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Abstract

Antibodies are important molecules for medical diagnostics and medical
treatment. There is a need for technologies to rapidly test the quality of
antibodies. A measure for the quality of an antibody is given by the rate at
which it dissociates from the antigen to which it is specifically bound. To be
able to obtain a fast quantification of this rate, force induced dissociation of
molecular bonds is studied using superparamagnetic beads.

Superparamagnetic beads with a diameter of 2.8 pm coated with receptor
molecules are bound to a surface with ligand molecules. A setup has been
developed in which forces up to 90pN can be exerted on the beads. These
forces can be either constant or increased at loading rates up to 10pN/s.
Optical detection is used to observe the decrease in the number of beads that
is bound to the surface as a function of time. With this setup measurements
on the force dependance of the dissociation rate of two molecular bonds, the
Biotin-Streptavidin and the Biotin - Anti-Biotin bond, have been performed.

Biotin, coupled to a Bovine Serum Albumin protein, was immobilized on
a polystyrene surface via adsorption. Beads with Streptavidin or Anti-Biotin
covalently coupled to it were bound to the surface immobilized Biotin.

Dissociation measurements at constant forces have shown that the disso-
ciation rate increases with the applied force, which is expected from theory.
The shape of the dissociation curves indicates, that both Anti-Biotin and
Streptavidin coated beads often bind to the Biotin-BSA surface with more
than one specific bond. The average number of bonds however is lower in
case Anti-Biotin is used.

A fast dissociating fraction of Streptavidin coated beads is observed that
is not expected from literature. Possibly this fraction of beads is only par-
tially bound. The shape of the dissociation curves of the Streptavidin coated
beads corresponds to a situation in which Biotin-Streptavidin bonds between
the bead and the surface are parallel and break randomly.

Dynamic Force Spectroscopy (DFS) measurements have been performed
on the Biotin - Anti-Biotin bond. From these measurements possible dis-
sociation rates at zero force of, 7.7-1073, 1.9 - 1072 and 1.1-107% s7! are
derived, which are all much higher than the dissociation rate of 5.8 - 1076
s~ reported in literature. The dissociation rate at constant forces, calcu-
lated from the parameters derived from DFS experiments, does not match
the dissociation measured in constant force experiments. Possibly the data
obtained in DFS experiments is insufficient to be interpreted correctly.

In general deriving quantitative information from the conducted mea-
surements was difficult because of the occurrence of multiple bonds per
bead, the low number of beads dissociating and irreproducibilities. These
causes are mostly of biochemical origin. For better results optimization of
the biochemistry is essential.
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Chapter 1

Introduction

The research presented in this report has been conducted in period of Jan-
uary 2007 until December 2007 as a graduation project within the research
group Molecular biosensors for medical diagnostics (MBx) at the Technical
University of Eindhoven (TU/e). The group MBx is established in October
2005 in close cooperation with Philips Research and is especially focussing on
magnetic biosensors. This project, which has as a goal to develop a method
to measure bond strengths of antigen-antibody complexes, contributes to
the more wide defined mission of the group of investigating new technolo-
gies for sensitive biological detection in small sample volumes. In this intro-
ductory chapter some further background is given on biosensors in general
and magnetic biosensors in specific. Furthermore the possible application of
magnetic biosensors in determining the strength of antigen-antibody bonds
is discussed. The chapter is concluded with an outline of the rest of this
report.

1.1 Magnetic biosensors

A biosensor is a device that is used to detect the presence or concentration of
certain biological molecules, for example proteins or sugars, in body fluids.
Because the presence of such a molecule can usually not be detected directly,
a labeled complement (receptor), of the molecule to be detected (ligand) is
often needed. This labeled receptor binds uniquely to that ligand with a high
bond strength. Such a bond that is characterized by its high strength and
uniqueness is called a specific bond. The formed ligand-receptor complex
can be detected by its label. The final step before the actual detection is
the separation of complexes and excess labeled receptor. There are various
types of biosensors available on the market, using different mechanisms of
labeling, separation and detection.

A magnetic biosensor concept [1] has been developed by Philips in which
superparamagnetic beads are used as a label. Superparamagnetic beads can



be strongly magnetized in the presence of a magnetic field which enables
their detection with a magnetic sensor, for example a GMR or a Hall sen-
sor. Using magnetic labels enables sensitive biosensing as the magnetic
background in biological samples is low. Without the presence of a mag-
netic field the beads do not stay magnetized, therefore they will not form
unwanted aggregates.

magnetic field lines

other molecules /
0 V-
superparamagnetic bead
b ;

O Q Y " sensor
. ligand molecule
¢
receptors .Y N/ electrical signal cu r; ont

Figure 1.1: Binding and detection in the Philips magnetic biosensor. This
figure is not to scale, in reality the dimensions of the superparamagnetic
beads are much larger than those of the detected molecules. Figure adapted
from [2].

In the Philips biosensor the superparamagnetic beads covered with re-
ceptor molecules are incubated in a solution containing the ligand. As the
beads are suspended in the solution and have a large surface area the aver-
age distance between ligand in the solution and a receptor is smaller than
if the receptors were on a flat surface. Therefore the incubation is faster.
The beads that have bound a ligand are separated from the rest by binding
them to a surface which is coated with a receptor that binds to another part
of the ligand, see the left side of figure [1.1. The beads that did not bind
a ligand can not bind to the surface and are washed away together with
possible excess ligand. The amount of beads bound on the surface, scales
with the concentration of ligand in the solution. It can be measured by a
GMR sensor embedded in the surface when the beads are magnetized by
sending a current through wires also embedded in the surface, see the right
side of figure [1.1. The GMR sensor is only sensitive to components of the
magnetic field parallel to the surface. The magnetic fields induced by the
current wires are perpendicular to the surface at the position of the GMR
and do not affect the measurement.

To speed up the binding of beads to the surface, the superparamagnetic



beads can be used as actuators. By exposing the beads to a magnetic field
gradient a force can be applied to them to pull them towards the surface.

1.2 Magnetic biosensor with extended functional-
ity

The use of superparamagnetic beads as actuators can be extended to other
applications. Once a bead is bound to a surface via a ligand-receptor bond,
this bond can be broken by applying a force on the bead directed away from
the surface. The effect of a force on the lifetime of a bond is a measure
for the strength of the bond. The bond strength between a ligand and a
receptor is a measure for the quality of the receptor.

A specific type of ligand-receptor bond for which it could be interesting
to know the bond strength is the antigen-antibody bond. Antibodies, also
called immunoglobulins, are proteins produced by the immune system to
recognize and bind to target molecules, also called antigens, which could be
harmful to the body. The binding site of an antibody is composed of a large
number of amino acid sequences and binds with a high degree of specificity to
an antigen. As there are 22 amino acids the number of variations in binding
sites is large. Therefore a large variety of antigens can be recognized.

> @ 4, ‘7/;
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Figure 1.2: Schematic picture of an antibody.

There are five different classes of antibodies, IgA, IgD, IgE, [gG and IgM,
of which IgG is the most abundant. A schematic picture of an IgG antibody
is given in figure [1.2. An IgG molecule is Y-shaped and consists of two
identical heavy and two identical light (amino acidic) chains that all have a
part that is the constant in every IgG molecule and a part that varies. The
variable part of the chains is located at the antigen binding sites. Each IgG
molecule has two identical binding sites at the tips of the Y. The bottom
part of the Y is called the crystallisable fragment of the antibody.



There are diseases for which bond strength of antibodies against the dis-
ease antigen in the body are a measure for the severity of the disease. To
probe the development of such diseases it is not only necessary to measure
the concentration of antibodies but also their bond strength. The produc-
tion of bioactive immune milk is an another example of a process in which
it is important to know the strength of the bond between an antigen and
an antibody. Bioactive immune milk contains high concentrations of anti-
bodies against a certain type of antigen. Consumption of this milk helps
preventing symptoms related to that antigen. Immunized cows are used in
the production process of these antibodies, the antibodies are secreted in
their milk. The concentration and quality of the secreted antibodies varies
per cow and in time. To prevent good quality an bad quality milk being
mixed, a sensor is needed in which both the concentration and the quality,
reflected by the bond strength, of the produced antibodies can be tested per
cow during milking. In this case it is not feasible to send milk samples to a
lab and receive the results a day later.

There is thus a need for a fast biosensor that can do more than only mea-
suring concentration. The functionality of the biosensor should be extended
with the possibility to measure bond strengths. Superparamagnetic beads
can play a double role in such a sensor because they can be used as labels
as well as actuators. Furthermore for the magnetic actuation of the beads
themselves no physical contact with a transducer is needed which gives the
system a certain robustness.

1.3 This research project

The research presented here, focusses on the use of superparamagnetic beads
for fast quantification of bond strengths, for future implementation in a
biosensor system. A measure for the strength of a ligand-receptor bond is
given by the rate at which it dissociates. A setup has been developed by
which the force induced dissociation of molecular bonds between a super-
paramagnetic bead and a surface can be studied. In this setup both constant
forces and forces that are increased at a steady loading rate can be applied
to the beads.

The Biotin-Streptavidin system is initially used as a model system for the
antigen-antibody interaction. The Biotin-Streptavidin bond is the strongest
known non-covalent bond, and the (force induced) dissociation of this bond
has been studied intensively [3] [4] [5].

Biotin is a vitamin with the chemical formula CigH14N203S. It is a
relatively small water soluble molecule. The chemical structure of Biotin is
shown in figure 1.3(a). The molar mass of biotin is 244.31 g/mol. In the
human body the biotin is a catalyst for some important metabolic reactions.

The Streptavidin protein molecule is a tetramer consisting of four identi-
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Figure 1.3: (a) Chemical structure of Biotin. (b) Streptavidin protein struc-
ture [6].

cal 13 kg/mol subunits that each have a binding site for Biotin. The protein
structure of Streptavidin is shown in figure [1.3(b). In a crystalized form
the dimensions of a Streptavidin molecule are 10 x 10 x 12.6 nm [7]. The
disadvantage of using the Biotin-Streptavidin system is that it is hard to
obtain a single Biotin-Streptavidin bond between a bead and a surface since
one Streptavidin molecule already has four binding sites.

The probability of binding by multiple bonds is less for antibodies that
have only two binding sites. Therefore also measurements on the Anti-Biotin
- Biotin system have been performed. Anti-Biotin is an antibody of the IgG
class. The size and molecular weight of this type of antibody is comparable
to that of a Streptavidin molecule. In this project Anti-Biotin molecules
raised in goats have been used.

1.4 Outline

In the next chapter of this report, the nature of ligand-receptor bonds is
explicated. It starts with a description of the most important non specific
interactions. Subsequently the kinetics of ligand-receptor bond formation in
solutions is discussed. Effects that occur when a force is applied to a single
ligand-receptor bond are described in the final section of this chapter. Two
special cases are considered: the case that a constant force is applied and
the case that a force is applied that is increased at a steady loading rate.
In chapter three the experimental setup that has been developed to
enable the study of force induced dissociation of ligand-receptor bonds is
described. With this setup measurements have been performed on two dif-
ferent systems: the Biotin-Streptavidin system and the Biotin - Anti-Biotin



system. How the mentioned molecules are immobilized on a surface or on
superparamagnetic beads is also described in this chapter as well as the
properties of the superparamagnetic beads.

Chapter four contains the results of measurements on the Biotin-Streptavidin
system. All measurements on this system have been performed at a constant
force. Chapter five contains the results on the Biotin - Anti-Biotin system.
On this system both measurements at forces constant in time and forces
that are increased at a steady loading rate in time have been performed.

The final chapter of this report summarizes the conclusions. Furthermore
the possibilities for implementation of force induced dissociation measure-
ments in a biosensor are discussed.



Chapter 2

Ligand-receptor bonds

In this chapter the theory behind ligand-receptor bonds is described. Ligand-
receptor bonds are bonds between two molecules that are highly specific in
their interaction. Specificity is generally characterized by two aspects, a high
binding strength and a unique binding site. However the distinction between
specific and non-specific binding is rather arbitrary. [4] Specific bonds arise
from a unique combination of non-specific interactions occurring consecu-
tively and/or simultaneously. The first section of this chapter focusses on the
properties of non-specific interactions that enable ligand-receptor binding.
Section 2.2 covers spontaneous association and dissociation of antibodies and
antigens in solution, while in 2.3/ the force induced dissociation of molecular
bonds is treated.

2.1 Non-specific interactions

Because specific bonds arise from non-specific interactions, it is important
to understand these interactions. Furthermore, as in the research presented
in this report the specifically binding molecules are attached to macroscopic
surfaces, also the non-specific forces between these surfaces are of impor-
tance. Therefore the nature of the major non-specific interactions will be
explained in this section.

2.1.1 Van der Waals interaction

The Van der Waals interaction is a generic term for three different types of
interactions: Keesom, London and Debeye interactions. The common prop-
erty of these interactions is that they all arise for an uneven charge distri-
bution over molecules. Molecules that have an uneven charge distribution
are called polar molecules. When two polar molecules approach, Keesom
forces will orient the molecules in their energetically most favorable direc-
tion. When a polar molecule approaches a non-polar molecule it can induce



an uneven charge distribution in that molecule. The forces associated with
this interaction are called Debeye forces. The last type of Van der Waals
forces is the London dispersion force. This force is present between two
non-polar molecules due to fluctuations in their charge distribution which
become correlated when the molecules approach each other.[§]

On a microscopic scale the Van der Waals interaction energy between
two molecules is given by:

(2.1)

in which C' is a constant depending on material properties and d is the sep-
aration distance between the molecules. In this equation retardation and
multipole interactions, that would give rise to additional terms depending
on higher powers of d, are neglected [§]. From this microscopic interaction
energy the interaction energy between two macroscopic bodies can be cal-
culated using pairwise additivity by integration over all molecules in the
macroscopic bodies. For the specific geometry of two half spaces/flat plates
the resulting expression for the energy per unit area becomes:

—m2Cp1p2 _ Aqo
1242 127d?’

where p; and po are the number densities of atoms in the two half spaces
and Ajs is the Hamaker constant for two bodies 1 and 2 interacting across
vacuum. In most experimental situations two bodies do not interact across
a vacuum but across some other medium. In the research project described
here a bead interacts with a surface across a watery solution. This medium
modifies the Van der Waals interactions. The expression for the Hamaker
constant, Ajse, for two bodies 1 and 2 interacting across another medium 3,
derived using additivity is given by [§]:

Aizg = A1g + Azz — A1z — Aag = (VA1 — vV As3) (VA — VAzz), (2.3)

in which A;; represent the interaction energies across vacuum. Because of re-
flection of fluctuating electric fields generated by an interacting pair of mole-
cules by molecules of the medium, the interaction gets enhanced. Therefore
when pairwise additivity is used to derive the Hamaker constants for two
bodies interacting across an other medium this gives an underestimation of
the interaction energies.

Another approach in the determination of Ajss is using Lifshitz’s theory.
Lifshitz does not take the microscopic properties of the material as a start-
ing point, instead the macroscopic bodies are considered and the Maxwell
equations are applied to them [9]. The result of this approach is a composite
Hamaker constant expressed as a function of the dielectric permittivities of
the materials involved.

Independent of the way in which the composite Hamaker constant is
derived, the energy of interaction per unit area for two half spaces 1 and

Evdw (d) —

(2.2)



2 interacting across another medium 3 is similar to equation 2.2 only this
time Ajpo is replaced by Ajss.

2.1.2 Electrostatic interaction

Electrostatic interactions act between
charged surfaces. When a surface is in Stern layer
contact with an electrolyte it can at-

tain surface charge by adsorption of ions Diffuse layer

from the liquid or ionization of surface @@ @
groups. The surface charge generates an @@ @ @ @
electrostatic field which influences the ! @ @@
ions in the bulk of the liquid. To com- @@ @
pensate for the surface charge, a num- @@ @

ber of counter ions will also adsorb to @@ @ @ @
the surface. The counter ions are of : @ @
a finite size so can not approach the @G) @

surface closer than a certain distance,

r, approximately corresponding to their Vs E'\Stern plane

molecular radius. The layer that is not Yol---

accessible to counter charges is called :

the Stern layer. The layer of counter P

ions outside the Stern layer is called the 6 -

diffuse layer. In this layer the charge

density will follow a Boltzmann distri- Figure 2.1: Schematic picture of

bution [10]. A schematic picture of the the potential and charge distribu-

described layers is given in figure 2.1.  tion close to a charged surface in
The electrostatic interaction can an electrolyte. Here W, is the sur-

be quantified by solving the Poisson- face potential and v is the poten-

Boltzmann equation. In the case of tial at the Stern plane.

an electrolyte in which the positive and

negative ion are present in the same concentration and have the same charge

number, the Poisson-Boltzmann equation for a flat surface can be expressed

as [11]:

2

d*V(x) _ —2zen sin (ze\IJ(:v))’ (2.4)

dx? 9 k BT
where ¥(z) represents the electrostatic potential as a function of the dis-
tance, x, from the Stern plane (see figure 2.1), n is the bulk concentration of
ions, z is its charge number, e is the elementary charge, ¢ is the permittivity
of the electrolyte, kp is the Boltzmann constant and 7 is the temperature.
This equation can be solved analytically and under the assumption of
small electrostatic potentials, this yields the following expression for the




electrostatic potential [12]:

4kpT
= le anh Z]:;/’; exp —K, (2.5)

V()

in which 1) is the surface potential at the Stern plane. Here k is the inverse
of the Debeye length which gives the decay length of the interaction, and is
given by:
_ 22%e*n 4 /2
e ( Ek‘BT ) '
The electrostatic energy of interaction between two planar surfaces with
such an electrostatic potential would be [4] [12]:

(2.6)

B (d) = %Zexp —kd. (2.7)
Z is given by:
kT o zep} zed
Z =64 tanh tanh 2.8
(e e tanh T b (2:8)

in which 1[)% and w% are the potentials at the Stern plane of the two inter-
acting surfaces.

2.1.3 Hydrophobic and hydration interaction

Hydrophobic and hydration interactions are important if molecules or par-
ticles are dissolved in water. They originate from the interaction between
water molecules via hydrogen bonds that are essentially very strong dipole-
dipole interactions. The interaction energy depends on the hydrophobicity
(or hydrophillicity) of the molecule or particle surface. The hydrophobic-
ity of a molecular group is a property that relates to how well this group
can interact with water via dipole-dipole interactions. Polar groups have a
stronger interaction with water and are more hydrophillic than non-polar
groups which are more hydrophobic. When the hydrophobicity of a macro-
scopic surface is concerned this is often quantified in terms of the contact an-
gle that the surface of a water droplet makes with it, see figure 2.2l Roughly
if the contact angle is larger than 90° the surface is said to be hydrophobic,
if it is between 75° and 90° it is partially hydrophobic and if it is smaller it
is hydrophilic [4].

Attractive forces between two hydrophobic surfaces develop because the
energy of interaction between two water molecules is higher than between
a water molecule and the surface. Although the exact mechanism of this
interaction is not known, it has been suggested that a depletion layer of water
forms around hydrophobic surfaces, see figure 2.3a. When the depletion
layers of two surfaces overlap this would give and under-pressure in the
depleted region leading to attraction between the two surfaces [4] [13].

10



Figure 2.2: The contact angle, 0, with a surface is a measure for its hydropho-
bicity. From left to right contact angles are depicted for a hydrophobic, a
partially hydrophobic and a hydrophillic surface.

Depletion layer Hydratation shell

Figure 2.3: Particles (big spheres) in water (small spheres). (a) A depletion
layer is formed around hydrophobic particles. (b) A hydration shell is formed
around hydrophilic particles. Figure adapted from [4].

On the other hand interactions between hydrophilic surfaces in water,
are mainly caused by the molecules of water that are very strongly hydrogen-
bonded to the surface (the hydration shell), see figure 2.3b. A strong steric
repulsion will occur in this case when the surfaces approach each other to a
distance of two times the size of the water molecule. Furthermore, depend-
ing on the configuration of the water molecules, an additional monotonic
repulsion or attraction will contribute to the total interaction. This contri-
bution has an electrostatic nature as it is caused by the interaction between
the water dipoles in the hydration shell [4]. In figure 2.4 the interaction
between these water dipoles is depicted.

A theory in which both repulsive and attractive hydration and hydropho-
bic interactions are unified has been postulated by C.J. van Oss [9]. He
derives the following expression for the interaction energy per unit area for
two surfaces:

do — d

Ao
Here dy is the minimum separation distance of the surfaces and )y is the
decay length of the interaction which is about 1 nm. The interaction energy

E"Wd(d) = E(dy) exp (2.9)

11



Solvent —s

Solute —»|

Figure 2.4: Two possible configurations of water (solvent) molecules in the
hydration shells. (a) The water molecules are exactly opposing each other,
this leads to a monotonic repulsion. (b) The water molecules are staggered
and their dipoles complement each other, this leads to a monotonic attrac-
tion. Figure adapted from [4].

at the minimum separation distance, E(dp), is a parameter that can be
derived from contact angle measurements [9].

2.1.4 Adhesion force

When two elastic bodies, like protein coated beads and surfaces, interact
with each other they will deform. The contact area of those bodies can be
calculated using the theory develloped by K. L. Johnson K. Kendall and A.
D. Roberts (JKR theory) [14] in which the assumed deformation is flattening
or stretching. When an attractive interaction is present between such bodies
in contact they will flatten until there is a certain equilibrium contact area.
If now a force is exerted on one of the bodies to pull it away from the other
body, the deformation will change and the bodies will be stretched. At a
certain force, the adhesion force f,, the strength of adhesion (in case of
attractive interaction) will be insufficient to support the deformation. At
this force the surfaces will jump apart. According to JKR theory the relation
between the radius of the contact area, a, and the applied force, f, between
a sphere with radius R and a surface is given by [4]:

a® = %(f + 6mRy + /120 Ry f + (67 RY)2), (2.10)

where K is a measure for the elasticity of the surfaces and -y is the interfacial
energy which is related to the total energy of interaction per unit area via:

1
N = 5(Evdw(d) + E%(d) + E™Y(d) + ...). (2.11)
The adhesion force that follows from equation 2.10 is given by:

fa=—=3mRy. (2.12)
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This force scales with the radius of the sphere. Note that the assumed
deformation of the bodies is based on bodies with a uniform elasticity. A
protein coated bead has a relatively hard core and an elastic protein surface,
which is mainly the part in which deformation takes place. The thickness
of the elastic surface does not vary with the radius of the bead. Therefore
the increase in contact area with the radius is expected to be smaller than
assumed in equation 2.10, as a consequence also the dependence on the
radius in equation 2.12| is expected to be overestimated.

The model described here is only relevant when macroscopic systems
are concerned, which are composed of many molecules and show only slow
dynamic changes on the timescale of a force measurement. If however indi-
vidual molecular pairs are investigated the dynamics are often very fast and
governed by the thermal energy of the molecules. This gives rise to time
dependent and statistical behavior which will be further discussed in section
2.3.

2.1.5 Interactions comprised in the Biotin - Streptavidin bond

The binding mechanism for Biotin and Streptavidin has been investigated
using crystallographic methods [7][15]. Three different mechanisms are iden-
tified that contribute to the strong ligand receptor bond. In the first stage
of binding, hydrophobic and Van der Waals interactions between the biotin
and four tryptophan amino acidic side chains in the Biotin binding site,
direct the Biotin towards the binding site and orient the Biotin molecule.
Once in the binding site the biotin molecule is fixated in a network of hydro-
gen bonds. Finally a loop of amino acids at the surface of the Streptavidin
molecule folds over the ligand resulting in the Biotin being captured in-
side the Streptavidin. In figure 2.5 the process of Biotin binding is drawn
schematically.

Figure 2.5: Biotin (orange molecule) binding to Streptavidin [15]. (a) Biotin
is attracted towards the binding site. (b) Hydrogen bonds are formed. (c)
A loop of amino acids folds over the Biotin in the binding site.
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What makes this interaction specific is the complementarity of the Bi-
otin and the binding site on many levels: the shape of the binding site is
matched to the Biotin molecule, the local distribution of charges is such that
a negative charge on the biotin molecule is close to a positive charge in the
binding site furthermore the positions where hydrogen bonds can be formed
in the binding site are adjusted to the molecular structure of Biotin.

2.2 Kinetics of binding in solutions

The formation of a complex from a ligand and a receptor in general or an
antibody and an antigen in specific is often considered to be a reversible
reaction that occurs in a single reaction step and with a single transition
state. The transition state is the state with the highest energy that has to
be overcome during the reaction.

antigen + antibody = complex

Starting from the rate equation for such a reaction, the rate of complex
formation in a solution and equilibrium conditions are derived in section
2.2.1. How the derived expressions can be used to fit experimental results
in order to determine the rate and equilibrium constants of the reaction is
shown in 2.2.2.

2.2.1 Basic equations

In a solution containing a mixture of an antigen and its antibody the fol-
lowing differential equation gives an expression for the time dependence of
the concentration of antibody-antigen complexes, z, present in the solution:

CC% =1-a-kon —x-kosy, (2.13)
in which 4 is the concentration of free antibodies i.e. antibodies that don’t
have an antigen bound to it, a is the concentration of free antigen, ko,
[M~'s71] and ko [s7!] represent the association rate and dissociation rate
constant respectively. The concentrations of free proteins in the solution
relate to the concentration of complexes via ¢ = ig — x and a = ag — x,
in which i9 and ag are the total concentrations of antibody and antigen

respectively.
In equilibrium ‘fl—f = 0 and thus i-a- ko, = 2 - kopy or in a rewritten form:

T

P = kon/kors = K, (2.14)
where K [M~!] is the equilibrium constant which is a measure for the affinity
of the antibody for the antigen. A high affinity indicates a strong bond
between the antigen and the antibody. Affinity is related to single bonds.
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When an antibody can bind to an antigen by more than one bond, the
term avidity is used to quantify the total effectiveness/strength of binding
instead.

In general both k., and k,s; should be known to say something about
strength of a bond. However in the case of an antigen-antibody bond the dif-
ferences in k,, between different antigen-antibody pairs are rather limited.
ko is usually in the order of 1-107M ~1s~! whereas koypy varies widely be-
tween 1-10~% and 1-10* s™! for antigen-antibody pairs with various affinities
[16]. As kop, does not vary so much, k, ¢y largely determines the affinity. The
antigen-antibody bond strength can thus be quantified by its dissociation
rate constant.

Under the circumstance that association can be neglected, equation 2.13
simplifies to:

dx
Integration of this equation gives:
x = xgexp(—kosrt), (2.16)

in which xq is the concentration of complexes at ¢t = 0.

If the total concentration of antigen in the solution is much larger than
the concentration of antibody, the concentration of antigen can be assumed
constant during the process of reaching equilibrium. The fraction that binds
to or is released from (depending on the starting conditions) the antibody in
that case is negligible compared to the total antigen concentration. Solving
equation [2.13 assuming a constant antigen concentration a = ag and taking
a starting condition of x = 0 at ¢t = 0 yields:

ao-io

= a1k L P(= (a0 Fon + Kopp)t))- (2.17)

A starting condition of x = ip at t = 0 yields:

io(ao - K + exp(—(ao - kon + koys)t))
_ . 2.18
o KT (2.18)

Equations 2.16, 2.17/ and 2.18 are often used in the determination of k,,
and kof f-

2.2.2 Measuring rate and equilibrium constants

kon can be derived from measurements of a response Rx proportional to the
concentration of antibody-antigen complexes x as a function of time for dif-
ferent antigen concentrations ag keeping the number of antibodies constant
and small. By fitting Rx versus time with the equivalent of equation 2.17
for Rz instead of z, the term ag - kon + koyy in the exponent can be found.
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Plotting this term versus ag results in a straight line with a slope of k.
Theoretically k,fy could be determined from the intercept of this line with
the vertical axis, however this method is only accurate for high values of
kof¢. Otherwise, if kyrr is orders of magnitudes smaller than k,, (which is
often the case), a small error in k, leads to large error in ks .

A faster method of measuring k., is using initial rate analysis. Here the
slope of the first, linear, part of the Rx versus time curve is plotted against
ag. Again this leads to a straight line, this time with a slope of k., - Rig and
an intercept of 0. Here Rig is the measured response in case the antibodies
in the system are saturated with antigen and thus x = 7. For a derivation
of this, see [17]. This method only works if k¢ is sufficiently small, because
a larger k, s leads to a smaller linear part in the Rz versus time curve. How
small this part can become before it is to small to be probed depends on the
specific technique used to probe the interaction.

The dissociation rate constant can be determined by measuring Rz as
a function of time under the condition that association is negligible. This
condition can be met by bringing the concentration of free antigen to far
below 1/K so the probability for association is very low, or by labeling only
the antigen that is initially bound to an antibody and than adding a high
concentration of unlabeled antigen. If this concentration is high enough it
will block all unoccupied antigen sites preventing binding and rebinding of
the labeled antigen. Fitting the Rx versus time curve with the equivalent of
equation [2.16/ for Rz instead of x, will give a value for k,rr. When k,rs is
small this type of measurement is time consuming. For example the half-life
of the Biotin - Streptavidin complex, having a k, sy of ~ 10~° 571, is about
20 hours.

The equilibrium constant can be calculated from the dissociation and
association rate constant once these have been measured. It is also possi-
ble to measure K directly. In contrast to the dissociation and association
rate constants the equilibrium constant is not measured in the kinetic (time
dependant) regime of the antigen antibody interaction. The measurements
needed to determine K are done after equilibrium has been established. The
time it takes to reach equilibrium depends on the concentrations of antigen
and antibody and on the rate constants. Especially at low concentrations
the time before reaching equilibrium can be very long. For example, the time
it takes for the Biotin-Streptavidin system to approach to 99% of its equilib-
rium complex concentration is about 67 hours, at an antigen concentration
of % and an antibody concentration < %.

Determining K is often done by making so called Scatchard plots, based
on the Scatchard equation [18] which is the equilibrium equation 2.14/ in a
rewritten form: .

- = K(igp — ). (2.19)

In a Scatchard plot 7 is plotted versus x resulting in a straight line with
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a slope of K. To do so the bound and the free concentration of antigen
must be measured for different starting concentrations of antigen. This
involves separation of the bound and the free fraction of antigen. If the total
concentrations of antigen and antibody during the experiment are known
only one of the fractions needs to be measured. The other fraction can be
calculated from that.

There is a broad range of techniques that is used to measure the concen-
tration of a certain antigen, antibody or complex. Most of these techniques
use labeled antigens or labeled antibodies, some involve the attachment of
either the antibody or the antigen to a solid support. Examples of techniques
that are commonly use are: Enzyme Linked ImmunoSorbent Assay (ELISA),
Surface plasmon Resonance (SPR), Fluorescence Polarization (FP) and Ra-
dio Immuno Assay (RIA). For more information about these techniques see
reference [19].

2.3 Force induced dissociation

In the previous section the strength of a bond between an antigen and anti-
body was defined in terms of how fast it associates and dissociates naturally.
There is however a different way of looking at the strength of a bond, that
is to which extend it can resist a force that is applied to it. Here it is impor-
tant to keep in mind the nature of the bond. As is described in the previous
section, an antigen-antibody bond will dissociate eventually even if no force
is applied. Investigating at which force the bond will break does not make
sense in that respect, as a bond will break at any force. However a force
applied to this type of bond will influence the lifetime of the bond.

When an isolated antibody antigen pair is considered it can either be in
the bound state or be detached. For a large ensemble of such isolated pairs,
the probability for a pair to be in the bound state as a function of time is
given by the following differential equation [20)]:

% — So(t) - ka(t) — Si(2) - ka(t): (2.20)

In this equation S; is the probability to be in the bound state, Sy =
(1 — S7) is the probability to be in the unbound state, kq [s7!] and k,
[s~!] represent the rates of the transitions between the two states. Different
symbols for the rate constants are chosen than in equation [2.13. The associ-
ation rate constant, k,, is essentially different from k,,. It also has different
units as in this case there is no ambient concentration of antigen playing a
role in the rate of association. The dissociation constant, k4, has the same
units as k,fy and describes the same process. However for clarity kq will be
used in the remainder of this report in case force dependant dissociation is
considered. The value of kg when no force is applied corresponds to k.

17



For an initially bound pair, the probability that the bond will be broken
after a certain time follows from equation [2.20/ and depends on kg and k.
If now a force is applied to the bond, and the antibody and antigen are
pulled apart fast enough to prevent reassociation after the bond is broken,
the probability for bond rupture after a certain time does then only depend
on k4. In its turn kg is a function of the applied force, if a larger force is
applied it is more probable that the bond will break faster.

To determine the dissociation rate many bond rupture events have to be
monitored. Because of the statistical nature of bond breaking, conclusions
can not be drawn from one breaking bond.

2.3.1 Single molecular bond

A single molecular bond can be looked upon as being in a confined state
in which it is in an energy minimum. Escape from this confined state can
happen along a preferential path which is represented by the reaction coor-
dinate, x. This preferential path is not related to a one dimensional transla-
tion along a certain axis, it represents a succession of different orientations
and separations of the involved molecules in 3D space. Along the reac-
tion coordinate an energy barrier has to be overcome. Experimentally the
dissociation rate constant for such an escape process was found to follow
Arrhenius behavior [21]:

kofr = vexp _—Eb, (2.21)
BT

in which Ej represents an activation energy corresponding to the height of
the energy barrier mentioned earlier and v is an attempt frequency factor in
which essentially all dynamics of the molecules are captured. In liquids this
frequency is of the order of magnitude of 10'9s~! [20]. Expressions for the
dissociation rate constant of the same functional shape can also be derived
theoretically using transition state theory (TST) or Kramers theory [22].
From these theories a more physical expression for the attempt frequency
follows. In this stage of the research a further explication of this frequency
is however not necessary.

A simple expression for the force dependance of the dissociation rate
constant k4 has been introduced for the interaction between two cells by
Bell [23]. A similar expression can be applied to a molecular bond. This
expression is based on the assumption that when a force is applied to the
bond the energy barrier that has to be overcome gets lowered by 3 f, where
xg is the projection of the reaction coordinate at the position of the barrier
along the direction of the force and f is the applied force. A schematic
representation of this is given in figure2.6. Substituting this force dependant
barrier height in equation 2.21] gives:
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E(x)

Figure 2.6: Energy landscape of a bond with a single barrier. If a force is
applied the energy landscape gets tilted and the barrier is lowered.

zaf ~
ka(f) = kofyexp ks% = kofsexp f, (2.22)
in which f = s/ s the dimensionless force. The dissociation rate

EgT
constant thus increases exponentially with the applied force. This force

dependance is only valid if the barrier is sharp and its top stays at the
same position when force is being applied. This is not necessarily valid for a
ligand-receptor bond, that is why effort is put into finding new (microscopic)
models that describe bond rupture [24] [25]. Nevertheless, the Bell model in
many cases has turned out to describe bond rupture events accurately [20],
including the Biotin-Streptavidin case, and will be applied in the remainder
of this report.

2.3.2 Dynamic force spectroscopy

In Dynamic force spectroscopy (DSF) the force at which a biological bond
most probably breaks, when a force that is increased at a constant loading
rate is applied to the bond, is determined. Testing the bond force over a
broad range of loading rates is necessary as it has turned out that when
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different loading rates are applied to the same bond, different values for the
most probable rupture force are obtained [26]. Why this is the case can be
derived using equations 2.20) and [2.22.

Under the assumption that the antigen and antibody are pulled apart
fast enough so association is negligible, equation 2.20 simplifies to

% = —S1(t) - kq(t). (2.23)

A force that is increased at a steady loading rate, 7y, is applied:

fty =7y toif, (2.24)

here ry = % represents the dimensionless loading rate and ¢,75 = k:;flf.

The assumption that association can be neglected is valid if 7y > m];fz:f [20].
When a time dependent force is applied, as described in equation 2.24,

equation 2.23 can be reformulated in terms of force instead of time:

dS _ _toff A ~
) (2.25)

The probability that a bond will break at a force f, p( f ) is given by

_dS1
df’

i.e. the decrease in the probability to be bound. The force corresponding to

the maximum in this probability function, the most probable dimensionless
op(f)
1e]

p(f) = (2.26)

rupture force f*, can be derived using the condition = 0. Filling in
equation 2.22 for the dissociation rate constant and taking a force indepen-
dent loading rate, 177, gives the following relation between the most probable

dimensionless rupture force and loading rate:
f* =In(ry). (2.27)

In a typical DFS experiment the distribution of rupture forces is measured
for a broad range of loading rates. If now the most probable rupture force,
f*, is plotted versus the natural logarithm of the loading rate this will give
a linear curve. As f * = E—f;, the projected position of the location of the
energy barrier, z3, can be derived from the slope. From the cut-of with the x-
axis where the most probable rupture force is zero, the apparent dissociation
rate at zero force can be obtained. The term apparent is used here because
it is probable that, by the application of a force, a certain reaction pathway
is selected that otherwise would not have been accessible or favorable.
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Figure 2.7: DFS spectrum of the Biotin-Streptavidin bond measured with a
biomembrane force probe [3].
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Merkel e.a. [3] measured the DFS spectrum of the Biotin-Streptavidin
bond. The result is given in figure2.7. They found two regions with a differ-
ent slope, suggesting two energy barriers are present at projected distances
of 0.12 nm and 0.50 nm along the direction of the force. These measure-
ments have been performed using the biomemrane probe, however this type
of measurements can also be done using an optical tweezer or AFM.

In AFM measurments the AFM tip is coated with one type of molecule
and a surface is coated with it’s complement. After a bond has been formed
between the tip and the surface the tip is retracted at a constant speed which
corresponds to a constant loading rate. The force on the bond is measured
by the deflection of the cantilever. With this technique forces from several
up to hundreds of pN can be measured at loading rates in the range of 1072
pN/s - 10° nN/s [4][27].

In the biomembrane probe technique for instance a red blood cell is fixed
to a micropipette and a small particle is covalently attached to it. This small
particle can be coated with the molecule which is to be studied. After this
molecule is bound to it’s complement on a surface, the pipette is retracted
similarly to the AFM tip. The deformation of the red blood cell upon this
retraction is a measure for the applied force. With this technique forces
from 0.01 up to 1000 pN can be measured [28] at loading rates in the range
of 107! - 10% pN/s [4].

In optical tweezers usually molecules are fixed between a surface and a
polystyrene bead. The polystyrene beads can be trapped in the focus of a
laser beam and a force can be applied by shifting the position of the focus.
The force is measured by characterizing the movement of the bead. With
this technique forces from smaller than one pN up to hundreds of pN can
be measured at loading rates in the range of 107! - 103 pN/s [29)].

For a more detailed description of the working principles and limitations
of these techniques see reference [4]. The described techniques are all single
molecule techniques making use of sensitive lab equipment. A single mea-
surement of f * involves a detailed analysis of many retraction curves. It is
not feasible to apply them in a biosensor.

2.3.3 Constant force application

By applying a constant force to a molecular bond, the same information as
from a DFS experiment can be derived. As in this case the force is not time
dependent, the solution of equation 2.23|is straightforward and yields:

S1 = exp —kq(f)t. (2.28)

The probability function S7 can be probed by studying the dissociation
of an ensemble of bonds. When the dissociation of a large number of beads
bound to a surface by a specific bond is studied, the fraction of beads that
is bound to the surface as a function of time, is equal to .S;. This fraction
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of bound beads is measured in constant force measurements. kq(f) can
be determined by fitting the measured dissociation curves with exponential
decay.

If kq(f) is described by equation 2.22, the plot of the natural logarithm
of kq(f) versus the applied force will give a linear curve. Here again xg
can be derived from the slope of the curve and the apparent dissociation
constant at zero force directly follows from the intercept with the y-axis of
the curve extrapolated to zero force.

For the Biotin-Streptavidin bond this type of measurements has been
performed by Danilowicz e.a. [30]. In their research, as in presented re-
search, also Streptavidin coated superparamagnetic beads are bound to a
surface coated with Biotin. A force is applied to the bead by means of a
permanent magnet. Instead of two barriers they find only one barrier at x
= 0.38 nm. That a second barrier does not follow from these measurements
can be because the measured force range (35 - 70 pN) is too small.

Another way of applying a constant force to a biological bond is by
directing a flow along beads covered with biomolecules that are bound to an
activated surface [31][32]. An advantage of pulling the beads off magnetically
over pulling them of with a flow lays in the robustness of the system. This
is especially important for an application in a biosensor. On the other hand
the advantage of the flow method is that much smaller forces are needed to
break molecular bonds because of the lever arm effect that occurs when a
force is applied on the bead parallel to the surface.

The evanescent wave detection technique applied in reference [32] has as
an advantage that the vertical movement of the bead can be monitored and
that the force on a bead can be derived directly from this movement. This
method can give more insight in the specific way a particular bead is bound
to the surface. However when it is to be used to probe a probability density
function for bond survival it would have to be repeated very often as only
one bead is monitored at a time.

2.3.4 Multiple bonds

It is not evident that single bonds, and not multiple bonds, are measured
using any of the techniques mentioned in the last 2 paragraphs. All involve
two approaching bodies with dimensions much larger than the actual binding
molecules. Zhu e.a. [33] discuss a number of criteria for experiments or
experimental results that are commonly used in order to give confidence
that a single bond is measured.

A strategy that is often used to achieve single bond events is making their
occurrence infrequent by dilution of binding sites. Infrequent occurrence is
however only a valid criterium for observing single bond events if the dilute
binding sites are distributed uniformly over the surface, which is not neces-
sarily the case. If there are clusters of binding sites, one attachment could
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still correspond to multiple bonds. This could lead to measurement results
similar to expected results for single bonds, however the interpretation of
the data should be different. The derived parameters in this case correspond
to the cluster instead of to a single bond. Another issue that can compli-
cate data interpretation is surface roughness. If the dimensions of surface
roughnesses are large compared to those of the molecules this may lead to
differences in the accessibility of binding sites. When a molecule is difficult
accessible it might be unable to form a single bond with full strength but
still bind to form a partial bond.

Another criterium for the observation of single bond events is that the
lifetimes of the bonds should follow single bond kinetics. The assumed ki-
netic mechanism in presented research is first order irreversible dissociation
with an exponential distribution. It could however be possible that dissoci-
ation curves for processes other than first order irreversible dissociation, do
not differ sufficiently from those expected for single bonds to be recognized
in experimental results.

The given criteria are able to discriminate between single and multiple
bonds if those can be diluted and when bonds with a simple kinetic mech-
anism, like irreversible dissociation in one step, are considered. However
one still must be careful in the interpretation of data as effects of complex
binding schemes, clustering and heterogeneous surfaces can be very subtle.

When irreversible dissociation in one step is the reaction mechanism
for a single bond, analytical expressions can be derived for the dissociation
rate constant for a multiple of these bonds [20]. In this case, if multiple
bond adhesions are probed, this would lead to results of DF'S and constant
force experiments, that are significantly different from results for single bond
behavior. Different dissociation rate constants can be defined for beads
bound with a different number of bonds. How the dissociation rate constant
and its force dependence for 7 bonds relates to that for one bond, depends on
how the bonds are broken. It could be that all bonds break cooperatively,
or they could break in a random way. Further it matters if the bonds are in
series or parallel.

In case of 7 bonds in series that break cooperatively the dissociation rate
is given by [20]
exp —1t f

tors

ki == (2.29)

where tsz R itoff €Xp %.

In case of i parallel bonds that break cooperatively the dissociation rate
is given by [20]
exp —f
; .
Loy

ki = (2.30)
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When i parallel bonds break randomly [20)],

. 1
ki = — 7 (2.31)
p -
toff D on=1m €XP 55

When i parallel bonds break like a zipper (i.e. every time one bond
experiences the full force, when this bond breaks the next bond feels the

force) [20],
1

tors dom_inexp—f

When ¢ bonds in series break randomly the attachment ceases to exist
when one bond breaks and [20]

kG (2.32)

Ey=i-kb. (2.33)

The dissociation curve that would be measured in case an ensemble of
beads is monitored in which not all beads are bound with the same number
of bonds is described by:

St =Y mexp—ki(f)t, (2.34)

where S7 is the fraction of beads in de bound state, 7 is the number of
bonds per bead, 7; is the fraction of beads bound with ¢ bonds and ké( f)is
the force dependent dissociation rate constant corresponding to an ¢ bond
attachment. Thus if the dissociation of beads with different numbers of
bonds is measured higher order exponential behavior will show up in the
dissociation curves. How the different exponents relate to each other at a
certain force depends on the configuration of the bonds.
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Chapter 3

Materials and Methods

To be able to apply forces to the Biotin - Streptavidin and Biotin - Anti-
Biotin bond, the molecules are immobilized on a surface. A flat substrate
is activated with Biotin. Streptavidin and Anti-Biotin are immobilized on
the surface of superparamagnetic beads. After the bead and surfaces are
activated they are brought in a setup where the actual experiment takes
place. The setup consists of three parts: a sample holder to support the
substrate and to incubate the beads in, a microscope system to observe the
beads bound to the substrate and a magnetic system to apply a force to the
beads. This force can either be a constant force or a force that is steadily
increased in time for DFS experiments. An overview of the total setup is
given in figure [3.1. The various aspects of this setup are addressed in this
chapter.
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Figure 3.1: Overview of the total experimental setup. Figure not to scale.

3.1 Requirements and constraints

The dissociation of a single molecular bond can best be measured if the
a bead is bound to the surface by only one specific molecular bond. Fur-
thermore this bead, bound by a molecular bond, should be distinguishable
from a bead that is bound via non-specific interactions between the bead
and surface. Therefore the bond strength of non-specifically bound beads,
if they are present, should be either much lower or much higher than that
of specifically bound beads. In the best case the number of non-specifically
bound beads is zero or at least low compared the number of specifically
bound beads.

To enable the study of dissociation of the Biotin-Streptavidin bond on a
timescale of minutes, forces in the range of 10-100 pN need to be applied to
the bond. To be in the constant force regime these forces must be applied
instantaneously. Furthermore, the statistic nature of bondbreaking events
demands that many beads are monitored. The bondbreaking experiments
should thus either be easy to repeat many times, or the same force should
be applied to a lot of beads that are monitored simultaneously. The last is
the most time efficient. In perspective of the research described here this
demand can be formulated as: the force has to be constant over the area in
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which the beads are monitored.

Dimensional constraints for the rest of the setup
are given by the dimensions and the working dis-
tance of the microscope system that is used. The
microscope is depicted in figure 3.2. The working
distance for the used objective on the microscope
is 2.2 mm. Since the microscope is a non-inverted
one, the bound beads will have to be observed from
above. The magnetic system should thus be very
small to be able to pull of beads that are on top of a
substrate without blocking the view. That is why a
different approach is chosen. Beads are incubated
at the bottom of a transparent substrate so that
beads can be observed through it, and the force
can be applied from below. In this case the distance
from the objective to the bottom of the microscope
stage limits the size of the magnetic system.

Figure 3.2: The Leica
DM6000M micro-
scope.

3.2 Activation of the substrate

3.2.1 Buffer solution

When experiments are done with proteins they are usually contained in a
buffer solution as the environment of a protein is very important for its
functionality. A buffer solution is a solution that can resist small changes
in the pH when it is diluted or a certain amount of acid or base is added.
The buffer that is used in this project is Phosphate Buffered Saline (PBS)
which consists of salts: 137 mM NaCl and 2.7mM KCI and for the buffering
functionality: 8 mM NasHPO4 and 2 mM KHsPOy in ultra pure water. The
pH of this buffer is 7.4 which is approximately the pH of blood. The salts in
this buffer have a shielding effect on the (surface) charges of molecules and
on surfaces in (contact with) the solution.

To create an even more stable environment for proteins like antibodies,
Bovine Serum Albumin (BSA) can be added to the buffer solution. Serum
albumin is the most abundant protein in blood plasma. BSA is serum al-
bumin derived from cow blood. In the blood it helps maintaining osmotic
pressure. BSA has the shape of a prolate spheroid with a short axis of about
4 nm and a long axis of about 14 nm. At a neutral pH it has a net charge
of -17 e per molecule and a molecular weight of 66.5 kg/Mole [34]. BSA can
also be used to coat a surface with, in order to prevent the adsorption of
other proteins to that surface. This process is called blocking.

When a buffer solution is used to bind proteins to a surface a surfactant
can be added to prevent non-specific binding of proteins. The surfactant can
also help washing away unbound proteins. A surfactant is a molecule that
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has both hydrophilic and hydrophobic groups. Therefore it can bind to a
hydrophobic surface and still be solved in water. When the surfactant binds
to a hydrophobic part of a protein it prevents interaction of this molecule via
non-specific hydrophobic interactions with the surface or other molecules.
In this project Tween20 is used as a surfactant.

3.2.2 Principle of activation

Biotin has been coupled to a transparent polystyrene substrate via adsorp-
tion of BSA. Commercially available BSA with Biotin coupled to it (Biotin-
BSA)(Pierce, #29130) is used. Each Biotin-BSA molecule has 8-12 Biotin
molecules attached to it. This is not favorable for single bond dissociation
experiments, as multiple bonds can form between one Biotin-BSA molecule
and a Streptavidin coated bead. The possibility that beads can bind to mul-
tiple Biotin molecules on Biotin-BSA is taken into account in the analysis
of the experimental results. The probability that bonds will form between
a bead and Biotin molecules from different BSA molecules is minimized by
adsorbing Biotin-BSA that is diluted with BSA in a PBS solution. The
density of Biotin-BSA molecules on the surface is thus lowered because a
large part of the surface gets covered by BSA molecules without Biotin.

BSA was found to adsorb stronger to hydrophobic polystyrene than to
hydrophillic polystyrene [35]. The polystyrene used here is obtained from
transparent Phoenix Biomedical injection molded petri dishes and is hy-
drophobic. After coating with BSA the surface is hydrophillic as the BSA
molecules directs its hydrophobic parts to the substrate and its hydrophillic
parts towards the aqueous buffer.

The bond between BSA and polystyrene should be much stronger than
the bond between Biotin and its receptor to ensure that the first bond that
breaks when a force is applied is the ligand - receptor bond. There are studies
that investigate the strength of the bond between BSA and hydrophobic
polystyrene [36] but it turns out to be hard to quantify this for a single BSA
molecule. Another study shows that BSA bound to polystyrene does not
come off in 50 hours [37]. This would mean that the bond indeed is stronger
than the Biotin-Streptavidin bond.

The concentration of Biotin-BSA that is used in most experiments is
0.4 pug/ml in a 1 mg/ml BSA solution. In a very rough approximation this
would yield one Biotin-BSA molecule per 14 -10* nm?. In this approximation
Biotin-BSA and BSA are assumed to adsorb in the same extend to the
polystyrene and the surface is assumed to be densely packed with (Biotin-
)BSA molecules. If a superparamagnetic bead is assumed to be a sphere
with a radius of 2.8 ym and the distance over which the two surfaces can
interact is taken 10 nm than the total surface area available for interaction
would be 9 -10%* nm?. In this area expectedly there is no or one Biotin-BSA
molecule available to interact with, if Biotin-BSA is distributed uniformly
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over the surface.

3.2.3 Procedure and variations

The procedure for preparing a BSA or Biotin-BSA coated substrate is stated
in the list below. The items marked with letters give the possible variations
for a process step. Step 3 is the key step in this process, here BSA or a mix-
ture of BSA and Biotin-BSA is adsorbing to the surface. Surfaces with only
BSA are produced as controls and to investigate non-specific binding. Step 5
is an optional blocking process with BSA after the initial adsorption which
is included to minimize non-specific binding. The amount of non-specific
binding of beads to the surface is strongly dependent on which variant is
chosen for each process step.

1.

2.

Cut substrates

Clean substrates in Isopropanol in ultra sonic bath for 1 minute, blow
dry with Nitrogen

Overnight incubation

(a) in lmg/ml BSA in PBS
(b) in 0.04% Biotin-BSA in 1mg/ml BSA in PBS

Wash substrates

(a) in PBS with 0.05 % Tween20
(b) in PBS

Block in 10mg/ml BSA in PBS for 1 hour
Wash substrates

(a) in PBS with 0.05 % Tween20
(b) in PBS

(c) in ultra pure water
Keep substrates

(a) in 10mg/ml BSA in PBS
(b) in PBS with 0.05 % Tween20
(¢) blow dry with Nitrogen
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3.2.4 Characterization

The lowest amount of non-specific binding is obtained if no Tween20 is used
and when after the blocking step the surfaces are rinsed in ultra pure water
and blown dry. Surfaces coated with BSA this way, have been character-
ized by AFM. Also a bare polystyrene surface has been imaged to see the
initial surface roughness. The results are shown in figure 3.3. On the bare
polystyrene scratch-like roughnesses with a hight in the order of magnitude
of 10 nm are observed. The height profiles, taken in the area outside the
scratches, depicted in figure 3.3(a) show that outside these scratches the
surface has only a roughness of about 1 nm. The image of the BSA coated
surface in figure 3.3(b) shows globular features with a hight between 2 and
7 nm that can be associated with BSA molecules. The width of some of the
features is between 20 and 50 nm, which is larger than the size of one BSA
molecule. Possibly small BSA clusters are observed.

10.0 nm 10.0 nm

Figure 3.3: AFM image and height profile of (a) a bare polystyrene surface
(b) a polystyrene surface with BSA adsorbed on it. The three colors in the
height profile match three different sections.

3.3 Superparamagnetic beads

The superparamagnetic beads used in this project are polystyrene spheres
with small Magnetite (FeaOg) grains in it, as schematically depicted in figure
3.4. Bulk FesO3 would behave ferrimagnetic and would thus have a large
magnetization at room temperature, also when there is no external mag-
netic field present. The time averaged magnetization of the grains in the
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beads however is in general zero at zero field. This is because the volume of
these grains is so small that the energy needed to change the direction of the
magnetization of the entire grain is small compared to the thermal energy.
The size of the grains is about 6-12 nm [38]. The thermal energy is sufficient
to randomize the direction of the magnetization in the grains. Superpara-
magnetic beads placed in a magnetic field do get magnetized, and magnetic
forces can be applied to the beads. For a more extensive description of
superparamagnetism and other types of magnetism see reference [2].

Figure 3.4: Schematic representation of superparamagnetic beads [39)].

In the following section, 3.3.1, expressions are derived for the force on
such a bead due to an externally applied magnetic field. In section [3.3.2
the properties of the beads used in this project are described. Section [3.3.3
concerns the forces that magnetized beads experience because of neighboring
beads.

3.3.1 Bead actuation

The magnetic induction B [T, the magnetic field strength H [Am~!] and
the magnetization M [Am 1] of an object placed in a magnetic field are
related via:

B = po(H+ M), (3.1)

where g is the permeability of free space, given by 4r - 1077 [T'm/A].
The magnetization is defined as the magnetic moment of an object divided
by its volume, M = 7. To what extent an object magnetizes in the presence
of an external applied field H is given by the magnetic susceptibility y, for
low values of H the following relation is valid:

M = xH. (3.2)

Above a certain value of H, saturation occurs. This means the magneti-
zation of the object increases more slowly with the magnetic field at higher
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fields and finally approaches a constant value, the saturation magnetization
Msat'
The magnetic force Fy, [N] on a magnetized object is given by:

F = MO/V(M -V)H dr?, (3.3)

where V is the volume of the object and H the magnetic field strength in
the absence of the object. Under the assumption that the magnetic field
gradient is constant over the volume of the object this expression simplifies
to:

Fm=pV(M-V)H. (3.4)

Substituting equation 3.2 and using B = poH, which is valid if the object
is surrounded by a medium with y = 0, the magnetic force on the object
can be obtained:

B2
Fmn=VxV <2M0> . (3.5)
This expression is only valid when the magnetic moment in the object is not
saturated. In the case of saturation instead of equation 3.2, M = Msat%
should be used, leading to:

VMsat
) —
" 2B

VB? = m,V|B|, (3.6)
where mgqr [Am?] is the saturation magnetic moment.

3.3.2 Bead properties

The beads used in the majority of bond strength measurements are the
Dynal Dynabeads® M-270. These beads have a mean diameter of 2.8 um, a
saturation magnetic moment of my,; = 1.73-10713Am?, and a characteristic
bead density of p =1.4-10% kg/m?.[38] The resultant of gravitational and
buoyancy forces on a bead dispersed in a watery fluid can be found using
the following expression:

Fg=V(p— pfuia)8 (3.7)

where priq is the density of the fluid and V' is the volume of the bead.
For a bead density of p =1.4-103 kg/m?, and taking P fluid =1.0-10% kg/m?
the density of water and a bead volume of V' = 1.15 - 10~17m3, this force
is 45 fN. This gravitational force is small compared to the forces needed to
break a specific molecular bond. Nevertheless it is sufficient to make the
beads sediment, beads do not stay in solution if they are not stirred. This
property of the beads is used to incubate the beads on an activated surface.

Some experiments have been performed with smaller beads, the Dynal
Dynabeads® MyOne”™ T1. These beads have a mean diameter of 1 um, a
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saturation magnetic moment of my,; = 2.09-1074Am?, and a characteristic
bead density of p =1.7-10% kg/m3.[38] The gravitational force on this type
of beads in a aqueous solution is 1.14 fN.

The saturation magnetic moment of the beads mentioned in the previous
two paragraphs are mean values. Bead to bead variations in saturation
magnetic moment are expected as the quantity of magnetic material in the
beads is not necessarily equal in every bead. The variation in saturation
magnetic moment is estimated to be 10% at most.

For the different experiments beads have been used with two different
coatings. For the experiments on the Biotin - Streptavidin system Strep-
tavidin coated M-270 and MyOne’™ T1 have been purchased form Dynal.
Although the coating of these beads is the same, they have slightly differ-
ent surface properties because the surface before coating is different. While
the M-270 bead surface before coating contains carboxylic acid (-COOH)
head groups, the MyOne’™ T1 bead surface before coaction contains tosyl
(p-toluenesulfonate) head groups. The isoelectric point of the Streptavidin
coated M-270 beads (the pH at which it has no net surface charge) is at a
pH of 4.5 whereas it is at a pH of 5 for the MyOne”™ T1 beads. Further the
surface of the M-270 beads is more hydrophillic (contact angle with water is
60°) than the surface of the MyOne”™ T1 beads (contact angle with water is
80°)[40]. In figure 3.5 an AFM image of an M-270 Streptavidin coated bead
is shown that is taken in fluid. From SEM images, recorded in vacuum, it
was already known that the beads were not nice round spheres but had a lot
of protrusions. In the fluid AFM, where the bead is kept under conditions
more similar to the normal working conditions, the same irregular surface
shows up.

Figure 3.5: AFM image and hight profile of a M-270 Streptavidin coated
bead recorded in fluid.

For the experiments on the Biotin - Anti-Biotin system M-270 beads with
carboxylic acid (-COOH) head groups are used as a starting point. To these
head groups goat Anti-Biotin (Pierce, #31852) is covalently coupled via an
EDC coupling reaction. EDC, short for 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride, activates the carboxylic acid head groups on
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the beads, so that they can react with amino groups (-NHj) on the Anti-
Biotin to form amide bonds. A detailed protocol for this coupling reaction
is given in appendix [A].

Before the beads are used in experiments they are washed and diluted
in a buffer solution. The final concentration of beads is about 108-10° beads
per milliliter.

3.3.3 Interaction between beads

Superparamagnetic beads in an externally applied magnetic field will get
magnetized. When there is a gradient in the externally applied field, a force
will be exerted on the beads in the direction of the field gradient (equations
3.5 and [3.6). If two of the magnetized beads are close to each other, and the
gradient of the magnetic field of one bead at the position of the other bead is
large, an extra force is exerted on the beads as a consequence. In experiments
assessing force dependent dissociation it is important for sensitivity that the
direction and magnitude of the force on the beads is the same for all beads.
Therefore the forces on the beads have been calculated for two beads that
are in a large externally applied field and in saturation. The magnetization
is assumed to be directed in the direction of the externally applied field as
this is large in comparison to the field induced by the beads. The beads are
modeled to be point dipoles with the saturation magnetization of an M270
bead and the external field is directed along the negative z axis. In figure
3.6/ the direction of the force that a point dipole would feel in this situation
is plotted.

Demanding that at z = 0 the force on one bead in the x direction, in-
duced by a neighboring bead, should be smaller than 10% of the force applied
via the external field, a minimum separation distance of the beads can be
derived. This minimum separation distance depends on the magnitude of
the externally applied force. For a force of 10 pN the separation between
the centers of two beads should be about 9 pum, for a force of 40 pN the
separation between the centers of two beads should be about 6.5 um, for
higher external forces the beads can be closer. In the analysis of experimen-
tal results beads that are too close to each other should not be taken into
account.
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Figure 3.6: Direction of the force exerted on a point dipole with a magneti-
zation in the negative z direction by a magnetized bead on a fixed position
(indicated by the blue line) and an external magnetic field directed in the
negative z direction.

3.4 Sample holder

The sample holder as depicted in figure [3.7/ is made out of brass and is
attached to a micromanipulator. By operating the micromanipulator, the
height and position of the sample holder can be accurately adjusted. The
sample holder contains a small fluid compartment of about 400um high and
6 mm in diameter. Over this fluid compartment the activated polystyrene
slide can be mounted. The compartment is shallow to enable the magnetic
system to approach the activated surface very close. The bottom of the
compartment is reflective to maximize the quantity of light that is reflected
back into the microscope, this improves the contrast of the image. It consist
of a glass microscope slide with a thin layer of gold sputtered on it. This
slide is fixed by a ring and 2 screws and can be replaced if needed.

After the polystyrene is mounted over the fluid compartment with its
activated side at the bottom, beads can be incubated at the activated sur-
face. A suspension of beads in a buffer can be injected via a small inlet
into the fluid compartment. The incubation is done by turning the sample
holder upside down and letting the beads sediment for a certain incubation
time. After incubation the sample holder is turned back and placed under
the microscope. After the microscope is focussed on the beads bound to the
polystyrene the magnetic system is positioned under the sample holder by
adjusting the microscope stage.
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Figure 3.7: Side view of the sample holder

3.5 Optical detection

3.5.1 Microscope and camera

For optical detection of beads, a Leica DM6000M microscope is used. On
the microscope five objectives are present. In this project the beads are
observed through a droplet of water on the polystyrene, using an immersion
objective with a magnification of 63 times. The ocular gives an additional
magnification of 10 times resulting in a total magnification of 630 times.
Images are recorded with a Redlake MotionPro HS-3 high speed camera,
which is mounted on top of the microscope. It records grayscale images
with a maximum resolution of 1280x 1024 pixels. At a magnification of 630
times a 1280x 1024 pixel image corresponds to an area of 185x230 pum. The
camera is operated via a computer, on which the data is also stored. For
force induced dissociation experiments the camera is triggered externally and
synchronized with the magnetic system. The power supply of the magnetic
system (Agilent Technologies E3631A Triple Output DC Power Supply) is
connected with its 25V output to the magnetic system and with its 6V
output to the external trigger input of a function generator. This function
generator is preprogrammed with a function of block pulses. The output of
the function generator is connected to the camera, at each up going flank of
a block pulse the camera records an image. In the first second images are
recorded at a frequency of 10 Hz in the next 9 seconds images are recorded
at 5 Hz and after that at 1 Hz. The first image is recorded 50 ms after the
power supply is turned on in the case of constant force experiments. In the
case of DFS experiments the voltage on the magnetic system is increased
in steps. In this case the first image is recorded 60 ms before the first
incremental step in voltage.
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3.5.2 Bead counting software

A typical output of an experiment is a series of images that show the beads
that are bound to the polystyrene at different times after the force is switched
on. To count the beads in each frame manually is very time consuming
therefore bead counting software has been developed. The used script can
be found in Appendix [B]. The software needs the coordinates of the beads in
the first image as an input. The user can give this input by mouse clicks on
the first image. For each subsequent image it records the intensities of pixels
around these coordinates. If the cumulative change in intensity around a
coordinate between two successive frames is higher than a threshold value,
this means a bead has disappeared. The program gives the number of beads
that is still left in each frame as an output.

3.6 Magnetic system

3.6.1 Design

To exert magnetic forces of 10-100pN on a small superparamagnetic bead,
very high field gradients should be generated. Substituting the saturation
magnetization of an M270 bead in equation 3.6/ shows that V|B| should be
up to 6007'/m. These gradients have been generated in various ways, for
example by a thin current wire very close to the bead [26], by a (electro-)
magnetic microneedle [41] or by a permanent magnet [30]. Electromagnets
have the advantage that they are switchable, however it is not easy to reach
high field gradients over larger distances with small electromagnets. With
the current wire and micro needle high gradients are achieved because they
are operated very close (~ 10um) to the beads. The disadvantage of this
is that the force depends strongly on the position of the bead and is only
applied to the one or few beads that is/are close enough. With a strong
permanent magnet further away (a few mm) from the beads, it is easier to
have gradients that are large and constant over a larger area, however to
apply an (almost) instantaneous force with a permanent magnet is difficult
as it will have to be moved very fast and accurate. That is why in this
project a relatively big electromagnet is used that can approach the surface
with beads up to 500 um. The magnet is situated on the microscope stage,
the height of this stage can be adjusted with micrometer accuracy.

The magnetic system consists of a Copper wire coil with a Soft Iron
core. See figure 3.8 for a schematic representation of the system and for
dimensions. The core has a tip that is flattened off, the diameter of the flat
area being 1 mm. The tip has the function of guiding the magnetic field
trough an area that is getting smaller towards the point in order to create
a large gradient just above the core tip. The tip is flattened off to create an
area above the tip over which the magnetic field gradient is constant. In this
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Figure 3.8: Schematic representation of the magnetic system.

area the force exerted on all similar beads is the same. The Copper wire coil
is wound on a brass holder that can be taken of the core. The core is coated
with a thin layer of Nickel to prevent the Soft Iron from oxidizing. The
coil consists of Copper wire with a diameter of 0.38 mm and has an inner
diameter of 12 mm and an outer diameter of 23 mm. At room temperature
it has a resistance of 22.5 €.

During experiments the maximum current that is sent through the coil
is 1 A. At this current a lot of heat is generated in the coil. To prevent
the coil from melting and to enable continuous operation a cooling system
is used. The coil is put in a water container with a water inlet and outlet.
Using a small pump connected to the container by silicon hoses, water is
pumped around at a speed of about 10 1/hr. The silicon hose is led through
a large reservoir of cold water to improve heat exchange. With the cooling
system in operation, the internal temperature of the coil stays below 45 °C.

To apply higher forces to beads, higher currents could be used. These
can be obtained using a more powerful power supply than has been used
here. The maximum current is determined by the heating of the coil.

In the case of DFS experiments the voltage on the magnetic system
is increased in steps. The voltage increment per step depends on which
loading rate is to be applied. As an approximation a linear relation between
the current trough the coil and the applied force is assumed. The range
of loading rates that can be obtained in the present setup is limited by
the power supply. The output of this power supply can only be increased
every 60ms. Using a power supply of which the output can be increased
continuously or at a higher rate, it is possible to obtain higher loading rates.

3.6.2 Comsol simulation

The magnetic induction of the coil and core described in the previous sec-
tion have been simulated using the software package Comsol Multiphysics.
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A surface and field line plot of this induction is given in figure 3.9. The
simulation is done in 2D to simplify calculations, as the axial symmetry of
the system allows the 2D solution to be extrapolated to 3D.

Surface: Magnetic flux density, norm [T] Max: 2.202
Streamline: Magnetic flux density [T]

z [m]

-0.02

-0.03

|
-0.04
0

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 Min: 3.486e-8

r[m]

Figure 3.9: Comsol simulation of the magnetic induction around the coil.

The magnetic induction at a distance of 500 pum above the core tip is
about 0.5 T when a current of 1 A is sent through the coil. Beads at this
distance will be magnetized to their saturation magnetization. Making use
of equation 3.6/ and the simulated magnetic induction, the force that can be
exerted on M270 beads has been calculated for different current densities in
the coil as a function of the distance above the core tip. The result of this
calculation is shown in figure 3.10.

In case a current of 1 A is sent through the coil, forces between 80 and
90 pN are exerted on the beads in the working range of the setup. At a
current of 100 mA the force on beads at the same distance is only 10 pN. At
an intermediate current of 500 mA forces between 45 and 50 pN are exerted.
These forces are in the right range to study the Biotin-Streptavidin bond.
It is possible to apply up to 20% higher forces with the developed magnetic
system by using a smaller distance between the beads and the magnet as
has been done in this project.

The force exerted on beads has also been calculated as a function of the
radial distance from the center of the coil. In figure[3.11! this force is plotted
for two different distances above the core tip in the working range of the
setup. The variations in force given in figure 3.11 correspond to variations
over a circle shaped area of 67500 m? around the center of the coil. This
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Figure 3.10: Calculated force exerted on a M270 bead as a function of the
distance from the core tip for three different currents through the coil. The
dashed area marks the working distance when the magnetic system is used
in combination with the sample holder.
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Figure 3.11: Calculated force exerted on a M270 bead at 500 and 600 pm
above the core tip, as a function of the radial distance from the center of
the coil.
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area overlaps the area that is imaged by the camera at a magnification of
630 times. Depending on the exact height above the core tip the maximum
variation in force on beads with the same saturation magnetization is 2 %
at most.

3.6.3 Characterization

The system is first characterized by probing the magnetic induction above
the center of the core tip, using a Hall probe (F.W. Bell model 5070 Gauss/
Tesla meter). This probe is a long rectangular slab with a thickness off
about 1 mm. It contains an active sensor area of 0.4 mm in diameter at
the tip that registers the magnetic induction perpendicular to the slab. The
active area of the probe is positioned above the center of the core tip. Due
to the thickness of the probe, the center of the probe can only approach the
core tip up to 0.5 mm and the sensor readout is actually an average of the
magnetic induction around this value. The magnetic induction is measured
as a function of the distance above the core tip for two different currents
trough the coil. The results are given in figure 3.12), together with the results
of the Comsol simulation.
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Figure 3.12: Magnetic induction in the z direction measured with a Hall
probe, as a function of the distance above the core tip for two different
currents trough the coil. The red and green lines represent the results of the
Comsol simulation at the corresponding current densities.

From figure [3.12 can be concluded that the behavior of the actual coil
is consistent with the simulated behavior in the measured range. However
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the working distance of the coil system will be around 500 um above the
coil tip. In the range around 500 um there is only one measurement point
that gives an average of the magnetic induction. This is insufficient to prove
directly that the real coil will show the simulated behavior in this range,
nevertheless the overall match of the curves gives an indication that the
simulation is trustworthy and can be used to estimate the force applied to
a bead in the working range of the coil.
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Figure 3.13: Probability to be in the bound state as a function of time (t
[s]) for different applied forces. The lower curve is behavior when the force
is applied instantaneous, the upper curve is for force application with an
RL-time of 13 ms.

The system is also characterized by its RL-time, 7. The RL-time is
measured to be 13 ms. Making use of literature values for ¢,;s and xg for the
Biotin-Streptavidin system, the effect of the force not being instantaneous
in constant force measurements is investigated. This is done by solving
equation [2.25. The dimensionless loading rate corresponding to an LR-
system taken for 7. This loading rate is derived, assuming a linear relation
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between the current trough the coil and the applied force.

=" (F- ). (3.8)
T

were fs is the dimensionless force when ¢ — oo and f is the dimensionless
force at time t which is given by:

f=F1 - en(—) (39)

In figure3.13/ the calculated probability to be in the bound state, S, is given
as a function of time for different applied forces. In each graph both the
results for a time independent, instantaneous, force and a time dependent
force corresponding with an RL-system with 7 = 13ms are plotted. It
turns out that the effect of the time dependance in the force is that the
decay of S7 in time is not really exponential, it starts a little later but
approaches exponential behavior again after a few seconds. This effect is
most pronounced at high forces. At 100 pN the values for S; deviate up
to approximately 10 % in the initial phase. At 90 pN the deviation is only
2 % and at 60 pN it is negligible. Because at high forces the initial phase
of the decay is especially important the error caused by applying a non
instantaneous force, that is already large in this regime, weighs heavy in the
final value of k4. In this project measurements have been done at forces
up to 90 pN. In this regime the error in k; caused by the force not being
instantaneous is 2 % at most.

3.6.4 Force accuracy

There is a number of factors that determine the accuracy with which the
force on the beads can be applied and determined:

e There are variations (< 2%) in the magnetic field gradient over the
surface region of interest.

e The saturation magnetization varies (< 10%) between beads.

e The separation distance between the surface and the magnetic system
is measured with an inaccuracy of 2-4%. This results in inaccuracies
in the derived force of 1-3%.

e The force at the measured distance from the magnetic system is de-
rived from simulation results.

There are thus bead to bead variations in the applied force which are esti-
mated to be < 12%. These variations can be lessened by using an isolated
fraction of beads with the same saturation magnetization. The accuracy
with which the mean force on the beads is known depends strongly on how
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good the simulation results match the actual situation. Considering the re-
sults presented in[3.12, the mean force is estimated to be measured with an
inaccuracy of less than 10%. For a better determination of the magnetic
induction above the coil tip, measurements should be performed in the first
millimeter above the tip with a smaller probe than described in section(3.6.3.
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Chapter 4

The Biotin - Streptavidin
model system

This chapter describes the results of measurements related to the Biotin -
Streptavidin model system. In section 4.1 non-specific binding of Strepta-
vidin coated beads on a BSA coated surface is addressed. In section 4.2
results of constant force experiments on the Biotin-Streptavidin bond are
discussed. Finally, in section 4.3| extra attention is given to multiple bond
attachments.

4.1 Non-specific binding

Unless non-specific binding is controlled, investigating specific bonds is not
possible. The number of non-specifically bound beads should be low. Prefer-
ably such beads should detach quickly from the surface when only a small
force is applied that does not affect specific bound beads to be able to make
a distinction. A measure for the amount of beads attached to the surface via
non-specific interactions, is the ratio between the number of beads bound
to a plain BSA covered surface and the number of beads bound to a surface
on which Biotin is present.

Measurements of non-specific binding of Streptavidin coated beads on a
BSA coated polystyrene surface are presented in this section. The general
setup of all these measurements is the same. First a polystyrene substrate
covered with BSA is prepared. Beads coated with Streptavidin are washed
and diluted in a buffer solution. Unless stated differently M-270 beads are
used in all experiments. The BSA covered substrate is mounted in the
sample holder, where the beads are incubated on the BSA for a certain
incubation time. Finally the effect of applying a force to the beads is studied.

The process of preparation of the BSA covered substrates is subject
to the variations described in section 13.2.3. The number of beads that
initially bind (non-specifically) to the surface, Ny, is different for the different
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preparation methods. Therefore the procedure that was used to prepare the
substrate will be indicated for all measurements presented here.

4.1.1 Effect of buffer solution

Experiments presented in this section have been performed on substrates
prepared by first washing polystyrene slides in isopropanol and drying them
in a nitrogen flow. After that the slides are incubated overnight in a 1 mg/ml
BSA solution in PBS. Next they are washed and stored in a PBS solution
containing 0.05% Tween20.

The beads used in this experiment were contained in two different buffer
solutions. The first consists of 0.05% Tween20 in PBS, the second contains
an aditional 10 mg/ml BSA. Both buffers have a pH of 7.4. For an incubation
time of the beads on the substrate of 30 s, Ny is about 30 for both buffers.

In an ideal case the beads binding in a non-specific way are also beads
that are weakly bound. In that case by applying a small force one would be
able to remove all non-specifically bound beads from the surface while not
or hardly affecting the beads bound specifically to the surface. When this is
the case, a distinction can be made between specifically and non-specifically
bound beads. To investigate whether indeed the non-specific bound beads
are bound weakly, a small force is applied to the beads by sending a current
of 100 mA, corresponding to a force of about 10 pN, through the coil.

In the graph presented in figure 4.1/ the percentage of beads still present
on the surface, is given as a function of time. Ny is scaled to 100%, unless
stated otherwise this is done for all similar experiments presented in the
remainder of this report. It is observed that 70% of the beads incubated in
the buffer containing BSA is removed in the 160 seconds that the force is
applied, whereas less than 20% is removed in case the beads are incubated in
a buffer without BSA. As in the last case many beads were still bound to the
surface, a larger force was applied to these beads. This was done by sending
a current of 1000 mA through the coil, corresponding to a force around 80
pN. In figure 4.1 also the result of this measurement is given. Here not N,
but the number of beads that was left after applying a low force of 10pN
for 160 s is scaled to 100%. It turns out that at this higher force 70% of the
beads that were left after the first experiment now come of. However the
remaining 30% resists a force of 80 pN for more than 2 minutes, indicating
a very strong bond.

From the results presented in figure 4.1/ it can be derived that non-
specific bound beads are not necessarily weakly bound under the circum-
stances present in this experiment. Instead, the non-specific bonds seem
to cover a range of strengths from very weak to very strong. This range
overlaps with the expected range for specific bonds of 10-100 pN. The av-
erage strength of the non-specific bonds is lower when BSA is present in
the buffer. There are several explanations for this observation. When beads
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Figure 4.1: The effect of a force on Streptavidin coated beads bound on a
BSA surface in different buffers.

are not entirely covered with Streptavidin or the polystyrene surface is not
entirely covered with BSA, the empty spots might be occupied by BSA from
the buffer. As BSA is negatively charged at a pH of 7.4 the adsorption of
BSA to the beads and surface gives rise to an increase in the repulsive elec-
trostatic interaction between the already negatively charged bead surface
and BSA coated surface. Note that the average interaction is considered
here whereas for the adsorption of BSA local interactions are important.
Locally the hydrophobic interaction between BSA and the polystyrene or
bead surface can be stronger than the electrostatic repulsion of the BSA.
The fact that BSA covers locally hydrophobic surface areas also contributes
to the reduction of non-specific binding. In all measurements presented in
the remainder of this chapter the buffer of 10 mg/ml BSA in PBS with
0.05% Tween20 is used, unless stated otherwise.

An interesting observation has been done in an experiment were free
Biotin in a concentration of 2 uM was added to a buffer consisting of 0.05%
Tween20 in PBS. The free Biotin occupies a large fraction of the available
Biotin binding sites on the Streptavidin coated bead. This is expressed
in the lack of binding of these beads on a surface with Biotin-BSA. The
binding on a surface with only BSA was not expected to be affected by the
blocking of binding sites. However when these beads were incubated for 30
s on a BSA surface, Ny was 2 where it was around 30 when no Biotin was
added. The number of non-specifically bound beads has thus drastically
decreased. This could be explained by the fact that Biotin gets folded in in
the Streptavidin molecule as described in section 2.1.5/. The final folding of
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a loop of amino acids over the Biotin in the binding pocket presumably has
a stabilizing effect on the molecule, making it less favorable to interact with
the surface.

4.1.2 Effect of bead size

Experiments presented in this section have been performed on substrates
prepared by first washing polystyrene slides in isopropanol and drying them
in a nitrogen flow. After that some of the slides (the blanks) are incubated
overnight in a 1 mg/ml BSA solution in PBS. The others are incubated
overnight in a 1 mg/ml BSA solution in PBS with 0.04% (i.e 0.4 pg/ml)
Biotin-BSA added. On the blanks only non-specific binding can take place,
on the slides with Biotin also specific binding can occur. After incubation
all slides are washed in a PBS solution. Subsequently the slides are kept
for one hour in a 10 mg/ml BSA solution in PBS as an extra blocking step.
Finally they are rinsed in PBS and blow dried in a nitrogen flow.

From theory (equation 2.12) it is expected that if a sphere interacts with
a surface via non-specific interactions, the force needed to detach it, is larger
for a larger radius of the sphere. In this respect it thus could be worthwhile
to use smaller beads if one wants to reduce non-specific binding. On the
other hand, smaller beads usually also have a lower magnetic content so
only smaller forces can be applied to them. In this experiment two sizes
of Streptavidin coated beads are used, the M-270 beads having a diameter
of 2.8 pm and the MyOne’™ T1 beads, having a diameter of 1 um. As
described in section 3.3.2) the surfaces of these beads are not completely
the same. The MyOne’™ T1 surface is less negatively charged and more
hydrophobic than the M-270 surface. These differences are largely com-
pensated by the presence of BSA and Tween20, blocking the hydrophobic
surface, and salts, shielding the charges, in the buffer solution. Nevertheless
the outcomes of this experiment should be considered with some reservation.

The 2.8 pum beads have been incubated on the prepared substrates for
35 s, leading to a Ny of ~50 on the BSA surfaces and a Ny between 50 and
100 on the Biotin-BSA surface. For the 1 pm beads the incubation time is
increased to 60 s and a 2-10 times higher concentration of beads is used to
compensate for the slower sedimentation of these beads. This leads to a Ny
of ~15 on the BSA surfaces and a Ny of ~30 on the Biotin-BSA surface.
These numbers, for both bead sizes, do not give a verdict on whether the
bonds on the Biotin-BSA surface are specific, non-specific or a combination
of the two. Therefore a 10 pN force is applied to the beads with a twofold
purpose. In the first place to study the differences between the attachment
forces for the two sizes of beads on a BSA surface. In the second place to see
if it is possible, for this slightly altered process of surface actictivation, to
remove the non-specifically bound beads from the Biotin-BSA surface while
keeping the specifically bound beads.
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Figure 4.2: Percentage of beads bound to the surface as a function of time at
a force of 10pN. This is studied on beads with a radius of (a) 1 um and (b)
2.8 pum on surfaces with BSA, black curves, and a mixture of Biotin-BSA
and BSA, red curves.

In figure [4.2] the effect of a force of 10pN on the beads is depicted. First
the case where there is only BSA present on the surface and were there are
no specific bonds, is considered. In both figure4.2(a) and 4.2(b) one can see
that a considerable amount (~ 40%) of the beads resists the force for more
than 160 s. Furthermore the shape of the decay curves is similar for the two
sizes of beads. Although it was expected that the smaller beads would be
pulled from the surface faster this does not follow from the measurements.
An explanation can be that the formed non-specific bonds do not arise from
the interaction of the total sphere with the surface but from interactions
of either molecules or protrusions on the bead surface. However one would
expect the number of molecules and protrusions in contact with the surface
to be larger for larger beads, therefore the bond strength of larger beads
would still be larger. Another possibility is that the difference in bond
strength is not observed because of the difference in incubation time between
the two sizes of beads.

The second issue to be considered is the specificity of the bonds on the
surface covered with a mixture of BSA and Biotin-BSA. Figure 4.2 shows
that in general less beads are removed from the surface with Biotin than from
the BSA surface when a force of 10 pN is applied for 160 s. This is true for
both bead sizes, however there is some overlap between the different surfaces
in case of the 1 um beads. The difference is not sufficient to be conclusive
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about how many of the bound beads, that are still present on a surface with
Biotin after 160 s of applying a force of 10pN, are specifically bound. For
the beads that are left, each combination of multiple or single specific bonds
and non-specific bonds is still possible. So neither based on initial numbers
nor based on the effect of a small force on the beads can the definite nature
of the bonds be determined in this experiment. Still, by applying a 10 pN
force it is possible to discern between the two surfaces, indicating that at
least some specific binding occurs on a surface containing Biotin-BSA.

2.8 u Steptavidin coated beads
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Figure 4.3: Dissociation curves from figure 4.2(b), with error bars for the
expected statistical errors.

Maybe the most striking thing in this figure is that all black curves and
all red curves in one graph are obtained under the same circumstances but
do not yield the same result. The curves do however lie in a certain band
depending on the type of substrate and beads. These bands are expected as
the probability distribution for bond rupture is only probed by studying a
limited number of bond breaking events.

There is a certain expectation value for the number of bonds that will
break between time t and At. The probability that a certain number of
bond breaking events will be observed in this time frame is governed by
Poisson statistics as each bond breaking event is independent. The variance
of the number of bonds breaking in each time frame is thus equal to the
expectation value. The variance in the number of bond that is still present
at a certain time, is derived by adding up the variances of the measured time
frames up until that time. The absolute value of the standard deviation is
given by the square root of the expectation value of the total number of
bond breaking events up until a certain time. This number increases in time
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and with the total number of bond breaking events studied. The relative
value of the standard deviation with respect to the number of initially bound
beads decreases with Ny. The percentage accuracy thus increases when a
larger ensemble of beads studied.

In figure 4.3l error bars marking the standard deviation for the statistical
errors are added to the curves from figure 4.2(b). These errors have been
estimated by taking the observed number of bond breaking events in each
time frame as the variance, because the expectation value is not known. The
curves measured on a BSA surface are largely within each others margin of
error. The curves measured on the Biotin-BSA show a much larger spread
than would be expected from statistical variations. A possible cause for this
is an inhomogeneous surface coverage of Biotin-BSA.

4.1.3 Constant forces on non-specific bonds

From the previous sections it follows that making a distinction between
specific and non-specific bonds based on their strengths is not feasible for
the discussed system. Therefore the initial fraction of non-specific bound
beads should be minimized. By changing the preparation process of BSA
or Biotin-BSA coated surfaces and the buffer solution in which the beads
are contained, it is possible to reduce the number of beads binding non-
specifically.

Experiments presented in this section have been performed on surfaces
prepared using the process variant that led to the lowest number of non
specific bonds. BSA and Biotin-BSA coated surfaces were prepared in the
same way as described in section 4.1.2 except for the last step. In this process
variant the substrates are first rinsed in ultra pure water before being blown
dry. Incubating beads for 35s on a BSA surface prepared this way leads to
an Ny of 5 whereas on a Biotin-BSA surface it leads to an Ny of 50. The
non-specific over specific ratio is thus approximately 10%.

Although the fraction of non-specific bonds is small, it is important to
understand the influence of the non-specific bonds on the results of constant
force measurements on the Biotin-Streptavidin bonds. It is thus important
to investigate the effect of different constant forces on the non-specific bonds.
In figure 4.4 the percentage of non-specific bound beads is given as a function
of time for different applied forces, Ny is scaled to 100%. Except for the 18
pN force most nonspecific beads are removed from the surface within the
160 s of force application. That in the case of the 18 pN force the decay is
slower than for the higher forces matches with the idea that the application
of a force stimulates bond dissociation also when the bond is non-specific
and can not be modeled by a single sharp energy barrier. For the other
forces a relationship between the force and the timescale at which beads
are removed from the surface does not follow from figure 4.4. Considering
the low number of beads that is studied and the stochastic nature of bond
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Figure 4.4: The effect of a constant force on Streptavidin coated beads
bound to a BSA surface

breaking, such a relationship is however not likely to be derivable from the
presented experimental results.

4.2 Constant Force experiments

The experiments presented in this section have been performed on Biotin-
BSA coated surfaces prepared as described in section/4.1.3. This preparation
process leads to an average fraction of non-specific bonds of 10% at a bead
incubation time of 35 s and to a Ny of about 50. After incubation of the
beads, subsequently different constant forces have been applied to the beads
and the number of beads bound to the surface is monitored as a function of
time.

In figure 4.5(a) the percentage of bound beads is given as a function
of time for different applied forces, Ny is scaled to 100%. For every force
the experiment has been performed two times. In every measurement a
new surface and bead solution are used. In figure 4.5(b) the same data is
presented as in figure [4.5(a) only this time, where possible, the results for
two measurements at the same force are added to improve statistics. This
time the total Ny which is the addition of the Ny values of the two separate
measurements is scaled to 100%. This addition is allowed because the two
measurements are performed under the same conditions. For comparison the
theoretically expected first order exponential decay curves are also plotted
in figure [4.5(b). These curves are obtained by using equations 2.22 and
2.28 with £, = 10% s and zg = 0.41 A. These values are based on values
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Figure 4.5: The effect of different constant forces on Streptavidin coated
beads Bound on a 0.04% Biotin-BSA surface. (a) Separate measurements.

(b) Summated results (solid curves) and theoretically expected results
(dashed curves).

measured by various techniques stated in reference [30] . There are three
things to be addressed in this figure. The functional shape of the curves, the
differences in results obtained for the same force and the force dependance
of the dissociation rate.

If single molecular bonds are measured that dissociate irreversibly in a
single step process, theory predicts a first order exponential decay (equation
2.28) in the number of beads that is bound as a function of time. Clearly
this is not what is observed in figure 4.5, Not even when the statistical
errors in the measurements are taken into account. The relative statistical
error for these measurements, calculated as described in 4.1.2), is 10 - 15%
at most in figure 4.5(a) and less than 10% for the added curves in figure
4.5(b). The measured initial decay is in general fast but at a certain point
the decay slows down. Even at the highest force and after 160 s not all
beads are removed from the surface. If two measurements are done at the
same force but on different substrates (that are prepared in the same way),
this leads to decay curves of a somewhat different shape. Both at 18 and
at 81 pN the differences between the two curves are larger than statistically
expected.

An explanation for the deviant functional shape is that not single mole-
cular bonds are measured but a collection of beads that are bound with
different numbers of bonds. The beads with only one bond cause the fast
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decaying part in the measured curves and the beads bound by more than
one bond cause the slower decaying parts. Beads that are bound by many
Biotin-Streptavidin bonds, are not likely to come off the surface at all. This
kind of decay is described by equation 2.34. If the fractions 7; vary for
different surfaces or different areas of the same surface, this multiple bond
model could also explain the differences between two measurements at the
same force. An inhomogeneous distribution of Biotin-BSA over the surface
could be the cause of variations in 7;. If two Biotin-BSA molecules are close
to each other, it is possible that bonds are formed between Biotins from
both BSA molecules and more than one Streptavidin on the bead.

That indeed multiple bond adhesions can cause large variations in the
functional shape of the decay curves can be seen in figure 4.6l Here the
theoretically expected decay curves are calculated for different ratios of the
fractions of beads bound with 1, 2, and 3 bonds. The beads are assumed to
be in a parallel configuration and break randomly (see section 2.3.4). Again
toff = 10* s and rg = 0.41 A are used as parameters.

Number of beads [%]

T T T T
0 50 100 150 200 250 300

Time [s]

Figure 4.6: Dissociation of a collection of beads with different numbers
of bonds. The fractions {ni,n2,n3} are varied. Solid curves {0.5,0.5,0},
dashed curves {0.5,0,0.5}, dash-dotted curves {0.33,0.33,0.33}. The colors
correspond to the applied forces.

One thing that this model can not account for is the fact that for forces
down from 52 pN the initial decay is faster than expected for a single Biotin-
Streptavidin bond. This effect can partially be attributed to non-specific
binding which is expected to comprise 10% of the total binding. In the
52 pN curve in figure 4.5(b) however the fast decaying fraction of beads is
30%. This could mean that there is a second effect that gives rise to bonds
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weaker than the Biotin-Streptavidin bond. One idea is that due to surface
roughnesses certain binding sites become less accessible or that the orienta-
tional freedom of some Biotin molecules is limited in such a way that partial
bonds are formed. Partial bonds can be expected when multiple energy
barriers and minima exist along the reaction coordinate of a specific bond.
The presence of three energy barriers along the reaction coordinate of the
Biotin-Streptavidin bond has been calculated in molecular dynamics simu-
lations [42][43]. Experimental results have been obtained that support this
picture [31][3]. A partial bond in this picture would correspond to a situa-
tion where the bound molecules are not in the primary energy minimum but
in a minimum more outward along the reaction coordinate. The occurrence
of this type of bonds has been discussed for the Biotin-Streptavidin system
by Pincet and Husson [44].

The general trend in the decay curves as a function of time is as expected.
The higher the force the faster the decay in the number of bonds as a function
of time. Further interpretation in terms of fitting dissociation rate constants
from the obtained curves is however difficult. In the first place because the
number of collected data points is in most cases too small to fit higher
order exponential behavior accurately. For quantification of dissociation
rate constants many more dissociation events should be monitored. In the
second place because it is hard to make out which type of bond corresponds
with the fitted exponents.

To simplify the data analysis and interpretation, the probability of bind-
ing a bead by more than one bond should be reduced. Intrinsic problems
with the Biotin-BSA - Streptavidin system are that one Streptavidin has
four Biotin binding sites and that one BSA has multiple Biotins connected
to it. There is thus a naturally high probability of binding by multiple
bonds. Partially blocking Streptavidin binding sites with free biotin reduces
the density of binding sites on the bead. This way the probability that a
bead binds with multiple biotin molecules is reduced. Another solution is
activating carboxylic acid beads with Biotin in a low density and adsorb
Streptavidin on the polystyrene surface. Adsorption of the receptor mole-
cules might however change their conformation and therefore their affinity
for the ligand.

4.3 Multiple bonds

For the case of a 80 pN force some fits of second order exponential decay
have been obtained which are accurate within a margin of 10%. Using the
fitted dissociation rate constants for one and two bonds the multiple bond
unbinding mechanism is further investigated.

In figure 4.7/ the dissociation curves of two independent measurements
are shown together with the fitted second order exponential decay curves
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Figure 4.7: The effect of a force of ~ 80 pN on Streptavidin coated beads
bound on a Biotin-BSA surface.

(thin red lines). The black curve is obtained in an experiment in which the
surfaces are prepared as described in section 4.1.2] and before the force of
80 pN is applied first a force of 10 pN is applied for 160 s to increase the
fraction of beads that are specifically bound. Still in this case it can not be
guaranteed that the fraction of non-specific bound beads is below 10%. The
magenta curve is the same as the 81 pN magenta curve from figure 4.5(b).

In table 4.1 the fitted dissociation rate constants for one bond kl[s™!]
and two bonds k3[s~!] are given and their ratio. The fitted dissociation rate
constant for the case that first a 10 pN force was applied to the beads is
approximately twice as low as for the case in which the force of 80 pN was
applied immediately. This could be because in the first case the weakest
bonds, which could be specific or non-specific, have already been removed.
The order of magnitude of k:é of 0.1 s~! corresponds to values reported in
literature [30]. In both cases the resulting ratio of k3 over k! is in the order
of magnitude of 0.01.

Table 4.1: Dissociation constants for beads bound with 1 bond, k’é, 2 bonds,
kzg, and their ratio. Data derived from the curves presented in figure [4.7.

Measurement — k3[s™!] k2[s™1 % [—]
1 3.73-107Y 1.07 1072 0.029
2 5.92 -107% 2.60 -1072  0.044
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Using equations 2.29 to2.33| and equation 2.21]the theoretically expected
ratios of k2 over k} are calculated for the different multiple bond configura-
tions discussed in section 2.3.4. Here again the literature based values of 5 ¢
= 10% s and xg = 0.41 A are used. In table 4.2/ the results are given. The
ratio of kﬁ over k:cll is highly dependant on the configuration of the bonds.
As only the parallel configuration yields a result in the order of magnitude
of the measured ratios it can be deduced that this is the configuration of the
multiple Biotin-Streptavidin bonds. The Biotin-Streptavidin bonds between
the bead and the surface are thus rendered parallel and break randomly.

Table 4.2: Ratios between dissociation constants for beads bound with one
bond and beads bound with two bonds for the different cases of multiple
bonds for different ways of multiple bond dissociation.

parallel cooperative series cooperative parallel zipper

series

theoretical £ 0.5-1071 1410712 0.035 0.5
d

2
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Chapter 5

The Biotin - Anti-Biotin
system

This chapter contains the results of measurements related to the Biotin -
Anti-Biotin system. When compared to the Biotin-Streptavidin system the
probability for binding by multiple bonds is less for this system, as Anti-
Biotin has only two Biotin binding sites, and the Anti-Biotin molecules
are expected to be less densely packed on the beads than the Streptavidin
molecules. Two types of experiments have been performed with this system:
Constant force experiments, described in section 5.1/ and DFS experiments
presented in section [5.2. In section 5.3 the results obtained from these
experiments are compared.

5.1 Constant force experiments

Surfaces coated with BSA and Biotin-BSA are produced in the same way
as for the constant force measurements on the Biotin-Streptavidin system.
Dynal Dynabeads®M-270 Carboxylic Acid beads coated with Anti-Biotin
are used in all experiments. The beads are contained in a buffer solution
of 10 mg/ml BSA in PBS with 0.02% Tween20. After coating with Anti-
Biotin many clusters were present in the bead solution, all beads in clusters
are excluded from the experimental results.

For bead incubation times between 35 and 60 s, Ny, for this type of
beads, is approximately 3 on a BSA surface. On a Biotin-BSA surface it is
mostly higher than 30, however in some cases it was only 5. This is because
of the presence of clusters. The number of non-specific bonds in this system
is low, the strength on the other hand is very high. Most non-specific bound
beads can not even be removed from the surface at forces up to 90pN. This
is in contrast with the Streptavidin coated beads for which all non-specific
bonds would break at such a high force when the same surface preparation
process is used (see figure 4.4).
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Figure 5.1: The effect of different constant forces on Anti-Biotin coated
beads bound on a 0.04% Biotin-BSA surface. (a) Separate measurements.
(b) Summated results.

In figure 5.1(a) the percentage of bound beads is given as a function
of time for different applied forces, Ny is scaled to 100%. For some forces
the experiment has been performed twice. In figure 5.1(b) the same data
is presented as in figure [5.1(a) only this time, where possible, the results
for two measurements at the same force are added up to improve statistics
like has been done in figure 4.5(b). The relative statistical error for these
measurements, calculated as described in [4.1.2) is 10 - 45% in figure [5.1(a)
and less than 15% for the added curves in figure 5.1(b).

The measured curve for dissociation at zero force is expected to give an
underestimation of the dissociation, because there is a time delay between
the moment the sample holder is turned over after incubation of the beads
and the moment the first image is collected. The first part of the exponential
decay curve is thus not monitored. Furthermore as the beads are not pulled
away from the surface very fast it is possible that, after dissociation, re-
association takes place leading to a slower decay in the number of beads on
the surface.

5.1.1 multiple bonds

As was the case for the Biotin-Streptavidin system here again the measured,
dissociation curves do not follow first order exponential decay and again
the results of measurements at the same force but at different samples do
not overlap. As with the Biotin-Streptavidin system the multi-exponential
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behavior can be explained by the formation of multiple bonds per bead. The
problem of binding by multiple bonds is thus not solved by the change in
receptor molecule only. Based on the fact that still Biotin-BSA is used and
that Anti-Biotin has two binding sites for Biotin, it is possible that one Anti-
Biotin binds to two Biotin molecules. It is also possible that two Anti-Biotin
molecules bind with Biotins attached to one or more BSA molecules. The
last mentioned effect will however be much smaller than when Streptavidin
coated beads are used, as the concentration of Anti-Biotin on the bead
surface is expected to be much lower. When the concentration of receptor
on the bead is lower, the probability that two separate receptors bind with
Biotin on the surface is lower. This could explain that the number of beads
that do not come off at all (expectedly beads bound by many bonds) is
lower than for the Biotin-Streptavidin system. Variations in the surface
concentrations of Biotin-BSA and Anti-Biotin might cause sample to sample
variations.

The general trend in the decay curves as a function of time is as ex-
pected, except for the fact that there is no significant difference between
the curves measured at 36pN and 53pN. According to equations [2.22/ and
2.28 the rate of dissociation should increase exponentially with the applied
force. That this is not measured might be due to the fact that the observed
amount of bond breaking events and thus the accuracy of the measurements
is too low. As was the case for the Biotin-Streptavidin system, quantitative
data analysis and interpretation is difficult because of the inaccuracy of the
measurements and presence of beads bound by multiple bonds.

To really solve the problem of multiple bonds, a receptor should be
chosen that has only one binding site for its ligand. Furthermore the ligand
and receptor should both be bound to the surface homogeneously at a low
concentration. When Biotin-BSA is used the average concentration of Biotin
can be low but still the local concentration is high. This is an unwanted
effect, single ligands or receptors should be diluted.

5.1.2 Strength of the BSA-polystyrene bond

When compared to the Biotin-Streptavidin system a faster dissociation of
the Biotin - Anti-Biotin bond is expected, as the affinity of Streptavidin
for Biotin is larger than that of Anti-Biotin. An observation that confirms
this is that, in contrast to Streptavidin coated beads, Anti-Biotin coated
beads even detach from the surface when no magnetic force is applied to the
beads. However the curves that are measured at higher forces, for example
at a force of 18pN are similar for the Biotin-Streptavidin system and the
Anti-Biotin system. The only thing that is significantly different is the
number of beads that does not dissociate at all. For the rest the time
dependance in the dissociation curve is the same. Therefore the possibility
should be considered, that not the dissociation of the Biotin-Streptavidin
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and Biotin - Anti-Biotin bond, but the dissociation of BSA from the surface
was measured.

There are indications that (Biotin-)BSA is attached stronger to the sur-
face than the measured ligand-receptor pairs are attached to each other.
In the first place the dissociation rate constants for the Biotin-Streptavidin
system derived in section [4.3| are consistent with literature values. In the
second place there are experiments presented in literature [30], where the
same surface immobilization procedure for Biotin was used. In these exper-
iments differences could be observed between closely related ligand receptor
pairs, indicating that dissociation of BSA did not trouble the measurement
results. Still the assumption that BSA does not come off the surface in
this specific project should be verified. This can be done by varying the
method of surface immobilization of Biotin. If the dissociation of actual
ligand-receptor pairs is measured, the found dissociation rates should not
depend on the method of surface immobilization.

To be sure that bonds between both the ligand and the surface, and the
receptor and the bead are stronger than the studied bond, the coupling to
both the bead and the surface should be covalent. It is possible to chemically
activate polystyrene in order to have carboxylic acid or amino head groups
on the surface [45]. To these groups receptors and ligands can be covalently
coupled for instance by the EDC reaction described in section 13.3.2.

5.2 DFS experiments

In the Dynamic Force Spectroscopy experiments presented in this section, a
force is applied to the beads that starts at 0 pN and is increased in steps to
approximately 80pN at a steady loading rate. The number of beads leaving
the surface between force f and Af is recorded. The distribution of bond

breaking events over the rupture forces has the shape of p(f), the rupture
probability, given by equation 2.26.

5.2.1 specificity, reproducibility and accuracy

DFS experiments have been performed on two different sets of surfaces pre-
pared in the same way as those used in the previous section. Also two
different batches of beads have been used, both prepared as described in
section [3.3.2 and appendix [A]. Although the preparation process was not
changed, there were differences between the surfaces prepared in different
sets and beads prepared in the different batches.

The most clear difference is that in the first batch of beads no clusters
were present while in the second batch there were many clusters that could
not be separated by sonication.

Differences between the surfaces prepared in different sets become clear
when beads are incubated on them. When beads from the first batch were
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incubated on surfaces prepared in set one for 90 s, this leads to an Ny of
5 in case only BSA is present and an Ny between 10 and 60 on a surface
with 0.04% Biotin-BSA. Considering these numbers one would estimate the
specific fraction on a Biotin-BSA surface to be 50 - 90 %. When the beads
from the second batch are incubated on surfaces prepared in set two for 90
s this leads to an Ny of 60 for both surfaces with only BSA and surfaces
with 0.04% Biotin-BSA. Here specific binding can thus not be guaranteed.
When beads from the first batch are now incubated at a BSA surface from
the second set for 90 s this leads to an Ny of 40. The amount of non-
specific binding is thus almost ten times more on surfaces from the second
set than on surfaces from the first set. From this it can be concluded that in
the preparation of surfaces in the second set something went wrong in the
process.

To check if there are differences in non-specific bond strength between
beads from the different batches, a force is applied at a loading rate of 1
pN/s to beads from the second batch and beads from the first batch on BSA
surfaces from the second set (on which many beads bind). Once the force
had reached 80 pN, 90% of the beads from the first batch were removed from
the surface while only 30% of the beads from the second batch were removed
from the surface, (data not shown). Thus except from the clustering there
are more differences in the properties of beads prepared in different batches.

Although the number of bonds on the Biotin-BSA surfaces prepared in
the second set is not higher than on the BSA surfaces, it could still be
that (some of) these bonds are specific. To test this, a force is applied at
a loading rate of 1 pN/s to beads bound on both surfaces. The number of
beads dissociating at a certain force is recorded. The force at which the most
beads leave the surface is the most probable rupture force, f*. It is expected
that this most probable rupture force for the non-specifically bound beads
is different than for specific bound beads. If now for beads bound on the
Biotin-BSA surface an additional peak in the rupture probability shows up
that is not present for beads bound on the BSA surface, this would support
that at least some of the beads on the Biotin-BSA surface are specifically
bound.

In figure [5.2] the results of these measurements are shown. At each
surface the measurement has been repeated twice and the results are added
to improve statistics. From the results presented in figure 5.2, no clear
difference between the beads bound on BSA and the beads bound on Biotion-
BSA can be observed. Therefore measurements done on surfaces prepared
in the second set are not included in the next section where the results of
DFS measurements are described.

The total number of bond breaking events n, monitored in these ex-
periments and the ones presented in the next section is about 50, which
might be low to visualize the total probability distribution for bond break-
ing. It is therefore hard to accurately define the location of maxima in the
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Figure 5.2: The number of bead dissociation events as a function of force
at a constant loading rate of 1 pN/s on a surface with Biotin and a surface
without Biotin.

probability distribution. The distribution might furthermore be blurred by
non-specifically bound beads. Another factor limiting the accuracy of the
presented measurements is the assumed relation between the voltage applied
to the coil and the force on the beads. This relation is assumed to be linear,
where in fact it is slightly nonlinear and depends on the temperature of the
coil. Furthermore the voltage is increased in steps that are bigger for higher
loading rates. The influence of all these effects is not investigated in detail
and and/or compensated. The measurements presented here should thus
be regarded as a proof of principle. Derived physical parameters should be
valued as order of magnitude estimations.

5.2.2 results

DFS experiments have been performed on Anti-Biotin coated beads bound
to a Biotin-BSA covered surface at five different loading rates between 0.1
pN/s and 10pN/s. The histograms with the recorded rupture events are
given in figure [5.3. The width of the bars at high loading rates is larger
than at low loading rates as the force resolution is less. However the number
of events monitored per loading rate is low, the maxima in the probability
distributions are estimated. For the loading rate of 0.1 pN/s one maximum
is observed at approximately 2 pN, so 2 + 1 pN is taken as an estimation.
A second peak is observed at 14 + 2 pN. For the loading rate of 0.2 pN/s
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Figure 5.3: Histograms of bead dissociation events for different loading rates.
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a maximum is a little harder to define but should be somewhere between 5
and 11 pN so 8 + 3 pN is taken as an estimation. In the distribution at 1
pN/s roughly two maxima can be seen. One at 6 £ 2 pN and one at 21 +
2 pN. For the loading rate of 2 pN/s the number of bond breaking events is
too low to give a verdict about the positions of maxima. In the distribution
at 10 pN/s three maxima can be observed: One at 11 + 2 pN, one at 23 +
5 pN and one at 53 + 5 pN.

It is possible that some of the peaks mentioned are artifacts. However
for peaks corresponding to a specific type of bond, the forces at which the
peaks occur would satisfy equation 2.27. If a set of peaks corresponds to a
molecular bond, a linear relation between the peak force an the the natural
logarithm of the loading rate should be observable. To test if this is the
case, all the estimated peak forces are plotted in a graph versus the natural
logarithm of the loading rate. The result is given in figure 5.4 Three sets of
data points can be defined for which a linear fit can be made and which thus
possibly are connected with a molecular bond. From the linear fits of these
sets of data points the parameters xg and k,; can be derived by rewriting
equation [2.27 as

kgT kT
= ilnrf p By, P (5.1)
g a3 kBTkoff

and equating %T to the slope of the fit and equating the loading rate at

zero force to k];wiio”. The resulting values for x5 and k¢ are given in table
5.1.

The fact that three different sets of data are found that can be fitted
linearly, could mean that three different types of bonds are measured. It is
also possible that these sets do not correspond to a certain type of bond at
all, as some of the measured peaks might be artifacts and the sets consist of
only three data points.

The second set of data could correspond to a bond that has a faster
apparent dissociation at zero force and also a stronger force dependance
than bonds possibly corresponding to the other data sets as its barrier is
located more outward along the reaction coordinate. The found barrier
positions can be compared with the barrier positions found for another other
ligand-IgG bond. For the Digoxigenin-antibody bond, barriers are reported
at 0.35 and 1.15 nm [46]. The barrier position found for the first set of
data points is close to that of the first barrier in the Digoxigenin-antibody
bond. However, in measurements on the Digoxigenin-antibody bond this
barrier is only observed at loading rates higher than 10% pN/s. Therefore
the barriers are not directly comparable. The positions of the second and
third set are in the same order of magnitude as the second barrier in the
Digoxigenin-antibody bond but somewhat more outward.

Although the second set of data corresponds to the fastest dissociating
bond it is not clear if it is related to a single Biotin - Anti-Biotin bond. It
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might also correspond to a partial Biotin - Anti-Biotin bond as its zg is far
from the primary energy minimum. The third set of data corresponds to
a barrier that is located between the barriers from set one and two but is
higher than both of them, as the dissociation rate at zero force corresponding
to this barrier is much lower. Again the nature of the bond corresponding
to this set is not clear.

Biotin - Anti-Biotin

55 = Sett
50 ¢ Set2 *=27.12 +10.97Inr,
45] A Set3

40
35
30
25]
20 P
10
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=201 4246 In r
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Figure 5.4: Derived values for f* plotted versus the natural logarithm of the
loading rate and possible linear fits of these data (Set 1 = 2, 8, 53 pN) (Set
2 =2,6,11 pN ) (Set 3 = 14, 21, 23 pN ).

Table 5.1: Fitted values for xg and ko .

Set 1 Set 2 Set 3 Thomas e.a.
xg [nm] 0.37 2.1 1.7 unknown
kopp [s71] | 7.7-107% 1.9-1072 1.1-107* 58-107°

A dissociation rate constant for goat Anti-Biotin has been determined
by Thomas e.a. [47] with a technique in which labeled Biotin is injected in a
column with Anti-Biotin immobilized on a solid support. The concentration
of bound biotin is measured as a function of the time. Compared to the value
determined by Thomas e.a. the dissociation rate constants determined in
this research are very high. The difference could be caused by the fact
that in this project both the Biotin and the Anti-Biotin are bound to a
solid support instead of only the Anti-Biotin. Increased [48] as well as
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decreased [49] dissociation rates as a consequence of surface immobilization
are reported in literature. It is possible that when increased dissociation
rates are measured, orientational constraints of the constituents of the bonds
make it harder for them to reach their energetically most favorable relative
position and orientation which could lead to weaker bonds. Furthermore
attachment to a surface may induce changes in the protein structure of the
Anti-Biotin leading to a different affinity for Biotin. Another explanation for
an increased dissociation rate is that by the application of a force a certain
reaction path is chosen that is not the most probable path if no force is
applied.

5.3 Comparison of DFS and constant force exper-
iments

The parameters calculated from the DFS experiments on the Biotin - Anti-
Biotin system can be substituted in equation 2.28 to see what the theoretical
outcomes of constant force measurements would be for these parameters.
This has been done and the resulting dissociation curves are compared with
the actual measurements at constant forces. To be able to make a better
comparison, the beads that do not come off the surface at the highest force
are not taken into account. The fraction of beads that is still bound to
the surface after applying a force of 53 pN for 160s is approximately 15%.
In each measurement, this fraction of Ny is subtracted from the number of
beads present at each time. The remaining 85% is scaled to 100%. In figure
5.5l the calculated curves as well as the measured curves are plotted. For
calculation of the dashed curves the fitted parameters from the first set are
used, for the dotted curves parameters from the second set are used, for the
thin full curves parameters from the third set are used.

The decay that follows from the parameters of set one and two is much
faster than the measured decay. When the parameters of the third set are
used the decay at low forces is much slower than measured. The force
dependence of the dissociation rate however is very strong so the decay for
forces above 18pN is much faster than measured.

With some goodwill the curves calculated from set one can be said to
match the initial rate of decay. The mismatch for the lower forces can be
ascribed to the earlier mentioned time delay between the end of incubation
and the start of the measurement. This could mean that the calculated
parameters correspond to a single specific bond. Parameters that could
correspond to the slower decaying fraction of beads are not measured in the
DFS experiment.

The discrepancy is worse for the parameters from set two and three.
To whichever type of bond these parameters correspond, this type of bond
should, if it turns up in DFS experiments, also turn up in constant force
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Number of beads [%]

Figure 5.5: Comparison of constant force measurements and calculations
based on DFS results, (dashed curves = set 1, dotted curves = set 2, thin
full curves = set 3). The colors correspond to the applied forces.

experiments. The fact that this does not happen can be ascribed to either ir-
reproducibility in the measurements or over-interpretation of the DFS data.
Measurements with more beads and at more and higher loading rates are
needed to verify which peaks are significant.
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Chapter 6

Conclusions

The presented research aims to contribute to the development of a magnetic
biosensor in which the strength of bonds between an antigen and an antibody
can be measured. For this purpose a setup has been designed in which
the force induced dissociation of antigens and antibodies can be measured.
Section 6.1/ describes the general conclusions of this project. Section 6.2
discusses the possibility of implementing a similar setup in a biosensor.

6.1 General conclusions

With the developed setup, magnetic forces up to 90 pN can be applied
to superparamagnetic beads with a diameter of 2.8 um. These forces are
sufficient to break molecular bonds on a timescale of minutes. Furthermore
dynamic force spectroscopy experiments can be performed with the present
setup. Loading rates up to 10pN/s have been applied, however by using a
different power supply higher loading rates can be obtained. An advantage
of this setup over other techniques is that both constant force measurements
and DFS measurements can be done in the same setup for an ensemble of
bonds simultaneously.

With this setup the bonds between Biotin and Streptavidin, and Biotin
and Anti-Biotin have been studied. In most of the experiments the number
of bond breaking events was still too low to obtain quantitative information
about the bonds. It is possible to bind up to 200 beads in the region of
interest of the setup without beads getting too close to each other. When
all these bead dissociate the maximum standard deviation in constant force
measurements is 7%. In the Biotin-Streptavidin case the average number
of beads that bind in the region of interest is 50. In the Biotin - Anti-
Biotin case this number is only 30. The maximum standard deviations in
most of the measurements on these systems were between 10 and 20%. An
extra problem in the Biotin - Streptavidin case is that, with the present
surface chemistry, only a small fraction of the initially bound beads disso-
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ciates. The fraction of dissociating beads can be increased by decreasing
the surface concentrations of Biotin and Streptavidin. An unwanted effect
of this is that the total binding probability will decrease and so will the
number of initially bound beads. This problem can only be solved by a
longer incubation or an incubation that is stimulated by actuation of the
beads. A longer incubation however could also lead to an increased number
of non-specific bonds which is again an unwanted effect. For the Biotin -
Anti-Biotin system not only the low number of bond breaking events, but
also bead clustering and irreproducibilities in the bead coating procedure,
troubled the measurements.

Although the biochemistry in the conducted experiments was not opti-
mal, some hypotheses have been derived about the binding and dissociation
of the studied bonds. Here it is assumed that the BSA via which the Biotin
is coupled to the surface is not released from the surface during the mea-
surements. There are indications that this assumption is valid, nevertheless
it still should be verified.
= The main conclusions for the Biotin-Streptavidin system are:

e The bond strength of Streptavidin coated beads non-specifically bound
to a BSA coated polystyrene surface can be much weaker than a Biotin-
Streptavidin bond but also stronger.

e Constant force measurements on the Biotin-Streptavidin system have
shown that Dynal M-270 Streptavidin coated beads often bind to a sur-
face with Biotin-BSA with more than one specific bond. The fractions
of beads bound with a certain number of bonds vary per measurement
due to surface inhomogeneities. A fast decaying fraction of beads is
observed that is not expected from literature. Possibly this fraction of
beads is only partially bound.

e The dissociation rate increases with the applied force.

e In an analysis of the shape of the dissociation curves at a force of 80
pN the configuration of the multiple specific bonds between a bead
and a surface was obtained. The Biotin-Streptavidin bonds between
the bead and the surface are rendered parallel and break randomly.

= The main conclusions for the Biotin - Anti-Biotin system are:

e The bond strength of Anti-Biotin coated beads non-specifically bound
to a BSA surface is higher than the Anti-Biotin bond. The number
of non-specific bonds on a correctly prepared BSA surface is however
low.

e Constant force measurements on the Biotin - Anti-Biotin system have
shown that also Dynal M-270 Anti-Biotin coated beads often bind to
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a surface with Biotin-BSA with more than one specific bond. However
the average number of bonds per bead is lower than for the Biotin-
Streptavidin system.

e As was the case for the Biotin-Streptavidin system, the dissociation
rate increases with the applied force.

e From DFS measurements possible dissociation rates at 0 force and
barrier positions are derived for the Biotin - Anti-Biotin system. The
found dissociation rates at 0 force of, 7.7-1073, 1.9-1072 and 1.1-10~*
s71, are all much faster than the dissociation rate of 5.8 - 1076 571
reported in literature. Possible barriers are found at 0.37, 2.1 and 1.7

nm from the primary energy minimum.

e The dissociation measured in constant force experiments does not cor-
respond to what would be expected from the parameters derived from
DFS experiments. Possibly the data obtained in DFS experiments is
insufficient to be interpreted correctly.

Concluding, a setup has been developed in which the strength of antigen-
antibody bonds can be tested using superparamagnetic beads. Measure-
ments on the Biotin - Anti-Biotin bond an the Biotin-Streptavidin bond have
shown that the dissociation rate constant of these bonds increased with the
applied force and that the most probable rupture force shifts when differ-
ent loading rate are used. Deriving more quantitative information from the
conducted measurements was difficult because of the occurrence of multiple
bonds per bead, the low number of beads dissociating and irreproducibilities.
These causes are mostly of biochemical origin. For better results optimiza-
tion of the biochemistry is essential. In specific, alternatives for the use
of BSA in the surface immobilization procedure of Biotin should be tested.
Furthermore, for a more quantitative analysis of the force dependence of the
dissociation rate, more data should be collected. In constant force measure-
ments the dissociation of a larger number of beads should be measured over
a longer time. DSF experiments should be performed at more different and
higher loading rates and a larger number of beads should be studied per
loading rate.

6.2 Implementation in a biosensor

In the present setup both constant force and DFS can be done. Both can be
implemented in a biosensor. This biosensor will however not be a hand held
device that can be used anywhere. The magnetic system and power supply
can not easily be miniaturized.

Implementation of constant force measurements is the most obvious op-
tion as the output of these measurements can be easily correlated to the
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dissociation rate constant. In a biosensor application it is not necessary
to obtain detailed information on parameters like xg. Quantifying bond
strength can in principle be done by measuring the number of beads at only
one constant force. Once for a specific system the force dependance of the
dissociation rate is know, this can be used to select a force at which the
measurements should be done in order to have the best sensitivity in the
range over which the dissociation rate constants are expected to vary. To
be sensitive in a larger range of bond strengths measurements at different
forces can be done. When the dissociation rate constant of an antigen-
antibody pair is naturally high, measurements can be done at lower forces.
The maximum dissociation rate constant that can be measured depends on
how fast the number of beads on the surface can be detected. The accuracy
of the biosensor is determined by the number of dissociating bead. The more
dissociating beads can be measured simultaneously the more accurate the
biosensor.

In a biosensor application the beads on the surface will not be detected
with a microscope. Still optical detection is a possibility. For instance, a
CCD can be mounted directly above the surface. Also magnetic detection
is a possibility. The magnetic field of the developed set-up in the region of
interest is perpendicular to the surface and a GMR sensor under the surface
would only detect the parallel components of the magnetization of the beads.

In this project an antibody has been coupled to the surface of a super-
paramagnetic bead. In a biosensor it it not feasible to isolate the antibody
and do a coupling reaction. The bead and surfaces in the sensor should
be pre-prepared so that the number of process steps in the sensor is mini-
mized and the detection speed is optimized. The challenge here would be
to bind sufficient beads to the surface to probe the probability distribution
for dissociation accurately in one measurement. The use of smaller beads
can be considered to obtain more beads per surface area. Smaller beads
usually have a lower magnetic content so only smaller forces can be applied
to them. The force that is needed to break bonds on a timescale of minutes
varies per antigen-antibody pair. Therefore whether smaller beads can be
used depends on which antigen-antibody pair should be characterized.

Based on the order of magnitude of antigen-antibody bond strength to
be studied and the availability of other receptors or binding possibilities for
the studied molecules, the specific method of measuring the bond strength
should be chosen.
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Appendix A

Protecol for binding
Anti-Biotin to Carboxyl acid
beads

Necessities
e 25 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer (pH=5)
e 100 mM MES buffer (pH=5)

e EDC

50 mM ethanolamine in PBS (pH=8.0)

Assay buffer (= 0.02% Tween and 10 mg/ml BSA in PBS)
e Anti-Biotin 1 mg/ml, 50 ul

e Bead solution (M270 Carboxylic acid beads, Dynal), 100 ul

Protocol

1. Wash the beads

e Pipette 100 ul of bead solution in a LowBind-ep

Pull beads toward the side of the ep with a magnet
Replace the liquid with the same amount of 25mM MES buffer

Mix well and repeat this procedure 4 times

Suck out most of the liquid (to obtain a concentration of about

5:1)

2. Add anti-Biotin



e Add 50 ul of anti-Biotin solution

e Incubate dynamically for 30 minutes at room temperature
3. Couple the anti-Biotin to the beads

e Prepare a 100 mg/ml EDC solution in 100 mM MES
Add 10 pl of the EDC solution to the beads

Mix well

Add 10 pl 25 mM MES buffer

Incubate dynamically for 2 hours at room temperature

4. Quench the reaction

e Add ethanolamine solution to the bead solution (~900 pul)

e Incubate dynamically for 1 hour at room temperature
5. Remove the excess of EDC/anti-Biotin

e Suck out most of the liquid
e Wash the beads once with ethanolamine solution

e Wash the beads 4 times with assay buffer
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Appendix B

Bead counting software

Program to count beads in subsequent frames of a movie (single .tif files)
The first frame will be shown and the beads must be selected manually. The
program registers if a beads is still at its postition in subsequent frames and
gives the number of beads still left in each frame as an output.

Inge van Donkelaar, July 2007, MBz

Select file to analyze
clear all
close all
[filename,path]=uigetfile("*.tif’,’open .tif-file’);
name=filename(1:max(size(filename))-10);
I=(imread(strcat(path,name,num2str(0,’%06d’),".tif’)));

Show first frame and register bead locations by mouse clicks
colormap(gray(256));
image(I) [inputx,inputy]= getpts;

count beads/input points

beads = size (inputx,1)

beadsN = beads;

delta(1)=0;

for n=0:53 %for 0 to number of frames-1 compare frame with the next
frame

I=double(imread(strcat(path,name,num2str(n,’%06d’),".tif"))); %frame

[2=double(imread (strcat(path,name,num2str(n+1,"%06d’),".tif"))); %next
frame

for j=1:size(inputx,1) %for all bead locations/centres

x0(j) = round(inputx(j)); %integer bead x coordinate

y0(j) = round(inputy(j)); %integer bead y coordinate

int= 0; %intensity 0

III



int2= 0; %intensity 0

for x = [x0(j)-8:x0(j)+8]

for y = [y0()-8.50()-7:y0(5)-6.0()-5.50())-4,y0()-3.0()+3.y0()) +4,

Y0()+5,50()+6,0(5)+7,0(5) +8]

int = int+1(y,x); %add pizel values in frame

int2 = int2+12(y,x); %add pizel values in next frame

end

end

d = double(abs(int-int2)); %compare added up pizel intensities

if d > 5000 %if the difference between the intensities at a certain location
has changed more than a threshold value this means a bead has disappeared

beadsN = beadsN-1; %in that case the number of beads in the 'next
frame’ is lowered by 1

end

end

beads=[beads,beadsN]; %the number of beads in subsequent frames (length(beads)
= number of frames)

delta(n+2)=beads(n+1)-beads(n+2); %the number of beads dissociating
in subsequent time frames (length(delta) = number of frames)

end

Output
name %file name
beads’

plot (beads, 'DisplayName’, 'beads’, "YDataSource’, 'beads’); figure(gcf)
%the number of beads present on the surface plotted versus frame number

delta’

plot (delta, 'DisplayName’, ’delta’, "YDataSource’, ’delta’); figure(gcf)
%the number of dissociating beads plotted versus frame number

v



