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Chapter 1
Introduction
1.1 DNA
DNA is the molecule that stores all genetic information needed to specify the construction and
maintenance of all life on earth. This fact itself explains the enormous interest researchers have
shown in this molecule over the last decades. Nevertheless there are still many open questions
involving the molecule itself and its interaction with proteins.
DNA is a polymer, which consists of a sugar ring (deoxyribose), a base and a phosphate
group which links the sugar of neighboring monomers [1]. The bases are adenine (A), guanine
(G), thymine (T) and cytosine (C). Depending on the carbon atom where the phosphate group
is bound to the sugar, one speaks of the 5’ or 3’ direction of the DNA. Normally two complementary DNA strands condense to a double-stranded right-handed helical molecule, where
the hydrophobic basepairs are in the center and the sugar-phosphate backbone is on the outside
(see figure 1.1). The two polynucleotide chains run in opposite directions. Basepairs are only
formed between A and T or G and C by hydrogen bonds. Each turn of DNA contains of 10.4
nucleotide pairs. The center-to-center distance between adjacent nucleotide pairs is 0.34 nm.
The double helix has two different grooves. The wider one is called major groove and the other
minor groove.
The complementary structure of the DNA is important for replication and repair, since when
the two strands are separated, the whole information is still available. This way each stand can
act as a template for a new double helix.
The double helix is stabilized by several factors [2]: Firstly hydrogen bonds form between
complementary basepairs. Under physiological conditions this gives a separation energy of
roughly the thermal energy per basepair at room temperature. Therefore strands of DNA longer
than 30 basepairs essentially never separate due to thermal fluctuations. Secondly the helical
structure is stabilized by the so-called base stacking interactions. One contribution comes from
5
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Figure 1.1: (A) A space filling model of 1.5 turns of a DNA double helix. (B) A short section
of the double helix showing four basepairs which are linked together by phosphodiester bonds
(figure taken from [1]).
the hydrophobic nature of the bases. The helical structure minimizes space between the bases
and therefore minimizes the contact of the bases with water. The other contribution arises from
the electrostatic interaction between the aromatic rings of the bases. The backbone interacts
with itself mainly electrostatically as well, since every phosphate group dissociates a proton
under a wide range of pH.
The form of DNA described above is referred to as the B-form or Watson-Crick structure.
It is believed that this is the natural state of DNA. However X-ray diffraction studies are made
on oriented fibers, which may differ from DNA in nature.

1.2 Biological Relevance of Stretched DNA
For each cell it is crucial to maintain the structural and chemical integrity of its DNA while still
accessing it for protein synthesis and replication. DNA is subject to stress due to chemicals,
radiation, radicals and thermal energy, leading to breakage of bonds and denaturation. Therefore
continuous surveillance and repair has to take place [1]. When the corresponding enzymes
interact with DNA, they cause forces to be exerted on the molecule.
For example the replication fork is a large protein complex that binds to the DNA for copying it. Since in bacteria it processes the DNA at a high speed of 1000 basepairs per second,
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relatively high forces are exerted on the DNA. For example the T7 DNA polymerase which
has a replication rate of 100 basepairs per second has been found to work against forces up to
34 pN [3]. To release tension and torsion from the DNA, nature has invented special proteins:
Topoisomerase I allows DNA to unwind, by breaking one backbone temporally. Topoisomerase
II breaks a DNA molecule completely into two parts to pass another DNA molecule through
and joins it afterwards again.
Some enzymes like RecA bind preferentially to stretched DNA [4, 5]. In complexes of
RecA with DNA the DNA is stretched to 1.5 times its contour length [6]. This is almost the
value where in single-molecule experiments a force plateau is observed (see below). Since the
energy difference between relaxed and stretched DNA is only around 3k B T per basepair (value
obtained form the integration of the experimental force-extension curve), Leger et al. proposed
a simple model where thermal fluctuations may create overstretched regions [4]. By the binding
of RecA these regions are then stabilized. RecA is a protein from the bacterium Escherichia coli
involved in homologous recombination, recombinant DNA repair and chromosomal segregation
during cell division. It has structural and functional homologues in eukaryotes ranging from
yeast to humans (e.g. Rad51). In simple organisms like bacteria, yeast or Drosophila, a break
of a DNA molecule is predominantly fixed by homologous end-joining. After a break occurred
a few basepairs are lost on both ends of the DNA. In this repair process the gap is filled by
copying the required sequence from the other chromosome. In mammalian cells often the ends
are simply joined together again. Presumably because most of the DNA is not used to encode
proteins, the resulting mutation is acceptable in this case.
For homologous recombination it is required to stretch, orient, and stiffen the DNA in order
to allow a comparison of the two involved sequences over many basepairs. Hegner et al. [5]
have shown with optical tweezers on a single-molecule level, that the nucleoprotein filament
from RecA and DNA has a persistence length of the order of 900 nm. This is much larger than
that of pure double-stranded DNA which is about 53 nm. Also the elastic properties change
very much with RecA complexation, e.g. the force plateau in the force-extension curve (see
below) vanishes [5]. RecA achieves this by polymerizing along the DNA to form a nucleoprotein filament as shown in figure 1.2 (for an extensive review see [7]). Then a non-base-paired
complex is formed. In case a homologous sequence is found, the complex is converted through
transient base-flipping to a three-stranded structure. This structure is unstable. It relaxes into a
heteroduplex DNA and a displaced single stranded DNA.
RecA binds more tightly to DNA when it has bound ATP than when it has bound ADP.
Furthermore RecA molecules with bound ATP are added preferentially at one end of the nucleoprotein filament. Therefore the complex runs unidirectionally along a DNA strand powered by
the energy from ATP hydrolysis.

8
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Figure 1.2: Schematic representation of DNA synapsis catalyzed by the RecA protein. Powered
by ATP hydrolysis, the structure shown migrates to the left (figure taken from [1]).

Figure 1.3: A force extension curve of a single λ-DNA molecule, the curve can be separated
into four parts: entropic elasticity, stiff rod elasticity, force plateau and beyond the plateau until
breakage (figure taken from [9]).

1.3 Elasticity of DNA
Even before the Watson-Crick model was proposed, Wilkins et al. studied the influence of
mechanical stress and hydration on birefringence and dichroism of DNA to learn more about
its structure [8]. They observed a necking of the fibers, where the sign of the birefringence
changed. Therefore a tilting of the base rings from 90° to 45° with respect to the backbone was
proposed.
Large interest in the mechanics of molecules was gained when a decade ago techniques became available that allowed manipulation and measurements on a single-molecule level. Cluzel
et al. observed that the force-distance curve of double-stranded λ-DNA shows a force plateau
around 65 pN [9] (see figure 1.3). For the stretching it is important if the DNA is torsionally
constrained [10]. If the DNA has a nick (one side of the backbone is broken) or if it is grafted
with only one covalent bond to the sensor or substrate, it is torsionally unconstrained. Since
the experiments by Leger et al. showed that a second force plateau around 110 pN can appear

1.3. ELASTICITY OF DNA

9

in the force-extension curve depending on linking number and twist, it was deduced that the
measurements by Cluzel et al. were done on nicked DNA [10]. For the rest of the thesis I will
limit myself to torsionally unconstrained DNA in agreement with the preparation used here (see
subsection 2.4.1).
In general, the force-extension curve of DNA can be divided into four different regimes (this
subsection closely follows [12, 13]): Without applied force DNA will form a random coil, like
any other polymer in a good solvent.
In the first range (0..10) pN the interplay between the intrinsic entropy and bending rigidity
dominates the elastic behavior. It can be described by the worm-like chain (WLC) model. It
was first solved by Marko and Siggia [11]. The model is based on the idea that the energy cost
of small deformations that do not seriously alter the local DNA structure can be computed by
continuum elastic theory. A tube with an uniform cross-section made of an isotropic elastic
material is assumed. Then the energy EWLC of a given configuration is:
EWLC

B
=
2

Z

l0
0



d ~t (s)
ds

2

ds − F

Z

l0

~t (s) · ~zd s
0

where B is the bending modulus, l0 the contour length, ~t the orientation vector, s the coordinate
along the tube, F the external force and ~z the unit vector in the direction of the force. The first
~ done
term describes the bending energy. The second term relates to the work E w = −F~ · R
~ is the end to end distance. There is no analytical formula for the
by an external force, where R
force-extension curve in the WLC model, but numerical approximations can be obtained:
7

X
Fξ
1
1
=x− +
+
a i xi
kB T
4 4 (1 − x)2 i=2
where x = ll0 is the relative extension, ξ the persistence length and ai are numerical coefficients.
The persistence length ξ = kB
is the decay length of the angular correlation hcos Θ (s)i =
BT
~t (r) · ~t (r + s) . Due to the large persistence length of DNA, self-avoidance effects do not
have to be considered for λ-DNA.
The second regime ranges from 10 pN to about 65 pN. DNA stretches elastically following
Hooke’s law:
1
∆z =
l0 F
EA
where ∆z is the extension, E Young’s modulus and A the effective cross-section of DNA. The
product EA is about 1000 pN.
The third region is at approximately 65 pN. A plateau is seen in the force-extension curve
and the DNA molecule stretches to 1.7 times its contour length. In the literature the form of this

10
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Figure 1.4: Structures of stretched DNA obtained in numerical simulations. Top: molecule
pulled by its 5’ ends, the double helical structure is preserved with tilted bases; Bottom: The
structure resembles a ladder when the DNA is pulled on its 3’ extremities (figure taken from
[12]).
DNA is still under debate: Based on molecular modelling, Cluzel et al. proposed a conformation with strongly inclined basepairs, smaller helical diameter and little unwinding, which they
called S-DNA (see figure 1.4) [9]. Early experiments with X-ray diffraction and birefringence
on DNA fibers by Wilkins et al. [8] favor a DNA conformation where the basepairs are inclined
with respect to the helical axis. In contrast, the theoretical and experimental work by Williams
et al. led to a completely different interpretation of the stretching experiments in terms of melting [14]. This scenario is supported by the hysteresis found when stretching nicked DNA [12].
More knowledge about the nature of the stretched DNA might be obtained if one could measure
the birefringence simultaneously with the force-extension curve, since a tilt of the basepairs
should give a strong signal.
The fourth regime is beyond the plateau. The force increases again steeply until the attachment of the DNA or the DNA itself breaks.
The current status in this field of research was summarized in a shorter review by Bustamante et al. [15] and a more recent and extensive review by Strick et al. [13]. A review by
Lavery et al. [12] covers not only DNA but also, in a more general approach, experiments and
simulations concerning the structure and mechanics of single biomolecules.

Chapter 2
Experimental
2.1 Established Experimental Methods
Common experimental techniques for the measurement of small forces at microscopic distances
are atomic force microscopy (AFM), surface force apparatus (SFA) and tweezer techniques. In
an AFM a point contact between a sharp tip with a radius of a few nanometers and a flat substrate
is formed. The tip or the substrate is then scanned with a piezo tube, while the deflection of the
cantilever, on which the tip is mounted, is recorded.
In tweezer experiments the molecule of interest is attached to a colloidal particle with a
diameter of a few micrometers. To determine the force, the Brownian motion of the particle
in the potential of the trap is observed with video microscopy. Both techniques are therefore
inherently limited to single-molecule experiments.
Many molecules at the same time can only be stretched in a surface force apparatus, as
it was developed by Israelachvili [16]. In this apparatus two crossed cylinders of atomically
flat mica form an area of nearly parallel surfaces. With white light interferometry the distance
between the surfaces is determined. For this measurement, the refractive index and thickness of
all materials between the surfaces needs to be extracted from a sufficient number of fringes at
different wavelengths. This procedure is rather slow and difficult, but leads to an absolute value
for the distance between the surfaces with a resolution in the order of Ångström. However,
since the spring constant is rather large, the force resolution is limited to about 10 nN [17].
There are serious drawbacks for the application of a SFA to the stretching of DNA in combination with other techniques giving structural information. The surface area and the types of
surfaces which can be used within the SFA are limited. Current experimental techniques do
not lead to a number of DNA molecules between the surfaces sufficient for structure-sensitive
experiments such as scattering and birefringence measurements. Therefore both cylinders have
to be aligned to produce a larger surface [17]. Then one loses the advantage of not having to
11
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align the surfaces in parallel. But due to the curved surfaces one still has the disadvantage that
the position of the proximity of the two surfaces is uncertain. This is problematic for the focus
positioning in the birefringence measurement.
Furthermore the setup of an SFA is expensive. Material, temperature stabilization and piezo
need to satisfy very high standards and a spectrometer with a nitrogen cooled camera is necessary to observe the fringes.

2.2 Design Requirements
Among the abovementioned techniques only a sophisticated SFA could allow for simultaneous
optical access, a large number of molecules and force measurements. Therefore it was decided
to construct a new apparatus especially for this DNA force experiment. The SFA has many
drawbacks as outlined before, so the new design looks more like an “one-dimensional AFM”.

2.2.1 Optical Constraints
For the design of the apparatus the number of molecules needs to be determined, which is
necessary for a detectable birefringence signal. With the maximum achievable surface density
this will then give the necessary area. Furthermore, the maximum distance to which a beam can
be in focus limits the size of the area. This is important, because reflections would disturb the
birefringence measurement.
The beam waist w(z) of a monochromatic Gaussian beam as a function of the distance from
the diffraction-limited beam waist w0 is given by [18]:
w(z) = w0

s

1+



λz
πnw02

2

where λ is the vacuum wavelength and n the refractive index of the medium (see also figure
2.1). For the measurement of the birefringence we are interested in the maximum length d the
beam can pass between two surfaces without reflections. One obtains from the former formula:
πnw02
d=
λ

s

w2
−1
w02

For the λ-DNA (contour length 16.5 µm) the distance between the two surfaces 2w is around
20 µm. If for example we have the following parameters, a focus size 2w 0 of 15 µm, a wavelength λ of 457 nm and water as a medium (n = 1.33), the resulting value for d is 909 µm.
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2w

2w0
2z

Figure 2.1: Left: Schematic representation of the slit formed by cantilever and counterpart,
which has to be passed by the laser beam. Right: A plot of the depth of field 2d as a function of
the focal spot size 2w0 in water (n = 1.33) for a fixed maximum beam waist 2w = 20 µm.
Now the birefringence signal can be estimated: The area where molecules can attach to
cantilever and counterpart is about 6 × 105 µm2 . A typical grafting density of 0.14 molecules
per µm2 and an efficiency of 50% for connecting the second end of the DNA gives for the total
number of stretched molecules roughly 4 × 104 . λ-DNA of 48502 basepairs has a molecular
weight of 31.5×106 Dalton. The mass density c in a gap of 20 µm is then about 2×10 −7 g/cm3 .
Maret and Weill [19] reported ∆n for fully oriented DNA to be
∆n = −5.08 × 10−2

cm3
×c
g

where c is the DNA concentration in g/cm3 . So the birefringence is for the given geometry
= 4.7 × 10−4 rad for a
roughly −2 × 10−8 . This leads to a phase retardation of ∆φ = 2π∆nz
λ
wavelength λ = 457 nm and a optical path length z = 800 µm. With a setup similar to that of
Maret and Weill (birefringence resolution 10−10 ) this should give a measurable signal.

2.2.2 Expected Forces and Elongation of the DNA
From the number of molecules n determined above one can calculate the stiffness k of the
cantilever
Fn
k=
x
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fiber
z
motors

β
α

counterpart
z

cantilever
DNA

piezo

Figure 2.2: Sketch indicating: a) How the motors move the cantilever (z m , α, β) . b) How the
piezo moves the counterpart zp . c) The fiber for the measurement of the cantilever displacement
(see subsection 2.3.3).
where F is the force of a single molecule and x the displacement.
The minimum force constant is given by the travel range of the piezo x p , the maximum
length of the DNA xDNA , the maximum force per molecule Fmax and the number of molecules
n. Since the molecules stretch, their length has to be subtracted from the travel range of the
piezo to obtain the maximum displacement of the cantilever: x = xp − xDNA . If one takes now
for example the following parameters Fmax = 200 pN, xp = 80 µm, xDNA = 16 × 1.8 µm and
max n
n = 4 × 104 a minimum stiffness of kmin = xpF−x
= 0.14 N/m is obtained.
DNA
The maximum force constant is given by the force resolution Fmin required to detect the
force plateau, the number of molecules n and the smallest detectable displacement x min . For
the parameters Fmin = 10 pN, n = 4 × 104 and xmin = 10 nm a maximum stiffness of kmax =
Fmin n
= 40 N/m is calculated. See table 3.2 for a summary of the required and the achieved
xmin
performance.

2.3 Design of the Apparatus
A compact design is important for low drift, because over a larger scale also temperature gradients increase. Also larger systems are more prone to vibrations. With this compact apparatus a
performance far better than that of a previous setup [21] has been achieved.

2.3.1 Features of the DNA-Force-Apparatus
Before discussing the apparatus in more detail, I will give a short overview of its features (see
figure 2.2 for a schematic sketch). The surface area where DNA can be attached is about 1 mm 2 .
The alignment of the cantilever with respect to its counterpart is done with the backreflection
of a laser beam onto a four-quadrant photodiode. The force is measured by the bending of a
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cantilever. A fiber interferometer is used to measure the bending. A low force constant of only
1.3 N/m is achieved by using a glass cantilever of 30 µm thickness and 7 mm free length. The
force loop between the end of the fiber and the cantilever tip is less than 20 mm. The cantilever
can be tilted and moved in the z-direction. Cantilever and counterpart are pre-aligned in x- and
y-direction by the mounting in a alignment fixture from conducting plastic. The apparatus gives
free optical access to the stretched DNA. All parts in contact with the buffer are either made of
stainless steel, glass or gold.

2.3.2 Mechanical Implementation
The main body (see figure 2.3) carries the head plate via three motors. It is machined from
a single block of aluminum to achieve a good stability and it is anodized black to minimize
stray light. The head plate is also made of aluminum and black-anodized. It has three inserts
made of hardened steel. They rest on the hemispheres of the actuators (see figure 2.4). For a
smooth movement with low wear the contact surface of the inserts are polished to mirror quality
and a grease is applied. When the head plate is tilted, the projection of the distance between
the motors on the head plate changes. Therefore the treads have three different forms: Hole,
V-shaped trench and plane. The position is then always well defined, but never over defined
which would lead to instability. Three springs next to the motors secure the position of the
upper assembly.
The cuvette is clamped with a stainless-steel leaf spring in the center of the main body. The
position is slightly tilted to avoid backreflections from its surface. In the cuvette the experiment
is conducted (see figure 2.5). An arm made of stainless steel extends from the piezo into the
cuvette and holds the counterpart. It is electrically isolated from the rest of the apparatus by a
layer of glass-fiber enforced PTFE. Another part from stainless steel reaches from the head plate
into the cuvette. Since both parts need to be re-mounted for each experiment, their position is
fixed via several bolts. All surfaces onto which the glass of the cantilever or the counterpart is
mounted are polished to mirror quality. The second stainless steel part holds the fiber holder
and the cantilever. The fiber is fixed in the fiber holder via a specially designed spring. The
side of the spring which touches the fiber is polished to mirror quality to prevent damage to the
fiber. The fiber holder is clamped after the fiber has approached the cantilever with two screws,
and the nut for the approach is released to avoid drift due to tension. The end of the fiber holder
that extends into the cuvette is cone shaped to prevent reflections into the alignment optics. The
optics for the alignment is mounted in an arm, that is held by a tilt stage and two translation
stages. It extends below the main body to access the cantilever and counterpart from below.
The whole setup can be seen on figure 2.6. The parts used to clamp the fiber and to mount the
cantilever and counterpart are shown in figure 2.7.
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c

b
d

e

f

a

10 mm

Figure 2.3: Side view on the assembly of the force apparatus; main body (a), head plate (b),
strain relief (c), head plate insert (d), counterpart holder (e), cuvette (f); motors, springs and
screws are not shown. See following figures for details.
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Figure 2.4: Bearing of the head plate, the three different inserts give a well defined and therefore
stable position on the hemispheres of the actuators.

f

d

e

c

b
10 mm

a

Figure 2.5: Detailed view on the cuvette, where cantilever (d) and counterpart (c) approach each
other. The larger hole (b) in the main body (a) gives way to the alignment optics. The small
cone (e) extending from the head plate insert (f) is the fiber holder.
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i

h

g
c

b

k

f
d

e

l

j
m

10 cm

n
a

Figure 2.6: This picture of the setup shows the following parts: active damping system (a), main
body (b), motors (c), arm with the optics for the alignment (d), tilt and linear translation stages
for the arm (e), piezo (f), head plate (g), strain relief (h), video microscope (i), fiber coupler
(j), photodiodes for the fiber interferometer (k), laser for the fiber interferometer (l), photodiode
amplifier for the fiber interferometer (m) and the four-quadrant photodiode (n)
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e

f

g

h

i

j

k

10 mm

Figure 2.7: This picture shows from left to right: counterpart holder (b) with screws (a) and
clamping part (c), fiber holder (d) with a special spring (e) to clamp the fiber in the slit of the
chuck, the part (f) that extends from the head plate into the cuvette with screws (g) and clamping
part (h) for the cantilever, strain relief (i, j) for the fiber and a special nut (k) to adjust the hight
of the fiber holder. The large metal block is used as an aid for the insertion of the fiber into the
fiber holder and the mounting of the cantilever.
Without a seal the drift of the cantilever will not settle until all water from the cuvette
has evaporated. Therefore on all metal parts extending through the water surface gold has
been evaporated to make them hydrophobic. The inner walls of the cuvette are treated with a
hydrophobic silane. Alternatively vacuum grease can be used to make the surfaces hydrophobic.
As a result the water surface is more flat and allows the cell to be sealed during the experiment
against evaporation of water with a layer of dodecane. Without the hydrophobic surface the
dodecane layer will not close.

2.3.3 The Fiber Interferometer
For the detection of the cantilever deflection there are essentially two methods. One is a fourquadrant photodiode and the other a fiber interferometer. The fiber interferometer was chosen
for this setup since it allows a more compact design of the head plate insert.
2.3.3.1 Detection Principle of a Fiber Interferometer
In an interferometer coherent light is superposed. Depending on phase and amplitude, the total
amplitude changes. In a fiber interferometer the light originates from one source, but it has
two different path lengths before it is combined again (see figure 2.8). One path goes from the
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Figure 2.8: Schematic representation of the fiber interferometer: The light of the laser diode is
fed via an optical diode into a fiber coupler. Then it is divided between the reference photodiode
and the open fiber end at the cantilever. Reflected light from the cantilever and the fiber end
interfere then at the signal photodiode.
source through a coupler to the fiber end and back to the other end of the fiber coupler where
the detector is positioned. The second path extends through the fiber end onto a reflective
surface and then goes back to the detector. The superposition of both contributions leads to the
following formula for the output intensity I:
I = I0





2xn
1 + A cos 2π
λ



(2.1)

where A is the relative interference amplitude, x is the fiber-cantilever distance, n is the refractive index of the medium in the cavity and λ is the wavelength. Higher-order contributions from
multiple reflections can normally be neglected if the reflectivity is not to high and for typical
beam divergencies.
2.3.3.2 Design Considerations for a High Resolution Fiber Interferometer
To build a good fiber interferometer, one has to obey the following points (see also reference
[22]):
Coherence The coherence length should be of the order of twice the cavity length. If the
coherence length is too long, interference between other reflections than that of the cavity may
occur. Since small changes in wavelength, phase and temperature as well as vibrations alter
the parameters for these reflections, a high noise level is observed. The coherence length l c is
connected to the spectral width:
1
lc = 1
1
− λmax
λmin
where λmin is the minimum wavelength of the spectrum and λmax is the maximum wavelength.
The correct coherence length can be provided by multi-mode laser diodes. They emit a spec-
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trum of a few nanometers width, corresponding to a coherence length in the order of hundreds of
micrometers. They also have the advantage, in comparison to single-mode laser diodes, that no
jumps between different modes can occur, since all possible modes are lasing simultaneously.
Such mode jumps would lead to a higher noise level.
Stability of the Laser The laser source should be stable with respect to both wavelength and
output power. As outlined above, only a multi-mode laser diode can provide the right coherence
length. But such a laser is susceptible to temperature changes and backreflections into the cavity.
The optical path length of the semiconductor changes with temperature. This is mainly due to
the variation in the refractive index which shifts the longitudinal modes supported by the crystal.
Also the band gap of the semiconductor changes with temperature. Backreflections have an
effect on the population inversion and laser action leading to mode jumps and output power
oscillation. Furthermore, strong backreflections in a fiber interferometer can greatly reduce the
lifetime of a laser diode.
To achieve a very good stability, four measures were taken: First, the driving current has to
be very stable and of low noise. Second, the temperature of the laser diode must be controlled
carefully. In the setup this is done with a negative temperature coefficient resistor (NTC) and a
Peltier element within the laser diode mount and a separate PID control. Third, the laser diode
has to be optically separated from the rest of the fiber interferometer by a Faraday isolator and,
fourth, the output power of the laser is monitored continously by a photodiode. The signal of
the photodiode is amplified and digitized by the computer along with the interference signal.
In the evaluation of the interference signal the drift of the laser output power is eliminated by
normalizing the signal with respect to the reference signal. This gives better results than analog
dividers, since the performance of those devices in terms of noise and stability is limited.
Reflectivity of the Cavity To get the best signal-to-noise ratio it is important to match the
reflectivity of the fiber end to that of the cantilever. For a fiber interferometer operating in
air normally just the cleaved fiber end is used. Because of the different refractive index of
glass (n1 ≈ 1.5) and air (n2 = 1) this gives a backreflection of the end face of approximately
2

n1 −n2
= 0.04. However, in water (n2 = 1.33) the backreflection drops to 0.005. Also
n1 +n2
the fiber end becomes more sensitive to the cleave quality and dirt adhering to it. Both effects
together lead to an almost vanishing backreflection in many cases. A solution to this problem
is to evaporate a thin gold layer onto the fiber end. But since the maximum signal amplitude is
only reached if the amount of light reflected from both cantilever and fiber end exactly match,
the thickness of the gold layer has to be tuned.
Light from a fiber is emitted with a certain cone angle. But only the light which is reflected
back onto the core within the acceptance angle of the fiber can contribute to the interference.
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Figure 2.9: Light paths in the cavity formed by fiber end and cantilever
A simple calculation leads to the following formula for the effective reflection coefficient of a
fully reflective cantilever:
2
rcore
Rceff =
(2xNA)2
Let us now calculate an example: A typical single-mode fiber has a numerical aperture of
NA = 0.12 and a core diameter of rcore = 2 µm. Let the distance x between fiber and cantilever
be about 20 µm. Then we get an effective reflection coefficient of R ceff = 0.17. For a distance
of 100 µm this would drop already to 0.007.
These numbers show, that the fiber interferometer can only be used for a limited travel
distance and that the fiber end should be positioned within a few tens of micrometers from the
cantilever. The cantilever should always be fully reflective. However, if the time between two
fringes passing is short in comparison to the drift, the change in the effective reflectivity and the
drift can be compensated (see subsection 2.3.9 for details).

2.3.4 Alignment of Cantilever and Counterpart
Cantilever and counterpart have to be aligned very well, since otherwise the measured force
will be generated by DNA with different extensions. This would smear out the force-distance
curve. The necessary quality of the alignment can be estimated from the experimental data of
single-molecule experiments (see figure 1.3). The plateau extends for λ-DNA over about 10 µm,
which is therefore the absolute maximum for the total misalignment.
The alignment procedure is based on the idea that two plates are parallel if they reflect a
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Figure 2.10: The cantilever was aligned to the counterpart by the backreflection of a laser beam
onto a four-quadrant photodiode.
beam, which approaches them perpendicularly, is reflected onto a single spot (see figure 2.10).
To measure the position of a laser spot, a four-quadrant photodiode is used. The beam profile
needs to be circular in order to get a linear behavior. In this setup a single-mode fiber is used
as a beam shaper for the light from a laser diode. Behind the fiber the beam is focused into the
plane of the cantilever and the counterpart. The light passes a beam splitter. Therefore incoming
and backreflected beam are both perpendicular to the plane and can still be distinguished. Only
the backreflection shines onto the four-quadrant photodiode. In contrast to previous methods
[21] the alignment can be monitored even during the measurement.
The alignment process can be separated into three steps: First the arm with fiber, lens,
beamsplitter and four-quadrant photodiode is aligned with respect to the counterpart that the
backreflection hits the center of the four-quadrant photodiode. In the second step the cantilever
is inserted and aligned. Since the gold layer on the cantilever is much thicker than that on
the counterpart, both signals can be distinguished. When the misalignment becomes small,
interference between both reflections becomes important. Since the beam is divergent, circular
fringes appear for the case of perfect alignment and surface quality. If now the distance between
cantilever and counterpart is continously varied, the intensity on all four quadrants changes with
the same phase, shows the same waveform and a maximum in the amplitude. In all other cases
fringes are non-circular and the phase difference grows while the total interference amplitude
decreases during the motion.

2.3.5 Photodiode Amplifier Design
All signals from the experiment are light intensity signals. Light that impinges onto a photodiode is converted into a current. The current needs then to be converted into a voltage, before it
can be fed into the data acquisition card. All further processing is done digitally.
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Figure 2.11: Schematic of the photodiode amplifier, the photodiode is connected between I in
and ground. The feedback resistor controls the gain and the capacitor the frequency response.

Of course, a mechanically stable apparatus should be accompanied by stable electronics.
Therefore the photodiode amplifier was specially designed to meet the requirements of this
experiment. Most important are linearity, low drift and a suitable frequency response. A photodiode has a linear response to the light intensity if it is used as a current source. Without a
voltage across its terminals, the lowest dark current is reached. The frequency response should
be fast enough, that the amplifier settles within the typical time of an intensity change. But it
should not be faster since then the noise of higher frequencies is unnecessarily amplified.
Figure 2.11 shows a standard circuit to convert a current into a voltage. The operational
amplifier (OP) keeps the voltage across its inputs zero by driving a suitable current across the
resistor. The output voltage then follows the input current linearly: U out = Iin R.
The drift originates from the temperature coefficient of the feedback resistor and the input
currents of the OP. Therefore high quality metal film resistors and a high input impedance OP
were used. The input offset voltage and its drift is of no importance, because the photodiode
shunt resistance is much greater than the feedback resistor. Therefore the DC gain is almost
unity and these errors vanish in the output signal.
1
The bandwidth of such an amplifier is f = 2πRC
, where f is the −3 dB point when amplitude is plotted against frequency. In our case a frequency of 1.5 kHz was chosen. The capacitor
should have low leaking currents and hysteresis. Noise originates mainly from the thermal noise
of the feedback resistor, since the high-input impedance OP and the limited bandwidth make
the influence of the OP negligible.

Particular care was taken to reduce leaking currents on the circuit board and to avoid ground
loops. All cables were shielded and only metal housings were used. Additional information on
photodiode amplifiers can be found in reference [23] and [24].
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2.3.6 Cantilever Design and Manufacturing
2.3.6.1 Calculation of the Force Constant
The force of the DNA molecules bends the cantilever. This can be described as the bending of
a homogeneous bar under a force on its tip. The spatial distribution of the force is neglected,
since the cantilever is much longer than the length of the overlap with its counterpart. The force
constant is then given by [25]:
Ewt3
k=
(2.2)
4l3
where E is the elasticity modulus of the bar, w the width, t the thickness and l the length. The
cantilever will then bend by the distance s under a given force F :
s=

F
k

For the miniaturization of the experiment it was important to have short cantilevers. Short
cantilevers have to be very thin to achieve the required bending for a good signal-to-noise ratio.
The thinnest glass commercially available is currently 30 µm thick. With the parameters E =
72.9 GPa [26], w = 0.9 mm, t = 0.03 mm and l = 7 mm free cantilever length, one calculates a
force constant of 1.3 N/m.
2.3.6.2 Cantilever Frequency Response
The order of magnitude of the resonance frequency of the cantilever needs to be known, to
check if the cantilever can follow the signal and how sensitive it will be to vibrations. The
higher the resonance frequency is, the lower is the phase difference between cantilever and the
whole setup due to vibrations. Therefore the distance between cantilever and its reference point
the fiber end varies less, which directly results in a lower noise level.
The resonance frequency of a homogeneous bar, which is clamped on one end in vacuum is
[27, 28]:
r
2
α
EI
1
n
,
n = 1, 2, . . .
fnvac =
2
2π l
mB

where mB is the mass per length, I the centroidal moment, n the order of the resonance and
αn a tabulated number (see table 2.1). In our case of a rectangular cross section the centroidal
3
moment is I = wt
and the mass per unit length is mB = ρB wt, where ρB is the density of the
12
bar.
In a medium the resonance frequency decreases, since the additional mass of the medium
must be moved. Weigert et al. have developed a model for such a case with an incompressible
medium without friction [28]. They approximated the co-moved mass by cylinders placed
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n
1
2
3
>3

αn
1.8751
4.6941
7.8548
π
(2n
− 1)
2

Table 2.1: Coefficients for the resonance frequency of a homogeneous bar, which is clamped on
one side (values taken from [27]).
n
1
2
3

fnvac /Hz
533
3340
9353

fnM /Hz
106
877
2994

Table 2.2: A calculation of the resonance frequency of a cantilever in vacuum and in water
with the following parameters ρB = 2.51 g/cm3 , ρM = 1 g/cm3 , see text for details and all other
parameters.
on both sides of the cantilever with a size dependent on the mode. The resulting frequency
correction is:
fnvac
fnM = r
1
M (n−1)+ 4
1 + πlρ
2
3tρB (2n−1)

See table 2.2 for example calculations. From these results it can clearly be seen, that the cantilever can easily follow the force from the DNA, since the time scale of the experiment is
several orders of magnitude slower than one period of the resonance frequency even in water. It
also indicates that the cantilever should also be reasonably insensitive to vibrations.
2.3.6.3 Cutting of Thin Glass Cantilevers

The manufacturing of the cantilever and its counterpart has to overcome the following difficulties: Since the apparatus does not allow for adjustments in the plane, it is important to position
the cantilever and its counterpart already when mounting them with a sufficient precision. For
this procedure mounting aids have been made. Since the length of the glass parts is determined
by the stop position, only the width needs to be cut precisely. To reach the calculated force constant and to allow the handling of the fragile cantilevers, it is necessary to produce them without
any cracks. Cracks would act like a predetermined breaking point, leading to breakage during
handling. Furthermore all glass parts need to be free of scratches, since those would scatter the
laser beam for the alignment. The resulting non-circular beam shape would make the detection
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Figure 2.12: A glass sandwich for the cutting of cantilevers from thin glass. It allows to cut
long and thin glass pieces with a high yield.
a)

b)

Figure 2.13: Cutting scheme for the glass cantilevers: a) First a series of slits are cut into the
glass. b) Then the coverslip is exchanged for a new one and the cantilevers are separated by two
additional cuts perpendicular to those in a).
of the true position of the spot on a four-quadrant diode difficult and thus reduce sensitivity.
These problems can be overcome by gluing the glass to a sandwich with wax (see figure
2.12). During cutting, forces act on the glass, which will let the thin glass break and cause the
thicker glass to chip. These forces can be taken up by the uncut glass in the sandwich.
For the counterparts a stack of a coverslip and two microscope slides was made. After
cutting the sandwich into slabs of 0.9 mm they were heated up to melt the glue. The coverslip
and the outer object carrier were discarded. The counterparts were then wrapped in paper to
prevent scratches and sonicated at 50°C in 5% RBS. Afterwards they were rinsed with millipore
water and dried. The procedure for the cantilever is slightly different. The sandwich made of a
coverslip, thin glass for the cantilever itself and an object carrier is cut in several times about a
millimeter apart (see part a) in figure 2.13). Then the sandwich was heated up and the coverslip
was replaced. The heating-up also healed cracks between wax and glass giving a more resistive
structure for the second cutting step, since the trenches were filled with wax as well. Now the
modified sandwich was cut twice perpendicular to the cuttings of the first step (see part b) in
figure 2.13). Then the cantilevers were extracted from the sandwich in the same manner as the
counterparts and cleaned.
2.3.6.4 Sawing and Etching of Silicon Cantilevers
The silicon cantilevers were cut from a monocrystalline silicon wafer of 200 µm thickness with
an automatic diamond saw. They have the advantage with respect to glass cantilevers that
the bigger thickness allowed for an easier handling. After the sawing they were placed in a
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Figure 2.14: Schematic representation of the protection cover of the experiment: (a) DNAforce-apparatus, (b) active vibration isolation system, (c) stone table, (d) aluminum profile construction with PVC slabs, (e) filter fan unit, (f) quartz heater, (g) PT100 temperature sensor, (h)
damping foam
PTFE holder. Then 20 cantilevers could be etched simultaneously to reduce the thickness of
the cantilevers. The silicon was etched with CP6 (195 ml acetic acid (50%), 85 ml hydrofluoric
acid (65%), 1320 ml nitric acid (100%)) at a rate of 650 nm per minute [20]. Due to the etching
process no further cleaning other than rinsing with millipore water was necessary.

2.3.7 Shielding of the Experiment
The experiment had to be shielded from various external influences. These included dust, light,
vibration of the floor and the building, sound and thermal fluctuations. This shielding was
achieved by a construction from aluminum profiles on which PVC slabs were mounted. The
connection between profile and slab was sealed by black adhesive tape. The experiment could
be accessed via a sliding door, which was, due to its sliding mechanism, almost dust- and lighttight.
Dust Dust has two effects on the measurements: Dust with a diameter of more than a few
micrometers between the cantilever and its counterpart obscures the measurement since the
force curve does not show the properties of the DNA but that of the dust. The second effect
is seen on the interferometric signal: Whenever a dust particle diffuses into the light path, it
changes the properties of it. This is seen as a spike in the signal with a sharp rise and a slow
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decay. If only a few of such events occur, the bad data points can be removed and replaced by
interpolation.
To prevent dust particles from impairing the experiment, the whole setup was covered.
When the door is open a filter fan unit on top of the aluminum construction is switched on.
The filter fan unit blows clean air onto the experiment and thereby prevented dust particles from
penetrating into the box. When the box is closed, the air outlet was formed between the table
and a heavy plastic foil. This design was chosen, because it provides a sufficiently long path
between the inside of the box and the laboratory as well as it allowed for no direct connection
between table and cover. When the fan had to be switched off during the experiment, dust from
the outside could not enter the box. The fan had to be switched off, since the noise from the fan
as well as the air exchange would have made the damping and temperature control useless.
Light Stray light results in a higher background on the four-quadrant photodiode. This reduces the sensitivity of the alignment measurement. Therefore all aluminum parts were anodized black or painted black and the damping foam was dark gray.
A fiber interferometer is rather insensitive to light, since it employs a single-mode fiber.
Single-mode fibers have a small aperture, so only a very small fraction of ambient light can
enter them.
Vibrations and Sound Vibrations give rise to noise and therefore reduce the sensitivity of
the apparatus. Vibration damping was achieved via a commercial active vibration-isolation
system resting on a solid stone table of approximately 400 kg weight. The stone table was not
connected to the cover. All cables connected to the experiment were clamped onto the active
damping table to prevent the propagation of vibrations through them.
Sound was damped by a specially designed foam, which was glued on the inside of the box.
Temperature Stabilization Variations in the temperature lead to drift of all components of
the setup, which is indistinguishable from the signal itself. Therefore the drift sets a lower limit
for the alignment and the force measurement. To limit the influence of temperature, the box
was heated a few degrees above room temperature. By controlling the amount of heat produced
the temperature was stabilized. The temperature was measured with a four-wire PT100 wirewound sensor next to the cuvette in air to allow for fast but still accurate response. Since the
cuvette itself was mounted on the main body, the time constant of this assembly was assumed to
be much longer than that of the sensor in air. Therefore the temperature stability in the cuvette
should be even better than the one measured. A commercial PID controller steered a 250 W
quartz heating element in the box via a solid-state relay. A solid state relay has the advantage
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Figure 2.15: Wiring of the DNA-force-apparatus: The current of the six photodiodes is converted into a voltage. This voltage is then fed into the ADC/DAC board. The data is then
processed with LabView. The same board also controls the piezo system.
of unlimited cycles as well as spark free switching. All PID parameters were found using the
auto-tune function of the PID controller at the set point.

2.3.8 Control and Measurement Software
The setup was controlled by a standard personal computer with an additional 12 bit ADC/DAC
board (see figure 2.15). All software was written in LabView.
Motor Control To align the cantilever and to approach the counterpart, a software was written
that moves all motors simultaneously such that tilt is separated from linear motion in z-direction
and vice versa (see figure 2.16). From the x-direction movement of the motors x motor the tilt of
the cantilever xtilt is calculated:
xol
xtilt = xmotor
xmm
where xol = 1 mm is the overlap of cantilever and counterpart and xmm = 60.6 mm is the
distance between the corresponding motors. For the movement in y-direction the equivalent
formula is:
yol
ytilt = ymotor
ymm
where yol = 0.9 mm is the width of cantilever and counterpart and ymm = 70 mm is again the
distance between the corresponding motors. Note that the value for the motor movement and
tilt refer to the center of the region where cantilever and counterpart overlap.
Alignment Detection For the alignment, the intensity on the four-quadrant diode was measured. In the program the position of the laser beam was calculated according to the following
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Figure 2.16: User interface of the motor control program. It was used for coarse approach and
alignment. The user can control absolute and relative position as well as the velocity.
formula:
(I1 + I3 ) − (I2 + I4 )
Itot
(I1 + I2 ) − (I3 + I4 )
y =
Itot

x =

where Ij is the intensity on the j-quadrant and Itot the total intensity of all quadrants. The result
was displayed in a x-y chart (see figure 2.17). Furthermore the values of x and y were shown
as a function of time and four sliders indicated the signal from each quadrant. This allowed to
judge the quality of the signal, since the linear regime of a quadrant diode is relatively small.
For the interferometric alignment the piezo was continuously moved up and down, while
the intensity on the photodiodes was observed (see figure 2.18).
Force-Curve Measurement The force measurement can be divided into three phases: approach, pulling, return. In the first phase the operator adjusts the z-position of the cantilever
with respect to the counterpart while observing the force exerted onto the cantilever. Then the
zero position has to be found and the molecules have to attach on both ends. Afterwards the
piezo is moved down, while the intensity of both photodiodes of the fiber interferometer are
written to a file with the corresponding position. Then the piezo moves fast but not in a single
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Figure 2.17: This software was used to determine the position of the laser spot on the fourquadrant photodiode. The sliders show the raw data and the charts the time dependence of the
coordinates.
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Figure 2.18: This program was used to align the two surfaces with interferometry, its charts
show the signal from all quadrants of the photodiode and their sum. The program also generates
an adjustable sawtooth voltage for the piezo movement.
step back to the zero position found in the first step. The measurement is done with the software
shown in figure 2.19.
Data Logger To determine the stability of the setup, a simple data logger was programmed
(see figure 2.20). It recorded the voltage on two channels of the fiber interferometer or four
channels of the four-quadrant photodiode at a sampling rate of 10 Hz. The data was displayed
graphically and numerically during the measurement.

2.3.9 Interferometer Data Processing
Distance measurements with a fiber interferometer are normally performed in two different
ranges: For very small distances with respect to the wavelength, formula 2.1 can be linearized
and the intensity is directly proportional to the distance. For the other case generally only the
positions of maxima and minima are taken.
To bridge this gap a software was written with Matlab, that could not only count minima
and maxima but also use the intensity value itself. To invert formula (2.1) one first had to
normalize the data and then divide it into pieces where the function is bijective. Prior to the
normalization the data is smoothed with a moving-average filter. It was found that the window
size of the filter should be equal to the number of data points taken per step of the DAC for the
piezo control. In the next step the program searches for all local minima and maxima. These
points are defined as points that are the largest or smallest for all possible windows containing
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Figure 2.19: This software records the force-extension curve. It displays the actual position of
the piezo in a slider and the signals from the fiber interferometer in two charts. The adjustable
parameters include extension and velocity.

Figure 2.20: User interface of the data logger for two independent signals. The data is graphically and numerically displayed during the measurement.
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Figure 2.21: The Matlab program finds the extrema and fits straight lines from minimum to
minimum (green) to remove the offset and from maximum to maximum (red) to normalize the
data. For each extremum λ/(4n) is added to the current position. The inverted sine gives scaled
with λ/(4n) the distance from the last extremum. λ is the wavelength and n is the refractive
index.
that data point. Then the offset is removed (see figure 2.21). To do so, straight lines are fitted
from minimum to minimum. The same technique is used to normalize the data. Note that this
also eliminates a mismatch in the reflectivity as well as long term intensity fluctuations even
without a reference measurement. Values exceeding the range from zero to one are cut off.
Then the data is separated into parts where the formula could be inverted. The value from the
intensity amplitude is then added to the value deduced from the number of minima and maxima.
The data points before the first maximum and minimum are processed separately based on the
values from the following data.
This method allows to measure with a high accuracy over long travel ranges. To illustrate
the possibilities, the linearity of the piezo was characterized (see figure in subsection 3.1.2).
The software reached in this case an approximately six times better resolution than counting of
the extrema alone. But it must be noted that it did not reach the same absolute resolution as the
linearization for short distances, since in the extrema the resolution vanishes. The main error
contribution originates from the uncertainty of the extrema position. Therefore an offset which
changed with a period of λ/4 appeared.
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2.4 Experimental Procedure
A biochemical preparation is necessary before the DNA can be attached to the surface. Aims
for the selection and optimization of the protocol were: High surface coverage, low unspecific
binding and reliability. The biochemical techniques were established in our lab by Roman
Lehner, more details can be found in his thesis [21].

2.4.1 DNA Preparation
To graft the DNA on the surfaces, it has to be modified on both ends. On one end a streptavidinbiotin “key-lock” pair of proteins and on the other end a covalent bond between thiol group and
gold was used.
The DNA was supplied in a circular form. To linearize it, it was heated up to 75°C for 10
to 15 minutes and then quenched on ice (4°C). Due to a nick, the breaking happened in a well
defined position in the sequence (see figure 2.22). The resulting DNA had protruding 5’ ends.
The attachment is done with biotin-streptavidin on one end and on the other end with a thiol
group on gold. Oligomers from single stranded DNA complementary to one overhang of the
λ-DNA with the required end group were commercially available. 1 µl of each oligomer at a
concentration of 100 nmol/ml was added to 33 µl of linearized DNA in a buffer with 10 mM
Tris-HCl (pH 7.6 or pH 8.0) and 1 mM EDTA at a concentration of 0.5 mg/ml or 0.3 mg/ml
and were hybridized at 50°C for one hour. In our case the oligomers were phosphorylated, so
in the next step the gap in the backbone between λ-DNA and oligomer was closed with 1 µl T4
ligase (the solution was used at the concentration as supplied). 1 µl ligase buffer (10×) and 9 µl
millipore water were added as well.

2.4.2 Surface Preparation
Cantilevers were cut and pre-cleaned as described in subsection 2.3.6. Directly before usage
the cantilever were mounted in a PTFE mount. The surface was structured with abrasive paper
(grid size 600) and coated with 20 nm gold to prevent the cantilever from sticking to the PTFE
presumably due to cold welding during the series of processing steps. At first an additional
cleaning step in a mixture of 1 ml concentrated sulfuric acid and 1 ml hydrogen peroxide (25%)
was executed. The cleaning took place in a PTFE vat for approximately one hour. Then the
cantilevers were rinsed with millipore water. For the deposition of the gold mirror, they were
subsequently mounted in a vacuum camber. At a pressure below 5×10 −6 mbar first an adhesion
layer of 4 nm chromium followed by a layer of 40 nm gold was deposited. Then the cantilevers
were treated in a bath of 0.1 ml 3-aminopropyltriethoxysilane in 5 ml ethanol p.a. for one hour
(see figure 2.23). This took place in another PTFE vat in a tight plastic box to keep water vapor
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Figure 2.22: Schematic representation of the end-functionalization of λ-DNA for force experiments: a) form of the DNA as supplied, b) linearized DNA, c) DNA hybridized with oligomers,
d) closing of the backbone with T4 ligase (figure taken from [21])

Figure 2.23: Sketch of the functionalization of a glass surface with streptavidin in three steps:
1. silane binds to the glass surface, 2. glutaraldehyde binds to the silane and 3. streptavidin and
glutaraldehyde form a bond (figure taken from [29]).
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out, which would have led to deposits on the cantilevers. Afterwards the cantilevers where
rinsed carefully with ethanol p.a. and millipore water. Then the cantilever were unmounted and
their surfaces were treated with glutaraldehyde for 30 minutes in an incubation box. Afterwards
they where rinsed in filtered PBS (pore size 450 nm) and treated for one hour with a 0.1 mg/ml
streptavidin solution and again rinsed with filtered TBE. Prepared cantilevers could be stored in
the fridge up to a week. On the counterparts a layer of about 1 nm chromium and about 6 nm
gold was evaporated at a pressure of less then 5 × 10−6 mbar. After evaporation the counterpart
had immediately to be incubated with DNA otherwise it would have become inactive for the
thiol coupling. In a preliminary experiment I incubated a several weeks old gold surface for 30
minutes in ethanol p.a. to reactivate it1 . DNA bound specifically, but the surface density was
found to be approximately 20 times lower than for a fresh gold layer.

2.4.3 Experimental Procedure
In the following subsection I describe step-by-step the experimental procedure used to measure
a force-extension curve. For details on cantilever and DNA preparation 2 see above.
The cuvette was cleaned carefully in an ultrasonic bath in ethanol or other solvents as required, blown dry, covered near its opening with vacuum grease and mounted slightly tilted.
Then the counterpart was mounted and a thin gold film was evaporated on its upper surface. A
droplet of prepared DNA solution of approximately 10 µl was put on the tip of the counterpart.
Filtered (pore size 450 nm) and degassed TBE-buffer (degassed by cooking in a microwave
oven shortly prior to use) was filled in the cuvette up to a level slightly below the counterpart.
The cuvette was then covered with parafilm to prevent drying of the droplet. After one hour
of incubation the water level was further raised and the backreflection of the counterpart onto
the four-quadrant photodiode was brought into its zero position. In the next step the fiber and
the cantilever were mounted. Afterwards the head plate insert was covered with vacuum grease
where the water surface would be. Then it was assembled with the head plate. The assembly
was then placed onto the motors. Additional TBE-buffer was added as required and the cuvette was sealed with dodecane to prevent evaporation. The system was allowed to stabilize for
at least one hour. Then the cantilever was aligned to the counterpart. Afterwards the coarse
approach took place. The process was monitored with the video microscope. For the last micrometers the piezo was used instead of the motors. Then the DNA was allowed to attach to
the other surface for one hour. Afterwards the piezo was retracted while the intensity on the
reference and the signal photodiode was recorded.

1
2

I would like to thank Artur Erbe for the suggestion.
I would like to thank Ina Seuffert for the DNA preparation.

Chapter 3
Results and Discussion
3.1 Performance of the Apparatus
All components of the force apparatus have been tested to quantify their performance. The main
characteristics tested were stability, resolution and linearity.

3.1.1 Fiber Interferometer
The laser for the fiber interferometer was checked for temperature dependence of the spectrum 1
and intensity fluctuations. The error due to the temperature fluctuations could be estimated by
linear approximation and the measurement of the spectra gave indication if mode jumps did
occur or not. Furthermore the coherence length could be checked.
Several spectra at different temperatures were recorded with a double grating spectrometer
(see figure 3.1). All spectra were recorded at the same optical output power of 2.5 mW since the
spectral width decreases with increasing output power. The temperature was measured via the
negative temperature coefficient resistor (NTC) in the laser diode mount. To get the temperature
dependence of the center wavelength, the envelope of the spectra were fitted with a Gaussian.
The temperature T was calculated from the resistance R of the NTC via the formula given by
the manufacturer of the laser:
1
T = 1
R
ln R1 + T11
B
where B = 3988 K, R1 = 10 kΩ and T1 = 25°C = 298.15 K. The resulting curve in figure 3.2
showed as expected for a laser diode a trend to longer wavelengths at higher temperatures. But
the data points also scattered. With the help of figure 3.1 this was attributed to the nonlinear
change in excitation of the different modes depending on the temperature.
1

I would like to thank Ralf Weissenborn for the measurement of the spectra.
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Figure 3.1: Normalized spectra of the diode laser as a function of the temperature given as
the resistance of the NTC in the laser diode mount. The output power at the fiber coupler was
always 2.5 mW.
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Figure 3.2: Measured center frequencies obtained from Gaussian least-squares fits to the envelope of the spectra of figure 3.1. Plotted versus the temperature they gave the temperature
dependence of the center frequency of the fiber-interferometer laser.
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channel
signal
reference
processed signal

±∆xRMS
nm

0.32
0.31
0.13

±∆xpp
nm

1.71
1.37
1.00

±∆xRMS
nm

0.07

f

±∆xpp
nm

f

0.53

Table 3.1: Calculated noise and drift of the complete fiber interferometer setup for a wavelength
in water of 501 nm and an assumed contrast of 50%. The filtered data (subscript f) in the left
two rows was obtained with a moving average filter of 10 data points width.
According to the display of the laser diode temperature controller the temperature was stable
over time scales of an hour within at least ±1 Ω which corresponds to a temperature change of
±0.002 K around 25°C. From the fit shown in figure 3.2 one could obtain a wavelength change
of the order of ∆λ = 0.18 nm/K · 0.002 K = 0.0009 nm. The effect on the measured distance x
is given by ∆x = x(∆λ/λ). If we now take a cavity length x of 20 µm and a wavelength λ of
670 nm, the variation ∆λ would have been around 0.01 nm and therefore far below the noise of
other sources.
The coherence length can be estimated from the spectra in figure 3.1. For the temperature
of 10 kΩ the light with the wavelength between λmin = 667 nm and λmax = 668 nm was emitted.
According to the approximation given above the resulting coherence length l c was 445 µm. This
is much more than the typical fiber cantilever distance but still sufficiently short to avoid noise
caused by stray reflections.
Furthermore the noise level and the stability of the fiber interferometer needed to be checked.
The box was heated to 27°C and allowed to fully stabilize overnight. Also the laser was in
operation during that time. The fiber was mounted in air, but retracted far from the cantilever.
Then the intensities of reference and signal were recorded for 100 minutes at a sampling rate
of 10 Hz. Figure 3.3 shows two graphs with the signal, the reference and the processed signal.
The processed signal was obtained by dividing the signal by the reference. It can be seen that
drift due to the change in the laser intensity was eliminated well by the division. However,
especially the quantization noise of the ADC remained. In table 3.1 the resulting noise and drift
is shown. It was calculated from the data in figure 3.3 assuming a wavelength λ = 668 nm,
a refractive index n = 1.33 and a contrast c = 0.5 of the signal with the following formula:
λ
±∆Unorm , where ±∆Unorm is the normalized noise and drift of the measured voltage.
±∆x = nc
Note that the noise data here is collected over a time period that is much longer than the duration
of a typical experiment. Therefore one can expect a lower noise contribution of the electronics
during the experiment than calculated here. An analysis in the frequency domain revealed no
structure in the noise. Since the noise caused by the electronics was so small that it did not
limit the experiment, no further optimization was made. Nevertheless it could have been well
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Figure 3.3: The recorded voltage on signal and reference channel shows the stability of the
complete interferometer including all electronics. On short time scales quantization noise is
dominating. The lower graph shows the first 30 s of the upper one. The processed signal is
obtained by dividing signal by reference and contains essentially no drift anymore.
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improved by always using the full range of the ADC, an ADC with 16 bit and oversampling.
For comparison the noise with a moving average filter over 10 data points was calculated and
found to be two times lower than that of the raw data. In conclusion for short times (less than
a few minutes) the noise is dominating and the resolution is 1.3 nN for a cantilever with a force
constant of 1.3 N/m.

3.1.2 Piezo System
Drift and noise of the piezo and counterpart were measured with the fiber interferometer in air.
For the measurement the fiber was brought close to a counterpart on which a thin gold film
was evaporated. The piezo was then moved to an extension of about 40 µm. This is half of the
maximum extension. Then the whole setup was allowed to stabilize to a temperature of 27°C
overnight. At the beginning and the end of the measurement the piezo was moved slowly over
a few 100 nm. The resulting intensity pattern allowed to calibrate the distance measurement.
In the upper part of figure 3.4 the intensity at the signal photodiode of the fiber interferometer
was plotted versus the time. Between the minimum at 19 minutes and the maximum at 109
minutes the piezo drifted λ/4 = 167 nm. This corresponds to an average drift rate of 1.85 nm per
minute. From the graph it can be seen that the drift decreases with time. The noise was extracted
from the data from minute 40 to 80 (see lower part in figure 3.4). This interval was chosen
because there the sensitivity of the fiber interferometer could be approximated as being linear.
Drift was removed by subtracting a linear fit. As a result the peak-to-peak noise was calculated
to be 32 nm and the RMS noise was 4.6 nm. An FFT showed no peaks at any frequencies. These
values are by far low enough to conduct undistorted DNA stretching experiments.
The linearity of the DAC and the piezo system was also checked with the fiber interferometer
in air. The scan extended over 80 µm with 40960 data points (see figure 3.5). The software
described in section 2.3.9 was used to extract the position from the interferometer data. A linear
fit gives a slope of 0.9985 ± 0.0037, an offset of (235.01 ± 0.17) nm and a standard deviation
of 17.5 nm, indicating a very good linearity (see figure 3.5).

3.1.3 Temperature Stabilization
The temperature was set for all experiments to 27°C. This temperature was found to be high
enough to stabilize with heating only, but still allowing for a short settling time.
The temperature displayed at the temperature controller of the shielding box was read for
26 minutes at four readings per minute. The temperature showed essentially no drift. The RMS
noise was 0.015°C with a peak to peak value of 0.07°C. Since the measurement was taken in
air and the experiment was conducted in a water bath connected to a massive aluminum block,
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Figure 3.4: These plots show the intensity at the signal photodiode of the fiber interferometer.
In the upper graph a) it can be seen that at the end and the beginning of the measurement the
piezo was moved rapidly over a few 100 nm to calibrate the fiber interferometer. The drift over
time was calculated from this data. The lower graph b) is a fraction from the upper graph where
linear drift was removed. It was then used to determine the noise of the piezo system.
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Figure 3.5: The upper graph shows the raw data obtained form the fiber interferometer during
a scan of the piezo over 80 µm. The insert shows a section of the main graph. The envelope of
the intensity (red line) showed quadratic behavior with respect to the fiber end surface distance
as calculated in paragraph 2.3.3.2. The lower graph shows the processed data. The inset shows
again a section of the main graph. The small remaining offset appearing with a period of λ/4
originated from the uncertainty of the extrema position.
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Figure 3.6: Force-displacement curve of a glass cantilever measured with a balance. Its behavior
is linear within the error bars.
it could be assumed that the temperature stability in the bath was significantly better than the
numbers given above.

3.1.4 Cantilever
Force Constant and Linearity The cantilever should behave linearly under a reasonable load.
The absolute value of the force constant is only important for the determination of the number
of double-sided attached molecules.
Glass Cantilever To investigate linearity and force constant, a cantilever was mounted and
pressed with the free end against a balance. The force constant was determined from five force
displacement curves of a cantilever to (3.713 ± 0.024) N/m (see figure 3.6). The displacement
was in the range from 0 µm to 200 µm. No significant deviation from linear behavior was found,
even when the displacement was increased up to 1500 µm.
Another method to determine the force constant is the measurement of the resonance frequency. The cantilever was mounted and excited with acoustic waves from a speaker. Then the
amplitude (RMS voltage on the output of the photodiode amplifier) was measured as a function
of the excitation frequency (see figure 3.7). The initial model for the excited cantilever was a
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Figure 3.7: Frequency dependence of the excitation of a glass cantilever by acoustic waves
was measured by interferometry. In the left graph the first resonance is shown, on the right
the third. The deviation between fit and experimental data was interpreted as an indication for
inhomogeneities in the glass.

3.1. PERFORMANCE OF THE APPARATUS

49

damped oscillator under a periodic force:
F0 /m
A= q
2 − ω 2 )2 + (2γω)2
(ωres

(3.1)

where A is the amplitude, F0 is the external force, m is the mass, ωres is the resonance frequency,
ω is the frequency and γ is the damping. However, the formula did not converge well during
the fitting process. Therefore the center frequency fres of the resonance was obtained by fitting
a Lorentz function (low damping approximation of formula (3.1))
y = y0 +

2A
w
π 4 (f − fres )2 + w 2

to the data, where y is the amplitude, y0 is an offset, A is a scaling factor, w is the width of
the resonance and f is the frequency. For the parameters used here the difference between the
results from the fit of the Lorentz function and that of a harmonic oscillator is small. With the
formula in section 2.3.6 one can calculate the force constant k from the resonance frequency
fres :
3
3
3
12 2 L3 W fres
ρ2
k=
32π 3 αn6 E 12
The resulting force constant is (6.09 ± 0.02) N/m from the first resonance frequency and
(6.01 ± 0.02) N/m from the third resonance. These results are in good agreement with the ones
measured with the balance. The deviation is attributed to the systematic errors because of the
different methods.
The force constant can also be calculated from the thickness. Six pieces of the glass from
which the cantilever was cut were measured with a micrometer screw. All measurements indicated a thickness slightly above 70 µm. With equation 2.2 and the material constants given in
subsection 2.3.6 the theoretical value for the force constant would be 16.4 N/m. This deviates
from the results of the two other methods significantly. The exact reason is unknown, but the
deviation could be caused by the mounting, cracks or inhomogeneities in the glass. The latter
argumentation is further supported by the results from the silicon cantilevers, where all three
methods agree very well (see below).
Silicon Cantilever Silicon cantilevers2 are supposed to be of a better mechanical quality
than the ones made from glass, since they were made from a monocrystalline wafer, cut with a
much better saw and afterwards etched. For one cantilever the force constant was investigated
2

I would like to thank Claudia Strümpel (FB Physik, Universität Konstanz) for sawing, etching and SEM
pictures of the silicon cantilevers.
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100 µm
500 µm

Figure 3.8: SEM picture of the cross section of a silicon cantilever, the lines indicate the effective dimensions taken for the calculation of the force constant.
with the three different methods outlined above. Since the cross section of the cantilever was
complicated (see figure 3.8), effective dimensions were taken for the width W and the thickness
T : Weff = 0.5 mm, Teff = 0.1 mm. The free length L was 8.6 mm, the elasticity modulus
E = 100 GPa [30] and the density ρ = 2.33 g/cm3 [25].
Figure 3.9 shows the results from the average over three balance measurements, which resulted in a force constant of (18.40 ± 0.03) N/m. The measurement of the resonance frequency
(see figure 3.10) yielded a force constant of (18.87 ± 0.04) N/m. Note that the data follows the
fit much better than in the case of the glass cantilever. From the theory one gets a value of
19.65 N/m. Beside the small systematic deviations between these different measurement methods, all these values agree very well.
Stability Drift is, besides noise, the limiting factor in force measurements. In oder to check
the stability, a cantilever was mounted and the cuvette was filled with millipore water. Great
care was taken to cover the surface of the glass and stainless steel with vacuum grease and to
seal the cuvette with dodecane. Then the setup was closed and allowed to stabilize. Data from
the interferometer was recorded at 10 Hz for 15 hours (see figure 3.11). The drift vanished essentially after 3 hours and the position was stable for 12 hours within a few nanometers. After
this experiment the temperature was increased by 1 K to check the function of cantilever and
fiber interferometer (see figure 3.12). The step response of the cantilever showed also the importance of a good temperature stabilization. The data gave a temperature coefficient of the force
sensor of about 500 nN/K. From this number one estimates the required temperature stability
to be in the order of 10 mK for an experiment which takes several minutes and where nN should
be measured. In conclusion for long times (more than a few minutes) the drift is dominating
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Figure 3.9: Result of a force-constant measurement on a silicon cantilever with a balance. Like
in the case of the glass cantilever very good linearity was achieved.

Figure 3.10: Measurement of the first resonance frequency on a silicon cantilever. In contrast
to the glass cantilevers (figure 3.7) the fit agreed very well with the experimental data.
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Figure 3.11: This plot shows the stabilization process of the force sensor over time after mounting. After 3 hours the position was stable within a few nanometers. The insert shows the first
hour in detail.
and the resolution is better than 10 nN depending on the exact experimental conditions.

3.1.5 Alignment
To investigate the quality of the alignment, the apparatus was first aligned and then a scan over
the position of the best alignment was performed with the motors while recording the signal
from the four-quadrant photodiode.
In the worst-case scenario the maximum distance difference is reached in one outer corner.
If one now takes the other corner as a reference point, the total maximum height difference is:
dtotal = 2 (xtilt + ytilt )
In the graphs in figure 3.13 the widths of the maxima give the remaining tilt. For both
directions the tilt was estimated to be less than 100 nm resulting in a maximum total tilt of
less than 400 nm. It must be noted that the graphs clearly gave only a upper limit. During the
alignment process a movement of the motors of one micrometer could be detected by analyzing
shape and phase of the individual signals from the four-quadrant photodiode. Therefore the
typical total misalignment was smaller than 58 nm. This should be by far enough to observe a
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Figure 3.12: The interferometer signal during a temperature step of 1 K corresponds to a change
in the distance of about roughly 500 nm (corresponding to the two fringes seen). The arrow
marks the onset of the temperature step.
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Figure 3.13: A tilt-scan of the cantilever in x-direction (upper graph) and y-direction (lower
graph). The maximum of the oscillations in the sum signal indicates the position of the best
alignment, however the highest accuracy is found by analyzing the individual signal of the
four-quadrant photodiode.
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Figure 3.14: Image (90 × 70 µm2 ) of DNA stained with YOYO on a glass cantilever imaged
with a confocal microscope. A single molecule is indicated with a red circle. The ring-like
structures of the individual molecules disappear on a larger magnification.
clear plateau.

3.2 Surface and DNA Preparation
Although the surface preparation techniques used here are well established in our lab, it was
necessary to check their performance under the exact given experimental conditions, because
subtle changes might lead to a dramatic decrease in the number of attached molecules.
Therefore a cantilever prepared in the same way as the ones used for the force experiments
was incubated with the DNA prepared for the force experiments. Afterwards the cantilever was
washed in TBE-buffer, stained with YOYO-1 and washed in anti-bleach. Then the cantilever
was placed on a coverslip with the DNA between the cantilever and the coverslip and imaged in
a confocal microscope (see figure 3.14). The YOYO was clearly activated by the intercalation
into the DNA. The surface density reached typical values.
In a second step the DNA on a counterpart which was used in a force experiment was
imaged in a confocal microscope in the same way as the DNA on the cantilever. Because
the counterpart had to be taken out of the cuvette through the meniscus of the water and the
dodecane, the structures observed where all combed (see figure 3.15). However, even after this
mechanical stress still a sufficient number of molecules could be observed.
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Figure 3.15: Image (90 × 70 µm2 ) of DNA stained with YOYO (line-like structures) on a counterpart used in a force experiment imaged with a confocal microscope. The DNA was combed,
since it had been removed from the experiment through a meniscus.

3.3 Force-Extension Experiments
The force-extension experiments have been performed according to the description in subsection 2.4.3. Care was taken in later experiments to approach very slowly to reduce hydrodynamic
forces. The flow field in the small slit between cantilever and counterpart could have combed
the DNA onto the gold surface. However, during the retraction of the counterpart no forces
have been observed. The reasons remain unclear. After the cantilever had been taken out of the
silane bath, it could be seen by eye that their surface had become rougher. Deposits form the
silane might have therefore prevented a successful approach of the two surfaces.

3.4 Outlook
The designed apparatus has been shown to fully meet the required specifications (see table 3.2).
In the next steps the device will be merged with the birefringence setup by Alexander André.
He has already shown that high resolution birefringence measurements can be obtained with
an photoelastic modulator in a temperature stabilized environment. A low intensity level is
used which avoids heating of the sample. The light will be transmitted by a fiber to the force
apparatus. Heat and noise from the laser cooling will then not disturb the stretching experiment.
Further development of the apparatus might include a replacement of the four-quadrant
photodiode with a camera for the convenience of the operator. The larger active area might
allow for a more convenient alignment. However, significant additional effort in hard- and
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parameter
smallest
detectable force
total tilt
maximum force
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required performance to detect
a force curve

required typical
performance

achieved typical
performance

best achieved
performance

1 µN

100 nN

10 nN

1.3 nN

10 µm

1 µm
8 µN

200 nm
66 µN

58 nm

Table 3.2: Summary of the required and the achieved performance of the DNA-force-apparatus
for 4 × 104 DNA molecules and a cantilever with a force constant k = 1.3 N/m.
software would be necessary.
Stretching experiments with DNA have shown until now no double-sided attachment. Therefore further work on the surface preparation seems to be necessary. If the silane would be evaporated onto the cantilever in vacuum cleaner surfaces would be obtained and save the gold from
being partly dissolved in the ethanol. Furthermore the apparatus is prepared for the application
of an electric field between cantilever and counterpart. Then the DNA would stretch which
might enhance the double sided attachment. However, the generation of bubbles might obscure
then the experiment.
In the future new experiments might be designed, which make use of the possibility to probe
microscopic forces on a macroscopic area beyond the stretching of DNA.
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Appendix A
Equipment and Material Data
Fiber Interferometer
Schäfter und Kirchhoff, Hamburg, Germany; laser diode mount 48TE-SOT; 50AL-5.6; multimode laser diode TOLD9231M; collimation optics 48CL-A4, 5-02; 48CFS; Faraday isolator
48FI-5-670; beam shaping optics 5AN-2,5-V-05; fiber coupler 60SMS-1-4-A8-02
Thorlabs GmbH, Karlsfeld, Germany; Laser Diode Controller LDC500; Thermoelectric Temperature Controller TEC2000; bare fiber splice TS-125; 630 nm single-mode fiber FS-SN-3224
Newport GmbH, Darmstadt, Germany; fiber coupler F-CPL-S22635 with two bare fiber ends
and two APC connectors
Intensity Measurement
photodiode BPW20RF; operational amplifier LF356 DIP; precision metal film resistors, 0.1%,
TC 25 ppm; capacitors for bandwidth limiting WIMA FKP-2; capacitors for decoupling ceramic
Z5U
Alignment
OZ Optics LTD, Carp, Ontario, Canada; fault locator FODL-235-635-1, single-mode fiber SMJ33-633-4/125-3-4
Roithner Lasertechnik, Vienna, Austria, acrylic LD collimator GS-7021
LINOS Photonics GmbH & Go. KG, Göttingen, Germany, beamsplitter 5 mm 335505
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Data Acquisition
National Instrument Corporation, Austin, USA; multifunctional I/O board PCI-1200; LabView
6.0 i
Active Vibration Isolation System
HWL Scientific Instruments GmbH, Ammerbuch, Germany; active vibration isolation system
TS-150S
Video Microscope
The Imaging Source, Bremen, Germany; monochrome video camera DMK 2013-PT/C
Positioning
Newport GmbH, Darmstadt, Germany; motion controller ESP300;
linear actuator CMA-12CCCL
piezosystem jena, Jena, Germany; power supply ENT40/20, amplifier ENV40 (modified to
1 mA maximum output current), PID-control ER1 (modified to a time constant of one second),
piezo PZ 100 SG T-105-01
Housing
item, Solingen, Germany; aluminum profiles (0.0.451.07) and accessories,
damping foam (0.0.440.75)
Filter-Fan-Unit
MCRT GmbH, Heuchelheim, Germany
Temperature Stabilization
Jumo GmbH & Co. KG, Fulda, Germany; process controller iTron 32 type 702040
(www.rsonline.de 327-4989)
Ceramix Ireland Ltd., Cork, Ireland; quartz heater type QFE 250 W
(www.rsonline.de 376-2515)
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Labfacility Ltd., West Sussex, UK; PT100 wire-wound sensor, class B, four-wire type,
(www.rsonline.de 237-1657)
Crydom GmbH, Germany; solid state relay type CX240D5
Balance
Mettler Toledo, Giesen, Germany, balance AB 204
Spectrometer
Spex 1400, double grating spectrometer
Glass
Schott Spezialglas GmbH, Grünenplan, Germany; thin glas 1044157, type D263T, thickness
30 µm
Menzel GmbH & Co KG, Braunschweig, Germany; coverslip #00 24 × 24 mm2 ; coverslip #0
24 × 24 mm2
Chemicals
Oligomers: MWG Biotech AG, Munich and Thermo Electron GmbH, Ulm
λ-DNA: Fermentas GmbH, St. Leon-Rot and New England Biolabs GmbH, Frankfurt am Main
Streptavidin: Roche Diagnostics GmbH, Mannheim
SFO I, Apa I, Kas I, Nae I, Asc I: New England Biolabs GmbH, Frankfurt am Main
T4 Ligase: New England Biolabs GmbH, Frankfurt am Main
T4 Polynucleide kinase: New England Biolabs GmbH, Frankfurt am Main
Klenove Polymerase: New England Biolabs GmbH, Frankfurt am Main
YOYO-1: Molecular Probes, Leiden (Distributor: MobiTec, Göttingen)
Ethanol: Sigma-Aldrich Chemie GmbH, Steinheim
3-Aminopropyltriethoxysilane: Sigma-Aldrich Chemie GmbH, Steinheim
Glutaraldehyde: Polysciences, Warrington
DTT: Roche Diagnostics GmbH, Mannheim
Catalase: Sigma-Aldrich Chemie GmbH, Steinheim
Glucose Oxidase: Sigma-Aldrich Chemie GmbH, Steinheim
Sucrose: Sigma-Aldrich Chemie GmbH, Steinheim
Tris base: Sigma-Aldrich Chemie GmbH, Steinheim
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EDTA: Sigma-Aldrich Chemie GmbH, Steinheim
TBE: Sigma-Aldrich Chemie GmbH, Steinheim
Nick Columns: Amersham Bioscience GmbH, Freiburg
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Anhang B
Zusammenfassung
DNA ist das Molekül, das alle genetischen Informationen enthält, um das Leben auf der Erde zu
konstruieren und zu unterhalten. Daher haben sich Forscher schon seit langer Zeit mit diesem
Molekül intensiv beschäftigt.
Wird DNA gestreckt, so verhält es sich bei kleinen Kräften wie eine entropische Feder und
dann gemäß dem Hookeschen Gesetz. Wird die Kraft jedoch größer als ca. 65 pN, so beginnt
ein Kraftplateau bis zur 1.7-fachen Streckung über die Konturlänge von 16.5 µm. Bevor das
Molekül reißt, steigt die Kraft noch einmal steil an [9]. Dieses Verhalten scheint eine biologische
Relevanz zu besitzen, denn schon länger ist bekannt, daß DNA von einem Protein wie RecA
bis auf die 1.5-fache Länge gestreckt wird [6]. Doch alle bisher durchgeführten Experimente
basieren auf Studien an einzelnen oder Doppelbrechungsmessungen. Daher habe ich eine DNAKraft-Apparatur entworfen, die für optische Experimente optimiert ist.
Um die nötige Anzahl von Molekülen für die optischen Experimente zu strecken, ist eine
Fläche von ca. 1 mm2 nötig. Damit jedoch alle Moleküle gleich stark gestreckt werden, ist es
nötig, daß die Platten, zwischen denen sie eingespannt werden, sehr gut parallel ausgerichtet
werden. Die entwickelte Apparatur erlaubt die Ausrichtung bis auf eine Verkippung von weniger als 58 nm. Um dies zu erreichen, wird sowohl die Position der Rückreflexion der Platten
als auch die Interferenz zwischen den Reflexen ausgenutzt. Die Kraft wird über die Verbiegung
eines 30 µm dicken und 7 mm langen Glasstreifens mittels Faserinterferometrie gemessen. So
ergibt sich eine Kraftauflösung von wenigen nN, die durch die hohe Stabilität der Apparatur erreicht wurde. Desweiteren wurde eine Software zur Auswertung der Daten entwickelt,
die es erlaubt mit dem Faserinterferometer auch über viele Mikrometer Distanzen genau zu
vermessen. Der Vergleich von Kraftsensoren aus Glas und monokristallinem Silizium zeigte,
daß vermutlich Inhomogenitäten im Glas bei diesen Sensoren zu kleineren Kraftkonstanten als
erwartet führen. Die Linearität war dennoch in beiden Fällen sehr gut. Weiterhin konnte mit
konfokaler Fluoreszenz-Mikroskopie gezeigt werden, daß die Verankerung der DNA sowohl
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auf dem Kraftsensor als auch auf dem Substrat möglich ist. Die bisher druchgeführten KraftExperimente zeigten jedoch keine doppelseitige Anheftung der DNA. Weitere Arbeit an der
Präperation der Oberflächen könnte hier den Durchburch bringen.

67

Ein herzliches Dankeschön an:
• Prof. Dr. G. Maret für die Möglichkeit dieses Thema zu bearbeiten und die gute Arbeitsatmophäre in der Gruppe
• Dr. Thomas Gisler für die Unterstützung sowie das Lesen und Kommentieren dieser Arbeit
• Roman Lehner für viele gute fachliche Gespräche und die Vermittlung seines Wissens
• Claudia Strümpel für die Silizium-Cantilever
• Alexander André für die gute Zusammenarbeit und Motivation
• Florian Ebert für die angenehme Zeit im gemeinsamen Büro und alle wissenschaftlichen
und nicht-wissenschaftlichen Diskussionen
• Allen in der Arbeitsgruppe für die schöne Zeit
• Meinem Vater für die Fernberatung im Bereich spanabhebende Bearbeitung und die Spezialkunststoffe
• Meinen Eltern für die Ermöglichung des Physikstudiums

