is affected by changes of different parameters. 
Newly labelled reagents should be controlled if functioning properly. The production 
of a standard curve is an effective way to obtain such information. Besides giving the 
relation between response and concentration, it gives additional understanding about 
what interactions are present in the solution.  
 
Performance of the assay is partly shown by the magnitude of the dynamic range, i.e. 
how extensive the linear region is in the response-concentration curve. When two 
subsequent concentrations in a dilution series give responses that have no statistical 
significant difference, it is not possible to quantify the sample concentration. This 
usually appears for low concentrations, when a large part of the response is due to 
factors like background. This is called the lower limit of quantification. 
 
Different additional tests can be added to evaluate the assay, e.g. background 
measurements and studies of unspecific binding of the reagents. 

3.4 Affinity Determination 

3.4.1 Mathematical Model 
Information about affinity of a receptor for a ligand is interesting e.g. when studying 
biological processes or evaluating a biopharmaceutical. For such purposes it is desired 
to imitate the true conditions as far as it is possible during analyses. This includes that 
the affinity constant originates from solution-based measurements, thus giving as true 
value of the affinity constant as possible. This reasoning favours a method using pre-
mixing of ligand and receptor in solution to determine the affinity constant. 
A simple one-to-one receptor-ligand binding system can be described as in equation 
3-1, where kass and kdiss are the rates of association and dissociation respectively. This 
system will eventually reach a steady state, where the association and dissociation 
rates are equal. There are more complicated models describing multi-site binding (14). 
However, this report focuses on a 1:1 binding system as described with equation 3-1. 
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If the concentrations of all the species can be determined, the affinity constant KA is 
given from these. A quota of the concentrations defines affinity through KA. More 
commonly used to present affinity though, is the reciprocal to the affinity constant, the 
equilibrium dissociation constant KD (29). 
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To determine the concentrations it is enough to quantify one of the three species, since 
the initial concentrations L0 and R0 are known and if the conservation of mass 
criterion (equation 3-3 and 3-4) can be used. This is based on the assumption that the 
total amount of receptor and ligand is kept constant in a mix. 
 
 [ ] [ ] [ ] [ ] [ ] [ ] [ ]LRLLLRLLL tottot −=⇔+== 0  (3–3) 
 
 [ ] [ ] [ ] [ ] [ ] [ ] [ ]RRLRLRRRR tottot −=⇔+==  0  (3–4) 

 
This model is applied on the assay described in Figure 3-1 - Figure 3-4. Since the 
ligand on the solid phase is in excess during the studies, the bound receptor signal is 
proportional to the free receptor concentration in the equilibrated mixture. An 
equilibrated mixture of ligand and receptor leaves a certain amount of receptor able to 
bind the column, depending on how much ligand is present in the mixture. Through 
equations (3–3) and (3–4), ligand and complex concentrations can be eliminated, 
leaving KD depending on only the receptor concentration (equation 3-5). 
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If a standard curve shows that the relation between response and receptor 
concentration is linear for the current conditions Figure 3-6, then concentration 
equation 3-5 can be related to response (equation 3-6). 
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Figure 3-6 Deriving an expression for linear relation between concentration and response.  
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To obtain accuracy when determining KD, a series of mixtures of constant antibody 
concentration and increasing amount of antigen is produced. The response can be 
plotted against ligand concentration and a curve fit can be made of the data set to 
equation 3-6. 

3.4.2 Alternative Mathematical Model 
For certain conditions the mathematical model above might be simplified. A common 
variant is to use a sigmoidal equation, from which the KD value is obtained from the 
IC50 value, i.e. the concentration of ligand that decreases the response value to 50% of 
the maximum. An assumption made when using this model is that ligand is in excess 
over receptor, so the amount of complex that is formed is the same as the total 
receptor concentration. The model is derived from equations 3-2 and 3-4 into equation 
3-7. 
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If response is linear to concentration, the model is described by equation 3-8. 
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It is intriguing to use this sigmoidal model, since it gives the equilibrium dissociation 
constant directly from a graph. Therefore it would be interesting to discuss how this 
model behaves when ligand is not in large excess. 

3.4.3 Reaching Equilibrium 
When determining KD it is important that equilibrium is reached in the mixture. It is 
hard to determine how long time this takes since it depends on the affinity and varies 
from seconds up to days. The higher affinity the antibody has for the antigen, the 
longer time does it take to reach equilibrium. Or more correctly; equilibrium is 
reached faster with a fast dissociation rate, leading to low total binding (30). When 
estimating the time needed, it might be necessary to prepare amounts of mixtures 
sufficient for several analyses. As long as there is a significant difference between the 
results of two subsequent analyses, equilibrium is not reached. An alternative method 
is just to let the samples mix for a very long time, such as several days for high-
affinity antibodies, and hope it is sufficient. From an experimental point of view it is 
desired to reduce the incubation time for several reasons. First, it takes long time to 
complete the experiment. Second, unspecific interactions become more significant 
over time, such as adsorption to surfaces. To get an idea of how long time it will take 
for a certain mixture to equilibrate, a mathematical description of how concentrations 
change with time would be ideal to use. 

3.5 Kinetic Model 
Like the KD measurements, the kinetic constants are given by a series of mixes of 
receptor and ligand. But since kinetic studies are measurements of response change 
with time, all concentrations are kept constant, leaving the mixing time as the only 
variable. An alternative approach is to keep the time constant and varying ligand 
concentration. However, this requires certain conditions, as described below. 
 
The relation between the kinetic and equilibrium constants is as described in equation 
3-9. This model describes the binding process for a monovalent receptor and ligand. 
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The kinetics can be described in different simplified expressions. These are 
reasonably accurate for certain conditions and experimental designs. A common 
variant is based on the assumption that the ligand is in excess. This makes the receptor 
the limiting factor for complex to form. An alternative view is that the equilibrium is 
reached fast due to high kdiss value, which also leads to that a low amount of complex 
is formed. Furthermore, short mixing time leads to that a small amount of complex is 
formed. Summarized these assumptions lead to the same simplification: that the 
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“dissociation of complex”-term (kdiss[LR]) is insignificant. This can be achieved by 
studying initial conditions, fast-reached equilibrium solutions due to high kdiss 
resulting in smaller amount [LR], keeping ligand in excess, or a combination of these. 
Insertion of the conservation of mass criterion (equation 3-4) into equation 3-9 gives 
equation 3-11.  
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When ligand is in excess, Req is excluded from the equation since no receptor is left. 
The expression of the model is therefore described by equation 3-12. 
 
 [ ]( ) [ ] [ ]tLkasseRtR −= tot  (3–12) 

 
The exponent kass is sometimes replaced by [ ] dissassobs kLkk += (30). This is because 
the assumption made above is influencing mostly on the exponent. The kobs reduces 
the influence of the simplification as it is written as the full model. Derivation into 
equation 3-13 shows how kobs is obtained from equation 3-4 and 3-9. 
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The exponent in equation 3-13 is the same as the expression for kobs, thus explaining 
why this expression might compensate for the largest error due to the assumption. 
This gives a new expression for calculation of kass from kobs, KD and [L] (equation 3-
14). 
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However, when ligand is not in excess, a more complicated model describes the 
system. Assuming a significant change of both [R] and [L], equation 3-9 can be 
solved in a similar way. This solution would work well for describing the process. 
Anyhow, when a divalent receptor and a ligand form complex, e.g. antibody and 
antigen binding, the process consists of an additional intermediate step (equation 3-
15). For common model systems, this is not relevant, but if a signal response is given 
from more than one type, this model is needed to be considered. 
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Furthermore, this description assumes that both binding processes are equal and that 
no influences of allosteric or cooperative effects are involved. It has been known for a 
long time that cooperativity may interfere with the binding model (9). A recent 
affinity study however, comparing Fab fragments to the corresponding divalent mAb 
with a method similar to the method presented in this thesis showed no significant 
difference in affinity (6). This is not true for all situations and more complex models 
describing such effects are interesting to use, but for common measurements it is 
better to keep the number of degrees of freedom in the model as low as possible.  
 
A differential equation system (equation 3-16) describes the change of the 
concentrations of the different components over time. The conservation of mass 
criterion is here described by equation 3-17. When both [R] and [LR] are captured on 
the column and gives the analysis response, then an equation describing the sum of 
these as a function of time should give the kinetic constants.  
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3.6 Result Interpretation and Regression Method 
The LIF detection results in 3D images of every column, where intensity forms a third 
axis out from the 2D column picture. The intensity shows where fluorescent 
secondary antibodies have bound to the column. Thus, the distribution of the intensity 
and analyte through the column is given. The pictures are processed and filtered from 
noise and the response value corresponds to the sum of the pixel intensity values in a 
certain integrated area, equal for a whole set of pictures. 
The response values are exported to an excel data sheet. During the response analysis 
a plug-in tool is used, IDBS XLfit 4.2. This simplifies curve fitting analysis, and 
many different models are included. It also allows the user to define an own model 
when needed. When data is fitted to a model, it is possible to choose what parameters 
are being fitted for and what kind of regression model is being used. Common linear 
regression gives the curve fit that minimize the total deviation from the curve. This 
can be represented as a minimization of the factor Q in equation 3-18. 
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This way, a curve is fitted to the data points to minimize the total distance between the 
curve and the points. But if precision is changing over the data set, common linear 
regression would not give an appropriate fit. This treats all data equally, and would 
give points with high spreading too much influence and precise points too little 
influence. For situations with varying precision, i.e. where the standard deviation of 
the random errors is not constant, weighted least square regression is a better 
alternative. As in linear regression, a factor describing the total deviation between 
observation and curve is minimized, this time with an incorporated weight w 
(equation 3-19) (31). 
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It is important to note that the weight w for each observation is given relative to the 
weights in the other observations. Two different weights might cause identical 
influence, depending on how they are chosen. Statistical values might therefore 
provide good weights.  
 
If the standard deviation of the random errors in the data is not constant over the data 
set, the most precise parameter estimation possible is yielded with a weight inversely 
proportional to the variance (31). The variance is estimated from the sum of squares 
of the residuals, as demonstrated in equations 3-20 – 3-22. The error sum of squares 
SSE is given by the sum of squares of the residuals (equation 3-20).  
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It can be shown that the expected value of SSE is given by equation 3-21, where (n-p) 
are the degrees of freedom. 
 
 ( ) ( )pnSSE E −= 2σ    (3–21) 
 
Therefore, an estimator of σ2 can be given, as shown in equation 3-22. If response yi is 
estimated by the average response of the replicates, i.e. ii yy =ˆ , in every point i, a 
direct estimation of the weight is given (equation 3-23) (32). 
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When using XLfit, weighted least square regression is used as described here when 
the standard deviations of the replicates are chosen as weights for each data point. 
 
To obtain even better accuracy, multi curve analysis can be used. At first, the 
equations for KD or kass are used to determine the value of the constant, say KD. For a 
range of values of KD around the already obtained value, the optimal values of 
receptor concentration, maximum response and minimum response are found with 
curve fitting. All of these curve fits have their own standard deviation that is divided 
by the value of KD obtained in the first place. This gives a curve describing variation 
as a function of the KD value, with a minimum giving the best KD value. This 
procedure can be performed for optimizing the kass value as well. 
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4 Experimental section 

4.1 Materials and Assay Reagents 
For all experiments, the Gyrolab Bioaffy® 200 CD microlaboratory was used. So was 
the standard method “Bioaffy 200 v1C” for the Bioaffy 200 CD, with spin sequence 
as seen in Figure 4-1. 

 
Figure 4-1 The spin sequence, presented as rotational frequency as a function of time. Volume is 
defined with the first increase of spin. Then a small peak presses the fluid past the hydrophobic stop. A 
ramp then spins fluid through the column. Ramping is done to maintain the force working on the fluid, 
as the fluid volume above the column decreases. The plateau at the end drains the column. 
 
The reagents used during the experiments are listed together with the manufacturer in 
Table 4.1. 
 

Bioreagent Supplier 
human thyroid stimulating hormone (h-TSH) Immunometrics 
Anti-TSH IgG 5401 Medix Biochemica 
Anti-TSH IgG 5404 Medix Biochemica 
Anti-TSH IgG 5407 Medix Biochemica 
Anti-TSH IgG 5409 Medix Biochemica 
Goat anti-mouse IgG Jackson ImmunoResearch 
Bovine serum albumin (BSA) Calbiochem 
 
Labelling kits Supplier 
Sulfo-NHS-LC-Biotin Pierce 
Alexa Fluor 647 Monoclonal Antibody Labelling Kit Molecular Probes 
 
Buffers  Supplier 
Standard diluent Gyros AB 
Detection diluent Gyros AB 

 
Table 4.1 Materials and reagents used in the experiments. 

4.2 Preparation of Detecting and Capture Reagents 
Alexa labelling of the secondary antibody, the goat anti-mouse IgG, was made 
according to the standard protocol, described in Appendix A. It is recommended for 
antibodies to have a degree of labelling of 3-7 moles of Alexa Fluor 647 per mole 
antibody. Biotinylation of TSH was made according to the standard protocol seen in 
Appendix B.  
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4.3 Standard Curve 
A standard curve showing response as a function of [mAb] was produced. The anti-
TSH with production number 5407 was used in most of the assays. A concentration 
series was made by dilute anti-TSH in Gyros Standard Diluent, see Table 4.2. The 
capture reagent TSH-biotin (TSH-b) was diluted to two different concentrations in 
PBS-T. The detecting reagent mAb-Alexa was diluted to three different 
concentrations. The combinations of capture and detection reagent concentrations 
used are seen in Table 4.2. 
 

anti-TSH 5407 (pM)  TSH-b (mg/ml) mAb-Alexa (nM) 
0  0.1 5 
4  0.1 25 
16  0.1 100 
64  0.05 25 
260    
1000    
4100    
16000    
66000    

 
Table 4.2 The dilution series of mAb and the combinations of TSH-b and mAb-Alexa used. 

4.4 Unspecific Interactions 
A study of the interactions present in the assays was made by studying a combination 
of different capture reagents together with a series of TSH/anti-TSH mixtures. Three 
versions of capture were studied: no capture, BSA-biotin (BSA-b) and TSH-b.  
 
The reagents used are seen in Table 4.3. BSA-b and TSH-b were diluted in PBS-T. 
The secondary detection antibody (mAb-Alexa) was diluted in Gyros Detection 
Diluent. TSH and anti-TSH of type 5407 were diluted in standard dilution. 
Throughout the mixtures, [mAb] was kept constant and [TSH] was varied as seen in 
Table 4.3. The mixtures were partitioned into three series, one for each capture study. 
 

TSH (pM) 0 16 64 260 1000 4100 
anti-TSH (pM) 64      
BSA-b (mg/ml) 0.1      
TSH-b (mg/ml) 0.1      
mAb-a (nM) 25      

 
Table 4.3 The dilution series of TSH and the concentrations of other reagents used. 

4.5 Modelling With Matlab 
The two equilibrium models described in section 3.4 (equations 3-6 – 3-8) were 
studied with a simulation in MathWorks Matlab. When choosing concentrations of the 
different compounds, it is advantageous to understand the limitations of the models. 
Besides, there is a general interest for using the simplified model. 



 

 27

4.6 Equilibrium Time Estimation 
At first an investigation of the time it takes for equilibrium to be reached was made 
for anti-TSH 5407. A series of mixtures was prepared and partitioned in three sets of 
MP:s. The concentrations before and after mixing can be seen in Table 4.4. About 30 
µl were produced for every mixing combination, later portioned into 10 µl on every 
MP for analysis in the Gyrolab. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.4 The dilution manner of TSH and mAb. Concentrations before and after the mixing. 

 
The concentrations [TSH-b] and [mAb-Alexa] were chosen to 0.1 mg/ml and 25 nM. 
These three sets were analyzed at three different times: after 1, 23 and 47 hours 
respectively. Thereafter, another set of the same series was prepared and analyzed 
after shorter times than in the first experiment: after 2, 15 and 105 minutes 
respectively. 

4.7 First Affinity Measurements 
All four types of anti-TSH were used in a test to determine equilibrium dissociation 
constants. All anti-TSH antibodies were diluted to 640 pM in a first step, before 
diluted ten times with TSH. TSH was diluted as in the last experiment, and every 
point was portioned into four parts, one for each anti-TSH series. To every well, 10 µl 
TSH and 1.11 µl anti-TSH was added, thus giving the wanted concentrations. 

4.8 Capture Reagent Study 
The influence of the capture reagent concentration was investigated with four 
different concentrations of TSH-biotin. The total capture concentration was kept at 
half the former capture concentration by adding BSA-biotin. The highest TSH-b 
concentration studied was ¼ of the former concentration. The combinations are 
presented in Table 4.5. 
 
 
 
 

Before mixing 
[TSH] (M) [mAb] (M) 

2.9E-07 6.8E-10
7.2E-08 6.8E-10
1.8E-08 6.8E-10
4.5E-09 6.8E-10
2.3E-09 6.8E-10
1.1E-09 6.8E-10
5.7E-10 6.8E-10
2.8E-10 6.8E-10
1.4E-10 6.8E-10
7.1E-11 6.8E-10
3.5E-11 6.8E-10
1.8E-11 6.8E-10
8.8E-12 6.8E-10
4.4E-12 6.8E-10

After mixing 
[TSH] (M) [mAb] (M) 

2.6E-07 6.4E-11
6.6E-08 6.4E-11
1.6E-08 6.4E-11
4.1E-09 6.4E-11
2.1E-09 6.4E-11
1.0E-09 6.4E-11
5.1E-10 6.4E-11
2.6E-10 6.4E-11
1.3E-10 6.4E-11
6.4E-11 6.4E-11
3.2E-11 6.4E-11
1.6E-11 6.4E-11
8.0E-12 6.4E-11
4.0E-12 6.4E-11
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Combination no. [TSH-b] (M) [BSA-b] (M) Total capture conc. (M) 
1 8.75E-07 8.75E-07 1.75E-06 
2 1.75E-07 1.58E-06 1.75E-06 
3 3.50E-08 1.72E-06 1.75E-06 
4 7.00E-09 1.74E-06 1.75E-06 

 
Table 4.5 The combinations of capture reagent tested. 

 
The anti-TSH types 5404 and 5407 were diluted to series of concentrations, as shown 
in Table 4.6. Detection reagent concentration was kept at 25 nM as in the former 
analyses. 
 

[anti-TSH] (M) 4.1E-09 1.0E-09 2.6E-10 6.4E-11 1.6E-11 4.0E-12 1.0E-12
 

Table 4.6 The dilution series of mAb. 

4.9 Affinity Measurements 
A new experiment to determine KD of the four types of anti-TSH was made. The 
series of diluted TSH was made the same way as during former studies. The capture 
reagent concentrations chosen were 175 nM TSH-b and 1575 nM BSA-b. All 
antibodies were diluted to 260 pM. A larger mixing volume of 50 µl of TSH and anti-
TSH was used in this experiment. 

4.10 Repeatability Test 
To evaluate how repeatable the KD determination is with the method used, four more 
test runs were made the same way as in the last affinity study. The same TSH 
dilutions were portioned and used in all four runs, and for each run TSH was mixed 
with all four types of anti-TSH. Two different Gyrolab Workstation instruments were 
used, so at first two independent measurements were made at the same time. Next, 
two runs were made again on the two instruments. 

4.11 Concentration Influence on KD 
To study how the concentration of antibody affects the KD value, four different 
concentrations of anti-TSH type 5407 were each mixed with the standard TSH series 
from earlier studies. The final anti-TSH concentrations are seen in Table 4.7. 
 

[anti-TSH] (pM) 5.12 51.2 512 5120
 
Table 4.7 Four concentrations of mAb used in different TSH/mAb mixes. 

4.12 Kinetic Constants 
When determining the kinetic constants, studies were made for twelve different 
mixing times. Antibody and TSH concentrations were kept at [mAb] = 256 pM and 
[TSH] = 2048 pM. Concentration of capture and detecting reagents were the same as 
during earlier studies. The method used for the instrument was altered with the 
incorporation of a delay before the step of analyte addition to the CD. Also, the 
differential equation system (equation 3-16) was solved with Matlab, making curve fit 
possible. 



 

 29

5 Results and Discussions 

5.1 Preparation and Evaluation of Reagents 
The Alexa labelling of secondary antibodies resulted in concentration and degree of 
labelling as seen in Table 5.1, obtained from absorbance measurements as described 
in Appendix A. 
 

Compound A280 A650 Concentration (µM) Degree of labelling 
[mAb] 0.253 0.019 12.44  
[mAb-Alexa] 0.051 0.228 2.18 4.39 

 
Table 5.1 Results from Alexa labelling of secondary mAb. 

 
Absorption measurements of biotinylated TSH and unlabelled TSH respectively, are 
seen in Table 5.2. 
 

Compound A280 
[TSH] 0.224 
[TSH-b] 0.138 

 
Table 5.2 Result from biotin labelling of TSH. 

 
The absorption measurement of TSH gave the compound specific absorption 
coefficient ε and thereafter the concentration of TSH-biotin (see Appendix B ), given 
here: 
 

 ( )[ ] ( ) mlmgbiotinhTSHcmlmgcm / 62.0
1*24.2
10*138.0 24.2 11 ==−⇒= −−ε  

5.2 Standard curve 
The first experiment with the reagents was the production of a standard curve. The 
assay setup is as described in Figure 3-1, except that the TSH is excluded from the 
premixing. Instead, an increasing amount of mAb is used which gives the relations 
between [mAb] and response. 
 
As seen in Figure 5-1, the standard curve indicates that there are linear relations for 
concentrations between 4 and 1000 pM. It is also concluded that the reagents are 
functioning well. The plot for a capture reagent concentration of 0.1 mg/ml and a 
detection reagent concentration of 25 nM shows good linearity and the largest 
dynamic range. For further studies these concentrations were used. 
 
Note that only mAb of type 5407 was studied, since this was chosen for most studies. 
The other mAb:s were assumed to function similarly. 
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capture: 0.1 mg/ml & detection: 5 nM 
capture: 0.1 mg/ml & detection: 25 nM 
capture: 0.1 mg/ml & detection: 100 nM 
capture: 0.05 mg/ml & detection: 25 nM 
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Figure 5-1 The following curve gave largest dynamic range and showed linearity: [capture: 0.1 
mg/ml & detection: 25 nM]. Since the same antibody solutions were used for all four combinations of 
capture and detection reagent concentrations, the same dilution errors are present in all curves. This is 
the explanation for excluding the 16 pM point in all curves. 
 
Further information is obtained from the column images produced during the 
detection procedure. To verify that the response values are obtained by properly 
functioning interactions, these images can be used since they provide knowledge of 
the distribution of the response on the column (Figure 5-2). With a 3D view in the 
Gyrolab Viewer, pictures can be studied. 
 
As seen in the figures, most of the analyte has been captured to the beginning of the 
column i.e. closest to the center of the CD, where the peak can be found. Since the 
fluid flows faster in the middle of the channel, this is where most of the fluid passes 
through the column and where most of the response is found. The purple dotted line 
illustrates the integrating area, giving the response value from the sum of the pixel 
values in the area.  
 
It is clearly seen in this example that most of the signal lies within this dotted line, as 
desired. Also, it shows a single solid continuous volume with a nice profile. If some 
disturbance is present or if some interaction is not functioning right, this is observed 
in the column profile. 
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Figure 5-2 Column profile image showing the distribution of the antibodies in the column. Above: 
top view of the column. Below: 3D view of the column giving intensity as peak height. 
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5.3 Unspecific Binding 
The study of which interactions that were present in the assays, gave information 
about several binding events. The study of different capture reagents was evaluated to 
see if there are any interactions present between the reagents and the column. The 
assay used was an indirect antibody assay as explained in Figure 3-1 – Figure 3-4. 
 
Figure 5-3 is the result obtained from the tests with biotinylated BSA (BSA-b) and an 
uncoated column, i.e. streptavidin (SA). This shows an overall low unspecific binding 
of the components to the column, but by blocking the column with BSA-b the signal 
is lowered even more. To see what interactions are responsible for the responses, 
different data points may be compared. Besides the TSH/mAb mixtures, a zero value 
where [mAb] = [TSH] = 0 and a maximum value with primary mAb but without TSH 
are added. From this it is seen that when mAb is omitted, the response is lowered 
slightly but not very much. Therefore most of the response is due to unspecific 
binding of the detecting mAb to SA or the column. When studying unspecific binding 
to BSA-b, a similar result is seen. But it seems that a greater part of the response is 
caused by the mAb interaction with the column, since the [mAb] = 0 point is lower 
than the maximum value. 
 
In both cases, a slightly decreasing behavior of the response with increasing [TSH] 
can be seen. This is probably due to that TSH is shielding the mAb from interactions 
with the column. What is even more interesting is that TSH appears not to bind 
unspecific, since an otherwise expected increasing signal with increasing [TSH] is not 
seen in the graphs. 
 

BSA-biotin + mAb/TSH + detecting mAb
BSA-biotin + detecting mAb
BSA-biotin + mAb + detecting mAb
Streptavidin + mAb/TSH + detecting mAb
Streptavidin + detecting mAb
Streptavidin + mAb + detecting mAb
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Figure 5-3 Unspecific interactions were studied with BSA-biotin (blue) and without biotinylated 
capture i.e. with only streptavidin on the column (red). 
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A test with TSH-biotin was also performed to assure that the TSH/mAb mixture was 
functioning properly. As expected, higher responses were obtained from this test and 
a decreasing signal was given for higher [TSH] (Figure 5-4). 
 

TSH-biotin + mAb/TSH + detecting mAb
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Figure 5-4 Study of TSH-biotin as capture reagent, binding mAb by competing with TSH. 

5.4 Modelling with Matlab 
The full and the sigmoidal models discussed in the Method section were studied with 
Matlab (Appendix C). In Figure 5-5, the two models are plotted as a filled line (full) 
and a dashed line (sigmoidal) respectively. Five different affinities were studied. The 
concentration [mAb binding site] = 2*[mAb] = 512 pM was chosen, indicated by a 
vertical line in the graph.  
 
For a [mAb binding site] more than ten times smaller than the KD, the sigmoidal and 
full models describes the curve equally. For a [mAb binding site] of about a tenth of 
the KD, the models split apart as seen in the graph and the difference increases with 
higher [mAb]. The KD values indicated by rings on the curves deviate very much from 
the IC50 value when [mAb] is higher than the KD, thus illustrating that the sigmoidal 
model should not be used then. Additionally, high-affinity mAb:s is most suitably 
studied with the full model, since higher values of [mAb] are allowed. The sigmoidal 
model fits for a [mAb] at least ten times smaller than KD. The full model seems 
mostly limited by the performance of the measurement. 
 
When [mAb binding site] is close to KD, it is a “KD controlled” situation, i.e. the curve 
is sensitive to changes in KD. Instead, if [mAb binding site] >> KD, it is said to be an 
“antibody controlled” situation (23). 
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Figure 5-5 Matlab simulation of the full and sigmoidal models for five affinities. 
 
The simulation is also a way to determine how high affinities the Gyrolab is capable 
to measure. With a [mAb binding site] 100 times larger than KD, it seems hard to 
determine an accurate KD, as illustrated with the lowest KD value in the graph. This 
way, the limit of how high affinities that could possibly be measured are related to 
how small changes of the slope in the graph is giving a significant response change. 
The sensitivity increases as mAb is diluted towards the KD, and if diluted to a tenth of 
the KD it is possible to use a sigmoidal model. 

5.5 Equilibrium Time Estimation 
An important issue that had to be dealt with in an early stage was how long time it 
would take to reach equilibrium. To get a hint of this, the differential equation system 
(equation 3-16) was solved with Matlab. The input parameters were the chosen 
concentrations and the KD and kass values given from the manufacturer of the 
antibodies. The time dependences of the different concentrations are seen in Figure 
5-6. The Matlab functions can be seen in Appendix D. 
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Figure 5-6 Matlab simulation of concentration dependence of time for the participating types of 
compounds present in a 1:1 receptor-ligand system. 
 
It seems as if about 3 hours would be enough to wait for the concentrations to 
stabilize. The first assay performed for this study was made over longer times than 
this (1h, 23h, 47h) to make sure that factors like mixing limitations and similar were 
not interfering. However, an interesting issue to study is a pre-equilibrium situation. 
No great differences were seen in this first experiment, so next a similar assay was 
made with shorter mixing times (2min, 15min, 1h 45min). The shortest times were 
made with a delay incorporated into the Gyrolab method preceding the analyte 
transfer, during which the mixing was made. A close up zoom of a non logarithmic 
plot of these results together displays how equilibrium is reached (Figure 5-7). 
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Figure 5-7 Curves illustrating how responses change with the mixing time. The curves representing 
1h, 23h and 47h are from the first test. The curves representing 2 min, 15 min and 1h 45 min are from 
the second test, showing pre-equilibrium properties. 
 
A one-hour long mixing time appears to be too short, as predicted with the simulation, 
while no significant difference can be seen between the 23h and the 47h mixing-time 
curves. From this it was concluded that a 20 hour mixing time should be more than 
enough to give correct values with an extra safety margin, and thus was chosen for the 
following tests.  

5.6 First Affinity Measurements 
The first experiment for determining the KD constants gave varying results. As seen in 
the graphs in Figure 5-8, some measurements suffered from large variation between 
the replicates, especially for low values of [TSH]. The deviation of the mean value 
from the model can be described with the linear correlation coefficient r2, which is 
displayed together with the values of KD in the graph.  
 
Different factors might cause this variation, and those related to sample preparation 
and dilution are especially suspected. Another possibility is that this is caused by a too 
large excess of capture on the column. It is important to reduce the variation to obtain 
a robust method, and this was therefore done in the next experiment. 
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Figure 5-8 First affinity measurements giving some variation among the replicates. The correlation r2 
is displayed together with the graphs. KD values: [5401: 1.5E-10 M, 5404: 6.3E-11 M, 5407: 4.3E-10 
M, 5409: 1.4E-10 M]. 
 
The values of the KD:s are different from both those given from RIA and BIA. 
However, since the manufacturer has given values that are different for different 
measurements, these values seem quite uncertain. However, the ranking order of the 
KD:s is the same in this test as for the values from Medix in Table 3.1. Anyway, it is 
hard to compare Medix KD values with the ones obtained from these measurements 
and get a realistic judgment. It is necessary to perform measurements simultaneously 
with the Gyrolab and for example a BIA instrument. 

5.7 Capture Reagent Study 
Since the responses given in the last assays for KD determination, an investigation of 
the influence of capture concentration was made with a standard curve. Since the 
capture concentration of 0.1 mg/ml normally is used, this was chosen for the former 
analyses. But this is recommended when IgG:s are used as capture reagents, as 
common in assays. TSH that is used in these assays is a smaller molecule, only 28 
kDa compared to an IgG’s 150 kDa. Therefore TSH-biotin has to be diluted much 
more than antibodies to get a molar proportion to the column corresponding to a 0.1 
mg/ml of antibodies. The two types of anti-TSH were chosen for this test since they 
were good examples of high and low spreading of response values in the first affinity 
measurements. 
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TSH-b has to be diluted with BSA-b. If [TSH-b] is diluted with buffer only, most of it 
will bind to the top of the column. A dilution with BSA-b leads to some occupation of 
the binding sites of SA, spreading out TSH-b through the column. 
 
The final decision after consulting the results was that a combination of 175 nM TSH-
b and 1575 nM BSA-b should be used for further studies. This corresponds to a 
dilution of TSH-biotin of about 20 times lower than the former concentration. Next, 
the new capture dilution was studied under the same conditions as in the first affinity 
measurements. 

5.8 Additional Affinity Measurements 
For this test, less variation between the response values of the replicates was obtained, 
probably due to the smaller amount of TSH-biotin used in the columns. Figure 5-9 
shows the graphs from the measurement together with the value obtained of the 
equilibrium dissociation constant and for the linear correlation coefficient r2 for each 
anti-TSH. 
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Figure 5-9 Second affinity measurement. The correlation is shown by the r2 values in the graphs. KD 
values: [5401: 1.3E-10 M, 5404: 3.5E-11 M, 5407: 6.4E-10 M, 5409: 9.8E-11 M]. 
 
The correlation is much better after the capture reagent was diluted. Also, the graphs 
show a significant decrease of variation in this study, possibly due to lower amount of 
capture reagent. The absolute values correspond quite well to Table 3.1, showing the 
values from the manufacturer. 
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5.9 Repeatability Test 
The results from the four measurement runs are seen in Figure 5-10. The KD values 
obtained are very similar for all runs, although it seems that instrument 2 gives a 
slightly lower KD value. This could be due to environmental differences such as 
temperature, since these instruments are placed in different rooms. But as illustrated 
with the low coefficient of variation (CV) values (Table 5.3), the differences between 
the instruments seem to be insignificant. CV is the standard deviation divided by the 
mean value. 
 

 
 
Figure 5-10 Affinity studies made two times on each of the two instruments shows similar curve 
profiles and good repeatability. 
 
The graphs show that the curves are very similar for all of the runs on the two 
instruments. Together with the low CV values, this indicates that the method sustains 
repeatability and at least some robustness. 
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 5401 5404 5407 5409
CVwithin instr. (%) 4.0 7.7 0.78 4.2
CVbetween instr. (%) 0.71 7.9 2.2 6.2
CVtotal (%) 5.3 7.7 2.2 5.7

 
Table 5.3 The distribution of the variation is presented by the coefficient of variation (CV) within 
one instrument compared to the CV between the two instruments. 

5.10 Concentration Influence on KD 
During most of the studies made, the mAb concentration was mostly kept at constant 
value. It is important that this factor is not affecting the result when determining the 
equilibrium dissociation constant. To investigate the influence of [mAb] when using 
this measurement method, four series of the common mAb/TSH mixtures were made 
with different mAb concentrations. A simulation of this situation was made with 
Matlab, see Figure 5-11. A value of KD = 6E-10 M was assumed, since earlier tests 
indicates a value of this dimension. 

 
Figure 5-11 The vertical line represents the KD value. The bars at the x-axis correspond to the [mAb] 
values. An increasing value of [mAb] results in the change of the curve as described in the “Modeling 
in Matlab” results. 
 
The result from the experiment (Figure 5-12) is similar to the simulated graphs. The 
most distinct difference is that the result showing the graph of [mAb] = 5.12 pM has 
large signal-to-noise ratio (S/N). Otherwise the curves appear as predicted.  
 
The r2 values indicate good correlation of the data to the curve. The best fit is however 
obtained for the [mAb] = 51.2 and [mAb] = 512 pM. This is explained with the 
standard curve in Figure 5-1. These concentrations are in the middle of the dynamic 
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range, and the other values of [mAb] can be found closer to the points where the 
dynamic range looses its linear properties. 
 
The extensive span of the [mAb] values was so large that when the lowest [mAb] 
gave acceptable response, the highest concentration gave maximum response in the 
instrument for the same PMT (photomultiplier tube) setting. Therefore PMT 1% was 
used for the highest concentration, since this decrease sensitivity of the detection, and 
PMT 5% was used as usual for the others. 
 

Full model
[mAb] = 5.12 pM    KD = 6.25E-10    r2 = 0.980    PMT 5%
[mAb] = 51.2 pM    KD = 5.91E-10    r2 = 0.996    PMT 5%
[mAb] = 512 pM     KD = 7.27E-10    r2 = 0.996    PMT 5%
[mAb] = 5120 pM   KD = 4.36E-10    r2 = 0.989    PMT 1%
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Figure 5-12 The [mAb] = 512 pM corresponds to a receptor binding site concentration of about two 
times the KD. The [mAb]=5120 corresponds to a receptor binding site 20 times the KD.  
 
The KD values obtained from this study have a CV of 20.3%. This is much larger than 
earlier studies, where [mAb] was kept constant at 256 pM. But if the value from the 
highest concentration is excluded, the resulting value of the CV decreases to 10.9 %. 
This can be realized when studying the curve describing the largest mAb 
concentration. Close to the KD value, the curve is almost horizontal. An error in the 
curve here gives a larger error in the KD than for the other curves. 
An experimental comparison between the full and sigmoidal models (equation 3-6 and 
3-8) for KD determination can be done with this data set. The sigmoidal curve is 
shown in Figure 5-13, and a comparison between the KD values is seen in Table 5.4. 
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Sigmoidal model
[mAb] = 5.12 pM    KD = 5.08E-10    r2 = 0.978    PMT 5%
[mAb] = 51.2 pM    KD = 6.63E-10    r2 = 0.996    PMT 5%
[mAb] = 512 pM     KD = 1.09E-09    r2 = 0.995    PMT 5%
[mAb] = 5120 pM   KD = 6.47E-09    r2 = 0.989    PMT 1%
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Figure 5-13 The curves plotted with the sigmoidal model are a little bit different from the full model. 
Although data is correlating well to the model, the KD values obtained increases with [mAb] probably 
due to how the model yields the KD. 
 

[mAb] (pM) KD (full model) (M) KD (sigmoidal model) (M) 
5.12 6.3E-10 5.1E-10
51.2 5.9E-10 6.6E-10
512 7.3E-10 1.1E-09

5120 4.4E-10 6.5E-09
CV (%) 20.3 131.4

 
Table 5.4 The variation of the KD values for the two models. 

 
The variation of KD values obtained from the full model is partly explained by the 
discussion above about the dynamic range. Considering this, the KD values obtained 
by [mAb] of 51.2 and 512 pM should be the most accurate. For the sigmoidal model, 
a greater variation is obtained among the KD values. This is probably due to that the 
model does not give accurate KD values for too high [mAb] relatively to the KD, as 
seen with the mathematical simulation in Figure 5-5. 

5.11 Kinetic Constants 
During earlier experiments, it was determined that equilibrium is reached after about 
20 hours. In Figure 5-7 it was seen that most of the response changes occurred early 
during the first hour. Therefore, it seemed necessary to choose relatively short mixing 
times when studying the kinetics. To be able to measure short mixing times, a delay 
was incorporated into the Gyrolab method. This makes it possible to mix the 
components in the MP during the analyze run. An obstacle is that the spin takes 4.5 
minutes, and therefore creates unreliability within the mixing times. 
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The assay used gives a response that measures the sum of receptor and one-site 
occupied receptor, since these two forms are captured in the column. To relate the 
response signal to concentrations, the differential equation system (equation 3-16) in 
section 3.5 has to be solved. This is made numerically with Matlab and the change 
with time of the sum of receptor and one-site occupied receptor is calculated. To this, 
a curve fit is made of the data to the solved equation system, with KD as an in 
parameter. 

 
Figure 5-14 Curve fit of data made with Matlab. Green circular dots represent the model and the blue 
crosses represents the mean of the data points. 
 
From the curve fit of the data measured in the analysis, association and dissociation 
rate constants are obtained: 
 
 kass = 1.9E06 M-1s-1 

 kdiss = 8.4E-04 s-1 

 
This is not corresponding very well with the data shown in Table 3.1. However, those 
values were obtained with BIA measurement, which also gives an equilibrium 
dissociation constant not corresponding to other results either. It is known that 
measurements of affinity with SPR give larger values of the KD (33). 
 
This model requires some work if being used. The simplified exponential model 
(equation 3-12) can be used instead, if it leads to somewhat equal results. Therefore, 
this model is used for curve-fitting of the same data set as for the full model (Figure 
5-15). 
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Figure 5-15 Curve-fit of the data set from the kinetic experiment to an exponential model. 
 
The parameters are given from the curve fit, and are as follows: 
[A = 20.65798509 B = 0.001243843854263 C = 7.569121651] 
 
The parameter B in the exponent represents the kobs value and from this the kass can be 
calculated (equation 3-14). KD = 6.4E-10 M is taken from the second affinity 
measurement. Then kdiss is calculated from KD and kass. 
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The values obtained from this model differ from the full model results. However, 
there are many assumptions and simplifications involved when using this model, see 
section 3.5. 
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6 Further Discussions 
6.1.1 Robustness 
When seeking robustness of e.g. new analysis methods, an approach called robust 
parameter design can be used. This is essentially a way to set controllable variables to 
ensure that a certain mean result is achieved and to minimize the variability around 
this target value. A total robustness will rarely occur, since variation from 
uncontrollable variables, such as noise remains. Such variables could be 
environmental conditions, e.g. temperature and relative humidity (32).  
 
Regarding the results, the following can be said about the variation after the sample 
handling had been optimized: 
 

• No systematic influence was discovered. 
• The same solutions give acceptable variation of the KD value within and 

between instruments, and over some time. 
• When using different solutions the variation increases. 

 
This indicates that the method design is robust and that most of the variation of the 
results is due to uncontrollable variables, including sample preparation and sample 
durability. However, there are other factors that possibly have influences on the 
results, and these should be evaluated before it is said that maximum robustness is 
reached. This includes environmental factors such as buffers, temperatures etc. 
 
Normally, to obtain more accurate concentration values, a standard curve is performed 
for every batch. Also, calibration reference points are included on every CD. For 
steady state affinity measurements a standard curve was firstly produced to assure 
linearity. Since normalization of the response values (instead of concentration values) 
are used, it seems unnecessary to study the relation between response and 
concentration values. On the contrary, linear relations between concentration and 
response are assumed in the model used and therefore important to study. Errors due 
to this assumption are easily avoided with the use of a standard curve and calibration 
reference points in the analysis. For the kinetic analysis a standard curve is needed for 
each run, since response values have to be turned into concentration during affinity 
calculations. 

6.1.2 How to interpret response 
An important issue is how to interpret the results given from the Gyrolab analyses for 
a new method. Normally, an area at the beginning of the column image is integrated, 
since this is where most of the analyte is supposed to be captured. But during certain 
conditions, for instance for high TSH concentrations or when analyzing an antibody 
of low affinity, the signal will be distributed further down in the column. Therefore 
the idea of studying larger areas seems appealing. The easiest way to do this is to 
integrate the entire column profile.  
 
This gives, however, larger background influence and lower signal-to-noise ratio, 
since the column is a smaller part of the total response. During affinity measurements, 
the equilibrated solution of antibodies and antigens is supposed to be measured 
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without any outer influence. A snapshot of the concentrations of the different 
compounds at the equilibrium is desired. Therefore, it is only interesting to study the 
top of the column, where the solution enters during spinning of the CD. This is done 
by using Gyros’ standard procedure of image processing. 

6.1.3 Choosing model 
The model selected is not necessary the model best used for describing the system. In 
a system influenced by mass transport, cooperative effects or other factors, alternative 
models should be consulted. Then one should keep in mind that more complicated 
models and numbers of degrees of freedom leads mostly to a better fit, even when this 
does not describe the situation better. Mass transport is not significant in the Bioaffy 
CD, since all the volume passes through the column with a sufficiently low flow 
(about 1-10 nl/s). Alternative curve fits would however be a good software feature for 
comparison of results. 
 
A problem with the equilibrium model described in mathematics section (equation 3-
6) is the 1:1 properties that follow. The measurement does not separate the versions of 
antibodies that are free or has bound one antigen from the other. The model treats 
these two compounds as the same. This leads to that the TSH bound to the one-site 
occupied antibody is not counted for. Therefore a shift to the right of the whole curve 
in the KD-plot will occur, meaning that more TSH will be needed for a decreasing 
signal. This should affect the KD value a bit, especially if the IC50 value model is 
being used. One way to tackle this problem could be by using mathematical 
simulation. The kinetic model gives the concentrations of all species at a certain time, 
e.g. at equilibrium. The quota of the species gives information about how large 
amount one-site occupied antibodies are present, and the response value could be 
partitioned according to this. A better solution to this problem might be using a multi 
curve analysis procedure, as mentioned in section 3.6. 
 
On the other hand, studies comparing affinity of monovalent Fab fragments and 
divalent antibodies, with the same capturing manner and a model similar to equation 
3-6, shows no significant difference in KD between these receptors (6). 

6.1.4 Screening of mAb libraries 
The images of the column profiles might give further information about affinity 
properties. As in frontal affinity chromatography where the fluid is retarded, a similar 
manner where the mAb:s are captured and distributed differently in the column 
depending on affinity might be useful. As all conditions are kept constant, including 
capture and detection reagent concentrations, a rough screening can be performed, 
with a reference concentration giving maximum response and a point with partly 
reduced response due to some ligand binding. This way, a screening method to get a 
first hint of affinity and for rough sorting of antibodies is obtained. Small sample 
volumes and fast analysis methods could be an advantage when producing a vast 
number of antibodies with different affinity properties. 
 
A hypothetical experiment illustrates the advantages of this method: Let us say that a 
company wants to classify 140 antibodies in KD ranges of 10-12 - 10-9 M. Then four 
different antigen concentrations can be used for mixing giving a normalized response 
value between background and maximum. Theoretically duplicates of these four 
points could be enough, thus leading to that 14 antibodies in this range can be 
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characterized in about one hour. Then all 140 antibodies would be classified in about 
10 hours, using only 10 CD’s and small amounts of sample. 

6.1.5 Limitations in Gyrolab Affinity Measurements 
Loss of sensitivity might be the main restriction of how high affinities can be 
measured. As shown with the simulation (Figure 5-5) and experimentally (Figure 
5-12), the concentration of mAb has to be low enough to give sufficient accuracy in 
KD determination. High affinity leads to better binding to the column. This might 
cause a shift of the standard curve towards higher sensitivity for low concentrations, 
making the loss of mAb:s during dilution steps and long mixing time the limiting 
factor. If this shift does not occur, the sensitivity of the instrument will be the limit, 
since S/N eventually will be too low. 
 
The main obstacle for the kinetic experiments lies within the mixing time. For low-
affinity measurements, the mixing time must be kept short. It is hard to accomplish 
accuracy and robustness for such a test as described in this report. The production of 
an integrated mix chamber above the column in a Bioaffy CD would solve this 
problem as well as lead to improvements of sample volume, automation and 
robustness among other things. Furthermore, the fluid flow through the column might 
not be optimized and cause additional uncertainty in the kinetics measurements. 
Summarized, it is concluded that an overall problem is that this method is not fully 
developed as to date. However, the main drawback of measurements made with the 
Gyrolab technology system, seem to be an apparent public opinion that microfluidic 
systems appear difficult and complex. 

6.1.6 Advantages of the Gyrolab for Affinity Measurements 
There are several advantages that follow from measurements with the Gyrolab. The 
method is surface-free, i.e. does not measure binding properties with any compound 
immobilized on a surface. This makes the method solution-based, thus giving “true” 
affinity values. Also, the components involved in the mixing are unmodified, i.e. not 
labelled or altered in any way. It is an indirect measurement method, where a 
secondary detecting mAb binds specifically to the captured mAb, reducing influence 
from other factors. 
 
Measurements in the Gyrolab only require small sample volumes, which leads to 
economical and supply-related advantages. It offers fast and highly automated 
analysis, meaning that when loaded with material and started, the instrument analyzes 
the reagents fast and automatically. For example, an instrument can determine 
affinities for two equilibrated antibody-antigen mixes with three replicates each in one 
hour with good precision. The large amount of structures and columns on a Bioaffy 
CD facilitates robustness to be reached, and also offers the including of a standard 
curve with every analysis. 
 
Since the system is based on premixing and capturing on column, this might be a 
versatile instrument eventually offering affinity studies of all that can be captured on 
the column. This might also be a new way to determine very high affinities, which 
mostly leads to obstacles in many methods. Additionally, this might also be a method 
for screening of mAb libraries in a fast and volume-reduced way. Moreover, there 
might be additional information in the column profile images obtained from the 
detection process. 
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7 Conclusions 
Ranking of the four antibodies studied was repeated several times with the same 
result. A repeatability test also gave absolute values of the KD:s of similar dimensions 
in the 10-10 M range and with low CV. Also, the absolute values of the KD:s 
corresponded well to some values given from the manufacturer. These results indicate 
that the method is robust and repeatable, and should be applicable in a broadened 
range of affinity values, e.g. in the picomolar range. The initial proof-of-concept for 
kinetic studies show promising results and further development of material will assure 
improved precision. 
 
Different applications discussed lies within affinity and kinetic studies, possibly for 
both high-affinity and fast-reaching equilibrium situations. The advantages that follow 
from the use of the microfluidic platform might lead to a novel fast and inexpensive 
high-throughput screening method of mAb libraries. 

8 Future Studies 
Depending on how far this method is going to be developed, certain studies and 
developments should be made. Further evaluation of robustness should be made, since 
factors such as spinning sequence, buffer composition, temperature etc. may influence 
the results and have not been studied in this report. Also, an overall study of the 
ranges of affinities possibly measured, especially to see where the limitations of how 
high affinities possibly measurable come from, would show how large advantages the 
method has. For a complete evaluation of this method a comparison with another 
affinity measurement method should be made, e.g. a Biacore analysis. 
 
To facilitate data interpretation or for implementation into a product, a software 
package might be needed. This could simplify evaluation and produce simulations of 
the models. A method with multi-curve analysis would also lead to more accurate KD 
and kass values. 
 
The possibility of making screening tests should also be further evaluated, since this 
seems to be a very interesting feature. Furthermore, the column images could give lots 
of information about affinity from only two or three data points. As in frontal affinity 
chromatography, the distribution of the analyte within the column might give the 
affinity. Few data points, small sample volumes, fast parallel analyses etc. would 
make this ideal for screening applications. 
 
Incorporation of several new features would further improve the method. The assay 
could possibly be developed to give more information, e.g. with additional bridging 
assays giving amount of one-site occupied mAb:s as a supplement to the common 
variant. Also, a new CD with an integrated mixing chamber would lead to a great gain 
in accuracy, especially when studying kinetics for fast-reached equilibrium situations. 
And since the analysis method is very versatile, most compounds can be studies. A 
very interesting application would therefore be binding studies of cell-based assays, to 
imitate in vivo properties. 
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11  Appendix A: Protocol for labelling of IgG with Alexa 647 
1. Prepare 1M NaHCO3 buffer by pouring 1 ml Milli-Q into component B of the 

kit. Then pH is ~8.3. 

2. Dilute antibody to 1 mg/ml with Milli-Q. Also, add 10 µl 1M NaHCO3 buffer 
into the dilution to increase pH for an enhanced degree of labelling. If azide 
(N3

-) is present in the dilution, a change of buffer is needed. 

3. 100 µl of the mAb dilution is poured into the Alexa reagent, compound A, and 
is stirred carefully. Wrap foil around the vessel. Let it be stirred “end-over-
end” for 1 h. 

4. Prepare the spin column, component D, by moisten it with azide free 1xPBS (1 
ml) and remove excess with a vacuum pump. 

5. Stir the gel solution, component C, and pour 1 ml into the spin column. As the 
gel has settled, add another 0.5 ml, to make the bed volume about 1.5 ml. 

6. Spin the column in a centrifuge at 1100 g, i.e. 2400 rpm for 3 min. 

7. Add 100 µl of labelled mAb to the column. Centrifuge at 2400 rpm for 5 min. 
The liquid collected into the container, component E, is transferred to a dark 
Eppendorf tube. 

8. Prepare the absorption spectrometer, and the cuvettes should be cleaned with 
Hellmanex II (2%) and rinsed with Milli-Q. 

9. Dilute a small amount labelled mAb with azide free PBS and measure 
absorption at 280 and 650 nm. Use PBS as reference. Pathlength is 1 cm. 

10. Calculate the mAb concentration: 

 

( ) [ ]
IgG

factordilutionAAMc
ε

 03.0650280 ∗∗−
=   

 
where 0.03 is the correction factor for the contribution of the fluorophore at 
280 nm. εIgG = 203 000 cm-1M-1 according to kit protocol. 

11. Calculate the degree of labelling:  

 

Alexa

factordilutionAmAbmolemAblabelledMole
ε

 ∗
=   /   650   

 
εAlexa = 239 000 cm-1M-1 according to kit protocol. 

12. Calculate the concentration of unlabelled mAb in the same way.  

13. Dilute 10% BSA ten times with 1xPBS, 0.02% azide.  Dilute labelled mAb 
into this buffer to get a concentration of 1 µM.  
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12 Appendix B: Protocol for labelling of h-TSH with biotin 

1. 0.5-1.0 mg biotin is dissolved into 0.5-1.0 ml ice cold Milli-Q to obtain a 
concentration of 1 mg/ml. 

2. A 12 fold molar excess of biotin over TSH is used. Therefore, 25.4 µl 
dissolved biotin is added to 100 µl diluted TSH of 1mg/ml 

3. Mix end-over-end for 1 h. 
4. Excess biotin is removed with a nano-sep-filter (10K) by placing the dilution 

onto the filter and centrifuge it (11000 rpm, 5 min). The solution not passing 
trough the filter is biotin labelled TSH. This is repeated four times, during 
which the solution is washed by adding a small amount of PBS-T. 

5. The TSH-biotin solution is poured into an Eppendorf tube and placed in a 
refrigerator.  

6. Next day, a small amount of the solution is diluted ten times and measured by 
absorption spectrometry at 280 nm. PBS is used as reference. 

7. Concentration is calculated from the following equation: 
 

[ ] ( ) ( )[ ] [ ]( )cmLmlmgcmfactordilutionAmlmgc ∗ ∗= −− 11
280 ε  

 
8. Store in refrigerator at +4oC. 
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13 Appendix C: Matlab code – Illustrating KD 
function Ktest(K1, K2, K3, K4, K5); 
%% Used variables: A a B b C c d e f K n P R S T t U V W X Y Z 
 
B=5.12E-10;             %% Receptor concentration 
A=[0:700000]*(10^-12);  %% Ligand concentration, x-axis 
S1=1;                   %% Sig 100% 
S2=0.05;                %% Sig 0% 
 
%% Creating variables 
X = [0:700000]*(10^-12); 
Y = [0:700000]*(10^-12); 
Z = [0:700000]*(10^-12); 
V = [0:700000]*(10^-12); 
W = [0:700000]*(10^-12); 
U = [0:700000]*(10^-12); 
T1 = [0:700000]*(10^-12); 
T2 = [0:700000]*(10^-12); 
T3 = [0:700000]*(10^-12); 
T4 = [0:700000]*(10^-12); 
T5 = [0:700000]*(10^-12); 
 
%% Generate curves. U-Z are complete equation curves & T1-T5 are 
basic models 
n=1; 
while n < 700001 
    X(n) = ((S1-S2)/(2*B))*(B-K1-A(n)+(B^2+2*B*K1-
2*B*A(n)+K1^2+2*A(n)*K1+(A(n))^2)^0.5)+S2; 
    Y(n) = ((S1-S2)/(2*B))*(B-K2-A(n)+(B^2+2*B*K2-
2*B*A(n)+K2^2+2*A(n)*K2+(A(n))^2)^0.5)+S2; 
    Z(n) = ((S1-S2)/(2*B))*(B-K3-A(n)+(B^2+2*B*K3-
2*B*A(n)+K3^2+2*A(n)*K3+(A(n))^2)^0.5)+S2; 
    V(n) = ((S1-S2)/(2*B))*(B-K4-A(n)+(B^2+2*B*K4-
2*B*A(n)+K4^2+2*A(n)*K4+(A(n))^2)^0.5)+S2; 
    W(n) = ((S1-S2)/(2*B))*(B-K5-A(n)+(B^2+2*B*K5-
2*B*A(n)+K5^2+2*A(n)*K5+(A(n))^2)^0.5)+S2; 
    U(n) = ((S1-S2)/(S1+(A(n)/((S1+S2)/2))^(log((A(n)*(S2-
S1))/(((S1+S2)/2)-S2)^2)/log(A(n)/((S1+S2)/2)))))+S2; 
    T1(n) = (S1-S2)*(1-A(n)/(A(n)+K1))+S2; 
    T2(n) = (S1-S2)*(1-A(n)/(A(n)+K2))+S2; 
    T3(n) = (S1-S2)*(1-A(n)/(A(n)+K3))+S2; 
    T4(n) = (S1-S2)*(1-A(n)/(A(n)+K4))+S2; 
    T5(n) = (S1-S2)*(1-A(n)/(A(n)+K5))+S2; 
    n=n+1; 
end 
 
%% Converting KD values to integers 
a=round(K1*10^12); 
b=round(K2*10^12); 
c=round(K3*10^12); 
d=round(K4*10^12); 
e=round(K5*10^12); 
 
%% Creating matrix R of the y values at KD 
%R = [0:700000]*0; 
R(1)=X(a); 
R(2)=Y(b); 
R(3)=Z(c); 
R(4)=V(d); 
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R(5)=W(e); 
 
%% Creating "bar" variable of receptor concentration B 
f=round(B*10^12); 
P = [0:700000]*0; 
P(f) = 1; 
 
%% Matrix of KD values 
C = [K1 K2 K3 K4 K5]'; 
 
%% Plot curves 
figure(1); 
CLF; 
semilogx(A, X, 'b', A, Y, 'r', A, Z, 'g', A, V, 'y', A, W, 'c', A, 
T1, 'b--', A, T2, 'r--', A, T3, 'g--', A, T4, 'y--', A, T5, 'c--', C, 
R, 'ko'); 
axis([1E-12 1E-5 0 1]); 
hold on; 
 
xlabel('Ligand conc. (M)'); 
ylabel('Norm. resp.'); 
 
%% Vertical bar 
bar(A, P, 0.01); 
 
legend('Full  K=5E-08 M', 'Full  K=5E-09 M', 'Full  K=5E-10 M', 'Full  
K=5E-11 M', 'Full  K=5E-12 M','Sigmoidal  K=5E-08 M', 'Sigmoidal  
K=5E-09 M', 'Sigmoidal  K=5E-10 M', 'Sigmoidal  K=5E-11 M', 
'Sigmoidal  K=5E-12 M', 'KD value found on curve'); 
 
hold off; 
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14 Appendix D: Matlab code – Solving kinetics 
clear 
K_D = 1.7E-09; 
ka = 2.3E5; 
kd = K_D*ka; 
 
%  gen_solve(ka, kd, x0, y0, t_max); 
[t,y] = gen_solve(ka, kd, 2.048e-9, 5.12e-10, 30000); 
z(:,1) = y(:,2)+y(:,3); 
  
figure(1); 
subplot(1,2,1); 
plot(t,y(:,1)); 
LEGEND('[L]'); 
hold on; 
xlabel('Time (s)'); 
ylabel('Concentration (M)'); 
hold off; 
subplot(1,2,2); 
%figure(2); 
plot(t,y(:,2),'-',t,y(:,3),':',t,y(:,4), '--'); 
LEGEND('[R]','[LR]','[LRL]'); 
hold on; 
xlabel('Time (s)'); 
ylabel('Concentration (M)'); 
hold off; 
figure(2); 
%subplot(1,1,1); 
plot(t,z(:,1)); 
LEGEND('[R]+[LR]'); 
hold on; 
xlabel('Time (s)'); 
ylabel('Concentration (M)'); 
hold off; 
 

function [t,y] = gen_solve(ka,kd,x0,y0,t_max) 
tspan = [0 t_max]; 
y0 = [x0; y0; 0; 0; ka; kd]; 
 
% Call the ODE solver ode45. 
options = odeset('MaxStep',10); 
[t,y] = ode45(@gen_vdp,tspan,y0,options); 
End 
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15 Appendix E: Matlab code – Curve fit of kinetics 

clear 
%function kineticfit(start_KD, start_ka, responses, times) 
start_KD = 5.0E-10; 
start_ka = 2.3E5; 
start_kd = start_KD*start_ka; 
scale_response = 2.25E11; 
 
x0 = 2.048E-9; 
y0 = 5.12E-10; 
 
 
%Experimental data 
responses=[ 23.04255 
26.90305 
22.880275 
17.922675 
14.41555 
14.15965 
12.575525 
10.5567 
9.9165075 
8.070245 
7.4930825 
7.3796425 
]; 
 
times = [0 
120 
180 
300 
420 
600 
900 
1200 
1800 
2700 
3600 
5400 
]; 
 
Options=optimset('MaxIter',200,'MaxFunEvals',50000,'MaxPCGIter',10000
); 
param=fminsearch('calccurvediff',[start_ka start_kd 
scale_response],Options,[x0 y0] ,responses,times); 
 
 
ka = param(1) 
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kd = param(2) 
KD = param(2)/param(1) 
scaled_response = param(3) 
 

function U=calccurvediff(Param,Knowns,Z,X) 
 
Y=calcCurve(Param,Knowns,X); 
 
U=sum((Z-Y).^2); 
plot(X,Z,'x',X,Y,'.') 
hold on; 
xlabel('Time (s)'); 
ylabel('Response'); 
hold off; 
disp(U) 
 

function Y=calcCurve(Param,Knowns,X) 
 
[t,Y_all] = gen_solve(Param(1), Param(2), Knowns(1), Knowns(2), 
5400); 
yv = Param(3)*(Y_all(:,2)+Y_all(:,3)); 
Y=interp1(t,yv,X); 


