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Abstract
Optical tweezers have been characterized and used to investigate biomolecular bonds. The optical trap can be approximated by a harmonic potential
well, and two methods to determine the force constant associated with this
harmonic potential are discussed. The dependence of the force constant on
laser power and on the distance from the cover glass has been determined,
and is in qualitative agreement with theory and literature. It has been shown
that biomolecular bonds of the model system protein G-IgG can be ruptured
using optical tweezers. Bond rupture is statistical of nature, and most probable single bond rupture forces were determined to be 43 ± 10 pN at a loading
rate of 450 pN/s and 60±14 pN at a loading rate of 950 pN/s. This is in
agreement with values reported in literature on similar systems.
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Chapter 1
Introduction
The goal of the presented research it to study the feasibility of using optical tweezers to investigate single biomolecular bonds. This research has
been conducted within the scope of my graduation project, conducted at the
capacity group MBx (Molecular Biosensors for medical diagnostics) of the
department of Applied Physics at the Eindhoven University of Technology.
The mission of the MBx capacity group is to investigate new technologies for
use in biosensors. The holy grail in biosensing is detecting low concentrations of target molecules in a small sample volume of a complex fluid (such as
blood or urine) and giving accurate results within a few minutes. A biosensor used for medical diagnostics that complies to these demands is called a
’point-of-care’ biosensor. The research at the MBx group is done in close
cooperation with Philips Research, in order to apply these new technologies
in devices in the near future. In this chapter, first a general introduction to
biosensors is given and the relevance of the presented research is sketched.
A short introduction to optical tweezing is followed by the outline of the rest
of this report.

1.1

Point-of-care biosensors and the relevance
of the presented research

A biosensor detects the presence and/or concentration of biological molecules.
Biosensors are based on the biochemical recognition of target molecules, often
in the form of an immunoassay. In an immunoassay, a surface coated with
capture molecules is incubated in a solution containing target molecules. The
target molecules bind to the capture molecules, and the number of bonds
formed is a measure for the concentration of target molecules in the solution.
The capture and target molecules are generally called receptors and ligands,
1

and are often antibodies and antigens. The number of formed bonds between
receptors on the surface and ligands in the solution, can be determined directly by measuring the change in a physical property of the surface. For
instance a change in mass or a change in refractive index due to the bonded
antigens can be detected.
An example of a biosensor is the well known pregnancy test. A pregnancy
test detects the presence of hCG, a hormone produced by embryos, in the
urine of the woman, maybe soon to become a mother. The exact concentration of the hormone is not determined by this biosensor. It is detected wether
the concentration of the hCG is higher or lower than a reference value, and
a yes or no output is given. The first commonly available biosensor to accurately measure concentrations was the glucose sensor, based on an enzyme
catalyzed redox reaction. The glucose sensor is used to measure the glucose
concentration in the blood of diabetics.
Although these two biosensors are common in modern life, often body
fluids still have to be sent to a laboratory for accurate concentration measurements. A treatment can not be started before the results are obtained
which can take up valuable time. An example of a target molecule that requires urgency is troponin. Troponin is a structural protein present in the
cardiac muscle. It is released in the blood stream after heart muscle cells die.
In case the concentration of troponin in the blood of a person suspected to
suffer from heart failure can be rapidly determined, damage to the heart can
be minimized. A ’point-of-care’ biosensor would be of great use here.
superparamagnetic bead
secondary antibody

Y

antigen

capture antibody

Y Y

Y Y Y Y Y
Figure 1.1: Schematic representation of an sandwich assay.

Another possibility is the detection of antigens using a sandwich assay. In
this kind of immunoassay, a surface coated with capture antibodies is incubated in a solution with target-antigens. The surface is subsequently washed,
and incubated in a solution with labeled secondary antibodies. These secondary antibodies bind to another part of the antigen than the capture an2

tibodies, creating a sandwich. The secondary antibodies are labeled with for
instance chemiluminescent molecules or magnetic particles. The number of
bonded antigens can be determined by detecting the labels of these secondary
antibodies.
Within the MBx group the emphasis lies on sandwich assays using magnetic labels. The magnetic labels usually are polystyrene spheres with a core
of small superparamagnetic particles, called superparamagnetic beads. By
using magnetic labels, a force can be exerted on the labels by applying an
external magnetic field. This provides the possibility to measure the bond
strength between a ligand and a receptor, by rupturing the bond with an
applied force. The strength of a ligand-receptor bond is closely related to
the concept of affinity. The higher the affinity of a ligand and a receptor, the
stronger the bond formed between the two.
An example of the importance of knowing the affinity of an antibody
is found in kidney transplanting. Approximately 25% of all receivers of a
donor kidney develops HLA(human leukocyte antigen)-specific antibodies.
The affinity of the HLA-specific antibody and HLA is a good indicator for
graft failure [1]. Another example can be found in bioactive immune milk,
i.e. milk from cows that have been immunized for a bacteria (Clostridium
Difficile), and secrete antibodies for the antigens associated with toxins of
these bacteria in their milk. The quality and concentration of antibodies
in the milk varies over time and per cow. To distinguish the high quality
bioactive milk (i.e. high concentrations and high affinity antibodies) from
the low quality bioactive milk (i.e. low concentrations and low affinity antibodies), a biosensor that measures both the antibody concentration and the
bond strength of antibody-toxin interaction would be able to separate these
fractions in an early stage.
The bond strength between an antibody and a ligand is often measured
by rupturing the bond with an applied force. This can be done by applying
a force to the bond via a magnetic label. Another way is applying a force
using optical tweezers. Optical tweezers are not suitable for use in biosensors, but can provide a benchmark for the bond strength measurements done
with magnetic labels. This report handles the path towards bond strength
measurements using optical tweezers.

1.2

Optical tweezing

Optical tweezing is a technique to hold and manipulate small objects using
a strongly focused monochromatic light beam. The light beam consists of
photons, carrying a momentum that can be (partially) transferred to an ob3

ject. This generates optically induced forces that can provide the trapping
of small objects. In principle any small object can be trapped by optical
tweezers but usually small polystyrene or silica spheres, called beads, are
trapped. The first to prove the principle of optical tweezing was A. Askin,
who described the single beam optical trap [2]. Since then optical tweezers
became a powerful tool to hold and manipulate small objects, and to measure forces exerted on these objects. An example from literature shows the

(a) Optically controlled micro valve.

(b) Array of trapped particles.

Figure 1.2: Various applications of optical tweezers, adapted from [5].

determination of the shear modulus of human erythrocytes (red blood cells)
by applying a force. An erythrocyte was held between two beads trapped
by optical tweezers. A force was applied by increasing the distance between
the beads. The cell became elongated and the diameter of the cell decreased
in the direction perpendicular to the applied force. The shear modulus was
found to be 2.5 ± 0.4 µN/m [3]. In [4] the velocity and forces associated
with the DNA transcription by RNA polymerase were determined. An RNA
polymerase was fixed on the cover glass, and a DNA strand was attached to
both the RNA polymerase and a bead trapped by optical tweezers. When a
4

transcription step occurred, the bead was pulled from the center of the trap
by the DNA strand. It was found that RNA polymerase transcripts over 10
nucleotides per second and that the forces associated with the transcription
are larger than 14 pN. Other applications that have been developed include
optically controlled micro valves [5], and holographic optical tweezers, which
can hold an array of small particles (see figure 1.2).
In this research, the suitability of optical tweezers to measure bond forces
has been investigated. The optical tweezers setup is situated at the department of Biomedical Engineering of the Eindhoven University of Technology,
and is built by M. Wijlaars and J.M. Huyghe. The optical trap has been
characterized and software has been developed to easily control the setup
and record the signals from the detection system. Thereafter, a study has
been done on the feasibility to investigate biomolecular bonds using the optical tweezers.

1.3

Outline

In chapter 2 the origin and theory of optical forces is discussed. This chapter
is divided into three parts, based on the size of a trapped object with respect
to the wavelength of the trapping light. In chapter 3, the experimental setup
of the optical tweezers used for this research is shown.
In chapter 4 the characterization of the optical tweezers is described, starting from the assumption that the trap can be approximated by a harmonic
potential well. Two methods for calibrating the force constant associated
with the harmonic potential are given, and the dependence of this force constant on the laser power and on the distance from the surface is studied. The
resulting trap stiffnesses determined by the two described methods can not
be compared directly due to a difference in units. A method to compare the
trap stiffnesses using a conversion factor to account for the difference in units
will be discussed.
In the study of biomolecular bonds, a distinction is made between a specific and a non-specific bond. In chapter 5 the difference between a specific
and a non-specific bond is explained and the characteristics of a specific bond
are described. Bond strength is often given in terms of the dissociation rate
constant. This dissociation constant can be determined under equilibrium
conditions or by rupturing bonds with an applied force. Two techniques often used to determine biomolecular bond strengths under applied force will
be discussed. The behavior of a biomolecular bond that is subjected to a
constant applied force, and to an increasing force with constant loading rate
will be derived.
5

In this research, experiments have been conducted with optical tweezers on a model system: the protein G-IgG interaction. In chapter 6 these
experiments are described. First information reported in literature on the
bond formation between protein G and IgG is discussed. Then the method
used to probe the protein G-IgG bond is explained, and the obtained results are shown. We succeeded to measure biomolecular bond rupture forces
that are in agreement with rupture forces reported in literature for similar
ligand-receptor pairs. In the last chapter the general conclusions are given
and discussed.

6

Chapter 2
Optical Force Theory
A distinction can be made in optical force theory based on the size of the
trapped object with respect to the wavelength λ of the light. First the theory
for a trapped object with characteristic length r much smaller than λ is discussed. In this case the light is considered to be an electromagnetic wave and
the interactions of the light with the object have an induced dipole character
[2]. r/λ 5 0.1 is considered to be a good criterium for this regime to be valid
[6]. A second regime applies in case the object is very large with respect to
λ, the ray optics (RO) regime. Then light can be considered to consist of
rays and each ray is deflected by the object obeying Snellius’ and Fresnel
equations. This approximation is valid for r/λ = 10. Often the trapped objects are in the order of the wavelength, as is the case in this research. Here,
polystyrene beads are used with a radius r=0.9 µm and the wavelength of
the laser light is ∼ 1 µm. In this intermediate regime, called the Mie regime,
the generalized Lorentz-Mie theory can be used to calculate optical forces.
This is discussed in section 2.3. For all size regimes stable trapping requires
an equilibrium between two forces, namely a scattering force, directed in the
direction of propagation of the light, and a gradient force directed towards
higher intensity. In optical tweezers a strong intensity gradient is accomplished by focusing a laser beam with a microscope objective. Theory for
the Rayleigh regime is discussed in section 2.1, section 2.2 handles the RO
regime theory and in section 2.3 the intermediate case is discussed.

2.1

Rayleigh regime (D  λ)

For a bead to be trapped, two forces must be in equilibrium, namely the
scatter force and the gradient force. In the Rayleigh regime the scatter force
is the force due to Rayleigh scattering of the incoming light by the bead. A
7

part of the energy of the incoming light is absorbed by the bead and reemitted isotropically. During this process the bead receives two momenta, one
in the direction of the incoming light by absorbing the incoming radiation
and one from reemitting the radiation. The moment it receives from reemitting the radiation is equally distributed in all directions and therefore the
force resulting from reemitting the radiation is zero. The net scatter force is
therefore in the direction of propagation of the incoming light and is given
by
Fscat =

Pscat
c/nm

(2.1)

where nm is the refractive index of the medium surrounding the bead,
Pscat the power scattered and c the speed of light. The electromagnetic
energy of the light that falls on the bead per second per unit area is given
by the Poynting vector S [Js−1 m−2 ]. Because the electromagnetic field of
the light oscillates at a very high frequency compared to bead movement the
time averaged Poynting vector hSi is of interest, which is equal to the light
intensity I.
nm 0 c
|E0 (~r)|2
(2.2)
2
where E0 is the maximum amplitude of the electric field, ~r the position
and 0 the electric constant. The cross section for Rayleigh scattering for a
sphere is given by [7]
hSi = I(~r) =

8
σ = π(kr)4 r2
3



m2 − 1
m2 + 1

2

(2.3)

where k is the wave vector 2π/λ, r the radius of the bead and m the
effective refractive index of the bead nnmb where nb and nm are the refractive
indices of the bead and the medium respectively. The time averaged Poynting
vector multiplied by the Rayleigh scattering cross section equals Pscat and
equation 2.1 in terms of the intensity becomes
128π 5 r6
σhSi
=
Fscat (~r) = nm
c
3cλ4



m2 − 1
m2 + 2

2
nm I(~r)

(2.4)

From equation 2.4 it can be seen that the scatter force strongly depends
on the bead radius and the wavelength of the light. The gradient force in
the Rayleigh regime arises from the interaction between the dipole induced
in the bead by the electromagnetic field and the field itself. The strength of
the induced dipole as a function of ~r and t is given by
8

~ r, t)
p~(~r, t) = α · E(~

(2.5)

~ the electromagnetic field. The
with α the polarizibility of the bead and E
polarizibility of a dielectric sphere in an electric field is [8]
 2

m −1 3
2
α = 4π0 nm
r
(2.6)
m2 + 2
The Lorentz force of an electromagnetic field acting on the induced dipole
is given by
h
i
~ r, t) = α · E(~
~ r, t)∇ · E(~
~ r, t)
Fl = [p(~r, t)∇] · E(~
(2.7)
~ r, t)2 i = 1 |E(~
~ r)|) and making use of the vector
After time averaging (hE(~
2
identity




~ 2 = 2 E∇
~
~ + 2E
~ × ∇×E
~
∇E
E
(2.8)
and

~ =0
∇×E

(2.9)

a result from Maxwells equations, equation 2.7 can be rewritten as
2
1
~ 0 (~r)
(2.10)
Fl = α∇ E
4
Combining the equations for intensity 2.2 and polarizibility 2.6 with equation 2.10, the Lorentz force acting on the bead, i.e. the gradient force, can
be written as


2πnm m2 − 1 3
Fgrad (~r) =
r ∇I(~r)
(2.11)
c
m2 + 2

Equation 2.11 shows that the gradient force increases strongly with increasing bead radius r and depends on the refractive indices of both the
medium and the bead. If A is defined as
m2 − 1
(2.12)
m2 + 2
then Fgrad is a proportional to A and Fscat is proportional to A2 . In figure
2.1 A and A2 are plotted as function of m. If m > 1, thus the bead has a
higher refractive index than the surrounding medium, A is positive and the
gradient force is directed towards higher intensity. If nb < nm A is negative.
The gradient force changes direction and pushes the bead towards lower
intensity, i.e. out of the beam. The scatter force on the other hand is always
A=

9

directed in the propagation direction of the light regardless of the value of
m. Therefore stable trapping is only possible for m > 1, thus nb > nm .

1

1

0.8

A (-)

A2 (-)

0.5
0.6

0.4
0
0.2

-0.5
0

2

4

6

8

10

m

0
0

2

4

6

8

10

m

(b) A2 as function of m

(a) A as function of m

Figure 2.1: Fscat and Fgrad are functions of A and A2 respectively. A and A2 are
plotted as function of the effective refractive index.

Force equilibrium in three dimensions is needed for stable trapping. In
the x- and y-direction, defined in the plane perpendicular to the propagation along the optical axis, only the gradient force acts on the bead. In a
Gaussian laser beam (TEM00 , a common laser mode) an intensity gradient
in x- and y-direction is present which keeps a trapped object in the center of
the beam. In the z-direction the gradient force has to counteract the scatter
force. Therefore the laser beam has to have a very strong intensity gradient
in the z-direction that is not naturally present. To achieve this the laser
beam is strongly focused, for instance by a microscope objective.
At the z-position with the highest intensity gradient the gradient force
should be larger than the scatter force, that is the ratio between Fgrad and
Fscat must be larger than one. Otherwise the particle is always pushed away
from the focus by the scatter force. The ratio RF is given by
 2

3λ4
m + 2 ∇I
Fgrad
=
(2.13)
RF =
Fscat
64π 4 r3 m2 − 1
I
RF depends strongly on the wavelength of the light (RF ∼ λ4 ). A long
wavelength is thus preferable. RF is inversely proportional to r3 , thus small
beads provide better trapping.
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2.2

Ray optics regime (D  λ)

In this section the origin of the trapping forces is explained for particles very
large compared to the wavelength of the incoming light. In an approximation
the light can then be treated as if it exists of rays. Each ray is refracted
and reflected according to Snellius’ and Fresnels laws. When a ray changes
direction its momentum is changed. The change in momentum per unit time
is the force F the bead exerts on a ray and by Newtons third law the force
acting on the bead is given by −F .
Consider a bead in a light beam with a Gaussian intensity profile. For now
it is assumed that reflection is negligible. In case the bead is in the middle
of the beam, as shown in figure 2.2(a), the momentum of the rays on the
right side is equal to the momentum on the left side. Two rays symmetrical
around the z-axis are drawn in the figure together with the two forces acting
on the bead.
Z

Z

X
2

1

Z

F1

X
2

1

Fsum Z

Fsum
F2

F1
X

(a) In the center.

F2
X

(b) Right from the center.

Figure 2.2: Bead at two positions in a light beam with a Gaussian intensity distribution.

The two forces are composed of equal components in the z-direction and
equal but opposite components in the x-direction. The two x-components
11

cancel out and the total force is directed in the z-direction. When the bead
is displaced from the middle of the beam as shown in figure 2.2(b) symmetry
is lost and the momentum of the incoming rays on one side of the bead is
larger than on the other side. Again two rays are drawn symmetrically around
the x-axis. The z-components of the two forces still add up but because the
momentum of the rays is not equal the x-components do not cancel out.
Therefore the net force has a component in the z-direction and a component
in the x-direction, directed towards the higher intensity part of the beam.
The z-component equals the scatter force and the x-component equals the
gradient force. The gradient force is always directed towards higher intensity
in analogy with the gradient force in the Rayleigh regime. This keeps the
bead in the center of a Gaussian beam. No stable trapping occurs because
no force is opposing the always present scatter force. Therefore a gradient in
the z-direction is needed which can be facilitated by strong focusing of the
light beam. Figure 2.3 schematically shows a bead in different positions in a
strongly focused light beam. Only the two outer most rays are drawn.

Figure 2.3: Bead in a strongly focused light beam adapted from [6].

Although the magnitude and direction of the force exerted by a ray on
the bead depend on the angle of incidence, figure 2.3 gives a good qualitative
image of the situation. It can be seen that the bead always experiences a force
towards the focus independent of its position in the beam. A quantitative
description is given by A. Askin [6]. Figure 2.4 shows the path of a ray of
12

power P hitting a bead at an angle with respect to the surface normal θ. T
and R are the Fresnel coefficient of transmission and reflection respectively
at θ. R and T depend on the direction of polarization of the light. R is given
by

2
sin(θt − θi )
Rs =
(2.14)
sin(θt + θi )
for light polarized in the plane of incidence (s-polarized)and
2

tan(θt − θi )
Rp =
tan(θt + θi )

(2.15)

for light polarized perpendicular to the plane of incidence (p-polarized),
where θt and θi are the angles of the transmitted and incident ray with respect
to the surface normal. The plane of incidence is the plane containing both
the incoming ray and the surface normal. R and T are related as T = 1 − R.
If θi is known θt can be derived using Snellius’ law: sin(θi ) = m sin(θt ). The
calculations in the following are made for circular polarized beams, i.e. half
of the light is s-polarized and half p-polarized.

Figure 2.4: Path of a ray falling onto a bead, adapted from [6].
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When hitting the bead part of the rays power is reflected RP and part
is transmitted T P . The transmitted part travels through the bead till it
hits the bead surface. There again a part is transmitted T 2 P and a part is
reflected T RP . Theoretically this process goes on into eternity. The force
on the bead is minus the change in momentum of the ray per unit time. An
expression for this can be given in terms of the momentum of the incident
ray minus the sum of the momentum of all the rays exiting the bead. For a
ray with incident momentum in the z-direction this expression is given by [6]
"
#
∞
X
nm P R
nm P T 2 n
nm P
−
cos(π + 2θi ) +
R cos(α + nβ) (2.16a)
Fz =
c
c
c
n=0
"
#
∞
X
nm P R
nm P T 2 n
Fy = 0 −
sin(π + 2θi ) −
R sin(α + nβ) (2.16b)
c
c
n=0
where α and β are angles as defined in figure 2.4. In accordance to usual
scatter force definition as being in the direction of light propagation, Ashkin
defined the scatter force as the force a ray exerts in the direction of incidence
and the gradient force as the force exerted perpendicular to this direction.
For a ray with momentum in the z-direction Fscat = Fz and Fgrad = Fy . In
the RO regime these two forces thus arise from the same interaction contrary
to the Rayleigh regime where the scatter force is due to Rayleigh scattering
and the gradient force is due to the interaction of the electromagnetic field
with the induced dipole in the bead. Because equations 2.16a and 2.16b are
valid for a ray incidenting in arbitrary direction, they represent the scatter
and gradient force respectively for all rays. It should be noted that using this
definition the scatter and gradient force have a different direction for each
ray and this should be taken into account when calculating the total scatter
and gradient force a beam of light exerts on the bead. Equations 2.16 can
be evaluated analytically to give [6]


T 2 [cos(2θ − 2r) + R cos(2θ)]
nm P
1 + R cos(2θ) −
Fscat =
c
1 + R2 + 2Rcos(2r)


nm P
T 2 [cos(2θ − 2r) + R cos(2θ)]
Fgrad =
R sin(2θ) −
c
1 + R2 + 2Rcos(2r)

(2.17a)
(2.17b)

These forces can be written as F = nmc P q. q is then a measure for the
percentage of momentum transferred to the bead to generate force. q depends
on the angle of incidence and the effective refractive index of the bead. In
figure 2.5 qs and qg are plotted as function of the angle of incidence for
14

different effective refractive indices m. The figure shows that large angles of
incidence are necessary for large gradient forces. It also shows that there is an
optimum in the gradient force for increasing m while the scatter force keeps
increasing. This implies that beads with too high refractive index cannot
be trapped. For m > 1.52 the gradient force maximum starts decreasing, in
water this implies nb > 2.
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Figure 2.5: qs and qg as a function of the angle of incidence for different values of m.

The force exerted on a bead by a light beam is the sum of the forces of the
rays that make up the beam. In case the beam is focused by a microscope
objective as is the case in optical tweezers this sum is the integral over r
and β, see figure 2.6. The angle of incidence of each ray depends on r, the
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80

90

distance of the ray to the center of the input aperture, and on the position
of the beam focus with respect to the center of the bead.

Figure 2.6: Bead in the focused beam of an microscope objective, adapted from
[6].

For a focus along the z-axis, that is the bead is in the middle of the beam,
the resulting force is in the z-direction due to rotation symmetry around the
z-axis. The gradient and scatter force of each ray contribute to the resulting
force by Fgrad,z = −Fgrad sin φ and Fscat,z = Fscat cos φ where φ is defined as
the angle of the ray with the z-axis as in figure 2.6. φmax is a function of the
numerical aperture of the objective NA= nm sin φmax . A ray exerts a large
gradient force in the z-direction when both its angle of incidence and its φ
are large, as can be seen from the sinφ in the formula for Fgrad,z . Figure 2.7
shows the numerical results of the summed forces as function of the position
of the focus along the z-axis with respect to a fixed bead center. Here Qg
and Qs represent the sum of qg and qs over all rays and therefore of the whole
beam. Also shown is Qtot defined the vector addition of Qg and Qz , where
the direction of Q is taken as the direction of the force.
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Figure 2.7: Q values as function of the position of the focus S w.r.t. a fixed
bead center along the z-axis, adapted from [6]. SE is the equilibrium
position.

In figure 2.7, a positive Q implies a force in the positive z-direction and
a negative Q implies a force in the negative z-direction. Important characteristics of this figure are that the gradient force changes direction when the
focus moves from a position below the bead center to a position above the
bead center but the scatter force does not, that the equilibrium position of
the bead center is a small distance below the focus where the gradient and
scatter force are exactly equal and opposing (shown by SE ) and that the
total force is quasi linear for positions of the focus close to the bead center.
The large values of Qg for a focus position at the edges of the bead are due to
the fact that in that situation many rays both have a large angle of incidence
and a large φ.
For a shift in position of the focus along the y-axis the calculations are
more complicated. It can be shown [6] that the total gradient force only has
a component in the y-direction and that the total scatter force only has a
component in the z-direction. The magnitudes of these forces are shown in
figure 2.8.
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Figure 2.8: Q values as function of the position of the focus (S’) along the y-axis
w.r.t. a fixed bead center, adapted from [6].

In figure 2.8, the positive value of Qs implies a scatter force in the positive z-direction and the negative value of Qg implies a gradient force in the
negative y-direction. Qt is again the vector addition of Qs and Qg . The Q’s
are symmetrical around the center of the bead. Again the Q values are large
for focus positions at the edge of the sphere and the total force is quasi linear
for focus positions close to the center of the bead. In all cases the total force
exerted on a bead by a strongly focused light beam is directed towards the
focus. The bead is thus trapped by the optical forces.

2.3

Mie Regime (D ≈ λ)

In practice the most common case is a particle diameter close to the wavelength of the light, as is the case in the research presented in this report.
Trapped beads have a radius of 0.9 µm and the wavelength of the trapping
laser is 1 µm. This gives a ratio r/λ = 0.9. The Lorentz-Mie theory describes
the scattering of a plane electromagnetic wave on a spherical particle with
arbitrary radius calculated from Maxwell’s equations. To describe a strongly
focused Gaussian laser beam the generalized Lorentz-Mie theory (GLMT) is
used, that describes the scattering of an arbitrary wave on a spherical par18

ticle. When it is known how the electromagnetic field is scattered by the
particle, the optical forces on the particle can be calculated. The expression
for optical force in the GLMT is given by
nm I0
[Cpr,x (~r)êx + Cpr,y (~r)êy + Cpr,z (~r)êz ]
(2.18)
c
where Cpr,i is the cross section for radiation pressure in the êi direction
and I0 the light intensity in the middle of the beam. Detailed expressions
for the radiation pressure cross sections are given in [9]. Unfortunately, these
expressions can not be evaluated analytically. Extensive numerical models
based on the GLMT are used to calculate optical forces. These numerical
calculations are outside the scope of this project. Similar to the results
obtained for the RO regime and the Rayleigh regime, it has been shown that
the radiation cross section is proportional to the displacement of the center
of a bead from the middle of a focused Gaussian beam, and that the cross
section changes sign when a bead is moved from one side of the middle of the
trap to the other [9]. This implies that the optical force also is proportional
to this displacement. The force is always directed towards the middle of the
trap, which provides stable trapping of beads. Because the GLMT is valid
for arbitrary spherical particles it can also be used to calculate optical forces
on particles in the ray optics and Rayleigh regime.
F (~r) =
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Chapter 3
Optical Tweezers Setup
The optical tweezers setup used in this research project is described in this
chapter. It consist of two lasers, one for producing the trapping light and
one of which the light is solely used for detection of the movement of a
trapped bead. An inverted microscope (Zeiss Axiovert 135) is used for the
strong focusing of the laser light. With a quadrant photodiode (OSI QD500-SD) the movement of trapped bead with respect to the center of the trap
is detected. Figure 3.1 schematically shows the setup.
M1

T1

T2

DiChro M1

M2

Inverted
Microscope
AOD

DiChro M2

Quadrant
Photodetector

PC
HeNe (l = 632nm)

Nd:YAG
(l = 1064nm)
Frequency
Synthesizers

Figure 3.1: Schematic representation of the experimental setup.
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Beads used for trapping in this research were made of polystyrene with
a density ρ = 1.05 · 103 kg/m3 . The beads have a radius r = 0.90 µm
and the refractive index of the beads nb = 1.59. The beads were suspended
in block buffer 1 . The viscosity of block buffer is not significantly different
from deionized water [10] [11], and is taken to be 1.0 · 10−3 Pas. The laser
providing the trapping light is an Nd:YAG laser (Spectra Physics Milennia
IR; λ = 1064 nm; P = 0.2−10 W). The detection laser is a HeNe laser (Melles
Griot 05-LHR-171; λ = 632 nm; P = 15 mW). The light of the detection
laser is aligned with the light of the trapping laser via a mirror (M1). The
detection beam and the trapping beam come together at the dichromatic
mirror (DiChro M1) which transmits the detection beam and reflects the
trapping beam. Two telescopes (lens pairs; T1 and T2) in the setup can
be used for beam shaping. The beams enter the inverted microscope and
are focused by the microscope objective (Zeiss Plan Neofluar 100x; NA=1.3
Oil immersion). Thereafter the two beams are collected by the condenser
lens and exit the microscope. The detection beam is separated from the
trapping beam by another dichromatic mirror (DiChro M2) and sent onto
the quadrant photodiode.
The quadrant photodiode consists of four independent photodiodes shaped
as a quarter of a circle. An image of the trapped bead is projected onto these
four photodiodes as shown in figure 3.2. The output of the four diodes is a
voltage proportional to the light intensity on its surface.

Figure 3.2: Projection of a trapped bead (left) and schematic view of the projection on the photodiode (right)

With this setup the position of the bead in the focal plane (the x-y-plane)
can be determined. The bead acts as a lens for the light passing through it.
The dot in the middle of the projection is detection laser light focused by the
1

Block buffer is a liquid environment well suited for use with and storage of biological components such as proteins. The block buffer consists of 10 mg/ml (= 1%w/v)
BSA, bovine serum albumine, a protein that prevents unwanted bonds between biological
components and between biological components and surfaces, added to 0.1M phosphate
buffered saline (PBS; deionized water with phosphates, NaCl and KCl)
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bead. When the bead is exactly in the middle of the trap the dot falls exactly
on the middle of the detector and thus the intensity on the four quadrants is
equal. In case the beads position changes, the projection of the bead moves
over the photodiode and the light intensity over the quadrants varies. The
voltage difference between the top half and the bottom half of the detector
is a measure for the position of the bead along the y-axis and the difference
between the left and right half for the position of the bead along the x-axis.
For small displacements of the bead these voltage differences depend linearly
on the bead position.

Figure 3.3: Closer look on the sample stage.

In figure 3.3 a magnification is shown of the microscope sample stage. By
separating a microscope slide and a cover glass with a round spacer (yellow)
a small volume is created for a bead solution. The volume is approximately
7µl. The microscope slide is fixed in the sample stage of the microscope.
This stage can move 100 µm in the x- and y- direction, i.e. in the plane
perpendicular to the direction of beam propagation.
The acousto-optic deflector (AOD; Isomet LS110A-NIR-XY) can be used
for positioning the focus of the trapping laser beam independent of the detection laser beam. It consists of a square piece of tellurium oxide (T eO2 )
attached to a frequency synthesizer. In case a frequency is applied to the
T eO2 , sound waves are generated which causes small periodic differences in
the refractive index. This creates a grating for Bragg reflection. The condition for constructive interference is
θ ≈ sin θ =

mλf
mλ
=
2Λ
2vac
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(3.1)

where θ is the angle of the light beam with the normal to the sound
waves, m the order of diffraction, λ the wavelength of the light and Λ the
wavelength of the sound waves. Up to 50% of the light can be diffracted to
the first order in case the light falls onto the grating under an angle θBragg ,
given by
λf
(3.2)
2vac
where f is the frequency of the sound waves and vac the speed of sound.
θBragg = θm=1 =

Acoustic absorber
diffracted beam

incoming beam

q
TeO2
L

path difference
2L sinq
undeflected beam

Piezo-electric transducer

Figure 3.4: Schematic view of the working of an AOD. Darker blue corresponds
to a higher index of refraction. Adapted from [12]

.
By adjusting the frequency of the sound waves the angle of the outgoing
beam is slightly changed
λ
∆f
(3.3)
vac
where ∆α is the angular shift of the outgoing beam and ∆f the shift
in frequency. Normally the laser beam enters the microscope objective with
zero angle. When the laser beam enters the microscope objective under an
angle ∆α the focus makes a translational movement in the focal plane
∆α =

∆d = fef f · ∆α

(3.4)

where ∆d is the displacement of the focus and fef f the effective focal
length. The AOD used in this setup actually consists of two AOD’s in series,
the first for manipulating the focus position in the x-direction and the second
for manipulating focus position in the y-direction. Each of the two AOD’s is
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driven by a frequency synthesizer (Isomet iDDS2-SE) via a deflector driver
(Isomet D104-2). The typical operating frequency is 50 MHz, and the frequency resolution of the frequency synthesizer is 18.6 Hz. The power of the
sound waves can also be adjusted. Higher acoustic power implies higher light
output in the first order.
The interface between the computer and the setup is an ADC/DAC board
(NI PCI-6052E). The setup can be controlled by Labview software, developed
specifically for this research project. The software contains two loops. One
loop is devoted to control the movement of the microscope stage while the
other loop records the quadrant photodiode signals. The microscope stage
is moved by applying a voltage between 0 and 10 V. The stage movement
is linear with the applied voltage. With the developed software, the microscope stage can be actuated in the x- and y-direction (simultaneously) with
a predefined waveform with a frequency and amplitude set by the user. It
is also possible to actuate the stage with an arbitrary waveform. This has
been used to conduct the bond strength measurements discussed in section
6.3. The photodiode output, that is the sum of the four quadrant voltages
and the voltage differences across the bottom and top half and the left and
right half of the photodiode, can be saved together with the microscope xand y-input voltages. These signals are sampled with a frequency set by the
user, typically 20 kHz, and can be saved with or without signal processing.
To control the AOD a separate application has been developed. The deflector driver actuates the frequency synthesizer, and is instructed by sending
serial commands. The developed software provides an easy-to-use interface
to change the output frequency and amplitude of the frequency synthesizers.
It is also possible to use the deflector driver in image mode. A table with
frequencies and associated amplitudes, called an image, is then loaded into
the deflector driver, and the synthesizer outputs the frequencies in the table,
one after another, on demand at a rate set by the user. Both an internal clock
of the computer and the internal clock of the deflector driver can be used for
this purpose. The advantage of using the synthesizers in image mode is that
changing the frequency can be done very fast, in the order of MHz. This can
be used to create two or more well defined traps by switching rapidly between
two or more frequencies. Loading the image into the synthesizer and turning
the output on and off can be easily done using the developed software.
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Chapter 4
Trap Characterization
Optical tweezers can be used to measure forces exerted on a bead. It has
been shown in chapter 2 that the optical forces can be calculated from first
principles for beads that are large or small compared to the wavelength of
the trapping light, although experimental parameters, such as beam waist
thickness, the electric field at the focus and the effect of spherical aberrations,
determine the exact optical forces. In case the size of the beads is comparable
to the wavelength of the trapping light the calculations of optical forces
are extensive and not analytically solvable. Therefore a force calibration is
needed to determine the optical force on a trapped bead. For this purpose
a trapped bead can be approximated by a bead in a harmonic potential
well. This approximation is valid for small displacements of the bead center
with respect to the center of the trap. For all size regimes it has been
shown that for small bead amplitudes the optical force is proportional to
the bead amplitude [6][8][9]. This implies that the harmonic potential well
description is valid for all regimes. Two methods for determining the force
constant k are described in the following. One is to apply a known force on
a trapped bead and measure the resulting amplitude, the other is to analyze
the Brownian motion of a trapped bead. First the harmonic potential well
is shortly discussed.

4.1

Harmonic potential well

A harmonic potential well can be used to approximate the total force exerted
on a bead as function of the distance of the bead center to the center of the
trap. The center of the trap lies slightly below the focus of the beam at the
position where the scatter force and the gradient force in the z-direction are
in equilibrium. The optical forces can be modeled by a spring attaching the
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bead to the middle of the trap. Equation 4.2 gives the dependence of the
optical force on the distance of the center of the bead to the center of the
trap x, i.e. the bead amplitude, and the spring constant k. In this context
k is also referred to as trap stiffness. For simplicity only the x-component is
given, the equation is also valid for the y- and z-direction.
Foptical,x = kx · x

(4.1)

The spring constant is not necessarily equal in all three directions. For
a rotation symmetric input beam the x- and y-component are equal. The
z-component of the spring constant is lower than the x- and y-component
because the focus is elongated in the z-direction. This causes smaller changes
in intensity and intensity gradient per unit z-displacement which implies
smaller changes in the gradient force per unit z-displacement. The scatter
force is almost constant for small bead amplitudes, as can be seen in figure
2.7, and therefore smaller changes in the gradient force imply a smaller trap
g
≈ ∆F
). The potential energy of a bead in a harmonic
stiffness (k = ∆F
∆z
∆z
potential well, in the x-direction, is given by
1
Epot = kx2
2

(a) Optical forces on a bead [13]

(4.2)

(b) Harmonic potential well

Figure 4.1: Schematic representation of the bead in the presence of optical forces

4.2

Force calibration

The trap stiffness k can be determined in two ways. One is applying a known
external force to a trapped bead and measure the resulting bead amplitude.
Because the beads are always suspended in a liquid a viscous drag force is
usually applied. The second option is analyzing the Brownian motion of
a trapped bead. Fourier transforming the beads Brownian motion gives a
26

well defined frequency power spectrum from which the trap stiffness can be
determined. Before these calibrations can be done, it must be known how the
signal from the photodiode relates to the bead amplitude. This is described
in the next section.

4.2.1

Photodiode signal as function of bead amplitude

The signal from the photodiode is a function of the position of the bead. To
see how the photodiode signal corresponds to bead movement, a bead fixed
on the cover glass is moved through the detection laser beam by moving
the microscope stage. The resulting signal of the photodiode is recorded.
The microscope stage is moved linearly in time for over a distance of 2 µm,
thereby moving the bead completely through the focus. The photodiode
signal is shown in figure 4.2.
3
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Figure 4.2: Recorded photodiode signal from a fixed bead moved through the
detection beam focus.

For small displacements of the fixed bead from the center of the detection
beam focus the photodiode signal is proportional to the bead displacement.
In this measurement the photodiode signal is proportional to bead displacement for bead amplitudes of up to 150 nm. The slope of the photodiode
signal in the linear part is 7.14 · 10−6 V/nm. The slope of the signal can be
used to calculate a displacement in nanometers from the photodiode signal
in Volts.
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For use in experiments this conversion factor (Ccal ) is determined by
moving a bead fixed on the cover glass through the detection beam focus,
by applying a square wave with known amplitude to the microscope stage.
Figure 4.3 shows the photodiode signal for a square wave with an amplitude
of 100 nm.
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Figure 4.3: Photodiode signal of a fixed bead making a square wave movement
with an amplitude of 100 nm.

The signal amplitude is determined for several stage amplitudes, and
the results, shown in figure 4.4, are fitted linearly. The fitted slope, i.e.
Ccal , is 1.7 · 10−6 V/nm. Ccal depends on bead parameters such as size and
scattering properties, but is also strongly dependent on the vertical position
of the bead, that is perpendicular to the cover glass, with respect to the
focus of the detection beam. In [14] it is shown that the value of Ccal can
differ by a factor 2.5 for a difference in vertical bead position with respect
to the focus of 3 µm. With the experimental setup used in this research, it
is possible to determine the position of a bead fixed on the cover glass with
respect to the detection beam focus within 1 µm of the position of a trapped
bead. This is done by correcting the height of the fixed bead by moving the
microscope stage up or down until the microscope image of the fixed bead is
the same as for a trapped bead. This uncertainty in vertical position leads to
an approximate error of 20% in Ccal . According to Buosciolo e.a., [14], Ccal
also depends on the height of the bead with respect to the cover glass. By
determining β, that is 1/Ccal , using a method that can be applied to trapped
beads instead of using fixed beads, Buosciolo found a strongly decreasing
value of β with increasing distance to the surface. This implies an increasing
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value of Ccal with increasing distance to the surface. This change is due to
the changing shape of the focus with increasing distance because of spherical
aberrations. In [14], measurements of β show a decrease by more than a
factor five for a change in distance to the surface of 2 µm to 6 µm.
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Figure 4.4: Photodiode signal as function of stage amplitude.

4.2.2

Force calibration using viscous drag force

The viscous drag force, also known as the Stokes drag force, is the force a
fluid exerts on an object when flowing past it. The formula for viscous drag
on a bead is
Fdrag = 6πηr~v = γ~v

(4.3)

where η is the (dynamic) viscosity, r the radius of the bead, ~v the velocity
of the bead with respect to the fluid and γ the (viscous) drag coefficient.
A viscous drag force can be applied to a trapped bead by translating the
microscope stage and thereby the fluid surrounding a trapped bead. The
viscous force on the trapped bead pulls the bead away from the middle of
the trap until the optical force, proportional to the displacement of the bead
with respect to the middle of the trap (the bead amplitude) equals the viscous
force. For a given fluid and beads with a known radius, the only variable in
equation 4.3 is the velocity. Thus, keeping the stage velocity constant, the
drag force is also constant. This implies that the bead amplitude is constant.
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C
(4.4)
k
Figure 4.5 shows a schematic graph of the stage amplitude as a function of
time while determining the trap stiffness using viscous force, and the expected
bead amplitude.
Foptical = Fdrag ⇒ kx = γ~v = C ⇒ x =
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(a) Stage amplitude.

(b) Bead amplitude.

Figure 4.5: Stage and bead amplitude as a function of time.

The bead amplitude in the x-direction is recorded as the voltage difference
between the right and left half of the quadrant photodiode. In figure 4.6(a)
two periods of this raw signal are shown. The stage was moved with an
frequency fstage = 10 Hz and an amplitude of Astage = 3 µm and the sample
frequency fsample = 20 kHz. The laser power of the trapping laser was 200
mW. The signal was recorded for a total of 10 seconds in two separate files.
Although the oscillating movement of the bead can be seen, high frequency
noise obscures the details of the movement. Therefore the signal is filtered
by taking the average over 1 ms intervals, for this fsample that corresponds
to averaging over 20 points. The resulting signal is shown in figure 4.6(b).
The filtered signal is then averaged over all recorded periods, except for
the first and last period of each file which can be incomplete. One period
of the signal after averaging is shown in figure 4.6(c). From this averaged
signal the bead amplitudes are determined. This is done by averaging the
values of the signal over a part of the plateau, the part between the green
lines in figure 4.6(d), for both the first and second half of the period. The
two amplitudes, shown in red, are averaged to find the final bead amplitude
due to the applied viscous force. This bead amplitude is used to calculate the
trap stiffness. In this measurement the bead amplitude x is (1.09±0.02)·10−3
V. The error is the difference in bead amplitude between the two files. The
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(a) Two periods of the unfiltered signal. (b) Signal filtered by 20 point averaging.
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Figure 4.6: Unfiltered, filtered and averaged bead amplitude signal.

applied viscous force is calculated using equation 4.3 and is (2.12 ± 0.04) pN,
the error is due to the standard deviation in bead radius. The resulting trap
F
stiffness k = drag
is (1.94 ± 0.08) · 103 pN/V.
x

4.2.3

Force calibration by analyzing Brownian motion

A second way of determining the trap stiffness is characterizing the Brownian
motion of a trapped bead. Brownian motion is the random motion of a
macroscopic object due to collisions with molecules of the surrounding gas or
fluid. The Brownian motion of a bead in a harmonic potential well is given
by [15]
mẍ(t) + γ ẋ(t) + kx(t) = (2kb T γ)1/2 ξ(t)
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(4.5)

Where a dot above a symbol denotes a time derivative, m is the mass of
the bead, x the bead amplitude, i.e. the distance of the center of the bead
with respect to the middle of the trap, γ the drag coefficient, k the trap
stiffness, kb the Boltzmann constant, T the temperature and (2kb T γ)1/2 ξ(t)
a random Gaussian process representing the Brownian force at temperature
T . For all t
(4.6)

hξ(t)i = 0
and for all t and t0 the autocorrelation of ξ(t)
hξ(t)ξ(t0 )i = δ(t − t0 )

(4.7)

Because the system is over-damped, the characteristic time for loss of
kinetic energy through friction tinert = m/γ is very small compared to the
time resolution of the setup, the inertia term can be dropped and equation
4.5 can be written as
ẋ(t) + 2πfc x(t) = (2D)1/2 ξ(t)

(4.8)

where fc is the corner frequency, a characteristic frequency for the system,
defined as
fc ≡

k
2πγ

(4.9)

and D is the diffusion coefficient given by
D=

kb T
γ

(4.10)

If x(t) is recorded for a time Tm its Fourier transform x̃k is given by
Z

Tm /2

x̃k =

x(t)ei2πfj t dt; fj ≡

−Tm /2

j
, j = 0, 1, 2...
Tm

(4.11)

When x(t) and ξ(t) are substituted by their Fourier transforms, equation
4.8 can be rewritten to an expression for x̃j .
x̃j =

(2D)1/2 ξ˜j
2π(fc − ifj )

(4.12)

The time averaged power spectrum of x̃j has the form of an Lorentzian
curve and is given by [15]
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Pj =

|x̃j |2
Tm


=

D/(2π 2 )
fc2 + fj2

(4.13)

x(t) is sampled with a frequency fsample (20kHz typically). For frequencies fj  fsample the discrete Fourier transform is a good approximation for
the continuous Fourier transform. Therefore equation 4.13 is valid for the
experimental data as long as fj  20 kHz. The corner frequency is defined
as the frequency where the power has decreased from P0 to P0 /2. Figure 4.7
shows a theoretical power spectrum on a double logarithmic scale.
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Figure 4.7: Lorentzian power spectrum as function of frequency. At fc the power
has decreased by half P0 .

Figure 4.8 shows data of a Brownian motion measurement. Brownian
motion of a trapped bead was recorded for 60 seconds in 10 separate files
with a sample frequency fsample = 50 kHz. The trapping laser power was
200 mW in this experiment. Figure 4.8(a) shows five seconds of unfiltered
Brownian motion of a trapped bead, that is x(t). The Fourier transform of
x(t), i.e. x̃j , is shown in figure 4.8(b) on a double logarithmic scale. Again
the noise is obscuring the details. Therefore a 100 point averaging filter is
used to filter the data in the frequency domain. The filtered power spectrum
is shown in figure 4.8(c). A number of peaks due to electronic noise can be
seen at a.o. 50 Hz and 150 Hz, these data points are removed.
The ten power spectra of the ten separate files are averaged to obtain
the power spectrum in figure 4.8(d). The power spectrum in this figure has
a Lorentzian shape until f ≈ 1000 Hz. For higher frequencies the power
spectrum starts to deviate from the Lorentzian form more and more until it
reaches a horizontal plateau at f ≈ 8000 Hz. To check wether this could be
caused by system noise, two control measurements were done.
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(a) Unfiltered Brownian motion recorded (b) Power spectrum of the Brownian motion.
with the quadrant photodiode.
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Figure 4.8: Brownian motion analysis of a trapped bead.

One measurement was done without a bead in the trap with the detection
laser turned on, and another measurement with the quadrant photodiode in
total darkness. The results are shown in figure 4.9.
The measurement without bead with the detection laser turned on and
the measurement in complete darkness show an almost constant power with
sharp peaks at frequencies f > 2300 Hz. No substantial differences can be
seen between these two measurements. This indicates that the power spectra
are due to the dark current of the quadrant photodiode. The constant power
Pdark = 6 · 10−3 V 2 s. The power spectrum of the Brownian motion of the
trapped bead has a value of P = 3·10−2 V 2 s at f = 100 Hz and has decreased
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Figure 4.9: Power spectrum of the Brownian motion of a trapped bead, a control measurement without a trapped bead with the detection laser
turned on and a control measurement with the quadrant photodiode
in complete darkness.

to the constant value of Pdark at f ≈ 6000 Hz. Because of the peaks in the
power spectrum in complete darkness for f > 2300 Hz, the power spectrum
of the trapped bead is already heavily influenced. To obtain a reliable fit of
the power spectrum of the Brownian motion of a trapped bead, the data is
fitted for f < 2300 according to equation 4.13 with a constant included to
account for the noise
Pf it =

D/(2π 2 )
+ Cn
fc2 + fj2

(4.14)

The power spectrum in figure 4.8(d) is fitted according to equation 4.14
(see figure 4.10). The corner frequency of the fitted Lorentzian curve fc =
182 ± 3 Hz, the error is the 95% confidence interval of the fit. The trap
stiffness can now be calculated using equation 4.9. For this measurement the
trap stiffness k = (1.93 ± 0.04) · 10−2 pN/nm.
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Figure 4.10: Fitted power spectrum of the Brownian motion of a trapped bead.

4.3

Error analysis

There are several sources of error in determining the trap stiffness. Firstly,
the error in the drag coefficient, used in both methods for determining the
trap stiffness, is discussed. The drag coefficient γ (γ = 6πηr for a perfectly
spherical bead) depends on the viscosity of the fluid and on the bead radius.
The bead radius has a standard deviation of 2%, given by the manufacturer.
The beads can also exhibit shape anisotropy which influences γ. The viscosity
of deionized water in bulk is well known. The error due to the additives is
less than 1%. While conducting experiments though, the viscosity can be
strongly influenced by the vicinity of a surface. Here, the closest surface is
the cover glass. The dependence of the viscosity on the height with respect
to the surface, i.e. the cover glass, is given by Faxen’s law [16][17]
γ=
1−

9
(r/h)
16

+

6πηr
45
− 256
(r/h)4 −

1
(r/h)3
8

1
(r/h)5
16



(4.15)

where η is the viscosity of the fluid in bulk, r the bead radius and h the
height of the bead center with respect to the cover glass. In figure 4.11 γ
is plotted as function of h. The viscosity is significantly influenced by the
proximity of the cover glass for h < 10r (γ/γ∞ > 1.04 for h < 10r). This
can be corrected for, using the height of the trapped bead. The height of a
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trapped bead with respect to the cover glass can be set with an accuracy of 0.6
µm. For heights of 5 µm and 1.5 µm this inaccuracy in height determination
leads to inaccuracies in viscosity, and thus in the calculated trap stiffnesses,
of 1 and 35% respectively. These errors can be avoided by conducting the
experiments far from the surface, i.e. h > 10r. The error in viscosity, due
to the inaccuracy in height determination of 0.6 µm, for h > 10r is less than
0.5%.
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Figure 4.11: The drag coefficient γ plotted as function of h, γ∞ = γ(h → ∞).

When the trap stiffness is determined with the Brownian motion method
(kbrow ), noise in the experimental power spectrum and uncertainty in the fit
of this power spectrum are sources of error. For the viscous force method,
sources of error in the determined trap stiffness (kvisc ) are the possible nonideal response of the microscope stage to the applied voltage, and the determination of the bead amplitude.
The error in trap stiffness due to the factors mentioned above, has been
determined experimentally. For this purpose, several measurements per bead
were done on a number of beads. First measurements have been done with
the Brownian motion method. The Brownian motion for each measurement
was recorded for 12 seconds with a sample frequency fsample = 50 kHz at
a height h = 6 µm, with a trapping laser power of 400 mW. Six separate
measurements were done on the first bead, six on the second, two on the
third and five on the fourth bead. The results are shown in figure 4.12
The error bars are the differences between the maximum calculated trap
stiffness and the average trap stiffness per bead. The relative errors in the
trap stiffnesses are in the order of 8%. The relative uncertainties in fc , the
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Figure 4.12: Trap stiffness determined with the Brownian motion method for four
beads, error bars are determined by the differences between several
measurements on the same bead.

fit parameter used to calculate kbrow , were in the order of 20%. The error in
trap stiffness has been experimentally determined to be significantly smaller.
The differences among beads in the calculated trap stiffnesses are small,
except for the trap stiffness determined for bead number one. This could
be due to a difference in bead radius. If the difference is entirely due to a
difference in bead radius, the lower trap stiffness implies a 30% larger bead
radius. Although this is well outside the size distribution as supplied by the
manufacturer, some beads observed through a microscope were very large
compared to others. The uncertainties in the values of fc (10%) and in the
trap stiffnesses (2%) were particularly small for bead number one. Large
beads focus more detection laser light onto the quadrant photodiode and
have a bigger black ring surrounding the bright spot in the middle of the
bead projection (see figure 3.2). This causes a more accurate detection of
bead movement, which supports the conclusion that the difference in trap
stiffness is due to a difference in bead radius.
The conditions for the Brownian motion measurements differ from the
experimental conditions used in the biological bond strength experiments,
described in chapter 6. Using the viscous force method, error bars have
been determined at these experimental conditions. The viscous force measurements were done for 9 seconds with a stage frequency fstage = 10 Hz
at a height h = 1.5 µm, with a trapping laser power of 10 W. The results
are shown in figure 4.13. Four separate measurements were done per bead.
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The stage amplitudes, and thus the bead velocities, used during these four
measurements differed, and were 5, 10, 15 and 20 µm, respectively.
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Figure 4.13: Trap stiffness plotted for different beads, error bars are determined
by the differences between several measurements on the same bead.

Again, the error bars are the differences between the maximum calculated
trap stiffness and the average trap stiffness per bead. The relative errors in
the trap stiffnesses are in the order of 4%. The differences in the calculated
trap stiffness among beads show a larger spread. Because these measurements
have been done close to the cover glass (h=1.5 µm), it is probable that the
inter bead differences are caused by the uncertainty in height. An uncertainty
in the height of 0.6 µm at a height h = 1.5 µm can cause a relative error in
the viscosity, and thus in the determined trap stiffness, of over 35%. This
can explain the inter bead spread in trap stiffness. The trap stiffness for each
bead has been determined four times with four different stage amplitudes.
The fact that the differences in the determined trap stiffness are very small,
implies that the non linearity of the stage movement with respect to the
applied voltage is small.
It can be concluded that both methods for determining trap stiffness
can be used, and that the trap stiffness should be determined for each bead
before conducting experiments to eliminate additional error due to bead-tobead differences. The error in kvisc is generally a few percent smaller than
the error in kbrow .
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4.4

The influence of experimental parameters
on the trap stiffness.

Among others, the trap stiffness depends on the laser power. A higher laser
power implies higher light intensity and thus higher optical forces. How the
trap stiffness depends on laser power is investigated in section 4.4.1. Also
the influence of a changing distance between the trap and the cover glass on
the trap stiffness is investigated. Results are shown in section 4.4.2.

4.4.1

Trap stiffness as function of laser power

For low laser powers, i.e. Plaser ≤ 200 mW (achieved using a 10% transmittance filter), the dependence of trap stiffness on the laser power is determined
by analyzing the Brownian motion of a trapped bead. The Brownian motion
has been recorded for 40 seconds with fsample = 20 kHz, the trap stiffness is
determined from the Brownian motion as explained in section 4.2.3. In figure
4.14 the trap stiffness is plotted as function of the laser power. A linear fit
is shown in green.
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Figure 4.14: Trap stiffness as function of laser power.

For laser powers 200 ≤ Plaser ≤ 1000 mW, trap stiffness measurements
have been done using the viscous force method. The duration of a measurement was 5 seconds with fstage = 10 Hz. The trap stiffness was determined
as explained in section 4.2.2. The trap stiffness is plotted as function of laser
power in figure 4.15, together with a linear fit in green.
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Figure 4.15: Trap stiffness as function of laser power, determined using the viscous force method.

Both graphs show that the trap stiffness is proportional to the laser power.
This agrees with the theory for all regimes. In the Rayleigh regime, according
to equations 2.4 and 2.11 the scatter and gradient force are proportional
to the intensity and intensity gradient, respectively. The intensity and the
intensity gradient are proportional to the laser power, thus so are the optical
forces. In the Mie regime, the optical force also is proportional to the light
intensity, see equation 2.18. In the ray optics regime, the optical forces are
directly proportional to the laser power as shown by equation 2.17.
At high laser powers a problem arises in determining the trap stiffness
by analyzing Brownian motion. A bead in a strong trap will overall move
less than a bead in a weak trap. This can be clearly seen when the power
spectrum of the Brownian motion is plotted for increasing laser power, thus
for increasing trap stiffness. This is done in figure 4.16.
The constant value of the power spectrum at low frequencies (P0 ) decreases for increasing laser power, and thus increasing trap stiffness, as shown
in figure 4.16. For a laser power of 1000 mW, P0 ≈ 2 · 10−2 V2 s. Remember
that the constant value of the power spectrum of the dark current of the
photodiode Pdark = 6 · 10−3 V2 s, as shown in section 4.2.3. This is 33% of
P0 at a laser power of 1000 mW. For larger laser powers P0 will decrease
further, which implies that determination of the trap stiffness by analyzing
the Brownian motion becomes unreliable.
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Figure 4.16: Power spectra of the Brownian motion of a trapped bead for increasing trap stiffness.

4.4.2

Trap stiffness and distance to the surface

The trap stiffness can also depend on the distance between the optical trap
and the cover glass. For beam focusing usually an immersion objective is
used because of its high numerical aperture. This can be a water or an oil
immersion objective. For a water immersion objective the refractive index of
the immersion fluid and the fluid surrounding the bead match, in contrast
to the situation for an oil immersion objective as used in the experimental
setup in this research project. This mismatch in refractive index gives rise to
spherical aberrations which cause an elongation of the focus. These aberrations get worse when focusing deeper in the fluid. This implies that the focus
is less well defined and the trap stiffness decreases. Figure 4.17 schematically
shows this situation.

42

Figure 4.17: Schematic view of the influence of mismatching refractive indices,
adapted from [16].

Measurements have been performed to determine the dependence of k on
the height with respect to the cover glass, the results are shown in figure 4.18.
The large error bars for points close to the cover glass are due to the strong
dependence on height of the viscosity, in the proximity of the cover glass,
in combination with the uncertainty in height adjustment, as explained in
section 4.3. The measurements show a continuous decrease of trap stiffness
with increasing distance from the cover glass.
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Figure 4.18: Trap stiffness as function of the height.
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The second point is probably an artefact, possibly due to a large difference in
bead radius as also observed in 4.3. The results are in qualitative agreement
with [16], which shows a monotonic decrease in trap stiffness as function of
the distance to the cover glass using an oil immersion objective. These results
show clearly that when a high trap stiffness is needed it is not possible to do
measurements far from the surface using an oil immersion objective.

4.5

Comparison kbrow and kvisc

In sections 4.2.2 and 4.2.3, two methods that have been used to determine
the trap stiffness have been described. The two obtained trap stiffnesses,
kvisc and kbrow , can not be compared directly due to a difference in units.
kvisc is in units of pN/V, while kbrow is in units of pN/nm. To compare the
values of kbrow and kvisc , the value of Ccal is needed. In this research, the
method to determine Ccal is based on moving a bead fixed on the cover glass
through the detection laser focus, as described in section 4.2.1.
To compare kvisc and kbrow using Ccal , trap stiffness measurements have
been done with both described techniques under exactly the same experimental conditions. These measurements were done at a height h = 7 µm,
for five different laser powers. For each laser power, the bead used during
determination of kvisc and kbrow was the same. In figure 4.19 kvisc and kbrow
are plotted as function of the laser power.
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Figure 4.19: Trap stiffness, determined by both analyzing Brownian motion and by the viscous force
method, plotted as function of the laser power.
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Ccal was determined to be 1.00 · 10−6 V/nm, by the method described in
section 4.2.1. kvisc is converted to units of pN/nm using this Ccal . In figure
4.20, kbrow and the converted kvisc are plotted as function of laser power. It
is clear that there is a large difference between kbrow and the converted kvisc ,
the values differ by about a factor five.
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Figure 4.20: kbrow and the converted kvisc plotted as function of laser power.

The value of Ccal determined with the method described in 4.2.1 can differ
from the actual value. Reasons for this are that a bead fixed on the cover
glass is not at the same vertical position in the focus of the detection laser
beam as a bead trapped by the optical tweezers, and the fact that Ccal is
a function of the height of a bead with respect to the cover glass. In has
been shown in [14] that Ccal increases by about a factor five for a change in
height from 2 to 6 µm. This implies that the value of Ccal used to convert
kvisc can be over a factor five to small, which can explain the large difference
between the converted values kvisc and kbrow . It can be seen in figure 4.19,
that both graphs are a bit concave with respect to the linear fit. The fact that
this behavior is present in both graphs indicates that the determined trap
stiffnesses relate well to each other, and supports the fact that the difference
in the converted kvisc and kbrow is due to an error in Ccal .
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4.6

Conclusions of the characterization

In this chapter the characterization of the optical trap has been discussed.
It was stated that the trap can be approximated by an harmonic potential
well, and two methods to determine the corresponding force constant, or trap
stiffness in this context, have been discussed. Errors in the trap stiffness have
been experimentally determined to be 8% for kbrow , and 4% for kvisc . An
additional error is introduced when measuring in the proximity of the cover
glass. This is due to the fact that the viscosity of the fluid surrounding the
beads is influenced by the cover glass, in combination with the experimental
uncertainty in the determination of the height of a trapped bead with respect
to the cover glass. Bead-to-bead variations in trap stiffness show the need
for calibrating the trap per bead.
At high laser powers, i.e. high trap stiffness, the trap stiffness can not be
determined by analyzing the Brownian motion of a trapped bead, because of
the overall decreasing value of the power spectrum for increasing laser power.
At a certain laser power, the power spectrum of the Brownian motion of a
trapped bead will be in the same order of magnitude as the noise from the
photodiode. Therefore the viscous force method is used to determine trap
stiffness for laser powers Plaser ≥ 1000mW .
Determining Ccal (the conversion factor for the bead displacement from
the photodiode signal in Volts to a displacement in nanometers) by moving
a bead fixed to the cover glass through the detection laser beam focus is
unreliable. The experimental error in Ccal is large, due to the fact that the
bead on the cover glass is not at the same vertical position as a trapped bead
with respect to the focus of the detection laser beam, and worse, the fact
that Ccal is a function of the height of a trapped bead with respect to the
cover glass. Therefore, a reliable comparison between kvisc and kbrow could
not be made. It would be of interest to compare kbrow and kvisc to obtain an
absolute control for determined values of the trap stiffness.
For bond strength measurements, the viscous force method will be used to
determine the trap stiffness. The bond strength measurements are conducted
at Plaser  1000 mW. Therefore, analyzing the Brownian motion would be
an unreliable method. Additional advantages are that the experimental error
in kvisc is smaller than in kbrow , and that, because the bead amplitude is
obtained in Volts, Ccal is not needed to determine the force on a bead when
using kvisc [pN/V].
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Chapter 5
Biomolecular Bond Strength
The goal of this research is to study the feasibility of using optical tweezers
to investigate antibody-protein interactions. In the previous, the theory and
characterization regarding the optical tweezers has been given. In this chapter the biophysics and the measurements on bond strength will be discussed.
First an introduction is given to how biomolecular bonds are built up and
what distinguishes a specific bond from a non-specific bond. In section 5.2,
different techniques to probe single molecule bond strength found in literature are discussed. In section 5.4, the behavior of a biomolecular bond under
force is derived, both for a constant applied force as for an increasing force
with constant loading rate.

5.1

Introduction to biomolecular bonds

In biomolecular bonds a distinction is made between specific and non-specific
bonds. Non-specific bonds, or non-specific interactions, can be present between any two molecules, in contrast to specific bonds that involve two specific biomolecules with complementary binding sites. First the possible nonspecific interactions are mentioned.
Van-der-Waals forces are non-specific intermolecular forces that arise from
molecular polarity. Van-der-Waals forces can be divided into three categories
based on the nature of the interaction. Two molecules with a permanent
dipole moment close to each other will orient in their energetically most favorable position. The forces associated with this process are called Keesom
forces. When a non-polar molecule is in the proximity of a polar molecule,
the charge in the non-polar molecule can be rearranged to be in a more energetically favorable state. This is governed by Debeye forces. Two non-polar
molecules also exert a Van-der-Waals force on each other due to the fact that
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the charge distribution in the molecules is not constant. Small fluctuations in
this distribution cause the molecules to have a polarity on short time scales.
When two non-polar molecules are close to each other, these fluctuations
will become correlated which generates London dispersion forces. When in a
solution hydrophobic/hydrophillic interactions play a role in the attraction
between molecules. Around hydrophobic surfaces a depletion layer is formed
with low pressure with respect to the surrounding. Two of these surfaces are
therefore attracted to each other. Here, a hydrogen bond also is considered
as a non-specific interaction.
A specific bond can be formed between two biomolecules with a complementary binding site. A specific bond is based on a complementary shape of
the two binding sites, like a key and a lock, but can also involve complementary charge distributions. Two biomolecules that posses these characteristic
complementary binding sites are called a ligand and a receptor. When the
binding sites of the ligand and the receptor are properly aligned, the bond
formed between the two is strong. The strength of this specific bond arises
from both the complementary shape of the binding sites and the sum of
the non-specific interactions between the two molecules, within and around
the complementary shaped binding sites [18]. Examples are the intensively
studied biotin-streptavidin bond [19][20] and antibody-antigen bonds. For
comparison, even the strongest known specific biological bond, that is the
streptavidin-biotin bond, is significantly less strong than a covalent bond
[21].

5.2

Bond strength measurements in literature

For a long time, the study of biomolecular interactions has been based on
large quantities of biomolecules in equilibrium conditions. Only recently,
the equipment and knowledge became available to study single molecule interactions in non-equilibrium conditions. A major part of this biomolecular
research is aimed at investigating ligand-receptor interactions in general, and
antibody-antigen interactions in particular. The reason for this is that antibodies and antigens play an important role in our immune system. Knowledge about the interactions of antibodies with pathogens can help to understand how pathogens are handled by the human body, and this knowledge
can therefore be used in the prevention and curing of diseases.
Several techniques have been developed in the past years to study ligandreceptor bond strengths at the single molecule level. Among the techniques
used to investigate ligand-receptor interactions, atomic force microscopy (AFM)
and biomembrane force probes (BFP) are the most wide spread. These tech48

niques will be discussed in the following.
In AFM forces are measured between a small tip and a surface. The fact
that very small forces can be measured using AFM is used for investigating
ligand-receptor interactions. Lets say that the AFM tip is coated with ligands
and the surface is coated with receptors. When the tip is now scanned over
the surface, a bond can be formed between a ligand on the tip and a receptor
on the surface. Bond formation is indicated by a small attracting force.
Next the tip (or the sample stage) is retracted, increasing the deflection of
the cantilever and thus increasing the force on a bond. Eventually the bond
breaks and the rupture force can be determined. In [22] a study on the
streptavidin-biotin interaction using AFM is described. The mean rupture
force was determined to be (173 ± 19) pN for a loading rate of 2 · 105 pN/s
and (326 ± 33) pN for a loading rate of 8 · 105 pN/s, clearly showing a
dependence of ligand-receptor bond rupture forces on loading rate. In [23] an
extensive overview is given of biological bond strength measurements using
AFM, which illustrates the wide applicability of AFM for bond strength
measurements. Bond strengths in the range from 10 pN to several nN have
been measured using AFM, at loading rates of several to hundreds of nN/s.
The second technique to be discussed is BFP. A biomembrane force probe
is used to measure forces by detecting the deformation of the biomembrane
under applied force. Most often a pressurized red blood cell is used as BFP.
The deformation of such a BFP is proportional to the applied force for small
deformations. The biomembrane can thus be modeled as a spring [24]. The
force constant of the spring can be tuned by changing the pressure on the
biomembrane. In [25] the biotin-streptavidin interaction has been investigated using a red blood cell as BFP, pressurized by micropipette suction. A
bead coated with streptavidin was fixed on the BFP and a bead coated with
biotin was firmly held by another micropipette. The beads were brought in
contact and separated again by retraction of one of the micropipettes. In
case a bond was formed between the beads, the BFP is deformed during
the separation and the force at which the bond breaks can be determined
from this deformation. The biotin-streptavidin bond was ruptured by applying an increasing force at steady loading rates, ranging from 0.05 pN/s to
60000 pN/s. The most probable rupture force increased from 5 pN to 170
pN with increasing loading rate. Forces between 0.5 pN and 1000 pN have
been measured with BFP at loading rates ranging from 0.05 pN/s to 1 · 105
pN/s [26]
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5.3

Binding kinetics in equilibrium

The binding kinetics of a ligand and a receptor in general, and of an antibody and an antigen in particular, are usually described under equilibrium
conditions. The formation of a complex between an antibody and an antigen
is considered to be a reaction that occurs in a single reaction step and with
a single transition state. Under these two assumptions, the equation that
governs the formation of antibody-antigen complexes in a fluid with both
free antibodies and free antigens is given by
d[AbAg]
= −[AbAg] · kof f + [f Ab][f Ag] · kon
(5.1)
dt
where [AbAg] is the concentration of antibody-antigen complexes, [f Ab]
the concentration of free antibodies, [f Ag] the concentration of free antigens,
kon [M−1 s−1 ] the association rate constant and kof f [s−1 ] the dissociation rate
constant. When in equilibrium, the change over time in the concentration of
antigen-antibody complexes is zero and equation 5.1 simplifies to

[f Ab][f Ag] · kon = [AbAg] · kof f =⇒

kon
[AbAg]
=
=K
[f Ab][f Ag]
kof f

(5.2)

where K [M−1 ] is the equilibrium constant, also called the affinity. K is
a measure for the strength with which an antibody binds to an antigen. To
draw conclusions about the affinity of two biomolecules, both kon and kof f
should be known. For antibodies however, the differences in kon are limited.
Values of kof f on the other hand range from 10−4 to 104 s−1 [27]. The affinity
of antibodies is therefore largely determined by kof f , and kof f is thus a good
indicator for bond strength.

5.4

Force dependence of biomolecular bonds

Bond strength measurements done with for instance AFM, biomembrane
force probes or optical tweezers are far from equilibrium conditions, and
therefore the equations given in the previous section are not applicable. With
these techniques, antibody-antigen affinity is investigated by applying force
to single antibody-antigen bonds instead of looking at the reaction kinetics
of a whole sample. Because of the nature of specific bonds, these bonds
dissociate in time under even the tiniest of forces. Describing specific bond
strength in terms of the force necessary to break a bond is therefore of no
use. The strength of a bond can, however, be described by the time the bond
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can resist a certain applied force. The characteristic time until dissociation
tof f will depend on the applied force and on the bond strength.
An antibody and an antigen can be in a bound state or an unbound
state. Looking at a large ensemble of antibody-antigen pairs, the chance for
an antibody-antigen pair to be in a bound state is given by [28]
dSb (t)
= −Sb (t) · kd + Su (t) · ka
(5.3)
dt
where Sb and Su are the probabilities for an antibody-antigen pair to be
in the bound and unbound state, respectively (Sb ≡ 1 − Su ), and ka [s−1 ]
and kd [s−1 ] represent the association rate and dissociation rate constant,
respectively. The symbols for the two rate constants in equation 5.3 are
different from the ones in equation 5.1. This is done because kon in equation
5.1 and ka in equation 5.3 do not describe the same process. This is reflected
in the units of these association constants as ka does not depend on an
ambient antigen concentration. The dissociation constants kd and kof f do
describe the same process, but here kof f will be used as the dissociation
constant when no force is applied and kd will be used as dissociation constant
in case a force is applied to a bond.
In case the antibody and antigen are pulled apart after bond breakage fast
enough to prevent rebinding, the association constant is effectively zero. This
can be assumed in case the force breaking the bond is persistent after bond
rupture and larger than the thermal force. Under this assumption equation
5.3 reduces to
dSb (t)
= −Sb (t) · kd (f )
(5.4)
dt
The solution to this differential equation depends on wether a constant
force or a force increasing in time is applied. In case the force increases in
time, kd (f ) is also a function of time. Therefore, before solving equation
5.4, an expression for kd (f ) is needed. This expression is given in the next
section.

5.4.1

Dependence of kd on force

The dissociation constant kd for weakly bound structures can be derived from
Kramers Theory [28][29]. According to this theory, a biomolecular bond can
be looked at as if the two bound biomolecules are confined in a deep energy
minimum. Escape from this confined state occurs along a preferential path
in configuration space, represented by the reaction coordinate x. An energy
barrier Eb is present along this reaction path that has to be overcome for the
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Figure 5.1: Schematic representation of the lowering of an energy barrier by applied force.

bond to break. The dissociation constant kof f (no applied force is considered
yet) for this situation can be written as [28]


−Eb
kof f = ν exp
(5.5)
kb T
where ν is an attempt frequency, Eb the height of the energy barrier and
kb T represents the thermal energy at absolute temperature T . The attempt
frequency embodies the diffusive behavior of the biomolecules, as well as
characteristics of the energy minimum and the energy barrier. In fluids the
attempt frequency is in the order of 1010 s−1 [28].
A description of the force dependence of an biomolecular energy barrier
has been given by Bell [30]. In Bells description, an energy barrier with
height Eb is lowered by applying a force, by an amount xβ f ; where f is the
applied force and xβ is the projection of the reaction coordinate along the
direction of the applied force at the position of the energy barrier. In figure
5.1 a schematic representation is shown of the change in height of an energy
barrier by applying a force. Bells description is valid in case the shape and
position of the energy barrier are unchanged by applied force. This is true
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when a sharp energy barrier is concerned. The force dependence of the energy
barrier can be substituted in equation 5.5 to obtain the force dependence of
kd .


xβ f
−Eb + xβ f
= kof f exp
(5.6)
kd (f ) = ν exp
kb T
kb T
Equation 5.6 shows that the dissociation constant kd increases exponentially with applied force. The assumptions made in Bells model, that is that
the shape and the position of the energy barrier are insensitive to applied
force, do not necessarily have to be valid for biomolecular bonds. Therefore
effort is put into developing new models for breaking of biomolecular bonds
[31][32]. It has been shown though, that Bells model accurately describes
bond rupture events for biomolecular bonds [28] and Bells expression for kd
will be used in this report.

5.4.2

Bond rupture under constant force

In case a constant force is applied to a biomolecular bond, the solution of
differential equation 5.4 is given by
Sb = exp(−kd (f ) · t)

(5.7)

The probability to be in a bound state, i.e. Sb , can be investigated by
applying a constant force to an ensemble of bonds. If at time t = 0 a constant
force is applied to an ensemble of bonds, a number of bonds will be broken
after a time t. The number of bonds thus diminishes in time. In case the
number of bonds at t = 0 is large, the fraction of bonds still intact at time t
represents Sb (t).
The two parameters that can be determined from a constant force measurement, xβ and kof f , can be found by plotting the natural logarithm of the
experimentally determined kd as function of the applied force f . As can be
seen from equation 5.6, this would result in a linear curve. From the slope
of this curve xβ can be derived and kof f can be found from the intersection
of the curve with the y-axis, that is at zero force.

5.4.3

Bond rupture under increasing force

In case an increasing force is applied to a bond, the dissociation constant kd
is time dependent. Equation 5.4 should now be written as
dSb
= −Sb (t) · kd (t)
dt
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(5.8)

In this research, the applied force is assumed to increase with a steady
loading rate (rf ). The force as function of time is then given by
f (t) = rf t

(5.9)

The time dependence of equation 5.8 can now be translated to a force
dependence, using dt = df /rf . Equation 5.8, combined with expression 5.6
for kd , can then be written as
kof f
f
dSb
=−
Sb exp
df
rf
fβ

(5.10)

where the thermal force fβ = kxbβT has been introduced. It was said before
that it is valid to assume that association is negligible in case the applied
force is larger than the thermal force. At room temperature kb T ≈ 4 pNnm
and xβ ∼ 1 nm for biomolecular bonds [28]. This results in a thermal force
in the order of 4 pN. The assumption that the association constant is zero is
thus valid for applied forces f > 4 pN.
The probability that a bond breaks at a force f is given by
p(f ) = −

dSb
df

(5.11)

that is the decrease in probability to be bound. The most probable rupture force f ∗ corresponds to the maximum of this probability function. An
2
expression for f ∗ can be found by using dp
= − ddfS2b = 0. This results in
df


1
∗
f = fβ ln(rf ) + fβ ln
(5.12)
fβ kof f
Equation 5.12 shows that f ∗ depends on the loading rate. This implies
that the faster you pull, the higher the rupture force. As can be seen, the
same two parameters can be determined from applying an increasing force
with constant loading rate to a biomolecular bond, as from constant force
measurements. These parameters, kof f and xβ , can be found by plotting the
most probable rupture force f ∗ as function of the natural logarithm of the
loading rate. Measurements where an increasing force is applied to bonds,
are called dynamic force spectroscopy (DFS) measurements.

5.4.4

Multiple bonds

The theory of biomolecular bonds discussed in the previous is based on single
ligand-receptor bonds. It is not obvious though, that bond strength measurements are done on single bonds. All current available techniques use a probe
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with a size much larger than the size of a single antibody. The reactive area
of a coated probe is defined as the area over which bond formation can occur
when the probe is held close to an activated surface. The radius of beads used
in magnetic and optical tweezers and in fluid force discrimination is ∼ µm,
which implies a reactive area ∼ 105 nm2 (see section 6.2 for a calculation).
The radius of red blood cells, often used as probe in BFP measurements, is
also ∼ 1µm. AFM tips, although smaller, still have a contact region ∼ 100
nm2 . The size of an antibody is ∼ 10 nm, which implies that it is well
possible that when using probes coated with antibodies, multiple antibodies
interact with an activated surface.
A discussion about observing single or multiple bonds is given by Zhu et
al. in [33]. The most used method to measure mainly single bonds is diluting
the binding sites, i.e. reducing the number of ligands and/or receptors on the
probe, the surface or both. Less binding sites reduces the chance on bond
formation and thus reduces the binding frequency between a probe and a
surface. Infrequent occurrence of binding is therefore a reasonable criterium
for observing single bonds, as long as the biomolecules are evenly distributed.
If the biomolecules are clustered at certain areas, infrequent binding can still
involve multiple bonds.
Another criterium is quantal behavior. In histograms of rupture forces
measured in DFS measurements, multiple peaks can be present that appear
to be multiples of a certain force, fq . If this behavior is observed, fq can
be the most probable rupture force for a single bond and the multiples of
fq can be the most probable rupture forces for multiple bonds. Evidence is
found that this behavior is shown in case a small number of bonds is involved
[33]. Caution must be taken when interpreting experimental results though,
because multiple peaks in a histogram of rupture forces can also be due to
other interactions, such as non-specific binding.
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Chapter 6
Experimental Work: the Protein
G-IgG System
In the presented research, the specific bond between immunoglobulin G (IgG)
and protein G was investigated using optical tweezers. For this purpose beads
coated with IgG and beads coated with protein G have been used. Beads
coated with a biomolecule are called biologically activated. In section 6.2 the
used biologically activated beads are described. In section 6.3 is explained
how the bond strength of the specific protein G-IgG bond was probed. In
section 6.4 the obtained results are given. First general information is provided on IgG, protein G and their binding sites, and the literature on the
bond strength of protein G-IgG is discussed.

6.1

Protein G IgG interaction

As a model system in this research the interaction between immunoglobulin
G (IgG) and protein G is investigated. IgG is an antibody abundantly present
in the human body, 80% of all antibodies in blood is IgG. It is composed of
two heavy chains and two light chains. In figure 6.1 a schematic representation is given of an antibody, the heavy chains are indicated in red and the
light chains are indicated in yellow. An antibody has two antibody binding
fractions (Fab) and a crystallisable fraction (Fc). Antigens of this antibody
bind to the Fab fractions. In IgG found in different animal species small
differences are present, and also within one species different IgG subtypes
are present. In this research, mouse monoclonal IgG subtype 2a has been
used. Monoclonal implies that all the antibodies are of the same subtype, in
contrast to polyclonal antibodies, which can be of different subtypes.
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Figure 6.1: Schematic representation of an antibody.

Protein G is a protein expressed on the cell surface of group C and G
Streptococcal bacteria. Protein G has a binding site for the Fc fragment of
IgG. The bacteria use this feature to form a ’cloak’ of IgG, disguising it from
the immune system.
The interaction between Protein G and IgG has been intensively studied,
and much is known about the structure of protein G in general, and the
structure of its binding site for IgG in particular. The binding site of protein
G for the Fc fragment of IgG, called the B1-domain, has three features where
hydrogen bonds are formed. The most important is a charged knob that fits
into a polar hole in the Fc fragment of IgG. When this knob is deformed it is
almost impossible to form a stable complex between IgG protein G. Protein
G also has a hole for a knob on the Fc fragment of IgG [34].
Affinity measurements for the protein G-IgG interaction have been performed using multiple techniques. In [35] the affinity of protein G for IgG
(type not specified) was investigated using an acoustic waveguide device
(AWD). Small changes in mass of a surface activated with protein G could
be measured using the AWD. The surface was placed in a flow cell, and at
certain moments IgG was flowed over the surface interleaved with buffer solution. The mass change of the activated surface indicated the number of
bonds formed. Using this method, the affinity (K) was determined to be
1.13 · 108 M−1 , and the reported values of the dissociation and association
constant are 2.90 · 10−4 s−1 and 3.29 · 104 M−1 s−1 , respectively.
In [36] the affinity of protein G and IgG was determined using IgG coated
beads, suspended in a solution with radiolabeled protein G. After a certain
time, the beads were removed from the solution and washed. The concen57

trations of free and bound protein G were calculated from the remaining
radioactivity of the beads. The affinity can be determined from these two
concentrations using a Scatchard plot. The reported affinity of protein G for
mouse polyclonal IgG was 41.5 · 109 M−1 . The large difference with the value
found for protein G-IgG affinity in [35], indicates that a different type of IgG
has been used.

Figure 6.2: Binding sites of protein G and IgG, adopted from [34].

Although values for the affinity of the protein G-IgG complex for different
types of IgG can be found in literature, single molecule bond strength measurements are scarce. The only single molecule bond strength measurement
on the protein G-IgG complex, to our knowledge, is reported in [37]. In this
article, the breakup of single molecule protein G-IgG (bear IgG1) bonds was
studied under constant force by investigating the break-up of two IgG coated
beads bound together by protein G molecules, called ’doublets’, under shear
stress. By simulating the found behavior of doublets break-up using a model
based on Bells description of bond rupture forces, tof f under zero force was
found to be 175 s. This value of tof f implies a value of kof f = 5.71 · 10−3 s−1 .
The bond strength between IgG and protein A has been investigated more
often. Protein A is also found on the surface of bacteria and serves the same
goal as protein G. The affinity of protein G and protein A for IgG differs
in general, but for the type of IgG used in this research (monoclonal mouse
IgG2a), their respective affinities are similar [38].
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In [39], the single molecule protein A-IgG (polyclonal mouse IgG) bond
strength was studied using optical tweezers. This was done by trapping an
IgG coated bead close to a surface coated with protein A. The coated surface
was scanned underneath the trapped IgG-bead, during which bonds could
be formed between protein A on the surface and IgG on the bead. These
bonds were ruptured by the optical force on the bead, enhanced by a lever
effect of the bead and the surface. The median rupture force for a loading
rate in the order of nN was found to be 35 pN. The affinity of protein A and
polyclonal mouse IgG is significantly lower than the affinity of protein G and
monoclonal mouse IgG2a, used in the presented research [38]. Therefore, the
most probable rupture forces for the protein G-IgG complex in the presented
research, where also high loading rates are applied, are expected to be higher.
A very clear relation between the most probable rupture force and the
applied loading rate has been shown in [40], for the (polyclonal rabbit) IgGprotein A complex. The rupture force was studied for loading rates ranging
from 2.8 to 630 pN/s using a BFP. Found most probable rupture forces at
these loading rates ranged from 10 pN to 40 pN. The most probable rupture
force as function of the loading rate was fitted with Bells model, yielding
kof f = 0.12 s−1 . A measurement was also done without exerting a force to
the bond. In this measurement kof f was found to be 0.15 s−1 , which agrees
well with the value found by measuring force induced bond rupture. The
affinity of protein A and polyclonal rabbit IgG is similar to the affinity of
protein G and monoclonal mouse IgG2a [38]. Therefore, the values found for
the most probable bond rupture forces in [40] can be used for comparison
with the values found in the presented research.

6.2

Biologically activated Beads

Bond strength measurements have been performed using biologically activated polystyrene beads. Commercially available polystyrene beads, precoated with protein G, with a radius r = 0.43 µm were obtained from
Spherotech (PGP-08-5). The protein G is bound to the beads by covalent
coupling.
Beads coated with IgG were prepared at the MBx laboratory, starting
from commercially available polystyrene beads with a surface functionalized
with COOH groups (carboxyl-beads) and a radius r = 0.90 µm (Spherotech
CP-15-10). IgG was covalently coupled to the carboxyl groups using the
coupling protocol described in appendix 7.3. In short, antibodies are added
to the bead solution. An amino group of the added antibodies is coupled to a
carboxyl group on the bead surface, forming a peptide bond. This reaction is
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enhanced by adding EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
is used. EDC reacts with the carboxyl group, forming an intermediate that
facilitates easier formation of the peptide bond between the carboxyl-bead
and the antibodies. The reaction is schematically represented in figure 6.3
EDC
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R1
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Figure 6.3: Schematic representation of covalent coupling of an antibody to a
carboxyl group.

Using this protocol, two batches of carboxyl-beads were coated with IgG.
The amount of antibodies added to the beads was different for the two
batches, to achieve a differing IgG surface density. For the first batch, the
number of antibodies added to the bead solution was determined using the
reactive area of a bead, that is the surface area of a bead close enough to an
activated surface for bond formation to occur (see figure 6.4).

bead surface
reactive surface
Dmax
Dmin

Figure 6.4: Schematic representation of a bead close to a surface. The reactive
surface is indicated in red.

For bond formation to occur, the maximum surface separation between a
bead and the surface (Dmax ) was taken to be the added length of an IgG and a
protein G molecule, that is 31 nm (the size of protein G is approximated with
the size of protein A) [39][41]. Because the IgG is to be only scarcely present
on the beads while the activated surface is assumed to be fully covered with
protein G, the minimum separation between a bead and the surface (Dmin )
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was taken to be the width of a protein G molecule. The spherical cap of
the bead surface that complies with this minimum and maximum distance
is the reactive area, indicated in red. For a bead with a radius of 0.9 µm,
and thus a surface area Abead = 10.2 µm, the calculated reactive area was
0.08 µm2 ≈ 1/125 Abead . Therefore an amount of 125 IgG’s per bead was
added to the bead solution. In case of an even distribution, this makes sure
that only one bond can form between an activated bead and a protein G
coated surface. During bond strength measurements, two activated beads
have been used instead of an activated bead and an activated surface. The
reactive surface for bead-bead interactions is smaller than for bead-surface
interaction, and therefore the calculated reactive surface is overestimated.
Also, not all antibodies bind to the beads during the coating procedure.
Therefore, the average number of antibodies per bead will be less than 125.
For the second batch, 1.5 times the amount of antibodies added to the first
batch was used.
To make sure that the two batches of IgG coated beads had different IgG
surface densities, a chemiluminescence assay was done. The IgG-beads were
incubated with an excess of protein G-HRP (horseradish peroxidase). Protein
G-HRP, that is protein G coupled to HRP, specifically binds to the IgG on the
beads during the incubation. After incubation, the beads have been washed
and diluted using block buffer to obtain three bead concentrations. Luminol
was then added, which reacts with HRP to emit light, and subsequently
the light output was measured. Figure 6.5 shows the relative light output
(RLO) as function of the bead concentration, expressed as a percentage of
the initial bead concentration,for the two batches of IgG-beads and for a
control of plain carboxyl-beads. The carboxyl-beads were also incubated
with protein G-HRP.
It can be seen that the RLO of the control is very close to zero, which
implies that the non-specific binding of protein G-HRP to the surface of
the plain carboxyl beads was low. The measured RLO for the IgG coated
beads is thus due to the IgG on the bead surfaces. The fact that the RLO is
proportional to the bead concentration supports the fact that the RLO is due
to the chemiluminescence of Luminol stimulated by the protein G-HRP that
is bound to the IgG-beads. The difference between the two batches of beads
can be clearly seen, the RLO of the second batch of beads is about twice as
high. During the coating of the second batch of IgG-beads, a significant part
was lost due to sticking to surfaces. Therefore the IgG surface concentration
of the second batch of beads is probably over two times more than the surface
concentration of the first batch. Both batches of beads were used in bond
strength measurements, described in the next section.
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Figure 6.5: Relative light output as function the bead concentration, expressed
in the percentage of the initial bead concentration

6.3

How bond strength was probed

It has been observed that some beads attach to the cover glass with such
strength, that they could not be pulled off using the optical tweezers. This
has been observed for both IgG-coated and protein G-coated beads as well
as for plain polystyrene beads. Because no biomolecules were present on the
cover glass, this strong attachment must be due to non-specific interactions
between the glass and the beads. Bond strength measurements were done
using an IgG-bead trapped close to the cover glass by the optical tweezers,
and a protein G-bead non-specifically attached to the cover glass. Before
conducting measurements with a fixed protein G-bead, it was tried to remove
the bead from the cover glass using the optical tweezers. In case this failed,
the bead was used in the experiments.
The fixed protein G-bead was moved towards the trap, and thus towards
the IgG-bead, until the protein G-bead and the IgG-bead touched. This was
done using the microscope stage. The two beads were kept in contact for a
certain time tc (∼ 0.5 s), during which bond formation could occur between
the protein G and the IgG on the bead surfaces. After tc , the protein G-bead
was moved away from the trap by the microscope stage. Three situations are
now possible.
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The first is that no bond was formed during the contact time. The protein G-bead then just moves away from the trap during the retraction of the
microscope stage, while the IgG bead stays in the middle of the trap. Figure
6.6 shows a data trace of the photodiode signal for the case that no bond was
formed during the described bond strength measurements. In figure 6.6(a),
the raw signal from the photodiode is shown. In figure 6.6(b) the photodiode signal is shown after averaging over 40 points. The sample frequency
fsample = 20 kHz for these measurements. In figure 6.6(b) the data trace is
divided into three parts. The first part of the signal represents the approach
of the protein G-bead towards the trap. The second part is the time the two
beads are in contact, and the third part of the signal represents the retraction
of the protein G-bead from the trap.
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(a) Raw data trace in case no bond formation (b) Filtered data trace in case no bond formaoccurred.
tion occurred.
Figure 6.6: Data traces of the photodiode signal during bond strength measurements, in case no
bond formation occurs.

The second case is that one or more specific bonds were formed between
IgG and protein G during the contact time. In figure 6.7(b), again the first
part of the data trace represents the protein G-bead attached to the cover
glass approaching the trapped IgG-bead (1). The second part corresponds
to the time that the two beads are held in contact (2). In the case of bond
formation, when the protein G-bead is moved away by retracting the microscope stage, the IgG-bead will be pulled out of the center of the trap by the
bond between the two beads (3). The optical forces on the IgG-bead, proportional to the bead amplitude, will increase due to the increasing IgG-bead
amplitude.
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Assuming that the protein G-bead does not detach from the cover glass, the
IgG-bead amplitude increases until the optical force equals the bond rupture
force. At this moment the bond will break (4). The IgG-bead then returns to
the middle of the trap due to the optical force (5), while the protein G-bead is
moved away further from the trap by the retraction of the microscope stage.
Rupture forces have been calculated from the amplitude at the moment the
bond is ruptured.
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(a) Raw data trace in case a bond is formed. (b) Filtered data trace in case a bond is formed.
Figure 6.7: Data traces of the photodiode signal during bond strength measurements. Numbers
denote different events during the measurement, mentioned in the text.

A third possibility is that a non-specific bond is formed between the
IgG and the protein G, between the polystyrene surface of a bead and a
biomolecule, or between the two polystyrene surfaces of the beads. The
same behavior is observed in this case as is observed in the case of a specific bond. The IgG-bead will be pulled out of the middle of the trap until
the optical force on the bead equals the bond rupture force. A distinction
can be made between specific and non-specific interactions based on their
strength, although the specific and non-specific bond strengths can overlap.
This should be kept in mind while analyzing the data obtained from these
measurements.
The stage is retracted with a constant velocity and therefore the IgGbead amplitude will increase linearly in time. The optical force on the bead
is proportional to the bead amplitude and therefore the force will increase
linearly in time. This implies that an increasing force with constant loading rate is applied to the IgG-bead, and thus to the biological bond. The
measurements described here are thus DFS measurements. The loading rate
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associated with a measurement is determined from the up going slope, that
is the slope associated with (3) in figure 6.7(b). As said before, no conclusions can be drawn from breaking one bond. Due to the statistical nature
of bond breakage, a large number of bonds has to be broken and the most
probable rupture force should be determined. Conducting the measurements
as described, one bond is probed at a time. The statistics are obtained by
measuring the bond rupture force in many subsequent approaches.

6.4

Results on the protein G-IgG system

In this section the results of the DFS measurements on the protein G-IgG
system are given. One DFS measurement is here defined as one approach of
the protein G-bead, fixed to the cover glass, towards the bead held in the
optical trap. Experiments consisting of many subsequent DFS measurements
have been conducted, each experiment with a different trapped bead and/or
different loading rate. Per experiment a large number of DFS measurements
has been done to provide enough data for reliable statistics.
Bond rupture forces have been determined from the data traces, as the one
shown in figure 6.7(b), with a typical error of 5 pN. The smallest forces that
could be determined were in the order of 10 pN. The determined rupture
forces are subject to an error in trap stiffness. This error is quite large
due to the proximity of the cover glass. The DFS measurements have been
conducted at a height h = 1.4 ± 0.3 µm (remember that the height is defined
as the distance of the center of the trapped bead with respect to the cover
glass). The accuracy with which the height could be determined is slightly
higher than in previous measurements, because the protein G-bead fixed on
the cover glass served as a reference point. The resulting relative error in
trap stiffness, and thus in the determined rupture forces, is 24%.

6.4.1

Control Measurements

Control measurements have been carried out to determine non-specific binding between plain carboxyl-beads and protein G-beads. For this purpose a
carboxyl-bead was trapped by the optical tweezers instead of an IgG coated
bead. Apart from the difference in the trapped bead, the measurements have
been performed as described in section 6.3. The control measurements have
been conducted at loading rates (rf ) of 54 and 950 pN/s. Histograms of
resulting bond rupture forces are shown in figure 6.8. On the y-axis, the
number of counts per force interval is given as a percentage of the total
number of times the beads were brought into contact.
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Figure 6.8: Histograms of bond rupture forces resulting from DFS measurements. Instead of an
IgG coated bead a plain carboxyl-bead was trapped. The loading rate and the number
of approaches are given in the figure.

The data in figure 6.8 implies that a bond can be formed between a
carboxyl-bead and a protein G-bead. Because there are no biomolecules
present on the carboxyl-bead, these bonds are classified as non-specific. The
most probable bond rupture force for these non-specific bonds is approximately 11 pN for the low loading rate experiment, and 17 pN for the high
loading rate experiment. It is possible that some bond formations were overlooked in the high loading rate experiment, because bond rupture events at
forces ∼ 15 pN were hard to distinguish from the noise due to a high trap
stiffness, and thus small bead amplitudes. This can explain the lower number
of counts for the experiment with high loading rate with respect to the experiment with low loading rate. The results from these control measurements
show that non-specific bond formation can occur between plain carboxylbeads and protein G-beads, and that the forces to break these non-specific
bonds are in the order of 15 pN.

6.4.2

Protein G-IgG Measurements

DFS experiments as described in section 6.3 have been conducted using both
IgG coated beads from the batch with high IgG surface density and from the
batch with low IgG surface density. The measurements have been conducted
at loading rates rf ∼ 950 and ∼ 450 pN/s. The loading rates could not be
set exactly. This is due to the fact that the loading rate depends on the trap
stiffness, which shows bead to bead variations. In figure 6.9 the resulting
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histograms are shown for rf ∼ 450 pN/s. Figure 6.9(a) shows the rupture
forces for an IgG-bead with low IgG surface density, and figure 6.9(b) shows
the rupture forces for an IgG-bead with high IgG surface density. The first
thing that should be noticed from these histograms is that the number of
bond formations depends on the IgG surface density. A higher IgG surface
density results in more bond formations. This implies that indeed biological
bonds between IgG and protein G are ruptured during these experiments. It
is possible that a part of the ruptured bonds is due to non-specific interactions
between IgG and the polystyrene bead fixed on the surface. This is unlikely to
give a large contribution to the number of bonds formed though, because the
protein G-bead is fully covered with protein G. Non-specific bond formation
between IgG and protein G can also contribute to the number of bonds
formed. Therefore the data must be interpreted with caution.
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Figure 6.9: Histograms of bond rupture forces for the protein G-IgG system, resulting from DFS
measurements at rf ∼ 450 pN/s. The number of approaches and the loading rate is
given in the figures.

In figure 6.9(a), a similar peak can be seen as present in the control
measurements, at a force ∼ 15 pN. This peak is thus most probably due to
non-specific bonds between protein G and the carboxyl-bead. In addition,
a small number of rupture forces larger than 20 pN can be seen. These
rupture forces result from the rupture of biological bonds, possibly bonds
between one IgG and one protein G molecule. The most probable rupture
force for the additional distribution is approximately 40 pN, although it is
hard to determine f ∗ accurately from these results. In figure 6.9(b) a broader
distribution of rupture forces is observed. The distribution around the most
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probable rupture force for the specific protein G-IgG bond can be broadened
by the superposition of non-specific protein G-IgG interactions, because of
the relatively high IgG surface density. A maximum can again be identified
at approximately 40 pN. Also a large number of counts is present around
80 pN. A fit with a double gaussian distribution of the histogram in figure
6.9(b), yielded most probable rupture forces of 43 pN and 80 pN, respectively.
In section 5.4.4, two criteria were given that can be used to determine
wether single bonds are probed. The first was infrequent bond formation,
due to dilution of binding sites, and the second was ’quantal behavior’. For
the histogram in figure 6.9(a) the first condition is fulfilled. This indicates
that single bonds have been probed. In figure 6.9(b) quantal behavior can
be observed. Therefore the first maximum in rupture force could be due to
a single protein G-IgG bond, and the second maximum could indicate the
rupture of two protein G-IgG bonds simultaneously. This indicates that for
the bead with high IgG surface density, single and double bonds are probed.
This is in agreement with the higher IgG surface density, that provides more
binding sites on the reactive surface of the bead.
Experiments have also been done at a loading rate ∼ 950 pN/s. Again
the DFS measurements have been conducted a large number of times, using
a bead with high and a bead with low IgG surface density. The results are
shown in figure 6.10.
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Figure 6.10: Histograms of bond rupture forces for the protein G-IgG system, resulting from DFS
measurements for rf ∼ 950 pN/s. The number of approaches and the loading rate is
given in the figures.
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The same behavior is observed as for the experiment at rf ∼ 450 pN/s.
In figure 6.10(a), showing the results for a bead with a lower IgG surface
density, a peak is visible at the same position as in the control measurement,
and is therefore most probably due to the non-specific interactions between
protein G and the carboxyl-bead. A second peak is again present, as it was
in the results of the experiment using a bead with low IgG surface density at
rf ∼ 450 pN/s, but is shifted to higher force. The most probable rupture force
for this maximum f ∗ = 57 pN. The data for the bead with a high IgG surface
density, shown in figure 6.10(b), also shows the same behavior as seen in the
experiment at rf ∼ 450. That is, a higher percentage of bond rupture counts
than for the bead with low IgG surface density and a broader distribution.
It can be argued that maxima are present at approximately 60 pN and 100
pN. Also an extra distribution seems to be present between approximately
10 pN and 30 pN. The interpretation of the maxima at 60 pN and 100pN
is the same as for the experiment done at rf ∼ 450 pN/s, that is that the
peaks are the most probable rupture force for single and double bonds. The
fact that the maximum for the double bond appears at a force of 100 pN
instead of 120 pN is, can be explained by the fact that the response of the
photodiode deviates from linearity for the large bead amplitudes associated
with these large forces. The interpretation of the large counts of rupture
forces at lower force, is not clear. A possible explanation is that the protein
G-bead was just scarcely covered with protein G, which caused the IgG to
form non-specific bonds with the polystyrene bead. It is unlikely though,
that the contribution of non-specific bonds of IgG with the polystyrene bead
is that large. Another cause could be the fact that protein G also shows a
(lower) affinity for the Fab part of an IgG, as reported in [42]. It is possible
that the extra distribution is due to bonds of protein G with the Fab part of
IgG.
In section 5.4.3, it was derived that the most probable rupture force for a
biological bond under a steadily increasing force is proportional to the natural
logarithm of the loading rate, that is f ∗ ∝ rf . The single bond values for f ∗
∗
∗
as experimentally determined are f450
= (40 ± 10) pN and f950
= (60 ± 14)
pN, where the errors are taken to be the 24% uncertainty in trap stiffness.
These values agree within the experimental error with the relation between
f ∗ and rf . For determination of kof f and xβ for the protein G-IgG bond,
more experiments should be done over a broader range of loading rates.
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6.5

Conclusions

The results of bond strength experiments using optical tweezers have been
given in the previous section. Dynamic force spectroscopy (DFS) measurements as described in section 6.3 have been conducted to probe the bond
strength of the protein G-IgG complex. A control measurement was carried
out to determine the characteristics of non-specific binding between protein
G and a polystyrene carboxyl-bead. It has been shown that non-specific
bond formation can occur between protein G and carboxyl-beads, and that
rupture forces for these non-specific bonds are ∼ 15 pN.
Thereafter, results of DFS measurements have been shown for the protein
G-IgG complex for loading rates rf ∼ 450 pN/s and rf ∼ 950 pN/s. These
DFS measurements were done using two types of IgG-beads. The difference
between the two types of IgG-beads was the IgG surface density. The most
probable rupture forces f ∗ for single molecule bonds were determined to
∗
∗
= 60 ± 14 pN. These values agree with
= 43 ± 10 pN and f950
be f450
∗
the relationship between f and the loading rate, derived in section 5.4.3,
within experimental error. The found values are also in the same order of
magnitude as the values that have been reported for most probable rupture
forces between protein A and polyclonal rabbit IgG [40], which have a similar
∗
= 60 ± 14 pN is larger than the reported value
affinity. The found value f950
∗
of f = 35 pN at a loading rate in the order of nN/s determined for the bond
between protein A and polyclonal mouse IgG. This is in agreement with the
lower affinity of protein A and polyclonal mouse IgG with respect to the
system used in the presented research.
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Chapter 7
Discussion and Conclusions
The goal of this research was to study the feasibility of using optical tweezers
for direct measurement of single biomolecular bond forces. Optical tweezers
have shown to be a valuable tool in single molecule bond strength measurements, but the direct measurement of bond rupture forces without the use of
tethers of some sort has, to our knowledge, only been reported once [39]. The
optical tweezers setup was characterized and the dependence of trap stiffness
on experimental parameters has been investigated. Results on biomolecular
bond forces have been obtained for the protein G-IgG interaction and are
discussed.

7.1

Optical trap characterization

The trap can be approximated by a harmonic potential well, as discussed
in chapter 4. This implies that the optical force on a trapped bead can be
determined from the force constant associated with the harmonic potential,
called the trap stiffness in this context, and the displacement of the bead
with respect to the center of the trap, i.e. the bead amplitude. Two methods
to determine the trap stiffness have been shown in chapter 4. One method
relies on exerting a viscous drag force on a trapped bead and measure the
resulting bead amplitude, for the other method the Brownian motion of a
trapped bead is analyzed. Experimental errors for two calibration techniques
were determined to be 8% for the Brownian motion method, and 4% for the
viscous force method. An additional error in the trap stiffness is introduced
when trapping beads in the proximity of a surface, due to a rapidly changing
viscosity as function of height with respect to the cover glass in combination
with the uncertainty in determination of the height of a trapped bead. This
error can be in the order of 35% when measuring at a distance of 1.5 µm
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from the surface. The presence of bead-to-bead differences in trap stiffness
show the need for determining the trap stiffness per bead.
In section 4.4, the dependence of the trap stiffness on laser power and on
the distance to the surface was determined. It has been shown that trap stiffness is proportional to laser power. This is in agreement with theory, which
states that the optical forces are proportional to light intensity. Measurements to determine the dependence of trap stiffness on the height of the trap
with respect to the cover glass, have shown that the trap stiffness monotonically decreases with increasing height, due to spherical aberrations. These
results are in qualitative agreement with literature. Because of the fast decrease in trap stiffness with increasing height with respect to the cover glass
using an oil immersion objective, it is not possible to conduct measurements
for which a high trap stiffness is needed far from the cover glass.
It has also been shown that determining the trap stiffness by analyzing the
Brownian motion of a trapped bead can not be used for high trap stiffness.
Because a high trap stiffness decreases the motion of a bead, for a certain
trap stiffness the Brownian motion of a bead can not be distinguished from
the noise. The laser power at which the Brownian motion method can not be
used to determine the trap stiffness using the current setup, is taken as the
point where the power spectrum of the noise is one third of the maximum
power of the Brownian motion. That is at laser powers larger than 1000 mW.
For conducting bond strength measurements a high trap stiffness is needed,
i.e. a laser power ∼ 10 W for the setup used here. Therefore the viscous
force method has been used to determine the trap stiffness during the bond
strength experiments.
The trap stiffness found with the Brownian motion method (kbrow ; [pN/nm])
and the trap stiffness determined with the viscous force method (kvisc ; [pN/V])
can not be compared directly. To be able to make this comparison, a conversion factor is needed to convert the bead amplitude signal from the photodiode [V] to an amplitude in nanometers. This conversion factor (Ccal )
was obtained by moving a bead fixed on the cover glass through the focus
of the detection laser using the microscope stage. This method proved to
be unreliable, due to the dependence of Ccal on both the vertical position of
a bead with respect to the detection beam focus, and on the height of the
trap with respect to the cover glass. The latter is caused by the presence of
spherical aberrations changing the shape of the focus, and therefore the bead
amplitude in volts, with changing distance to the surface.
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7.2

Biomolecular bond forces

Using the optical tweezers, it has been studied wether biomolecular bond
forces on the single molecule level can be directly investigated. The model
system used in this research was the specific interaction between monoclonal
mouse IgG2a and protein G. Biologically activated beads coated with protein
G were purchased. IgG was covalently coupled to carboxyl-beads at the MBx
laboratory, following the protocol described in appendix 7.3. Two batches of
beads were coated with a differing IgG surface density, by adding a different
amount of antibodies during the coating process. The differing IgG surface
density was verified using a chemiluminescence assay. It has been shown that
the IgG surface density of one batch was at least two times higher than the
IgG surface density of the other batch of beads.
Dynamic force spectroscopy (DFS) measurements were performed using
the biologically activated beads. A control experiment has shown that bond
formation can occur between a carboxyl-bead and a protein G-bead. These
bonds are classified as non-specific, since no biomolecules are present on the
surface of the carboxyl-bead. The most probable rupture forces for these
non-specific bonds are in the order of 15 pN.
DFS experiments done on the protein G-IgG system showed a difference in
the probability of bond formation for the two batches of IgG-beads. A higher
IgG surface density resulted in a higher probability of bond formation. This
is in agreement with the fact that a higher IgG surface density provides more
binding sites and thus a higher probability for bond formation. Experiments
with the two batches of IgG-beads have been done at two loading rates,
rf ∼ 450 pN/s and rf ∼ 950 pN/s.
Results of these experiments showed characteristics of single bond biomolecular bond forces. The frequency of bond formation was low, which indicates
that single bonds are probed. Also the ’quantal behavior’ was observed using
the IgG-beads with higher IgG surface density. This implies that single and
double bonds have been observed, in contrast with the experiments conducted
with the IgG-beads with lower IgG surface density, where it is indicated that
only single bonds have been observed. This behavior was present in the results of the experiments at both loading rates. The most probable rupture
forces f ∗ for a single bond have been determined to be f ∗ = 43 ± 10 pN
at a loading rate rf = 450 pN/s and f ∗ = 60 ± 14 pN at a loading rate
rf = 950 pN. These values are in agreement within experimental error with
the dependence of f ∗ on rf as derived in section 5.4.3. These values are
also in agreement with values reported in literature for a different system
(polyclonal rat IgG-Protein A) which has a similar affinity.
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Concluding, it has been shown in the presented research that a well characterized optical trap can be used to directly investigate single molecule
biomolecular bond forces. Although histograms of the found bond rupture
forces should be interpreted with caution, because of the possible probing
of multiple bonds and the presence of non-specific bond formation, a single
molecule most probable rupture force has been identified. The value of this
most probable rupture force is in agreement with representative bond rupture
forces for other biomolecular interactions with a similar affinity.

7.3

Recommendations

Experiments to probe the biomolecular bonds in this research have been
conducted in the proximity of the cover glass. This gives rise to large uncertainties in the trap stiffness. Therefore it is recommended that other methods
to directly probe biomolecular interactions using the optical tweezers are investigated. One way of doing this, can be to use the AOD to create multiple
traps. Two beads can than be simultaneously trapped at a large distance
from the cover glass and brought into contact by sweeping the frequency of
the AOD. To be able to conduct experiments in this manner, it is advised
that a water immersion objective is obtained. Focusing the laser beam using
a water immersion objective provides a constant trap stiffness with changing
distance from the cover glass, whereas the trap stiffness using an oil immersion objective strongly decreases with increasing distance to the cover glass.
It is also advised to obtain a different photodiode with a lower dark current.
The dark current of the photodiode used in the present setup prevents the
use of the Brownian motion method to determine trap stiffness at laser powers larger than 1000 mW, and obscures details in bead amplitude signals.
Although the noise can be filtered out quite well, it is better not to have
large noise in the first place. The next step will be to conduct measurements
on the protein G-IgG system using superparamagnetic beads.
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Appendix A
Carboxyl Bead Coating Protocol
Necessities
• 200 µl carboxyl bead solution
• MES Buffer (25 mM; pH = 5)
• MES Buffer (100 mM; pH = 5)
• EDC
• Ethanolamine solution (50 mM in PBS, pH = 8)
• Wash buffer (0.05% Tween-20 in PBS, pH = 7.4)
Protocol
1. Wash beads with MES buffer 25 mM (4x)
• Pipette 200 µl bead solution in a LowBind-ep
• Centrifuge at 10000 RPM for 3 min
• Carefully pipette the liquid out and replace with 250 µl MES
buffer 25 mM
2. Add Antibodies
• Carefully pipette out the liquid
• Add 2 µl antibody solution to the bead solution
• Add 98 µl MES buffer 25 mM
• Incubate for 30 minutes with slow tilt at room temperature
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3. Add EDC
• Add EDC to 150 µl cold MES buffer 100mM (EDC concentration
is 100mM when combined with bead solution)
• Add EDC solution to the bead solution
• Incubate for 120 min with small tilt at room temperature
4. Wash beads with MES 100mM buffer (250 µl) (3x)
5. Quench Reaction
• Carefully pipette out the liquid
• Add 250 µl ethanolamine solution to the bead solution
• Incubate for 60 minutes with slow tilt at room temperature
6. Wash beads with wash buffer and store (4x)
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