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Résumé
Nous avons développé une méthode pour étudier la structure de molécules d’ADN étirées
mécaniquement. Les échantillons sont des films d’ADN constitués de macromolécules
bien orientées et produits par un procédé de filage en milieu humide. Du fait que les
molécules sont déjà orientées à la fabrication, les forces appliquées par la suite peuvent directement induire des transitions structurales. La transmission des forces entre
molécules voisines est possible grace à la réticulation par le formaldehyde, l’éther diglycidique d’éthylène glycol ou des bis-intercalants. L’efficacité des produits réticulants est
testée par électrophorèse en gel et en étudiant les propriétés élastiques des films d’ADN
traités. Nous avons, pour la première fois, donné une preuve de la réticulation intermoléculaire d’ADN par le formaldéhyde. La structure du complexe ADN-formaldéhyde
a été caractérisée par diffusion Raman, ce qui nous a permis de distinguer entre réticulation et dénaturation.
Le maintien à une valeur constante et à un niveau assez élevé de l’humidité relative des
films se traduit dans les échantillons par la présence d’ADN sous la forme B. La dynamique à basses fréquences pendant l’hydratation et la déshydratation sont suivies par
spectroscopie terahertz résolue en temps. Nous avons observé pour la première fois des
différences en transmission selon l’orientation, parallèle ou perpendiculaire au champ
électrique terahertz, des films. Les temps caractéristiques de la transition de la forme A
vers la forme B des échantillons sont confirmés par les résultats de la diffusion Raman.
L’inclinaison des paires de base pendant l’étirement des films d’ADN est étudiée par
biréfringence. Dans le cas des films réticulés, la biréfringence décroît. Le changement
de distance entre les paires de base est mesuré par diffraction X. Nous avons observé
des réflexions inconnues et discutons les possibles interprétations physiques et structurales. Un reflet méridional qui correspond à une périodicité de 7,4 Å provient probablement d’une conformation étirée et non-hélicoïdale. Le reflet disparaît quand on réduit
l’humidité relative et que l’on déshydrate l’échantillon.
Nous avons montré que l’enchevêtrement des molécules d’ADN dans les films induit
un certain degré de «réticulation», en accord avec ce qui a été rapporté dans la littérature.
L’augmentation du débit pendant le filage en milieu humide permet de commencer à étirer
l’ADN.

Zusammenfassung
In der vorliegenden Arbeit wird eine Methode zur strukturellen Untersuchung von mechanisch gestreckten DNS-Molekülen entwickelt.

Als Proben werden in einem Nassspinnverfahren hergestellte DNS-Filme, in denen die
Makromoleküle bereits eine hohe Orientierungsordnung besitzen, verwendet, so dass
Kräfte, die auf den Film einwirken, direkt zu Strukturänderungen der DNS führen können. Eine Kraftübertragung zwischen den einzelenen Molekülen wird durch Vernetzung
erreicht, wobei Formaldehyd, Ethylenglykoldiglycidylether sowie verschiedene Bisinterkalatoren verwendet werden. Ein Vergleich der genannten Vernetzungmethoden wird mittels Gelelektrophorese sowie durch Bestimmung des elastischen oder plastischen Verhaltens der Filmproben durchgeführt. Zum ersten Mal kann auch nachgewiesen werden,
dass Formaldehyd intermolekulare Verknüpfungen in DNS ausbildet. Die Sekundärstruktur des Formaldehyd-DNS-Komplexes wird mit Ramanstreuung charakterisiert, wodurch
auch eine eindeutige Unterscheidung von einem reinen Denaturierungsprozess ermöglicht
worden ist.

Durch Änderung der umgebenden Luftfeuchtigkeit kann die DNS in den Filmproben in
B-Form gebracht werden. Die niederfrequente Dynamik während der Hydratisierung
und Dehydratisierung wird durch Terahertz-Zeitbereichsspektroskopie vermessen, wobei
erstmals Transmissionsunterschiede in Abhängigkeit von der Orientierung der DNS gegenüber dem elektrischen Terahertzfeld verzeichnet werden. Die Zeitkonstanten für einen Azu B-Übergang der Proben können durch Ramanstreuung bestätigt werden.

Die DNS-Filme werden beim Strecken durch Doppelbrechungsmessungen bezüglich der
Basenpaarverkippung untersucht. Vernetzte Filme zeigen beim Strecken eine Abnahme
der Doppelbrechung. Mittels Röntgendiffraktionsmessung werden Änderungen der Basenpaarabstände festgestellt. Es treten hierbei bisher unbeobachtete Periodizitäten auf, für
die Interpretationsvorschläge ausgearbeitet werden. Ein meridionaler Reflex, der einer
Periodizität von 7.4 Å entspricht, stammt vermutlich von einer gestreckten, entwundenen
Konformation. Der Reflex verschwindet, wenn die Luftfeuchtigkeit, welche die Probe
umgibt, erniedrigt und der Film dehydriert wird.
Es zeigt sich jedoch, dass auch -wie bereits in der Literatur diskutiert worden ist- Verschlaufungen der DNS-Moleküle in Filmen zu Vernetzung führen. Auf diese Weise kann,
wenn etwa der Zufluss an DNS-Lösung beim Nassspinnen hoch genug gewählt wird, eine
Streckung der DNS erreicht werden.
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Chapter

1

Introduction
Deoxyribonucleic acid (DNA) carries the genetic information leading finally to the synthesis of proteins via the ribonucleic acid (RNA), which carries one additional oxygene
atom, by the following processes [1]:
DNA −−−−−−→ RNA −−−−−→ protein
transcripton

translation

The information is encoded in a sequence of base pairs, whereby three base pairs specify an amino acid. A set of only 20 amino acids forms all proteins, which are involved in
almost every biological process. Understanding genetics is impossible without the knowledge about the structure of molecules carrying the hereditary information. Having opened
this scientific area belongs to the most fundamental discoveries of the last century. Until
that time, genetics had only been described by statistics. ’For a time, indeed, genetics
itself was in danger of becoming almost a branch of mathematics.’, wrote S. Jones in his
introduction for J. D. Watson’s book about how the structure of DNA was elucidated [2].
Watson and Crick were able, after their discovery of the structure of DNA in 1953, to
derive a model about replication [3, 4]. Understanding biological processes is based on
chemistry on a molecular level. Structural information was provided by physical methods. Since, a lot of effort was spent to discover the structural properties of DNA, RNA
and protein folding.

In 1981, Stasiak at al. found by transmission-electron microscopy on a complex of plasmid DNA with a recombining protein recA that the double-stranded DNA was stretched
to a length of 1.5 times its relaxed contour length [5]. Up to its relaxed contour length,
the extension behavior of DNA could be described by entropic and stiff-rod elasticity
[6]. In 1996, two groups discovered independently a unique force-extension behavior of
double-stranded DNA: It was possible to over-stretch DNA up to about 70% of its relaxed
contour length [7, 8].
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1 Introduction
Beyond the contour length, the DNA molecule began to elongate at a constant force. The
view is shared that the plateau appears due to a structural change, but its origin is still
under debate. This behavior, which is not found in synthetic polymers, is explained by
two main competing scenarios:
(i) transition to a new conformation characterized by strongly inclined base pairs or an
unwinding of the helix [9]
(ii) denaturation [10, 11].
The plateau is supposed to be a coexistence of ’S-DNA’, a stretched conformation that has
to be specified, and regular B-DNA. In most cases, the plateau is understood to contain
a more and more increasing amount of S-DNA, while the DNA molecule is elongated.
Unfortunately, the presence of a plateau does not allow to discriminate between the scenarios (i) and (ii). Clausen-Schaumann et al. found that the plateau force correlates with
the content of hydrogen bonds, i.e., the amount of G-C with respect to A-T base pairing
in the double-stranded DNA [12].

Single-molecule experiments can hardly decide this debate, because a birefringence or
X-ray diffraction measurement on a single DNA molecule does not give enough signal,
but stretching a larger amount of DNA molecules could allow a characterization of the
over-stretched state or states of DNA.
Wilkins was the first to report about the extensibility of DNA [13]. Drying a DNA fiber
between crossed polarizers, he saw parts becoming dark and bright again. His conclusion
was a sign reversal of the birefringence under stretching. From X-ray diffraction data,
Wilkins suggested an extended helix resembling a twisted step-ladder with a nucleotide
spacing of 5.4 [14, 15]. These experiments were continued by Greenall et al. [16, 17, 18].
These experimental data are hard to be compared with data from single-moleccule stretching, since:
(i) the humidity is uncontrolled. Therefore, other conformations (A-DNA among others)
are probable to be found in the sample. This is reflected by the poor quality of the
XRD spots.
(ii) the shape and the thickness of the fiber are uncontrolled.
In this work, we have stretched DNA samples keeping a high humidity, so that the DNA
can exist in its B-conformation during the experiment. Structural transitions must only
be induced by force. The used samples are highly oriented DNA films produced by a
wet-spinning method. Different chemical cross-linkers as formaldehyde, ethylene glycol
diglycidyl ether, as well as bis-intercalators are applied to build a stable network, so that
stretching forces can be trasmitted via cross-links.
In Chapter 2, we describe biefly the chemical composition of DNA and present physical
properties, e.g., different DNA conformations, its birefringence, vibrational bands and
the interpretation of X-ray diffraction patterns of DNA films and fibers. In this context,
2

we give an overview about the stretching experiments on DNA as well as simulations
and theoretical concepts that try to explain the over-stretching scenario. Furthermore,
we give an introduction to intercalation and DNA cross-linking. In Chapter 3, the wetspinning method for producing oriented DNA films and the used cross-linking techniques
are presented. After that, we describe our sample cells and the methods for characterization: the set-ups to measure birefringence, Raman scattering, and time-domain terahertz
spectroscopy, furthermore X-ray diffraction measurements. Chapter 4 presents the results
testing inter-helical cross-linking on DNA in solution and DNA films and elasticity of
DNA networks. The A-B transition is studied by means of terahertz spectroscopy and
Raman scattering, which provides a good method to characterize the effects of formaldehyde on DNA. Finally, we observe changes in birefringence stretching DNA films. From
X-ray diffraction measurements, force-induced structural changes in DNA are discussed.

3

Chapter

2

Fundamentals about DNA
Deoxyribonucleic acid (DNA) is a macromolecule that consists of a sugar-phosphate
backbone fulfilling structural properties and a sequence of different base pairs. DNA is
therefore not a homopolymer: The base-pair sequence has a special meaning and encodes
genetic information of life. This chapter gives an overview over the chemical composition
of this molecule and its fundamental structural properties. Basics about the chemistry of
DNA and its composition can be found in a variety of literature and are taken especially
from [1, 19, 20]. In this context, a schematic of the experiments and theories to understand
its mechanics is presented.

2.1 Molecular structure of deoxyribonucleic acid
2.1.1 Chemical composition
The elementary part of DNA is a deoxyribonucleotide containing one (or more) phosphate
group(s), a sugar, and a base. The prefix deoxy means that one oxygen atom is absent in
the sugar in contrast to the ribose it is derivated from. The sugar called β -D-2-deoxyribose
is shown in Fig. 2.1.
The bases are derived from purine (adenine and guanine) and pyrimidine (cytosine and
thymine). Figure 2.2 demonstrates the constitutional formulae of the four bases, purine
and pyrimidine.
The base is bound to the sugar in the following way: The N-1 atom of pyrimidine bases

Figure 2.1: Structure of β -D-2-deoxyribose. The carbon atoms have been numbered.
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2.1 Molecular structure of deoxyribonucleic acid

Figure 2.2: The bases adenine (A) and guanine (G) are derivates of purine, cytosine (C)
and thymine (T) of pyrimidine.

and respectively the N-9 atom of purine bases is bound to the C-1 atom of the sugar. This
complexes are called nucleoside and are connected to each other by phosphate groups
bound to the C-5 of the sugar. Up to here, such a DNA molecule is called single-stranded.
This composition has already been found in [21]. The same reference indicates furthermore a distance between subsequent nucleotides of 3.4 . Later on, structural examinations
could reveal the double-stranded configuration of DNA. The first essential observation
supporting such a structure was that the ratio between adenine and thymine as well as
between guanine and cytosine is exactly one [22]. Watson and Crick were the first to
derive a model from X-ray diffractograms that were taken by Franklin and Wilkins with
the following essential characteristics [4]:
• two helical strands wound around a common axis
• both strands in opposite direction
• The hydrophobic base pairs form the interior part screened by the hydrophilic sugarphosphate backbone from the water molecules.
• For their observed DNA configuration (B-DNA), they found:
– a helical pitch of 34
– a diameter of the helix of 20
– the base planes all perpendicular to helix axis
– The sugars planes are nearly perpendicular to the bases.
– About 10 bases make the helical pitch. The angle between subsequent bases
seen parallel to the helix axis is therefore 36◦ .
5
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– Base pairing appears between adenine and thymine, furthermore between guanine and cytosine. The sequence along the molecule can be random.
The last conclusion was drawn for steric reasons and could directly be derived from the
X-ray pattern. Earlier suggestions like the one of a triple helix with exposed base pairs
made by Pauling [23] were rejected [3]. Figure 2.3 shows the whole structure of DNA.
Base pairing.
Hydrogen bonds between the bases stabilize the structure in the interior. The space between two bonds to the sugar of both strands is 10.8 fitting exactly for
a pair of a purine and a pyrimidine base. An A-T base pair has two, a G-C base pair three
hydrogen bonds of the types N − H · · · N and N − H · · · O. A further type of base pairing
was found by Hoogsteen [24]. The latter one appears not often; its G-C binding is only
stable at low pH [19].
The sugar-phosphate backbone is negatively charged. The DNA complex as examined
by X-ray diffraction is salt and not the pure acid in order to compensate electrostatic
repulsion. Positive counterions preserve the stability [3].
Base-pair stacking. Bases or nucleosides in solution tend to stack forming columns.
Also intercalation of a base between two other bases results in stacking. The formation of double-stranded DNA does not only originate from base pairing, but just as well
from base-pair stacking [25]. The stacking of planar aromatic bases is accompanied
by hydrophobic interaction and Van der Waals forces. The binding energy per dinucleotide is in the order of 15 − 65 kJ/mol and comparable to that of hydrogen bonds with
12 − 30 kJ/mol. Being slightly smaller than 3 , the distances between the bases A-T or
G-C, which are connected via two respectively three hydrogen bonds, are very close to
distance between base pairs [20].

2.1.2 The helix and its conformations
X-ray diffraction suggested further stereochemical dependence of DNA. Varying the water content, different types of conformation can be obtained. Figure 2.4 gives an overview
of the main conformations of double-stranded DNA with the corresponding X-ray pictures, taken from [26].
The important configurations for natural DNA with a base pair sequence that can be considered as random are the transitions from C↔A↔B-DNA. Transitions involving D- and
Z-DNA require special DNA sequencing. The water content provoking a certain DNA
configuration depends also on the kind of DNA salt, i.e., the counterions. The weight of
water contained in Na-DNA films can be 50% higher than the weight of DNA at 98%
r. h. At 75% r. h., the water content is about a third with respect to latter value [27].
In a liquid, double-stranded DNA is supposed to be in B-form. The postulates Watson
and Crick brought up are maintained for different configurations, but the helical pitch and
the number of base pairs per turn are different (for data see also Fig. 2.4). Furthermore,
Z-DNA is the only known left-handed configuration. It is under discussion if this conformation plays a role in biology [28]. Differences in base-pair tilt will play an important
6
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Figure 2.3: Structure of a short piece of double-stranded DNA showing an adenine thymine (A - T, drawn in red color) and a guanine - cytosine (G - C, drawn in blue color)
basepairing. The green parts show the deoxyribose unit, the sugar, which are bound
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indicating the number of the binding carbon atom, i.e., 3’ or 5’. The dotted lines connote
hydrogen bonds.

7

2 Fundamentals about DNA

Figure 2.4: Overview of the five main conformations of double-stranded DNA. The above
pictures show helix models, whereas the pictures below show X-ray fibre diffraction patterns. A-DNA normally appears below a relative humidity of 75%, whereas B-DNA is
the energetically favorite conformation in humid ambience. In case of very low relative
humidity, the C-form appears. These three conformations can be observed for natural
DNA with an non-specific base-pair sequence. Transitions to the D- or Z-form require
specific sequences as A-T, T-A and e. g., G-C, C-G for the latter case[26].
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2.2 Physical properties
role in Sect. 2.2.2 discussing dichroism and birefringence. Appearing at high humidity or
respectively in solution, B-DNA shows base-pair planes perpendicular to the helix axis
due to the above mentioned base-pair stacking.
From the geometrical point of view, both helical strands and the helix axis intersect a
plane that is perpendicular to the helix axis at different points. These intersection points
do not lie on the same line. A consequence of such a structure is the presence of a major
and a minor groove. The major groove of B-DNA is 22 , the minor groove 12 wide.
Up to now, many more intermediate configurations have been found, for example during
the A↔B transition [29]. For this reason, the supposition that discrete conformational
states were existing has been given up. The following table 2.1 gives information about
the basic properties about A-, B-, and Z-DNA:

2.2 Physical properties
2.2.1 X-ray diffraction
Calculation of the diffraction pattern.
pattern can be divided into three structures:

For analysis in X-ray diffraction, the DNA

• a regular equidistant spacing of base pairs along the helix axis
• an interrupted helix
• maybe a regular spacing.
Figure 2.5 shows how the diffractogram comes about. First, we consider a continuous
helix choosing cylindrical coordinates with the z-direction along the helix axis, which is
called meridional. The helix pitch is indicated as P. The helix is composed of discrete
lattice points in the more realistic case of being discontinuous, so that the pitch can be
written as P = mdbp , where dbp is the projection of the distance between neighboring lattice points. The main contribution to X-ray diffraction comes from the phosphate groups.
Since the base pairs are directly linked to them, the index reminds that the base-pair distance is automatically determined with this variable. The pitch is given by m base-pairs
of this distance. The scattering amplitude FG
~ and the corresponding structure factor SG
~
are defined [31]:
Z
~ ·~r) = NS ~ ,
F~ = N
dV ρ (~r) exp(−iG
(2.1)
G

G

unit cell

where N denotes the number of unit cells, V their volume,~r is the radius vector in cylin~ is the scattering vector. Using the
drical coordinates, ρ (~r) is the electron density, and G
analog coordinates R, Φ and Z for r, φ and z in reciprocal space, the scattering amplitude
can be rewritten in cylindrical coordinates:
F(R, Z, Φ) =

Z∞
0

drr

Z2π

dφ

0

Z+∞

dzρ (r, φ , z) exp[2π rR(cos φ cos Φ + sin φ sin Φ) + zZ]. (2.2)

−∞
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base-pair
ladder /
base-pair
distance

discontinuous
helix (cylindr. coord.)
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+

+
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0

2

Equatorial spacing [2prhR]

Example: B-DNA
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Figure 2.5: Interpretation of an X-ray diffraction pattern. DNA structure is divided into a
discontinuous helix and a regular pattern from the base-pair ladder. The calculation of the
structure factor leads to Bessel function. For symmetry reasons, intensity maxima form a
"X" pattern. X-ray diffractogram of B-DNA taken from [26].
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All lattice points are lying on the lateral surface with the radius rh (cf. Fig. 2.5), so that
ρ (r 6= rh , φ , z) = 0 [32]. Furthermore, one can replace the coordinate z = Pφ /(2π ) and
also the reciprocal coordinate Z = n/P, as the lattice points are placed equidistantly on
the helix. The number n counts the layer lines. Hence one gets:
Z2π

n
F R, Φ,
= dφ exp[2π irhR cos(φ − Φ) + inφ ].
P

(2.3)

0

The equation can be conveyed into a the Bessel function Jn (x), which is defined as [33,
34]:
 Z2π

1
Jn (x) =
dy exp[ix cos y + iny].
(2.4)
2π i n
0

Substituting ψ ≡ φ − Φ, dψ = dφ , and x = 2π rh R, the scattering amplitude gives finally:

n
= 2π Jn (2π rh R) exp[in(φ + π /2)].
F R, Φ,
P

(2.5)

The intensity profile in equatorial direction is calculated I = |F|2 for each layer line indicated as n. The layer lines is imaged in meridional direction in distances of 1/P in
reciprocal space. The amplitudes of the maxima decrease with increasing |x|. The first
ones are therefore the best visible. Considering the following symmetries:

Jn (x) = Jn (−x),
Jn (x) = J−n (x)

(2.6)
(2.7)

the diffractogram becomes its typical ”X” form of a helix. A continuous and a discontinuous helix differ in the fact that this pattern is repeated again in meridional direction
with a distance m/P in reciprocal space for a discontinuous one. In the case of perfect
alignment of the DNA molecules inside the fiber or the film and an exact 90◦ incidence of
the X-ray beam, the Ewald sphere [31] might not coincide with reciprocal lattice points.
The sample has to be tipped so that the helix axis forms an angle 6= 90◦ with respect to
the incident beam. As a consequence of this tilt, the intensity is not equal for equivalent
reflections on both sides of the equator, especially for higher diffraction angles. The reflection indicating the base-pair distance on the meridian can be much weaker on the side
where the film is turn away from the incident beam.
The equatorial spacing can be analyzed, if the helix packing is known. The most dense
configuration
is hexagonal, so that these reflections could be expected at 1/rh and at
√
1/ 3rh in reciprocal space.

11

2 Fundamentals about DNA

2.2.2 Dichroism and birefringence
Birefringence is defined as the difference in the refractive indices of the extraordinary
ne and the ordinary axis no [35]1 :
∆n = ne − no .

(2.8)

The larger the refractive index, the slower is the propagation of the electromagnetic wave
through the medium. In the case of negative birefringence, the direction of the optical
axis2 corresponds to the fast axis. In the analog way, the slow axis is the optical axis in
the case of a positively birefringent sample.
Two main contributions exist for the birefringence of oriented DNA with the optical axis
parallel to the orientational axis of the molecules:
The so-called form birefringence arises from the fact that the maximum polarizability
can be found along the orientation of the DNA molecules, since the electronic charges
are aligned in this direction. The dielectric constant ε of a suspension of parallel macromolecules (rods) in a solvent can be calculated according to [36]:

ε = εS +

f (εM − εS )

 ,
1 + (1 − f ) εMε−S εS A

(2.9)

where εM and εS are the dielectric constants of the macromolecules and the solvent, and A
the depolarizing factor depending on the orientation of the macromolecules. The volume
fraction of molecules in the suspension is indicated as f . If the field is parallel to the
orientation of the macromolecules, Ak is zero, whereas in the case of perpendicular orientation, A⊥ is 0.5. At high molecule concentration ( f → 1), the influence of the anisotropic
depolarizing factor A is reduced. The anisotropy drops at high concentrations. Physically
speaking, it is counterbalanced by a higher field in the surrounding solvent. The form
birefringence has a positive sign. In the case of DNA fibers or films (see Sect. 3.3.2),
the form birefringence is supposed to be small and depends on the shape of the complete
sample.
The intrinsic birefringence arises from the bonds between the atoms. The influence of
the sugar can be neglected, since the anisotropy of four C-C bonds forming a tetrahedral
shape is small. The same is valid for the C-O bonds, and the anisotropy of C-H is furthermore small [37]. The diversity of bonds in the base pairs results in an anisotropy, which
depends therefore on their tilting angle.3 Maximum polarization occurs in the planes of
the bases. Intrinsic birefringence of DNA has a negative sign. The maximum absolute
value of intrinsic birefringence can be found, when the base pairs are perpendicular to the
helix axis, which is fulfilled for B-DNA (cf. Sect. 2.1.1). The difference between A- and
B-DNA is schematized in Fig. 2.6.
1 The

definition of ’(extra-)ordinary’ goes back to a proposition of Erasmus Bartholinus (1626-1692), see
also [35]: Mathematically spoken, the spherical wave is called ’ordinary’, the elliptical ’extraordinary’.
2 Beside this meaning, the term optical axis is used to describe the path of the (laser) light in an experimental set-up. In order to avoid confusion, this term will be called geometric optical axis in this text.
3 Experimental data for optical anisotropy can be found e.g., in [38].
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Handedness
Pitch [Å]
Bp. / turn
Bp. distance
Bp. tilt [◦ ]
Helix diameter [Å]
Interstrand
phosphate-phosphate
distance [Å]

A-DNA
right
28.2
11
2.56
8-20
23

B-DNA
right
34
10
3.4
(-6) - 0
20

Z-DNA
left
43
12
3.58
7
18

≈6

≈7

≈7.4

Table 2.1: Structural differences in A-, B-, and Z-DNA, drawn up from [26, 20, 30]. The
indications for bp. tilt refer to the angles of the normal of a base-pair plane with respect
to the helix axis.

helix axis

A-DNA

B-DNA

Figure 2.6: For A-DNA, the base pairs lie completely out of helix axis and are tilted. In
the case of B-DNA, the helix axis goes directly through the base pairs, whose planes are
perpendicular to it. The intrinsic birefringence is maximum.
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The difference in phase shift ∆φ of a sample is:
∆nd
.
(2.10)
λ
The sample has a thickness d, and the difference between the refractive indices of extraordinary and ordinary axes (slow or fast) is ∆n.
In the case of parallel DNA molecules, the birefringence4 ∆n depending on the concentration c can be calculated according to [39]:
∆φ = 2 π

∆n = −0.05

cm3
c.
g

(2.11)

For a dense sample, the factor −0.05 cm3 /g must be corrected because of a reduced form
birefringence: −0.09 cm3 /g [16].
Dichroism.
Strong absorption of ultraviolet light at λ ≈260 nm owing to π − π ∗
transitions [40]5 is used to determine experimentally the DNA concentration of a test
solution. Linear dichroism means an anisotropic absorption of linearly polarized light
[35]. The maximum absorption is obtained, if the polarization is parallel to the transition
dipole at a certain wavelength. This effect is analog to birefringence and can be used as
well to study the base-pair tilt.
Furthermore, circular dichroism exists and can be used to study the helical handedness
[42].

2.2.3 Low- and high-frequency dynamics
The complexity of DNA hides a large variety of interesting properties that are not easily
accessible. Low-frequency dynamics can reveal the secondary structure of DNA, and thus
is of significance for biological functions [43], in particular for transcription and replication [44, 45, 46]. So-called ”breathing” modes are even able to induce DNA melting by
excessive stretching of H-bonds [47]. The term is derived from the two helix strands
moving toward and away from each other. Although a large number of modes can be
found by Raman spectroscopy and identified in a range above 600 cm−1 [48, 49], definite
experimental verification of the modes beneath 100 cm−1 is still lacking. Only a variety
of different theoretical predictions exist, e.g., [50].
One principle of modeling vibrations in DNA is based upon quasi-continuity model: The
main parts as the sugar-phosphate backbone and the bases are considered as continuous
mass distributions. The bases are connected via springs for base pairing. This model has
been utilized e.g., by Chou [51, 52] and Wittlin et al. [53]. A second method using molecular dynamics and normal mode analysis has for example been used by Eyster, Prohofsky
[54], Cheatham [55], furthermore Duong, Bykhovskaia, and Globus. As a characteristic
of molecular dynamics simulation, the latter authors have found mode densities close to
4 Under physiological conditions, DNA

in water can be found in B-conformation having negative birefringence.
5 On top of that, base-pair stacking reduces the absorption wavelength slightly (hyperchromicity) in contrast to single bases [41].
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one per reciprocal centimeter in a range up to 250 cm−1 for DNA [56, 57]. Nevertheless, Chou [43] finds in accordance with Painter et al., who was performing molecular
dynamics simulation, a mode at 30 cm−1 . However, Wittlin et al. found experimentally
IR-active modes at 45 cm−1 for LiDNA and 41 cm−1 for NaDNA film [53]. Their samples
were made by the same wet-spinning method as the films from NaDNA salt that are used
in this work.
Mode softening. The lowest frequency optical mode arises from a relative axial motion of one helix strand with respect to the other [58, 54, 59, 60]. This mode is softened
for enhanced electrostatic and van der Waals interactions, as it was calculated by normalmode analysis. Since this is the case, when the amount of intercalated water changes
during the A- to B-transition, mode softening is supposed to happen, too. Determining
the velocity of high frequency sound waves by Brillouin scattering, Maret et al. could not
find any optical mode in the microwave range below 4 cm−1 [59]. For higher frequencies,
a reliable marker for the A-to B- transition was experimentally determined by Urabe and
Tominaga [61] and confirmed for the case of DNA films by Lindsay et al. [62]. Later on,
the origin of the lowest-frequency mode was discussed again by Urabe et al. [63]. They
assign it directly to the motion of bases stacked in a column. The mode can, according to
their experimental results, exist without hydrogen bonds and phosphate groups.

Elastic (Rayleigh and Mie) scattering.
In scattering experiments, the incident
light can in principle have any frequency. Scattering in general is a two-photon interaction: a molecule is excited by an incident photon to a virtual state and emits a photon,
when it is deexcited. If monochromatic light of a frequency ν0 is used, the uppermost part
of the scattered light will have the same frequency [25]. It originates from Rayleigh scattering of molecules that are small in comparison with the wavelength. According to the
classical interpretation, the electromagnetic wave with an electric field ~E = ~E0 cos(2πν0t)
induces an additional dipole moment in molecules with a dipol moment ~p0 , when the electron shell is moved with respect to the core:
~p(t) = ~p0 + α̃ ~E(t) = ~p0 + α̃ ~E0 cos(2πν0t),

(2.12)

where α̃ is the polarizability tensor (of second rank) and depends of the molecular symmetry [64]. The additional coherent dipole radiation interferes with the primary beam, and,
in consequence of density fluctuations, can be scattered isotropically in space. Further
elastic scattering can arise from Mie scattering [65], which is induced by larger scattering
centers comparable to the wavelength as dust [66].
Raman scattering. A frequency shift of the scattered light can be explained in taking
coupled movements of the atoms as vibrations or rotations into account. This influences
the permanent dipole moment ~p0 and the dipole moment induced by the incident light.
Introducing a time-dependent variable for the vibration of the atom i
qi (t) = qi,0 cos(2πνit),

(2.13)
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one can expand the polarizability and the dipole moment for small oscillation
amplitudes 6 :

α̃ (qi (t)) = α̃ (0) +

∑

∂ α̃
qi + · · · ,
∂ qi

(2.14)

∑

∂ ~p0
qi + · · · .
∂ qi

(2.15)

3N− f
i=1
3N− f

~p0 (qi (t)) = ~p0 (0) +

i=1

The summation is done over all normal vibrations of the molecule, where N is the number
of atoms of the molecule and f = 5 for linear or f = 6 for non-linear molecules. Inserting
into Eq. 2.12 finally gives:
~p(t) ≃
~p0 (0) + α̃ (0)~E0 cos(2πν0t) +

3N− f

∑

i=1
3N− f

+~E0

∑

i=1

∂ ~p0
qi,0 cos(2πνit)
∂ qi

∂ α̃
qi,0 {cos[2π (ν0 + νi )t] + cos[2π (ν0 − νi )]}
|
{z
} |
{z
}
∂ qi
Anti−Stokes

Stokes

The first two terms describe the permanent dipole moment of the molecule and Rayleigh
scattering. The third term is not induced by the incident beam, but indicates activity of
the molecule in the infrared from molecular vibrations. The last term indicates induced
frequency-shifted bands due to inelastic Raman scattering. This effect was predicted by
Smekal [67] and experimentally proved by Raman [68, 69]. The line shifted to a higher
frequency is called anti-Stokes, the one shifted to a lower frequency Stokes band. If the
expansion is let to keep terms of higher order (see Eq. (2.15)), additional bands at ±2νi ,
±3νi etc., called second-, third-rank, etc. Raman effect, appear. With increasing rank,
band intensity decreases. Detailed information about the classical description as well as
the partial quantum mechanical treatment of Rayleigh and Raman scattering can be found
for example in [66, 70, 71]. A scheme of the interlevel transitions for a Stokes- and antiStokes can be seen in Fig. 2.7.
Quantum mechanics furthermore provides us with information about intensity ratios that
cannot be explained by classical theory: The anti-Stokes bands are much weaker than
the Stokes bands. In the case of a Stokes band, the incident light gives energy to excite a virtual intermediate state, which leads then to an excited state of a higher energy
than the previous one. In contrast to that, an anti-Stokes process starts with an excited
state and leads to a lower-energy state. Its probability is much less, since it requires an
already excited state. The intensities of both processes differ by the Boltzmann factor
exp(−hν /kB T ), where h is Planck’s constant, kB is the Boltzmann constant and T the
temperature[64]. As the absolute values of frequency shifts are the same for anti-Stokes
and Stokes processes, the latter one is usually only measured in experiments. Raman
indications stay the same, although for example α̃ (t) and α̃ (qi (t)) are mathematically
in general not the same functions or functionals.)

6 For simplicity, the
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virtual
level

h(n0-ni)

hn0

hn0

v=1
v=0

h(n0+ni)
vibrational
levels

Anti-Stokes

Stokes

Figure 2.7: Interlevel transitions in Raman scattering (cf. [64] via a virtual level for a
Stokes- and anti-Stokes process (selection rules: ∆ν = ±1, further: ±2, ±3, but less
probable).

spectroscopy is done in a range of 10 − 1000 cm−1 and has revealed a multitude of DNA
bands. The vibrational origin of most of them was assigned to, for example, purine and
pyrimidine vibrations (see Tab. 2.2). Some of them can be used as characteristic markers
of several DNA conformations. Due to the symmetric sugar-phosphate stretch, A-DNA
can be identified by a band at 807 cm−1 [72]. The band at 835 cm−1 , a localized vibration
of the phosphodiester group, which is typical for B-DNA, cannot be observed for A-DNA
[49]. It appears when the carbon atom at the 2’ position in the deoxyribose ring is in endo
position [73]. Both bands are absent in C-DNA, which shows an (up to now) unassigned
band at 884 cm−1 [74, 75].

2.2.4 DNA as an extensible molecule
Figures 2.8 and 2.9 show the force-extension curve of a single λ -DNA molecule. The
measurement shown in Fig. 2.9 was done in collaboration with Sischka, University of
Bielefeld (see Sect. A.5 for experimental description). Three different region can be distinguished:
1. entropic elasticity up to 10 pN
2. stiff-rod elasticity
3. transition to force plateau (and an abrupt breaking at a relative length of 1.7, here
not shown)
Indicating the contour length as L0 and the extension x of the molecule, the strain can be
defined as:
x − L0
.
(2.16)
L0
The entropic elasticity will play a role in determining the contour and the persistence
length of DNA molecules (see Sect. 4.2.2).

ε=
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B-DNA

A-DNA

C-DNA

597 cm−1
618 cm−1
645 cm−1
670 cm−1
683 cm−1
708 cm−1
729 cm−1
751 cm−1
787 cm−1

597 cm−1
622 cm−1
645 cm−1
667 cm−1
683 cm−1

592 cm−1

731 cm−1
750 cm−1
784 cm−1
807 cm−1

731 cm−1
746 cm−1
785 cm−1

835 cm−1
895 cm−1

895 cm−1

923 cm−1
973 cm−1
1015 cm−1
1056 cm−1
1094 cm−1
1144 cm−1
1180 cm−1
1214 cm−1
1242 cm−1
1259 cm−1
1303 cm−1
1320 cm−1
1340 cm−1
1378 cm−1
1420 cm−1
1446 cm−1
1462 cm−1
1496 cm−1
1511 cm−1

920 cm−1
972 cm−1
1013 cm−1
1058 cm−1
1101 cm−1
1145 cm−1
1183 cm−1
1213 cm−1
1242 cm−1
1257 cm−1
1303 cm−1
1320 cm−1
1339 cm−1
1376 cm−1
1420 cm−1
1446 cm−1
1462 cm−1
1496 cm−1
1510 cm−1

1577 cm−1
1600 cm−1
1667 cm−1

1576 cm−1
1600 cm−1
1665 cm−1

646 cm−1
671 cm−1

884 cm−1

Assignment

T
G
A
T
C, T
sugar-phosphate symm. stretch
phosphodiester
unassigned
backbone

1014 cm−1
1062 cm−1
1104 cm−1

sugar ring
sugar C-O stretch.
PO−
2 symm. stretch

1184 cm−1
1212 cm−1
1242 cm−1
1257 cm−1
1310 cm−1

T, C
T
T
C, A
A
G
A
T, A, G
A, G
C-H deformation

1335 cm−1
1371 cm−1
1420 cm−1
1446 cm−1
1486 cm−1
1510 cm−1
1530 cm−1
1577 cm−1
1665 cm−1

G, A
A
C
G, A
C
T: C=O stretch, δ NH2

Table 2.2: Raman frequencies for films of genomic A-, B-DNA, and C-DNA (from [74,
72, 49, 75]). The bases adenine, thymine, cytosine, and guanine are indicated as A, T, C,
and G. An amino scissoring mode is indicated by δ NH2 .
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Figure 2.8: Force-extension curve of λ -DNA . The plateau was measured for the first time
independently by Smith et al. [8] and Cluzel et al. [7]. This figure is taken from the latter
citation.

70

60

stiff rod
plateau

Force [pN]

entropic
50

elasticity

40

30

20

10

0
0.8

0.9

1.0

1.1

1.2

Relative length

Figure 2.9: Force-extension curve of λ -DNA , measured together with Sischka (University of
Bielefeld). Up to 10 pN, the extension behavior of the macromolecule can be described by entropic
elasticity. For higher forces, it behaves like a stiff rod and reveals finally a force plateau. This Sect.
will draw a schematic about experimental and theoretical contributions so far to find out the origin
of this plateau.
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Entropic elasticity.
In a force range up to 10 pN, the extension curve of λ -DNA
can be described by the so-called worm-like chain model [6]. The worm-like chain model
(WLC) is a modification from the following models (see [76]):
• Freely jointed chain (FJC): a Markovian chain of N bonds with a fixed length l that
are jointed linearly. The bond angles are arbitrary with equal probabilities. The
model corresponds to a random walk.
• Freely rotated chain (FRC): It modifies the previous model in fixing one bond angle.
The worm-like chain model is the limit of FRC for l → 0. Being suitable for relatively stiff
polymers, it has been tried to describe DNA stretching nearly up to the contour length.
The effective energy E/kB T of a worm-like chain can be written [77]:
E
=
kB T

ZL0
0

ξ κ 2 (s)
ds − Fz,
2

(2.17)

where kB is the Boltzmann constant and T the temperature the experiment is performed
at. The persistence length is indicated as ξ . Describing the space curve of the polymer as
~r(s) with the parametrization coordinate s. Furthermore, the end-to-end distance that has
already been mentioned above, is defined:
z ≡ ẑ · {~r(L0 ) −~r(0)}

(2.18)

with the unit vector ẑ. Using this parametrization, it is possible to introduce the curvature
κ (s) = ∂s2~r . The force F serves as a Lagrange multiplier in Eq. (2.17). The energy cost
of bending per length in units of kB T is ξ κ 2 /2. The stretching force must basically act
against fluctuations of the tangent vector tˆ = ∂s~r. The curvature can be expressed in terms
of tangent-vector components. Those Fourier transforms decouple the energy into normal
modes. The calculus can be followed in [77], so that the force-extension behavior can be
described by:


F(z) =

1
z
kB T 
1
 
2 − +  .
ξ
4 L0
4 1 − Lz0

(2.19)

Further corrections of this formula do not necessarily have to be taken into account according to [78]. Especially for low salt concentrations, electrostatic effects of the charged
DNA stiffen the molecule due to self-repulsion [77]. The persistence length of DNA is
about 50 nm [6]. It is important that already a large part of the stiffness of DNA is caused
by base pairing and stacking as described above in Sect. 2.1.1.
Under large stress - early observations. In 1951, Wilkins was the first to propose DNA being an extensible molecule [13]. This conclusion was based on observing a
change in birefringence during drying a DNA fiber, until 50% r. h. in the environment has
been reached. In the central region where neck formation takes place being accompanied
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by a fiber strain of 0.5 Wilkins reported to see a sign reversal from negative, as it is the
case for B-DNA, to positive birefringence. The relatively diffuse X-ray diffraction pattern
was published ten years later [14, 15] showing one layer line at 5.4 and a meridional spot
at 3.4 . The interpretation suggested the helix being in a conformation comparable to a
twisted step-ladder with a base-pair distance of 5.4 .
The experiment was repeated in more detail by Blakeley, Greenall, and Fuller [16, 17, 18].
The sign reversal was only accounted for nearly salt-free fibers at 60% r. h. or less7 . These
samples could not be stretched reversibly. For all these experiments, it should be mentioned that the birefringence was simply detected using a compensator without taking into
account that the optical path led through an irregular round shape of such necked fibers.
Apart form the axial 3.4 reflection due to the base-pair distance, no further feature of
B-DNA was observed.
However all these results have started a discussion about force-induced conformational
changes in DNA molecules. It was suggested that the changes in birefringence were due
to base-pair tilting, and the helix was more extended with an increased base-pair distance
according to results form X-ray diffraction.

Combing DNA molecules. Another possibility to stretch DNA molecules is done on
a hydrophobic surface at pH = 5.5 with a receding meniscus. The latter can be generated
by drying a droplet on the surface or pulling it, e.g., by a moving cover slip. Bensimon
et al. [79] worked on silanated surfaces or further coated with bovine serum albumin,
protein A, or protein A/antidigoxigenine. The λ -DNA contained YOYO-1 in order to
make the molecules fluorescent and visible at the surface. In this way, they were able to
stretch the DNA to 1.5 of its relaxed contour length. Varying the amount of intercalated
YOYO-1, they excluded that the observation was barely due to the interaction with the
dye.
The force-extension plateau. In 1995, Smith et al. [80] stretched λ -DNA even to
1.85 times its contour length using micropipettes. One year later, Cluzel et al. [7] and
Smith et al. [8] were the first to report about the force-extension curve of single λ -DNA
molecules stretched beyond the contour length. The DNA was grafted to a latex bead,
whose position can be controlled by a micropipette or an optical tweezers, or respectively
to a fiber cantilever, which allowed to measure the force by detecting the deviation of the
actual laser-beam position from the home position. Having reached the contour length,
the behavior is dominated by the elasticity of a stiff rod and the force increases almost
linearly to more than 60 pN. For a strain ε = (L − L0 )/L0 between 0.2 and 0.7, a plateaulike region appeared. The actual end-to-end distance of the polymer during stretching is
called L and L0 the contour length. Up to this point, the stretching is reversible displaying
hysteresis [8]. Larger strains made the force increase immediately, and the molecule broke
at a strain less than 2.
7A

salt as sodium chloride masks the electrostatic repulsion between the DNA molecules, prevents denaturation and permits sedimentation.
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Over-stretched and S-DNA. The unknown DNA conformation during the appearance of a force plateau was called over-stretched DNA. Sometimes the term S-DNA is
used in literature being derived from ’stretched DNA’. It should be mentioned that the
conformation of DNA in the force-extension plateau might be composed of several states
whose one is S-DNA. Unfortunately, the term has not been reserved for only this meaning: It had been used for a left-handed DNA conformation that has been called Z-DNA
later on [30]. In other context, it marks the origin of the DNA, for example ’S-DNA’ for
salmon-sperm DNA, and ’H-DNA’ for herring-sperm DNA [81]. In the course of this
text, the term only stands for an (up to now unknown) over-stretched conformation.

2.2.5 Competing models about the stretching scenario
This section sketches different theoretical and simulation models on the way of understanding the structure of so-called ”over-stretched” DNA in the plateau of the force extension behavior. In order to find a suitable model, sequence effects concerning the
composition of AT and GC pairs must be taken into account [82]. Furthermore, many
other parameters as constraints on which strands of the double helix forces are acting or
the length of the molecules influence strongly the result. Experimentally for example, the
plateau could not be verified for DNA pieces shorter than 30 base pairs [83, 84].
2.2.5.1 The plateau as an own conformational state of DNA
Lebrun and Lavery simulated the stretching of only 16 bp long DNA molecules depending on which strands the force is acting and taking base-sequence effects into account
[9]. The different manners of stretching depending on which strand the force is acting
are explained in Fig. 2.10. They obtained basically two different types of conformation,
before, at a strain of about 2.1, all the base pairs break:
Unwound, flat ribbon. This structure is observed for 3’3’ stretching with positively
inclined base pairs. A similar structure is obtained for stretching an alternating C-A sequence in the 5’3’ manner.
Narrow fiber with negatively inclined base pairs. This structure appears for 5’5’
stretching and 5’3’ stretching if only pure A-T or C-G sequences are present.
For 5’3’ stretching, the authors point out that a modulation of the right-handed twist of
the helix was an alternative to this narrow-fiber conformation. Recently, evidence for
overwinding during stretching has been found up to a maximum twist under a tension of
30 pN [85].
In all the cases, the deformation energy versus extension shows sharp jumps, which are
explained by conformational rearrangements during stretching.

Sarkar et al. built a model in accordance with the experimental observation of Léger et al.
[86], who compared the stretching behavior for underwound and overwound
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or

Figure 2.10: Different stretching scenarios depending on where the force is applied.

λ -DNA . The authors point out the importance of nicks inside the DNA molecule under
natural conditions, which allow an almost free twisting during stretching. Therefore the
scenarios are described by the use of five microscopically different structural states [87]:
• B-DNA
• S-DNA: underwound and overstretched
• P-DNA: overwound (plectonemical) and overstretched
• sc P-DNA: supercoiled P-DNA, contracted
• ”Z”-DNA: left-handed, more underwound than S-DNA, extended in a way comparable to B-DNA 8
The linking number Lk has to be introduced being the sum of the twist Tw, how many
times one backbone wraps around the other, and the writhe W r, the average over all
projections of the number of nonlocal self-crossings of the double helix [1]:
Lk = Tw +W r.

(2.20)

For a straight, unstressed molecule, the writhe is zero and the linking number is roughly
a value Lk0 being the total number of base pairs divided by the number of base pairs that
form one twist of the helix. The latter is about ten in the case of B-DNA [88]. Therewith,
the excess relative linkage σ can be defined as:
Lk − Lk0
,
(2.21)
Lk0
and the following cases are distinguished between another for fixed linking number Lk:

σ=

8 The

authors do not claim an exact identity to the term Z-DNA as it has been commonly established in
literature. It has been chosen due to the property of being left-handed.
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σ = 0: The experiment reveals a single plateau at about 65 pN for nicked λ -DNA .
Sarkar and coworkers explain this by formation of underwound S-DNA. If no nicks are
present, only small parts of S-DNA (”bubbles”) can form because of the twist constraint.
Therefore, the plateau appears at a higher force of 110 pN, which is sufficient to make
the DNA consist of S- and P-DNA. The amount of overtwisted and undertwisted DNA
satisfies the constraint σ = 0 again.
σ < 0: The fact of being globally underwound requires an undertwisted state, ”Z”-DNA,
which can have been formed already at low forces. A transition from ”Z” + B-DNA to B +
S-DNA gives rise to a first plateau appearing at 50 pN. The extension range of this plateau
increases with an increasing amount of underwound DNA segments, until the plateau at
110 pN has completely vanished, so that immediately a transition to an S + P-state sets in.
σ > 0: In the overwound state, the presence of sc P-DNA leads to a first transition from
sc P-DNA to P-DNA at 25 pN. The size of this plateau depends on the degree of overwinding and so the portion of sc P-DNA. The second plateau occurs due to a B-S-transition.
The authors underline that their model is still containing the possibility of secondarystructure distortions by postulating the presence of P-DNA. Allemand et al. [89] postulate
that the bases are exposed without hydrogen bonding and basepairing in this state9 .
2.2.5.2 The plateau as a melting process
In contrast to the previous models, Rouzina and Bloomfield describe the force-extension
curve by a melting process [10, 11], although unbinding between the double strands was
supposed to set in at higher forces, e.g., according to Clausen-Schaumann et al. [12].
However, such expectations are no longer valid out of thermal equilibrium. The experiments being usually proceeded in a very fast manner (within a few seconds) are nonreversible. The denaturation force increases with the logarithm of the loading rate [84].
Using the melting model, it is possible to obtain the same force-extension behavior as it
is known from experiments. The fact that hysteresis has been observed in force-extension
curves [8] and becomes more pronounced in lower salt, is consistent with melting, so does
the dependence on base-pair composition and sequence. Further arguments supporting the
melting scenario are:
• The stretching scenario is a one-dimensional transition. Therefore, there is no phase
separation, but a coexistence of two phases [90]. The average length of melted
segments is smaller than the average distance between two nicks in either of the
two backbones. This could explain the mechanical stability of overstretched DNA.
• The free-energy change to separate the two strands is about the same for perpendicular and parallel stretching, which means that the ratio between forces is roughly
the inverse of the necessary extension ratio.
9 The
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name P-DNA reminds of Pauling’s early suggestion about a DNA form with exposed bases, cf. p. 6.

2.3 DNA under stress: examples from biology
• The experimental set-ups in [8, 7] permit a relatively high degree of freedom to the
polymer. Therefore, DNA melting might be the favored process because of entropy
reasons.
Rouzina and Bloomfield remark that competing modeling as in [9] should be more appropriate, if DNA is more fixated as e.g., in a recA complex.
Two other studies come to a similar result suggesting rather a melting process than a
transition to another double-stranded structure. Simulating a double-stranded dodecamer
d(ACTG)3 − d(CAGT)3 , Piana [91] finally explains a force-extension plateau during a
rupture of Watson-Crick base pairs, whereas a new DNA form is not observed. The opening depends on the sequencing, whereas AT base pairs (in his case the central region) tend
to rupture earlier than CG base pairs. The process is accompanied by a 52% unwinding of
the helix. Interestingly, the author describes the influence of the cantilever stiffness and
the loading rate on the rupture force in connection with the possibility of rebinding. The
force-extension plateau corresponds approximately to the experimental result obtained for
λ -DNA : a plateau starting point at a strain of 0.1 - 0.2, complete rupture at 0.8.
Also according to simulations, Harris et al. describe the unknown S-state by formation
of ”denaturation bubbles” and an inclination of the base pairs of 38◦ relative to the helix
axis [92]. The hydrogen bonds are breaking abruptly, and their distance does not increase
continuously.

2.3 DNA under stress: examples from biology
In biological systems, relatively high forces can be applied to DNA. During replication,
the formation of linkages between nucleotides is done by an polymerase enzyme. T7
DNA polymerase catalyzes more than 100 bases per second. Thereby, forces of about
34 pN pull on the DNA [93].
The exchange of a damaged DNA strand during repair as well as a new combination
of genetic material during reproduction are called recombination [94, 1]. It is a typical
example of the existence of overstretched DNA in biology.
In the 1980s, Stasiak, Di Capua, and Koller were the first to observe that the λ -DNA
elongates up to a factor of 1.5 of its contour length under the influence of the protein recA
[5, 95]. It catalyzes such an exchange10 of a single DNA strand. The energy is delivered
by adenosine triphosphate (ATP), see Fig. 2.11.
The single-stranded DNA is surrounded by recA. Magnesium ions are needed to activate
the protein. This filament binds to the double-stranded DNA. ATPγ S stabilizes the triple
helix. As soon as a complementary sequence to that of the single-stranded DNA is found,
the double-helix is unwound and the sequence is exchanged.
Nordén et al. examined the structure of flow-oriented double-stranded DNA-recA complexes by means of linear dichroism and small-angle neutron scattering [96]. They basically found no base-pair tilt. The helical pitch rose to 90 − 110 according to their measurement. Later on, single-molecule experiments showed that the longitudinal stiffness
10 The

nucleotide sequences are similar, the process is therefore called homologous.
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dsDNA
recA-ssDNA complex

Figure 2.11: Scheme of homologous recombination. The recA protein surrounds and
accumulates around single-stranded DNA and stretches it by about 50%. For this process,
ATP hydrolysis is required. A complementary structure inside the double-stranded DNA
is searched and the strands are separated. The fitting single-stranded DNA is combined to
a new double-stranded molecule.

of the complex increases 6- to 12-fold in the presence of recA [97]. A small hysteresis
without force-plateau (cf. Sect. 2.2.4 is visible, when the complex is stretched and relaxed
(for detailed description cf. [98, 99]).

2.4 Intercalating substances
Intercalators have many and diverse functions from fundamental DNA research to medical treatment. Small, flat aromatic molecules tend to be taken up in between two base
pairs, as a wedge can be driven into wood [78]. The gap between the base pairs is enlarged
after intercalation. A prominent application is that of fluorescent dyes. Beside ethidium
bromide as an intercalator used for gel electrophoresis, the bis-intercalator YOYO-1 [100]
is used for confocal microscopy (cf. Sect. A.3). The absorption maximum is located at
458 nm in the free state and at 489 nm, if the molecule is bound to DNA. The fluorescence
maximum can be found at 564 nm for the free and at 509 nm for the bound molecule [101].
The intercalators set in between two base pairs, which are more distant after intercalation,
involving furthermore local unwinding. All cross-linkers in this work separate neighboring base pairs by additional 3.4 [102, 103]. Saturation can is reached, when every second
pocket between the base pairs is occupied at the utmost [78]. The phosphate groups are
more separated, so that the local charge density is decreased. Hence, counterions can be
released in an easier way. Intercalators consist typically of planar, non-polar polycyclic
rings. The process is therefore a hydrophobic effect. Coulomb repulsion is reduced as a
result of the polyelectrolyte effect. Moreover, van der Waals-interaction, π -stacking interaction and hydrogen bonding are involved. The binding is non-covalent11 [104].

Intercalation and stretching. Smith et al. examined the effects of inter-strand crosslinking by psoralen to corroborate the melting hypothesis [8]. In the presence of high salt
11 Such

intercalating substances are able to cause frame-shift mutations during replication [94]. Hindering
transcription, they are used for cancer therapy in medicine [1].
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concentrations, hysteresis disappeared while the overstretching force where the plateau is
situated increase. Salt ions were supposed to screen electrostatic repulsion between phosphates and rise thereby the stretching forces. The intercalating psoralen let the length of
the DNA molecule rise by 5%. Cluzel et al. [7] found out that the common intercalator
ethidiumbromide provokes disappearance of the plateau. Expanding on this study, Sischka et al. suppressed the B-S transition in the same way intercalating YO-1 and YOYO-1
[105, 78]. Mono- and bis-intercalation can be distinguished in their force-extension behavior: Bis-intercalators provoke a hysteresis, when the DNA molecule is stretched and
relaxed, mono-intercalators do not.

2.5 Cross-linking of DNA
Concept and purpose.
Applying a force to DNA gels or films results in plastic
flow: Stress relaxes due to reorientation or slip of domains in the polycrystal, and very
few DNA chains might actually feel forces large enough for a B- to S-transition. In order
to expose as many DNA chains to high forces, we have to prevent plastic flow. Therefore,
cross-links at high enough concentration are required, so that a space-spanning network
of ’force chains’ develops. As long as the cross-linking density forms a network without
being too dense, the structure will be an elastomer. The following properties are the
necessary conditions for rubber-like elasticity [106]:
• a three-dimensional network of long-chain molecules
• a high enough degree of freedom (freely rotating links, connections at only few
places per molecule)
• weak secondary forces between the molecules.
The interaction between the molecules (cf. last item) depends e.g., on the fact whether
the DNA sample is a crystal or a gel in the liquid-crystalline phase [107]. A DNA crystal
breaks at a certain elongation, before the DNA can undergo conformational changes. This
is unlike in a rubber-like DNA gel, which could be reversibly stretched and relaxed and
would be free from plastic deformations, if the applied force was not too high. Deviations
from the rubber-like force-strain behavior could be attributed to structural transformations
inside the DNA molecules, potentially a B- to S-transition (cf. Sect. 2.2.4).
In the following part, different chemical methods of inter-helical cross-linking will be
presented. The degree of crystallinity in the DNA films produced by wet-spinning may involve some degree of interlocking between the DNA molecules. Entanglement and cohesion form cross-links in DNA fibers and films.
This has already
been subject of discussion in literature, e.g., [108, 109, 110]. To which extent this property plays a role or even if the films are suitable for stretching experiments as planed, is
part of the characterization in the following chapter.
The term cross-linking means in general the formation of connections between (macro)molecules and is cited in many contexts from vulcanization [106] to covalent binding
between nucleotides [111]. In some literature, the term is also used for non-covalent
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(a)

(b)

(c)

Figure 2.12: Scheme of (a) inter-strand, (b) intra-helical, and (c) inter-helical crosslinking in double-stranded DNA. Dotted lines represent hydrogen bonding. The crosslinkers are represented by red lines.

linkages [112]. Other cross-linkers are known to form reversible linkages as a Schiff
base between glutaraldehyde and amines [113]. Double-stranded DNA consists of two
complementary macromolecules that are combined via hydrogen bonds. In this context,
the following terms of cross-linking are to be specified to prevent confusion:
(a) inter-strand: Two or more strands are linked together, for example: A hydrogen
bond between two bases is replaced by a covalent bond.
(b) intra-helical: Two or more places of the same double-stranded DNA helix are linked.
The distance between the linkage sites is comparable to the spacer length between
the reactive moieties.
(c) inter-helical: Two or more different helices are linked. If loops inside the double
helix are formed, so that the distance between the linkage sites measured along the
helix axis is larger than the spacer length, the term ”inter-helical” is used, too (see
Sect. 3.1.4).
Figure 2.12 schematizes the differences.
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Chapter

3

Experimental methods
The following chapter gives an introduction to chemical cross-linking, which is developed for formation of DNA networks. The concept of stretching DNA networks has been
discussed in the previous chapter, cf. Sect. 2.5. Linearization and funtionalization of λ DNA , which will be used for combing experiments (cf. Sect. 3.1.5) and in a surface-force
apparatus (see Appendix A), are explained. Our samples, highly oriented DNA films, are
produced by means of a wet-spinning method. A partially new concept of the apparatus
was developed. The used experimental apparatus for X-ray diffraction, birefringence, Raman scattering, and time-domain terahertz spectroscopy are described. For this purpose,
humidity chambers for stretching and simultaneous characterization were designed.

3.1 Cross-linking techniques
3.1.1 Formaldehyde
The interaction between formaldehyde and DNA, especially regarding cancer research,
has been studied extensively, e.g., [114, 115, 116, 117, 118, 119]. Formaldehyde is known
as a denaturing substance for double-stranded DNA, binding to the thymine imino group
or other amino groups of a base [114, 115, 120, 121, 122]. Inter-strand cross-linking
occurs in a second stage by formation of methylene bridges between these products [114,
123, 124] as shown in Fig. 3.1.
Apart from the literature concentrating basically on denaturation, new adducts were found
in reactions between DNA and formaldehyde during the last years [125, 126]. Our method
was performed according to a suggestion by Möller to check inter-helical cross-linking.

3.1.2 Ethylene glycol diglycidyl ether (EGDE)
Figure 3.2 shows the constitutional formula of ethylene glycol diglycidyl ether
(EGDE) [B.7.2]. The protocol for DNA treatment in [127] is adopted for experiments
in this work. DNA can react with EGDE solved in Milli-Q water at different concentrations at pH 11, 55◦ C, for three hours. DNA cross-linking using this protocol has been
proven in [128, 129] for swelling behavior. In preliminary tests with DNA of 50-80 base
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Figure 3.1: Binding of formaldehyde to amino/imino groups and formation of methylene
bridges for inter-strand/inter-helical cross-linking.
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O
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Figure 3.2: Constitutional formula of ethylene glycol diglycidyl ether (EGDE).

pairs, concentrations of 9:1 and 3:1 of DNA:EGDE with respect to weight gave very effective cross-linking [103]. Bead formation as a test for a cross-linked gel in accordance
with [127] was checked furthermore by M. Kwak in exposing the gel to 2:1 aceton-water
mixture. The chemical binding mechanism is described in [130, 113]. The epoxide group
reacts with nucleophiles e.g., amine, exocyclic nitrogen of guanine) by opening the ring.
The linkage is covalent.

3.1.3 Bis-acridines
Acridines are flat heterocyclic aromatic compounds, which intercalate into DNA. Two
acridine molecules are connected by the amino groups of the diamines NH2 (CH2 )n NH2 ,
where n = 5, 10 as a spacer to the C-9 atom.
A long spacer might reach neighboring DNA molecules in a better way than a short spacer,
but can also fold back and cause intra-helical intercalation. A short spacer cannot fold
back, but is more limited in reaching neighboring DNA molecules. Figure 3.3 show the
used bis-intercalators with different spacers. The question arises if such a linkage is stable enough to withstand forces high enough to overstretch a molecule. According to
[131], the binding energy of an acridine is about 26 kJ/mol or 4.3 · 10−20 J ≈ 10 kB T per
base pair. The applied forces to reach a conformational change are in order of or higher
than 10 kB T /nm ≈40 pN. When several cross-linker molecules are attached to one DNA
molecule, the linkage should be strong enough (see [B.7.6] for an estimation how much
cross-linker is to be used in experiments).
The molecules were synthesized by Kwak and Herrmann (Max-Planck Institute for Polymer Research, Mainz). The notations BA1, BA2, and BA3 will be used in the further
context as well. This bis-acridines appear in yellow, the latter one in more greenish color.
BA3 reveals better water solubility than BA1 and BA2, because of the additional NH
group in the center of the spacer. BA1 and BA2 can easily be dissolved in methanol.
Intercalation can in principle be used for intra- and inter-helical cross-linking, for example
with bis-acridines as reported in [132]. According to this reference, the probabilities of
these intercalation types can be affected by temperature. Above 90◦ C, pure intra-helical
intercalation is preferred.

3.1.4 Photoreactivale bis-intercalators
In order to obtain covalent bonding, chemical modification leading to photoreactivable
cross-linkers is possible [133]. Photochemical linkage to nucleic acids has already been
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Figure 3.3: Structure of the bis-acridine compounds BA1, BA2 and BA3 used for crosslinking. BA1 and BA2 have poor, whereas the additional NH group in BA3 induces good
water solubility [103].
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Figure 3.4: Structure of the photoreactivable bis-intercalator BAMO.

reported in 1978 by the use of ethidium monoazide [134]. A few years later, DNA-DNA
cross-linking was observed in injecting bis(monoaidomethidium)octaoxahexacosanediamine1 (see Fig. 3.4) into λ -phages [135]. For simplicity, the cross-linker is called
”BAMO”. The isolated λ -DNA revealed additional loops with points of contact. The fact
that indeed linkages are present was proved by means of gel electrophoresis. Here, λ DNA molecules inter-helically cross-linked with themselves are more mobile than usual
λ -DNA . The scenario can be called ”inter-helical” cross-linking, because the size of the
loops can be of thousands of base pairs and therefore much larger than the spacer length.
The cross-linker was synthesized by Liebmann and Marx (University of Konstanz). They
provided us with molecules of two different types: a polyethylene-glycol trimer and nonamer as spacer (n = 3, 9, see Fig. 3.4). The cross-linking conditions suggested by [135]
are two hours for incubation at room temperature in the dark and irradiation with visible
light (> 400 nm) [B.1.7] for one hour. As a filter to absorb light in the ultraviolet and most
of the infrared range, a 5.8 M sodium-nitrite solution was filled into an optical cuvette2
1 IUPAC

name:
6,6’-[1,26- (3,6,9,12,15,18,21,24-octaoxahexacosanediyl)bis(iminocarbony1-4,1phenylene)]bis(3-amino-8-azido-5-methylphenanthridinium chloride) dihydrate.
2 Hellma, Müllheim.
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of a thickness of 10 mm according to [134]. A test in UV/Vis spectrometer showed that
it serves as a sharp edge filter at exactly 400 nm. In the visible range, absorption was
negligible, at wavelengthes < 400 nm, the absorption is higher than a factor of 103 .

3.1.5 Cross-linking efficiency tests
Gel electrophoresis. In a first step, the cross-linker is reacted with DNA in solution.
PCR marker DNA meets for example such demands. The length of the cross-linking
products can be measured by means of gel electrophoresis [136]. DNA molecules are
migrating through the pores of an agarose gel (here: 1 or 1.8% agarose in 0.5 M TBE, for
λ -DNA and marker DNA [B.7.5] respectively), driven by a voltage (usually about 40 −
50 V). The gel is in a buffer solution (here: 0.5 M TBE). Depending on the voltage and
the agarose concentration in the gel, the migration velocity of the molecules is adapted.
The DNA sample solutions are diluted in TBE, whereby the sixth of the total volume is
loading dye. The DNA that is inside the gel in separated lanes along the current direction
can be labeled with fluorescent ethidium bromide [101].
Conclusion can be drawn about the molecular weight in comparing the distances that
have been covered by molecules with those covered by a reference marker. Such a marker
with DNA molecules of defined known lengths is running through the gel simultaneously
with the sample. This lane defines length-scale bands the samples can be compared with.
However, one has to note that circular DNA or DNA with loops formed by cross-links
migrates faster than linear DNA of the same molecular weight (cf. [135]) . According to
[137, 138], the distances from the origin in the untreated marker lane can be fitted by the
relation
M = α exp(β (x − x0 )) + M0,

(3.1)

where M is the molecular weight of molecules in a certain band of a lane, x is the distance,
this band has covered from the starting point of the lane. The parameters α , β , x0 , and
M0 are fitting parameters and offsets. The function with the obtained fitting parameters
has been used to identify the related molecular lengths in the cross-linked sample.
In the case of successful inter-helical cross-linking in solution, the corresponding crosslinker has fulfilled the first condition for being applied to a DNA film.
Combing. It is tried to visualize the cross-linking in combing λ -DNA with free sticky
ends on a hydrophobic surface. A confocal microscope is used for observation [B.3.6].
This method has already been mentioned in Sect. 2.2.4. According to [139], hydrophobic
surfaces are prepared by spin-coating polysterene dissolved in toluene at 3 000 rpm. onto
them. The concentration of the polymer solution (molecular weight > 50 000) was 50 or
100 mg/ml. The DNA solution is adjusted to a pH of 5.5, and a droplet is pipetted onto the
glass surface. Combing can be realized by simple drying of the droplet, so that the DNA
is stretched radially towards the center, where the droplet was placed. Alternatively, the
method shown in Fig. 3.5 can be used: The DNA droplet is pulled and the DNA stretched
in a receding meniscus.
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stretching by
receding
meniscus

motion
DNA solution
(pH 5.5)

polystyrene-coated glass

Figure 3.5: Combing on a hydrophobic polystyrene-coated surface by a receding meniscus. A droplet of DNA solution (pH 5.5) is pulled in one direction. The meniscus makes
the DNA elongate and, under this condition, attach on the surface.
1

48502

12

5' -GGGCGGCGACCTCGCGGGTTT...

...CGACAGGTTACG- 3'
...||||||||||||
...GCTGTCCAATGCCCCGCCGCTGGA- 5'

}

|||||||||...
3' -GCGCCCAAA...

"sticky end"

Figure 3.6: Sequence of linearized λ -DNA . Both ends consist of complementary 12basepair single-stranded overhangs, so called sticky ends [140, 111]. The 5’ and 3’ labels
are standing for carbon atoms of the backbone sugar group and indicate the directions of
the helix (cf. Fig. 2.3).

The observation in a confocal microscope requires fluorescence-labeling with e.g., YOYO1. In particular, if bis-intercalators are used for cross-linking, there is competition between
the cross-linking intercalator and YOYO-1.

3.2 Functionalization of λ -DNA
This section is devoted to λ -DNA [B.4.2], which was particularly used for optical tweezing and combing experiments. Some of its properties make it favorable especially for a
surface-force apparatus (see App. A), and turns out to be the usual material in most of
the single-molecule experiments, as for example [79, 8, 7, 139, 141]. λ -DNA can be
purchased in comparable qualities. The molecules can be considered as equal concerning
length and base-pair sequence. Furthermore, they can be easily linearized and functionalized using standard protocols.
This DNA is extracted from a bacteriophage λ 3 . It infects Escherichia coli. Inside the
virus particle, the DNA is present in linear form, but becomes circular after an infection
into a host bacterium [111]. In the linear form, both end of the molecule consist of twelve
overhanging single-stranded bases (see Fig. 3.6). These so-called sticky ends are complementary and can recombine to the circular form [111]. The molecule consists of 48502
3 Such

viruses are specialized in infecting bacteria [94]. The term phage comes from the Greek infinitive
φαγεØν, which can be translated as ’to eat’, cf. also the aorist form êφαγον [142].
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Figure 3.7: a) Linearization of λ -DNA , which is nicked at two defined places. DNA is
heated to 75 ◦ for 15 min. and chilled afterwards on ice. The single-stranded end of the
molecule are called "sticky ends". b) Annealing of oligomers, whose sequence fits to the
sticky ends. Finally, T4 ligase closes the backbone.

base pairs and has a length of 16.5 µm in B-conformation [140].
Linearization. We can make use of its structural properties to add functional groups
to the ends of the molecule. The purchased DNA in buffer solution is present in circular
form. To linearize it, the stock solution (concentration c = 0.5 or 0.3 mg/ml) is heated for
15 min. at 75◦ C. The strands start to melt, but this process sets in first at the sticky ends
(see Fig. 3.7). Afterwards, the melting is quenched by rapid chilling for 5 min. on ice.

Labeling. For functionalization, 33 µl of the linearized stock solution in TE buffer are
mixed with 1 µl of each complementary oligomer (concentration c =
100 nmol/ml). Taking only one type of oligomers into account, there is an excess of
about 250 oligomers per DNA molecule. The hybridization lasts one hour at 50◦ C. The
nicks between the 3’ end and the attached oligomer are still present. As the oligomers
are phosphorylated, the nicks can be closed using T4 ligase [B.4.3]. 1 µl of the T4 ligase,
5 µl T4 ligase reaction buffer (10x concentrated) [B.4.4], and 9 µl Milli-Q water [B.4.1]
are added. The solution is reacting during one hour at room temperature. Gel filtration
chromatography [B.4.5] is used to remove the excess oligomers [143]. The elution can
be done with any suitable buffer the DNA should be taken up (e.g., PBS, TBE, Milli-Q
water with 150 mM NaCl).
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3.3 Wet-spun films of oriented cross-linked DNA
Oriented DNA samples have been developed especially for physicochemical investigations and provide DNA material in large amounts to facilitate optical experiments and
X-ray diffraction [144]. This section presents the chemical and technical concepts for
their preparation.

3.3.1 Ethanol precipitation
DNA in solution can form a solid, when it gets in contact with ethanol. This behavior is used to extract DNA rapidly from a solvent and dissolve it in another buffer. In
the following chapter, it will be used to remove excess cross-linker from DNA solution.
Precipitation takes place because ethanol displaces water from DNA and makes the backbone ’collapse’. A standard protocol is given in [B.5.1]. A certain percentage of DNA
gets lost during precipitation, when the supernatant is removed from the pellet of precipitated DNA.
The precipitation technique of the wet-spinning method differs slightly from the standard
protocol, but is based on the same principle. In general, ethanol concentrations above
70 vol.-% are required for precipitation.

3.3.2 The wet-spinning method
The following method was developed in the 1960s in the Ph.D. thesis of Rupprecht [145].
It combines ethanol precipitation and wet-spinning, a common technique in polymer industry, to fabricate highly-oriented DNA films. Until then, such samples could only be
prepared by shearing highly concentrated DNA between two coverslips or by pulling a
DNA fiber between two glass rods [146, 16, 17]. Within the framework of this thesis and
together with Fischer, a new concept for spinning-bath recycling and the mechanics of the
apparatus has been developed.
An aqueous solution of DNA from salmon testes or calf thymus [B.5.2] is prepared. The
concentration is adjusted to an optical density of 22 or higher at 260 nm. Typically the
used concentrations were 1.58 g/l and 1.37 g/l. A protein analysis [B.5.3] showed that
the protein concentration in this sample material is less than the limit of detectability
[147]. Furthermore, the solution contains 0.15 M sodium chloride, 3 mM sodium citrate
tribasic dihydrate and 0.05 mM EDTA disodium salt4 at pH ≈ 7. The salt induces counterions binding to the phosphate groups of the DNA backbone. This influences particularly
the amount of water that binds to DNA, so that DNA conformation at a certain relative humidity in the environment of the sample strongly depends on the used electrolyte
[109]. Moreover, it can influence the low-frequency spectrum [148]. The work with DNA
sodium-salt is the most established method and less critical in keeping the necessary experimental conditions (e.g., concentrations, bathing times) than using lithium salt [149].
Further ion-exchange is not necessary [145, 148]. As mentioned before, EDTA removes
4

EDTA stands for ethylene diamine tetraacetic acid. It is used for complexation of divalent metal cations,
which proteins of serum origin as BSA can be contaminated with. Furthermore, it inactivates metaldependent enzymes (DNases) that can damage DNA [1, 113].
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3.3 Wet-spun films of oriented cross-linked DNA
doubly charged cations from the solution. Sodium citrate is used for buffering at neutral
pH. DNA solution is oriented, when pumped through a spinneret, which has 720 holes of
70 µm in diameter.
It is necessary to choose the right parameters for the pump rate through the spinneret in
accordance with the viscosity of the solution and the hole size, so that stream broadening
directly after the spinneret is avoided. This could lead in particular to disorientation of
the polymers [150].
Precipitation and spinning. The spinning bath contains an electrolyte solution with
75% ethanol and 0.2 M NaCl. DNA precipitates in the electrolyte solution (see Fig. 3.8)
and forms fibers, which fall down the spinning column. They can be taken up by suitable
glass rod and wrapped around a rotating teflonr cylinder. The length of the column of
1 m warrants enough time for contact with the ethanol solution and therefore precipitation.
Experiments with smaller columns were hardly able to produce films, whereas columns
longer than 1 m did not bring any further advantage [149]. A continuous rotation of the
cylinder that is adapted to the DNA flow through the spinneret pulls the fibers, which are
bundled then by a fiber guide. The first precipitated material is normally a ’ball’ of DNA
fibers, but as soon as a steadily homogeneous fiber reaches the cylinder, a film can be
made by translating the cylinder along its axis forward and backward to form a film layer
by layer.
The spun fibers have to be treated afterwards to form a film. First, the electrolyte content
is adjusted to the desired value by bathing it at 5◦ C overnight for up to 24 hours.
Dialysis. The solution consists of 77% ethanol with 0.03 M sodium chloride. The solution is agitated slowly by a magnetic stir bar.
Then, the fiber deposit must be dried to form a film. Therefore, the teflonr cylinder is
dried with paper and carefully around the film with Q-tipsr without touching the films.
The cylinder is placed into a desiccator containing a few grams of silica gel.
Drying. At 5◦ , the procedure lasts typically overnight. Afterwards, the films should not
be sticky anymore.
The last step is a rehydration at about 75% r. h. This allows to detach the films from the
teflonr cylinder. This is also the humidity the films can be stored at over several years.
Rehydration. At first, the cylinder with the dry films is placed into a desiccator containing saturated solution of sodium chloride in its reservoir to adjust the relative humidity
to 75% at room temperature. The re-hydration needs about three days at room temperature. The films can be cut by a scalpel and are then easily removed. Low adhesion is
another reason for building the cylinder from teflonr. For storage, the films should hang
in a box adjusted to the same relative humidity at room temperature.
Storage. Being dried, the films tend to corrugate and shrink. Being hydrated, they can
twist and coil up, and might stick together, when humidity is high. It is therefore neces39
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sary to stretch them gently, which can easily be realized fixing clips from office supplies
to the ends. The film will hang then on one end and cannot wrap around itself, when it is
exposed to a humidity change [151].

Remarks and experimental parameters. Typical feed rates for pumping the DNA
solution through the spinneret are about 45 ml/h. The teflonr cylinder (diameter: 80 mm)
makes one turn in 3 sec., while the axial translation is about 2.5 mm/s. It turned out, that
X-ray diffraction with the used instrument and the sample cell, both will be described
below, makes it necessary to use films of at least about fifteen layers to obtain a reasonable
signal. Most of the films typically consist of twenty to forty layers. The capacity of the
syringe with DNA solution is about 120 ml, lasting hence for two or three hours.
Recycling. Since the system is not completely closed, ethanol evaporates out of the
spinning bath. The ethanol concentration must be readjusted from time to time to be
maintained at constant level, the electrolyte solution must be recycled. Rupprecht combined this cycle with degassing [146, 151]. According to his concept, solution (1 l) is
pumped every 14 min. from the spinning bath with the teflonr cylinder into a tank by
underpressure using a vacuum pump. Thereby, it is degassed5. After that, pure ethanol is
continuously pumped into this tank (10 ml/min, cf. [145]), while the solution from this
tank is pumped into the upper part of the glass column. Instead of pure ethanol, a spinning solution with high ethanol concentration can be used, too [152]. However this needs
to be adapted to the parameters of the recycling pumping etc. For lithium-DNA films, it
was advantageous to use a flask with pure ethanol and pump additionally usual electrolyte
solution from a second flask into the spinning bath [145, 152]. During these 14 min., the
ethanol content rises continuously inside the tank. A peristaltic pump removes continuously solution from the tank and pumps it to the top of the column (≈ 72 ml/min, cf.
[145]). Hence the concept involves a flow from the top of the column toward the spinning
bath.

The new recycling concept allows continuous recycling always under the same conditions. A comparative scheme is shown in Fig. 3.8. A peristaltic pump drives the solution
through a semi-preparative degasser6 into the upper part of the column, which is hermetically closed all the time, so that the spinning bath stays inside at constant hight. The gas
is diffusing via teflonr membranes out of the solution. Before the degasser, ethanol is
added. This recycling concept has several advantages:
• No need of expensive, unusual glass tanks.
• Much more effective degassing, since not only large air bubbles are removed.
• No concentration gradients with time, since recycling is done continuously.
5 This
6 It
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tank is therefrom called ”degasser” in [145].
allows higher flow rates than the analytical version.
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Figure 3.9: Translational and rotational motion of the teflonr cylinder DNA fibers are
wrapped around. A stepper motor controls the rotation, whereas the linear stage [B.5.4]
is able to translate the cylinder along the axis up to 150 mm.

• No ensnarling of the fiber around the fiber guide due to large flows every 14 min.
The parameters can be chosen equivalently to those given by Rupprecht (ethanol:
10 ml/min, recycling flow: 72 ml/min). During the spinning process, the ethanol concentration can be measured by an alcoholometer that is calibrated to a solution with the
actual salt content (0.2 M NaCl). The rate of the peristaltic pump that adds pure ethanol
can be adapted correspondingly.
In both systems, an additional ’garbage can’ is used to remove surplus electrolyte solution
by means of the vacuum pump as described before.
Further replacements concern the mechanics for translational and rotational motion of the
teflonr cylinder. A scheme is drawn in Fig. 3.9. The cogwheel gear is substituted by
a stepper motor that is mounted on a translation stage. Such a system is not only much
easier to maintain, but takes a huge advantage of the fact that the rotational speed can be
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freely programmed:
Accidental deposits from precipitation, air bubbles, and inhomogeneous DNA concentrations at the spinneret can hinder the fiber formation. During spinning, the fiber is then
under more or less tension and can become for example longer than the distance of about
1 m between the spinneret and teflonr cylinder. Usually this can be regulated by changing the angle of the fiber guide, so that the fiber is slightly bent and again under tension.
Otherwise, the fibers are not bundled and deposit on the teflonr cylinder in a non-regular
way. In addition, the fiber can ensnarl around the fiber guide: Spinning is interrupted.
However, if the fiber becomes too long, it is now possible to increase the uptake velocity
by increasing the rotational speed.
The glass syringe is replaced by a stainless-steel syringe with a glass-cylinder inset that
serves as a window. The steel parts are screwed together and can be disassembled for
cleaning. Sealing rings are made of chemically robust Vitonr. The glass inset is commercially available and can be replaced easily. Temperature changes in the laboratory
(e.g., different seasons) are sufficient to make the teflonr piston leak. It should be replaced by an equivalent part from stainless steel.

Remarks about the used DNA salt. During the first wet-spinning experiments, it
turned out that properties of DNA films, e.g., crystallinity and orientation, depend strongly
on the used DNA salt. This is in agreement with experiences made by Rupprecht and
Grimm. Discussions with suppliers revealed that the quality of purity and further deviations as molecular lengths might differ from specifications. The viscosity of the DNA solution depends - among other parameters - on the concentration and the molecular weight
distribution. Too small molecules might not be oriented for a given set-up configuration
(hole diameter of the spinneret, feed rate etc.), whereas too large molecules might be
entangled and form loops.

3.3.3 Film cross-linking
Being dipped into water, wet-spun DNA films dissolve completely. When an aqueous
cross-linker solution comes into contact with a DNA film, the film dissolves and looses
its order first, since the cross-linking, especially a covalent process, takes more time.
Formaldehyde is usually available a saturated aqueous solution with a concentration of
37%, stabilized with 10-15% methanol [B.7.1]. The effect of dissolving the films can
be avoided by brushing them carefully with sufficiently small amounts of cross-linking
solution. In the case of formaldehyde, the cross-linker can be evaporated onto the film.
Thereby the film must have already been placed into the holder to avoid mechanical stress
during a transport. But the film should not be clamped at this moment to guarantee a good
exposure to the cross-linker. The dose can be varied particularly with the exposure time
and temperature.
Apart from brushing, it is advantageous to nebulize the solution onto the film [153]. For
this purpose, a nebulizer with a flow of 100 µl/min at 2.5 bar, controlled by a two-stage
pressure reducer, is used [B.7.3]. Nebulizing is used for film cross-linking with EGDE.
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3.4 Birefringence measurements on DNA films

Since DNA films are soluble in water, but not in methanol, it was tried to place the entire
film into a bis-acridine solution in methanol for incubation. Diffusion from the solution
into the film was proceeding overnight. The color of the film became yellow, whereas the
solution is clearer and rather colorless. In characterization, this method is not indicated
explicitly, because there was no remarkable difference in nebulizing solution to the films.
This observation might change, if extremely thick films were used. Usually, DNA films
in this work consist of not more than ten to forty layers7 .
After test experiments [103], it was suggested to incubate the intercalators at 55◦ C overnight.
BAMO can be dissolved in methanol applied for example by a nebulizer as described before.
The effectiveness of cross-linking a DNA film can be checked mechanically. The principle of the set-up is shown in Fig. 3.10 and remains the same for all stretching experiments.
Force-extension behavior can show, if rubber elasticity or plastic behavior is dominant.
The films are mounted between a linear actuator [B.2.2] and a force sensor [B.6.1]. Voltages from the sensor are measured with a data-acquisition card [B.6.2]. The axis of the
arrangement is vertical to prevent friction effects as much as possible. Additionally, the
whole set-up is placed on an optical table with vibrational damping. The film is surrounded with a box to adapt the relative humidity, which is also measured by a sensor.
Here it is advantageous not to use a saturated salt solution (see Tab. 3.1), but to control humidity by a flow of air or nitrogen gas. The experimental arrangement was built according
to [154].
Wet films are clamped between plastic holders with a saw-tooth profile of 1 − 1.5 mm
tooth depth and spacing [156].

3.4 Birefringence measurements on DNA films
The orientation of the DNA molecules in a wet-spun film defines the optical axis. The
films have thickness variations of ≈ 10% over length scales of a few micrometers [146],
which makes it difficult to get accurate values of the birefringence ∆n in contrast to DNA
solutions in an optical cuvette with parallel-plane walls. Oriented DNA films are highly
birefringent, as shown in Fig. 3.11. The film is mounted between crossed polarizers
with the optical axis directed at 45◦ with respect to the polarizers. Illumination is realized
using white white light [B.1.7]. Colored stripes indicate thickness-phase variations in the
film. The phase shifts differ for different wavelengths and thicknesses. Hence, at different
positions on the film, different wavelengthes can fulfill the conditions to penetrate through
the whole configuration. Variations in the measured phase shift due to thickness changes
or conformational changes of the DNA are indicated as ∆(∆φ (λ )) in the following.
7 Choosing

a film width of 5 mm the maximum number of layers will be 80, until the volume of the
available syringe is used up at a feed rate of 45 ml/h. One had to refill the syringe and spin additional
layers on top of it to increase the number of layers.
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Saturated salt solution Relative humidity
NaCl
75 %
K2 SO4
98 %
Table 3.1: Relative humidities for saturated salt solutions according to [155].
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Figure 3.10: Basic experimental set-up for all stretching experiment of films in a humidity
cell. For X-ray diffraction, the humidity cell can be covered with polyimide or PET
foil (thickness: ≈10 µm). For birefringence measurements, polarizer foils (crossed, each
window at 45◦ with respect to the film orientation) are used. The humidity is regulated by
means of valves.

analyzer

polarizer

fiber
axis

5 mm

Figure 3.11: Highly birefringent DNA film between crossed polarizers. The optical axis
(fiber / helix axis) is horizontal in the picture.
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Figure 3.12: Absorption spectrum of a polarizer foil measured in a UV/Vis spectrometer[B.1.8].

The theoretical form of the transmission intensity behaves like I(λ ) ∝ sin2 (∆φ /2) with a
phase shift ∆φ (λ ) = 2π ∆nd/λ induced by birefringence, which is given by the difference
between the refractive indices of the extraordinary and ordinary axes ∆n = ne −no , see Eq.
(2.8). The sample thickness is indicated as d, and λ is used wavelength. The spectrum is
multiplied with the transmission characteristics of the used polarizer foil and of the film
itself (see Fig. 3.12).
Thickness-phase variations as explained above make it difficult to measure the phase shift
∆φ and calculate birefringence ∆n. In particular, the beam is likely to cover regions on a
film with different thicknesses. The detected intensity can be the sum of signals resulting
from completely different phase shifts. It is furthermore unclear how the thickness and the
orientational degree of DNA molecules inside the film change, when the film is stretched
or cross-linked. In order to measure the phase at different position on the film, the whole
sample mounted between crossed polarizers is observed by a stereo-microscope (see Fig.
3.13) using white light or alternatively monochromatic laser light for illumination (here:
λ =632 nm, cf. [B.1.6]).
By means of a Babinet-Soleil compensator, it is possible to compensate the phase shift for
monochromatic illumination. This allows to follow the relative change in birefringence
during stretching. In order for differences ∆(∆φ (λ )) to be smaller than 2π (which is required to assign a value ∆(∆n), small stretching steps and continuous observation of the
change in light intensity at the fixed position are required.
The measured phase shift ∆φ is always a value modulo 2π . An estimation of the birefringence can nevertheless be made in recording a transmission spectrum between crossed
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Figure 3.13: Set-up to measure the phase shift of a wet-spun DNA film during stretching.
The film is mounted between crossed polarizers. Birefringence can be compensated by
means of a Babinet-Soleil compensator. Observation is realized with a stereo-microscope.
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3.5 X-ray diffraction (XRD)
polarizers, e.g., in a UV/Vis spectrometer (see [B.1.8]). The position of absorption minima and maxima can be fitted using I(λ ) ∝ sin2 (∆φ /2). This gives a value for ∆nd.

3.5 X-ray diffraction (XRD)
A rotating anode source [B.8.1] operated at 40 kV with a current of 100 mA at 1.54 Å(Cu Kα line) was used. For detection served an image plate with a diameter of 345 mm [B.8.2].
The sample cell has already been described before. It was hermetically sealed with thin
polyimide [B.8.3] or polyethylene terephthalate [B.8.4] windows with a thickness of several micrometers in order to superpose only a minimum of parasitic diffraction of the foil
to the diffraction of the DNA.

3.6 Raman scattering
This range of low-frequency dynamics is going to be observed by terahertz spectroscopy
in this work.
A grating microspectrometer [B.9.1] with a frequency-doubled Nd:YAG laser at 532 nm
for excitation and a cooled CCD detector was used for the measurement. The intensity
was typically chosen to be 10 mW focussed to a spot about 4 µm in diameter in order not
to destroy the sample in accordance with [148]. Usually, ten spectra with an exposure
time of 60 s were averaged, except in the case of time-resolved observation of a B- to Atransition (see Sect. 4.1.1). DNA is in general not fluorescent, because the excited state
can decay via non-radiative transition due to an overlap with the ground state [157]. In
addition, the set-up provides two notch filters to suppress stray light and intense elastically scattered light. Therefore it was not possible to measure in a wavenumber range up
to about 200 cm−1 . This filter were nevertheless necessary. It was not possible to resolve
the weak DNA bands with a set-up used in [158] without any notch filter. Other groups
were confronted with similar problems [148].
The spectral resolution was approximately 2.5 cm−1 . As a sample cell, a similar set-up as
shown in Fig. 3.10 was used.
In Sect. 4.1.1, the time-resolved measurements to follow the B- to A-transition of DNA
were done in the following way:
The NaDNA film has been mounted into a humidity cell and hydrated at 98% r. h. The
sample cell has been opened and a flow of dry air pumped into the cell to imitate conditions in the flow box of the THz spectroscopy set-up. In order to reach 20% r. h., it was
necessary to add silica gel. The measurements were done without sampling and averaging over several spectra. The exposure time was 90 sec. The measurements were neither
sensitive to the origin of the DNA (salmon sperm or calf thymus), nor the thickness, nor
the orientation in this frequency range.
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Figure 3.14: Set-up for time-domain terahertz spectroscopy. The left part describes the
frequency control for the repetition rate of master and slave laser for asynchronous optical
sampling. The box in the right part is kept at low relative humidity to avoid absorption in
the THz frequency range. The THz beam is generated by the pump beam, and detected
by a ZnTe(110) crystal. It is guided through a sample together with the probe beam. An
analog figure of a gas spectrometer can be found in [159].
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3.7 Time-domain terahertz spectroscopy

Figure 3.15: Sketch of the THz emitting metal - semiconductor - metal structure: (1) interdigitated finger electrodes, (2) semi-insulating GaAs substrate, (3) opaque metallization
shadowing one direction of THz electric field. The electric field directions are indicated
by arrows. Figure taken from [163].

3.7 Time-domain terahertz spectroscopy
THz gap. Low-frequency dynamics are measured by time-domain terahertz spectroscopy. Over a long period, there was a gap in the generation of frequencies in the range between 1 and 10 THz: Smaller frequencies can be generated by electric oscillators, higher
frequencies by photonic devices owing to quantum transitions, e.g., lasers [160]. The application of this new and rapidly developing method to examine low-frequency dynamics
of biological matter represents an alternative to known techniques as Brillouin or thermal
neutron scattering [59, 161].
The experiments were performed together with Kistner, Thoma, and Dekorsy (University
of Konstanz). A basic feature of the set-up is the dual Ti:sapphire femtosecond laser. The
master laser is guided through the sample and used as a probe beam.

THz emitter. The slave laser is used as a pump beam. It has to pass a large-area
emitter to generate a THz signal. THz emission is induced, when a femtosecond pulse
hits an interdigitated metal - semiconductor (GaAs) - metal structure [162, 163]. The
ultashort laser pulses excite free charge carriers, which are accelerated between the metal
electrodes and induces dipole radiation. Destructive interference is blocked by covering
every second period of the metal - semiconductor - metal sequence (see Fig. 3.15). The
THz electric field is perpendicular to the orientation of the metal digits. If the field is
high enough, the band gap can be overcome and free charges are generated. The induced
current emits a THz pulse parallel to the direction of the current. Destructive interference
of the parts between the metal digits is suppressed by covering every second of these
structures. The emitted light is gathered by to parabolic gold mirrors and guided through
the sample.
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Figure 3.16: Principle of the asynchronous optical sampling (ASOPS). Pump and probe
beam are time-delayed, so that two cases of coincidence determine the temporal frame of
one measurement. Figure according to [B.11.1].

ASOPS. In contrast to other setups, sampling has not been realized by means of a
variable mechanical delay, but by asynchronous optical sampling (ASOPS), see Fig. 3.16
[164]. Each beam is divided by a beam splitter and a portion of the signal is fed to a
photodetector. These signals give the repetition rate fR of the lasers. The signal from
the master laser (probe laser) is frequency-upshifted by ∆ fR and, together with the nonshifted pump beam of the slave laser (pump laser), analyzed in a double-balanced mixer
(DBM) to detect their phase difference. The output passes a loop amplifier and modulates
the position of the cavity mirror of the slave laser via a piezo transducer (PZT). In order
to reduce the signal-to-noise ratio, it is also possible to use the third harmonic.
Suppose that pump and probe beam coincide at t = 0. The next pulses are therefore
delayed by a time τ :
1
1
τ= −
,
(3.2)
fR fR + ∆ fR
and so forth, until two pulses coincide again. This is the temporal frame of one measurement. Typically one chooses fR =1 GHz and ∆ fR =10 kHz, so that a measurement lasts
100 µs. The large number of measurements in short time, 10 000 s−1 , results in a good
signal-to-noise ratio through averaging.
The advantages of this set-up can be summarized:
• no unprecise mechanical delay line
• fast measuring and averaging over large data sets
• size of spot stays constant8,
8 In
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contrast to mechanical delay line, which requires displacement of optical mirrors.

3.7 Time-domain terahertz spectroscopy
whereas the following disadvantages have to be accepted:
• The time interval of a measurement cannot be increased infinitely, because the frequency shift is limited.
• The set-up is very sensitive to external perturbations causing jitter and unprecise
locking of the slave laser.
The repetition rate from the decoupled laser beams provide a 9 kHz trigger signal for the
detection electronics.
THz detection profits from the electro-optic effect of a (110) zinc- telluride crystal
[165]. The THz pulse modifies the refractive index, so that it becomes birefringent for the
probe beam. The signal is analyzed by a polarizing beam splitter (PBS) and recorded by
a photo-receiver and a subsequent sampling oscilloscope.
Temporal resolution ∆τ is given by the the ratio of the frequency shift and the repetition
rate, and the bandwidth B of the sampling oscilloscope:
∆τ =

∆ fR
.
fR B

(3.3)

With B =100 MHz, for the experimental temporal resolution follows ∆τ =100 fs. The
signal-to-noise ratio is 37 dB for a data acquisition time of 1 s and rises linearly to 57 dB
for 100 s [166]. The usual data acquisition time in experiments is 10 s.

The sample cell used for terahertz spectroscopy is similar to the one shown in Fig. 3.10.
It has to be paid attention that the strongly focused beam does not hit the sample holders. Low absorption can be guaranteed in using PET windows, comparable to [B.8.4],
but with a thickness of 100 µm. It is furthermore necessary to acquire a reference data set
for each measurement, i.e., measuring through the sample cell beside the DNA film. The
windows must hence be large enough. A fast Fourier transform of the signal and the reference signal are divided to obtain the transmission spectra. Otherwise, the result would be
influenced by many substances that absorb in THz frequency range, for example the PET
foil, but in particular water vapor in the sample cell. Water is always present, although
the optical path between the THz emitter and detector is enclosed by a box that is purged
with dry nitrogen. In some transmission spectra, the intensity can be slightly larger than
1.0; this is due to intensity fluctuations of the laser.
The Fourier transformed data used to calculate the transmission spectra were limited to a
time range of 14 ps in order to get rid of artificial resonances from the Fabry-Pérot reflection in the optical set-up. Hence, the spectral resolution is reduced to 70 GHz.
The set-up permits to record transmission spectra in one-minute intervals. Once the sample is mounted in the humidity cell, the reservoir is filled with saturated K2 SO4 solution
and immediately closed with PET windows. This moment is defined as starting point
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Figure 3.17: Experimental transmission spectrum of water vapor. Figure taken from [166]

t = 0. In order to follow the temporal behavior, certain time intervals have been chosen to
show averaged transmission dynamics: 200 − 300 GHz, 620 − 710 GHz, 800 − 900 GHz,
and 1.29 − 1.38 THz. These frequency intervals are free from water absorption lines that
can cause additional, mistakable features.
The absorption from water has already been mentioned to be an important systematic error. Figure 3.17 shows a transmission spectrum of water vapor. Especially the frequency
intervals with a high density of absorption lines are difficult to be completely eliminated
from sample spectra, even though each measured spectrum is divided by a reference spectrum, as explained above.
In order to obtain an estimation of the statistical and systematical error of the spectra, the
reproducibility was checked by measuring several times and at several positions (see Fig.
3.18).
The spectra are quite reproducible, when the measurement is repeated, and also at different positions on the same sample. The error increases at higher frequencies from zero to
about 15% at 2.5 THz. Position dependencies play only a role, when the film for example
swells during hydration. The motion controller that is used for sample displacement can
reproduce the position to an accuracy smaller than 1 µm [B.2.2].

3.8 Optical tweezers and micropipettes
We had the possibility of using the optical tweezers set-up of Sischka (University of
Bielefeld) [167, 78]. The sample cell (see Fig. A.13) is flushed with buffer solution9.
Streptavidin-coated colloids with a diameter of 3.18 µm are added to the cell, until one of
the colloids is trapped by the optical tweezers. This colloid can then be immobilized by
a micropipette, being sucked on. A second bead is trapped again by the optical tweezers,
9 Composition:

52

150 mM NaCl and 10 mM TRIS/HCl, pH 8.

3.8 Optical tweezers and micropipettes
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Figure 3.18: Reproducibility of transmission spectra of wet-spun NaDNA films from
salmon sperm. The spectra are measured for two different positions.
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3 Experimental methods
before the biotinylated DNA is flushed in. When a DNA molecule like λ -DNA or of similar length binds to the trapped colloid in the flow, a force jump of a few pN is detected.
It is necessary to keep a constant flow inside the cell to avoid grafting of both DNA ends
to a single colloid. Furthermore, remaining colloids ought to be removed of the cell and
the supply pipes. Excess colloids could bump accidentally into the colloid trapped by the
optical tweezers and disturb the measurement.
An exact force calibration implies an exact knowledge about the diameter of the colloid.
A reliable check is to observe the force on such a trapped colloid, while the cell is moving
with respect to it.
Finally, the bead on the micropipette approaches the bead in the trap and is continuously
moved slightly forward and backward. The DNA molecule is elongated, but not to its full
contour length. As soon as the molecule bind to the bead on the micropipette, the motion
of the micropipette causes immediate force jumps and proves that DNA is grafted on both
ends.
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Results
The first section of this chapter is separated from the subject of over-stretching DNA.
Benefiting from a recently developed method for time-domain terahertz spectroscopy, we
observe low-frequency dynamics of the A- to B-transition. We try to find time scales of
this conformational change in our samples and compare the results measuring typical Aand B-marker bands by Raman scattering.
Cross-linking DNA solution and its dependence on pH is checked using gel electrophoresis. Intercalation properties could be analyzed in the particular case of bis-acridines by
means of single-molecule stretching.
The properties of cross-linked DNA films are characterized: the secondary structure with
Raman scattering, the base-pair tilt with birefringence, and base-pair distances with X-ray
diffraction.

4.1 Low- and high-frequency dynamics of the Ato B-transition
The conformation of DNA in wet-spun films depends on relative humidity. For natural
DNA with arbitrary or quasi-random sequence, A-, B-, and C-DNA are the expected
conformations. This section is not connected to the question how over-stretching changes
the structure of DNA, but rather devoted to conformational changes in a DNA film during
hydration and dehydration. The A- to B-transition is studied recording low-frequency
dynamics in the DNA film.
In the context of over-stretching DNA, attention is turned to B-DNA, because this is the
conformation of DNA in an aqueous environment [7, 8]. Later on, DNA in the films
has to be transformed from A- to B-conformation. Therefore, we must know important
parameters, e.g., hydration time.

4.1.1 Transmission characteristics up to 3 THz
NaDNA films do not always transform to B-form easily, even at relative humidities higher
than 92%. Rupprecht has once observed rather transformation to C-DNA for a set of sam55
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Figure 4.1: Transmission spectra of hydrated and dehydrated NaDNA films from salmon
sperm for parallel and perpendicular orientation of the THz electric field.

ples, but light tension is reported to support a transition to B-form [144]. On top of that,
the time necessary for such transitions can vary between several hours to six months [62].

4.1.1.1 Orientation and hydration dependency of transmission
The term ’dehydrated’ will be used in the following context for dry DNA films at about
20% r. h. or less, whereas ’hydrated’ means at about 98% r. h. Figure 4.1 shows the
difference between hydrated and dehydrated DNA films mounted with orientation of their
helix axes parallel or perpendicular to the electric field of the THz beam for salmon-sperm
and Fig. 4.2 for calf-thymus DNA.
The transmission is in general lower for hydrated samples. For the given spectral range,
transmission decreases with higher frequencies. Wittlin et al. [53] expected, but could
not confirm experimentally orientational dependencies of far-infrared transmission. However, the set-up for THz time-domain spectroscopy used here has allowed to identify for
the first time such differences. For salmon-sperm DNA, transmission parallel to the terahertz electric field is higher than perpendicular in a frequency range up to about 1 THz
and the opposite for higher frequencies. For calf-thymus DNA, polarization dependence
is much more pronounced. Perpendicular arrangement reveals two absorption maxima
(see Fig. 4.2): one at about 400 GHz and a second at 1 THz for a hydrated and 1.5 THz
for a dehydrated sample. Due to the fact that a 70 µm thick dehydrated film could cause
a Fabry-Pérot resonance at 1.65 THz or respectively at a slightly lower frequency in a
hydrated state, this absorption can in principle be caused by such an additional optical effect of the set-up. Orientation-depending differences in average transmission for hydrated
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Figure 4.2: Transmission spectra of hydrated and dehydrated NaDNA films from calf
thymus for parallel and perpendicular orientation of the THz electric field.

samples are weaker than in the previous cases, apart from a rise in transmission at higher
frequencies for perpendicular orientation. The degree of hydration changes the electrostatic and van der Waals interactions between atoms and is predicted from normal-mode
analysis to influence low-frequency modes in a strong way (see Sect. 2.2.3).
4.1.1.2 Hydration and dehydration dynamics
During hydration, the transmission spectra are changing continuously from the dehydrated to the hydrated forms shown above. Nevertheless, transmission is not monotonously
decreasing, while the film is hydrating. For perpendicular orientation (cf. Fig. 4.3), transmission decreases during dehydration over the almost entire frequency range, but with
an irregular behavior after one hour: Transmission increases again between 0.5 THz and
2 THz. It is not clear if this deviation is an artefact of reproducibility errors (cf. Fig. 3.18).
At least, there is no continuous increase of the error to higher frequencies observable.
The averaged transmission in the mentioned frequency ranges decreases monotonously,
excepting irregular behavior between 60 and 90 min. (cf. Fig. 4.4). The transmission
spectrum after 4 min. for perpendicular orientation shows some features at frequencies
higher than 1.5 THz due to water absorption lines, see Fig. 4.3 and 3.17. In general, the
most irregular averaged transmission changes can be seen for the frequency range from
1.29 − 1.38 THz. The critical humidity to bring the DNA into the B-form at about 92%
r. h. has been reached after 7 min., in the following experiment with parallel orientation,
after 17 min.
All other observed frequency ranges 200 − 300 GHz, 620 − 710 GHz, and 800 − 900 GHz
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Figure 4.3: Transmission spectra during hydrating a NaDNA films from salmon sperm
for perpendicular orientation of the THz electric field.
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Figure 4.4: Temporal transmission behavior during hydration. The averaging has
been taken over frequency intervals without water absorption lines (200 − 300 GHz,
620 − 710 GHz, 800 − 900 GHz, and 1.29 − 1.38 THz) for perpendicular orientation of
the THz electric field. The DNA was extracted from salmon sperm. Spectra (apart from
1.29 − 1.38 THz) were fitted by: T = T0 + T1 exp(−(t −t0 )/τ ). Characteristic decay times
are shown in Tab. 4.1, the other fit parameters in Tab. B.11.2.
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Figure 4.5: Transmission spectra during hydrating a NaDNA films from salmon sperm
for parallel orientation of the THz electric field.

behave quite monotonously in decreasing transmission with time. Only for 1.29 - 1.38 THz,
the transmission fluctuates over a larger range. In the transmission spectra, a sudden rise
in transmission after 9 min. happens in a range from 0.5 THz; from 1.5 THz, transmission
is even larger than the transmission of a dehydrated sample. Then, transmission drops
again over the entire frequency range, but rises after more than 50 min. in a frequency
range from 1.3 THz on. The transmission in the hydrated state for the shown frequency
range from 2 THz on is finally larger than the transmission of a dehydrated sample in this
range.
Furthermore, hydration dynamics has been observed in parallel orientation for a calfthymus DNA film. After 6 min., the value of 92% r. h. has been reached. Here, the
transition from dehydrated to hydrated DNA is relatively monotonous in contrast to the
salmon DNA sample (cf. Fig. 4.7). All the averaged transmissions saturate after at least
40 min. (cf. Fig. 4.8).
Figure 4.9 and 4.10 show the corresponding transmission spectra and temporal behavior
of the averaged transmission for salmon-sperm in the case of dehydration. Figure 4.11
and 4.12 represent the analog graphs for calf-thymus DNA. The time intervals for averaging have been kept the same as before. For salmon-sperm DNA, the rise in transmission
is only monotonous in a frequency range up to 1 THz. After 4 min., transmission drops
down again, especially at higher frequencies. Immediately after 10 min., the overall transmission has suddenly risen and is in the almost entire frequency range larger than the final
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Figure 4.6: Temporal transmission behavior during hydration The averaging has been
taken over frequency intervals without water absorption lines (200 − 300 GHz, 620 −
710 GHz, 800 −900 GHz, and 1.29 −1.38 THz) for parallel orientation of the THz electric
field. The DNA was extracted from salmon sperm. Spectra (apart from 1.29 − 1.38 THz)
were fitted by: T = T0 + T1 exp(−(t − t0 )/τ ). Characteristic decay times are shown in
Tab. 4.1, the other fit parameters in Tab. B.11.2.
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Figure 4.7: Transmission spectra during hydrating a NaDNA films from calf thymus for
parallel orientation of the THz electric field.
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Figure 4.8: Temporal transmission behavior during hydration. The averaging has
been taken over frequency intervals without water absorption lines (200 − 300 GHz,
620 − 710 GHz, 800 − 900 GHz, and 1.29 − 1.38 THz) for parallel orientation with respect
to the THz electric field. The DNA was extracted from calf thymus.
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Figure 4.9: Transmission spectra during hydrating a NaDNA films from salmon sperm
for parallel orientation with respect to the THz electric field.
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Figure 4.10: Temporal transmission behavior during dehydration. The averaging has
been taken over frequency intervals without water absorption lines (200 −300 GHz, 620 −
710 GHz, 800 − 900 GHz, and 1.29 − 1.38 THz) for parallel orientation with respect to the
THz electric field. The DNA was extracted from salmon sperm.

62

4.1 Low- and high-frequency dynamics of the A- to B-transition

-1

wave number [cm ]

1.0

16.7

33.3

50.0

66.7

83.3

hydrated
0 min

0.8

Transmission

3 min
15 min
30 min

0.6

74 min

0.4

0.2

0.0
0.5

1.0

1.5

2.0

2.5

Frequency [THz]

Figure 4.11: Transmission spectra during hydrating a NaDNA films from calf thymus for
parallel orientation with respect to the THz electric field.

transmission at equilibrium, i.e., a hydrated sample. The temporal behavior of the averaged transmissions is monotonous, apart from the frequency range of 1.29 − 1.38 THz,
and again similar dynamics for calf-thymus DNA. Here, the averaged transmission is
extremely uncorrelated. The whole spectra look relatively monotonous, except smaller
deviation after 30 min. For all the spectra, the frequency range of 2 − 2.5 THz is relatively unequal, which can be explained by the high density of water-absorption lines in
this range.
From the theoretical point of view, the expected mode softening of the lowest mode, i.e.,
a decrease in frequency for this mode, (see p. 15 and [58, 54]) is expected to take place
near the transition point for the A-B or B-A transition. Later on, it has been found out
Freq. range [GHz]

Salmon

Calf

200-300
620-710
800-900
200-300
620-710
800-900
1290-1380

perpendicular
orientation [min]
28.7
36.4
66.3
-

parallel
orientation [min]
33.8
33.8
34.1
12.9
10.6
5.9
2.2

Table 4.1: Characteristic decay times τ for hydration of DNA films from salmon sperm
and calf thymus.
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Figure 4.12: Temporal transmission behavior during dehydration. The averaging has
been taken over frequency intervals without water absorption lines (200 −300 GHz, 620 −
710 GHz, 800 − 900 GHz, and 1.29 − 1.38 THz) for parallel orientation with respect to the
THz electric field. The DNA was extracted from calf thymus.

Freq. range [GHz]

Salmon

Calf

200-300
620-710
800-900
200-300
620-710
800-900

parallel
orientation [min]
1.3
2.0
3.1
3.5
2.9
3.2

Table 4.2: Characteristic decay times τ for hydration of DNA films from salmon sperm
and calf thymus.
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that the transition is not an abrupt process [55], and at least one further intermediate stable
state exists [29]. Crystallographic changes during such transitions for different humidities
have been observed by Fuller et al. [26]. The transmission is therefore unsteady and not
monotonous.
Table 4.1 shows the decay times τ from the fit curve for temporal transmission behavior
(cf. Fig. 4.4 and 4.6) during hydration. The decay times are all 30 min., apart from
one constant in frequency range between 800 − 900 GHz, which is twice as large. The
averaged transmissions for this frequency range and especially for 1.29 − 1.39 THz show
large deviations from a monotonous behavior in contrast to the lower frequncy ranges (cf.
Fig. 4.4). The decay times are shorter in the case of calf-thymus DNA, but of the same
order of magnitude.
In the case of dehydration (see Tab. 4.2), the time scales are only 10% as large as for
hydration. Usually the volume in a sample cell itself needs some time to be adjusted to
a high relative humidity. Conclusively a conformational change from A- to B-DNA (and
the inverse process) seem to happen on the time scale of minutes. This result is compared
with Raman spectroscopy in the following section.

4.1.2 Conformational markers in Raman spectrosocopy
The studied low-frequency transmission spectra and their temporal changes have to be
compared with a scale that indicates known conformational changes. For this purpose,
Raman lines serve as markers. The line at 807 cm−1 is very pronounced in the A- conformation [62, 148]. Meanwhile, it disappears for relative humidities at about 20% or lower
and at high relative humidities of 92% or more, i.e., in the B-form. Figure 4.13 shows a
dehydration process followed by Raman spectroscopy. This conformation is indicated by
a distinct line at 835 cm−1 [62, 148].
The hydrated film shows the 835 cm−1 line that is typical for B-DNA. After 9 min., the
characteristic lines of A-DNA appear. The dehydrated conformation after about 30 min.
has neither the 807 cm−1 nor the 835 cm−1 line any more. B-conformation passes via intermediate conformations into A-form, and a further conformation [168, 169, 170]. Conclusively, at least three different stable conformations occur in the hydration and dehydration experiment. The time scale needed to induce a B to A transition for an overwhelming
part of DNA molecules inside the film is of the order of several minutes up to 20 min.
This results fits very well with the temporal changes in averaged low-frequency transmission presented above. Only transmission in the 1.29 − 1.38 THz range has behaved in an
irregular way over the whole 30 min. of tracking time. Together with the observations
from Raman scattering, one could guess that further structural transitions take place, even
at low relative humidities around 20%. Probably, C-DNA in involved in the hydration and
dehydration scenario as a third conformation. The characteristics of this conformation is
the absence of the band at 807 − 814 cm−1 and at 835 cm−1, but the appearance of a weak
band at 884 cm−1 [74].

65

4 Results

835 cm

-1

95% r.h. - 0 min.

53% r.h. - 6 min.

807 cm

-1

45% r.h. - 9 min.

30% r.h. - 18 min.

21% r.h. - 27 min.

700

750

800

850

900

-1

wave number [cm ]

Figure 4.13: Raman spectra of a NaDNA film during dehydration. The relative humidity
was reduced using a flow of dry air and silica gel. The line at 807 cm−1 is a clear A-DNA
marker, whereas 835 cm−1 is pronounced for B-DNA.
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Figure 4.14: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5] and
(b) PCR marker DNA cross-linked in formaldehyde solution at pH =7. The numbers
denote the molecular weight M in units of basepairs. They were determined in (b) by the
relation M = α exp(β (x − x0 )) + M0 [137], determining the parameters α = 1.83 × 104,
β = −0.012, x0 = 32.09 and M0 = −247.9 from the covered distances x of the marker
bands in (a).

4.2 Cross-linking and DNA networks
4.2.1 Cross-linking efficiency analyzed by gel electrophoresis
In the previous chapter, the importance of cross-linking for preparing highly elastic DNA
samples has been discussed. Before applying the cross-linker to a DNA film, their efficiency has been checked in cross-linking DNA in solution and detecting the obtained
length distribution by gel electrophoresis.

Formaldehyde. Solutions of PCR marker DNA (50, 150, 300, 500, and 766 base pairs)
[B.7.5] and of linearized λ -DNA (48502 base pairs) [B.4.2] were mixed with formaldehyde solution (37%) [B.7.1] at equal volume ratios and incubated overnight. Furthermore,
pH dependences were checked in adjusting the pH of the the cross-linking solution with
sodium hydroxide and hydrochloric acid. In order to prevent λ -DNA from combining to
concatamers or combination to the usual circular form, it is necessary to label its sticky
ends with oligomers.
In all cases of treatment, DNA bands tend to shift to higher molecular weights with respect to the untreated DNA sample, but for relatively high and low pH values (pH 11-12),
we observe only weak bands (see Fig. 4.16) It is not certain, if the products were damaged under such extreme conditions or if the cross-linking was so effective that most of
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Figure 4.15: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5] and (b) PCR
marker DNA cross-linked in formaldehyde solution at pH 9. The numbers denote the molecular
weight M in units of basepairs. They were determined in (b) by the relation M = α exp(β (x −
x0 )) + M0 [137], determining the parameters α = 3.13 × 103 , β = −0.018, x0 = −12.48 and
M0 = −177.56 from the covered distances x of the marker bands in (a).

resulting molecules were too large to be able entering the gel. This remaining solution
was washed out, when the gel is dyed in ethidium bromide solution. As the electrophilic
behavior of formaldehyde and the nucleophilic behavior of amino groups depend on pH,
an optimal cross-linking around pH 9-10 could be expected according to this results. Figure 4.14 shows the intensity profiles along the lanes in an agarose gel of marker DNA
treated with formaldehyde solution and the corresponding untreated solution, whereas
the same experiment, but only for pH 9 is demonstrated in Fig. 4.15. The reduction in
intensity for the sample treated with cross-linker is due to material loss during ethanol
precipitation (see Sect. 3.3.1). Owing to different influences (e.g., linear or circular form)
on the mobility of the molecules (see Sect. 3.1, it is required to be careful in relating the
covered distances in a gel to fragment length. The molecular weights were determined by
fits using Eq. (3.1). The indicated lengths of the products lead to the conclusion that indeed inter-helical cross-linking has taken place. The 50-base pair band has been depleted
entirely. The others can be composed by combining especially dimers of the original
educt molecules.
Molecules longer than 50 kbp are hard to be analyzed by gel electrophoresis [136]. Specifically for λ -DNA with already more than 48 000 base pairs, a fit with Eq. (3.1) is no
longer possible to determine for example the molecular weight of concatamers. Nevertheless, the cross-linked molecules travel slower in the gel and form a smeared part of the
lane at higher molecular weights than normal λ -DNA (see Fig. 4.17). The length distri68
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Figure 4.16: Agarose gel electrophoresis of untreated PCR marker DNA [B.7.5] (M) and
cross-linked in formaldehyde solution at different pH values.
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Figure 4.17: Agarose gel electrophoresis of (a) λ -DNA and (b) λ -DNA cross-linked in
formaldehyde solution at pH 9.
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Figure 4.18: Agarose gel electrophoresis of (a) λ -DNA end-labeled with an amino group
and (b) the same DNA cross-linked in formaldehyde solution at pH 9. The cross-linker
binds to amino groups, resulting in preferential dimer formation.

bution of combined molecules is relatively broad. Here, biotin-thiol-labeled λ -DNA has
been used. In order to show the preferential binding to amino groups, amino-end-labeled
λ -DNA was subjected to the same test. As shown in Fig. 4.18, discrete dimer formation
has occurred without any smeared length distribution.
EGDE. As shown in Fig. 4.19 (b), the bands of EGDE-crosslinked DNA solution are
broader and seem to overlap. Interestingly, the 300- and 500-base pair band are not only
visible, but also reveal increased intensity. This might have happened due to the fact that
150-base pair fragments combine with each other, furthermore with 300-base pair pieces,
too. New bands at 700 base pairs and more than 900 base pairs, probably originating from
cross-linking between the two smallest bands with those at higher molecular weight, e.g.,
150 bp + 766 bp and 150 bp + 50 bp + 500 bp. At higher concentrations of EGDE, the
cross-linking leads presumably to high-molecular products, so that they do not penetrate
into the gel any more. The DNA solution is then washed out from the pocket in the gel it
was filled in or fluorescence is seen directly near the pocket because the DNA could not
propagate far in the gel (see Fig. 4.20).
Bis-acridines. In the case of BA2, the most probable formations are dimer combinations as 50 bp + 150 bp, 150 bp + 300 bp and 766 bp + 300 bp and possibly 500 bp +
150 bp, because the new 700-base pair peak is appearing with a shoulder towards lower
molecular weight. On top of that, a trimer formation 50 bp + 150 bp + 500 bp or potentially 300 bp + 50 bp + 50 bp are suggested by the data from gel electrophoresis (see Fig.
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Figure 4.19: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5] and (b) PCR
marker DNA cross-linked in EGDE at pH 11. The numbers denote the molecular weight M in
units of basepairs. They were determined in (b) by the relation M = α exp(β (x − x0 )) + M0 [137],
determining the parameters α = 4612.51, β = −0.0027, x0 = −126.59 and M0 = −1082.78 from
the covered distances x of the marker bands in (a).

Figure 4.20: Agarose gel electrophoresis of (M) untreated PCR marker DNA [B.7.5], (I - VI)
PCR marker DNA cross-linked in EGDE at pH 11 overnight. The volume ratios between marker
DNA and cross-linking solution were 3:1. The cross-linking solution was EGDE in water at the
following ratios: I 1:10, II 1:8, III 1:6, IV 1:4, V 1:2, VI pure.
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Figure 4.21: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5]
and (b) PCR marker DNA cross-linked in BA2 at 55◦ C overnight. The numbers denote the molecular weight M in units of basepairs. They were determined in (b) by the
relation M = α exp(β (x − x0 )) + M0 [137], determining the parameters α = 3662.65,
β = −0.0068, x0 = −18.28 and M0 = −20.76 from the covered distances x of the marker
bands in (a). The weight ratio of cross-linker to DNA is 3:1.

4.21).
As described on p. 34, combing a cross-linked DNA can visualize how DNA molecules
are linked together. These points of contact can exist as well in non-crosslinked samples, but together with the flow-dependent orientation, it might be a hint if the sample is
compared to combing without any cross-linker. Figure 4.22 shows the result: In part b),
the cross-linked sample, tree-like structures with many points of contact can be observed,
whereas the non-crosslinked λ -DNA is directed much more parallel by combing with
much less contact.
The bis-acridine BA1 shows similar possible combinations as 50 bp + 150 bp, 50 bp +
150 bp + 300 bp, 766 bp + 300 bp (see Fig. 4.23). For the bis-acridine BA3, the shifts
are less pronounced. Some of the small shifts might be due to monointercalation of bisacridines (see Fig. 4.24).
BAMO. The bands are slightly shifted, but a clear disappearance of single bands or
a remarkable shift that could be attributed to dimer or oligomer formation is only observed, if the the number of cross-linker molecules is 300× larger than the number of
DNA molecules (see Fig. 4.25). In the latter case, no bands are observed. This could
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Figure 4.22: Combed λ -DNA on a (hydrophobic) polystyrene-coated surface (pH 5.5),
fluorescence-labeled with YOYO-1. The pictures have been taken in a confocal microscope. a) λ -DNA labeled with several biotin molecules and a thiol group on the other
end. b) The same DNA cross-linked with BA2. Some cross-links are indicated by white
arrows.
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Figure 4.23: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5] and (b) PCR
marker DNA cross-linked in BA1 at 55◦ C overnight. The numbers denote the molecular weight M
in units of basepairs. They were determined in (b) by the relation M = α exp(β (x − x0 )) + M0
[137], determining the parameters α = 6658.0, β = −5.4 × 10−3 , x0 = 98.97 and M0 = −384.88
from the covered distances x of the marker bands in (a). The weight ratio of cross-linker to DNA
is 3:1.
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Figure 4.24: Agarose gel electrophoresis of (a) untreated PCR marker DNA [B.7.5] and (b) PCR
marker DNA cross-linked in BA1 at 55◦ C overnight. The numbers denote the molecular weight M
in units of basepairs. They were determined in (b) by the relation M = α exp(β (x − x0 )) + M0
[137], determining the parameters α = 5547.0, β = −8.12 × 10−3 , x0 = 53.59 and M0 = −297.17
from the covered distances x of the marker bands in (a). The weight ratio of cross-linker to DNA
is 3:1.
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Figure 4.25: Agarose gel electrophoresis of (M) untreated PCR marker DNA [B.7.5], (C)
a control sample of marker DNA with methanol, (I - III) PCR marker DNA cross-linked
in BA1 at 55◦ C overnight: I 3 BAMO molecules per DNA molecule, II 30, and III 300.

mean that the cross-linking products are to large to penetrate into the gel.
At lower ratios, the tiny shifts to higher molecular weight could be explained by monointercalation of several cross-linker molecules into the same DNA molecule. The crosslinker with the same spacer length as presented in [135] has a molecular weight MW =
1116 g/mol, nearly twice the weight of a base pair. Intercalation of several cross-linker
molecules in one single DNA molecule would therefore make its mobility slightly decrease with the result that all bands are still present, but a little shifted. Therefore it can
be concluded, that under such conditions bis-intercalation might happen, but is not an effective process. Mono-intercalation only means increased friction for the DNA molecule
where the intercalation has taken place.
Of course, taking into account only this effect, the depletion of whole bands cannot be
explained. To a greater extent, it gives reason to broadened bands and shifted maxima,
especially for high molecular weight, cf. the 930- and the 430-base pair bands in Fig.
4.21 and 4.19.

4.2.2 Single-molecule stretching and bis-acridine binding
Intercalators influence the stretching behavior of DNA, as it has been explained in 2.2.4.
For our purposes, bis-acridines are used as cross-linkers in DNA films. In addition, the
bis-intercalator YOYO-1 was used to observe single DNA molecules by fluorescence microscopy. Therefore, a few phenomena associated with stretching DNA under the influence of bis-intercalators shall be mentioned in the following: Y.-Y. Liu et al. reported
having evidence for force-induced melting in combing single DNA molecules on surfaces
[171]. This explanation is maybe corroborated by Vladescu et al., who reported about
a similar observation using ethidium bromide [172]. The group interpreted fluorescence
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Figure 4.26: Fluorescence gap during stretching in biotin-thiol-labeled DNA. a) Stretched
molecule just before breaking. The gap is marked by an arrow. b) Shortly after breaking.
The lower part has already been resiled, the upper part is resiling apart.

gaps inside stretched DNA molecules in such a way. In a very similar way, the same effect
has been substantiated in stretching DNA molecules that were grafted to glass surfaces
via gold-thiol and biotin-streptavidin binding by Koota [173] and additionally later on
during this present thesis (see Fig. 4.26). Nevertheless, Liu’s interpretation is contradictory to Auzanneau et al. who were able to mark single-stranded DNA with YOYO-1 and
detected their fluorescence by video-microscopy [174].
Koota discussed furthermore that photocleavage could be responsible for nick formation
in DNA with YOYO-1 intercalator [173, 175]. However, the controversial subject underlines the fact that stretching DNA is indeed not completely understood.
The question arises if bis-acridines indeed mono-intercalate into a single DNA molecule
as it is necessary for later inter-helical cross-linking or if intra-helical cross-linking (like
for YOYO-1) appears. This can be checked by single-molecule stretching (cf. Sect. 3.8).
Figure 4.27 shows force-extension behavior for λ -DNA treated with bis-acridine intercalator in comparison with untreated λ -DNA . The bis-intercalator is added to the DNA at
room temperature by a flow of 10 µM intercalator in the described standard buffer solution.
As it can be expected for intercalators, the force plateau vanishes[7, 105, 78]. Interestingly, relaxation reveals no hysteresis, although bis-intercalating molecules are present
-for example in contrast to YOYO-1-. Indeed, a preferential mono-intercalation has happened, but in a way, as it is a necessary condition for inter-helical cross-linking between
a multitude of molecules. Only at temperatures higher than 90◦ C, intra-helical crosslinking, i.e., binding with both intercalating ends to the same DNA molecule, is likely
to happen [132]. On top of that, the spacers between the acridine groups are relatively
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Figure 4.27: Single-molecule stretching of λ -DNA with all the three used bis-intercalators
and untreated λ -DNA . The concentration of the intercalator solution was 10 µM.

short and stiff, a fact that hinders intra-helical binding. Conclusively, the intercalation of
bis-acridines at temperatures < 90◦ provides DNA with molecules that make docking and
inter-helical binding of further DNA possible. In a force range up to 10 pN, DNA stretching can be sufficiently described by the worm-like chain model for semiflexible polymers
[6, 78].
Table 4.3 gives an overview about the three bis-acridines and the mechanical effects they
have on λ -DNA . The contour length L0 and the persistence length ξ have been determined in fitting the force-extension curve for the interval [0,10 pN] using Eq. (2.19) from
the worm-like chain model. The contour lenth of λ -DNA is 16.5 µm and its persistence
length about 50 nm. Having reached saturation, the contour length of λ -DNA in presence
of binding bis-acridines is increased to ≈ 20 µm for all used types of bis-acridines. This
means that the spacer length hardly influences the number of intercalated bis-acridines at
saturation. Knowing the separation between base pairs after intercalation (cf. Sect. 2.4),
the degree of intercalation can be determined from the contour length.

4.2.3 Force-strain curves
Cross-linking techniques have been presented in Sect. 3.1.
The degree of cross-linking has been varied by changing evaporation time and temperature at the sample. Figure 4.28 shows, how a film becomes more and more elastic due
to higher degrees of cross-linking: Plastic deformation makes an untreated, virgin film
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properties
spacer [Å] waterlength
soluble
7.2
−
13.8
−
13.8
+

BA1
BA2
BA3

intercalated λ -DNA
contour
degree of
length [µm] intercalation [%]
19.6 ± 0.2
17.5
19.9 ± 0.2
19.2
20.1 ± 0.2
20.6

Table 4.3: Overview about the three used bis-acridine cross-linkers: contour and persistence lengthes L0 and ξ of λ -DNA (48502 bp) after incubation. The number of incubated
molecules has been calculated from the difference in contour lengths between λ -DNA
in the presence of bis-acridine and without. Saturation had been reached so that larger
concentration did not change this results.
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Figure 4.28: Force-strain curves for different degrees of cross-linking. (a) Untreated DNA
film revealing a broad plateau-like region for the first stretching. This can be attributed
to plastic flow. DNA films cross-linked in formaldehyde vapor for 40 min. at 50◦ C (b)
and 60 min. at 80◦ C (c). Differences in the absolute force scales are due to different film
thicknesses.
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Figure 4.29: Force-strain curve for formaldehyde cross-linking during 40 min at 50◦ C until a strain ε ≈ 2. Hysteresis is not so pronounced as for shorter elongations, cf. Fig. 4.28
b).

elongate along a force plateau, see Fig. 4.28 (a). This region is mainly due to floating
molecules. Relaxing the tension on the film, the force decreases, but the shape of the film
has irreversibly changed. The higher the degree of cross-linking, makes this plastic flow
vanish, when the film is stretched, see Fig. 4.28 (b) and (c). After a 60-minute treatment
at about 80◦ C (Fig. 4.28 c), force-strain curves for stretching and relaxing look basically
the same, no hysteresis. The film has become an elastomer in a strain range up to ε = 1.6.
When such a film is kept at a fixed strain, in the experiment at ε ≈ 1.7, it showed no
reduction of the force over ore than three hours. For intermediate treatment, here about
40 min. at 50◦ C, the behavior seems to be elastic, too, but demonstrates hysteresis for
repeated stretching and relaxing. For strains larger than ε = 1, hysteresis becomes less
pronounced (see Fig. 4.29).
Thus, one can reach mixed behaviors between plastic and elastic elongation by changing
exposure time and temperature. Figure 4.30 shows a film exposed for 25 min. at about
80◦ C to formaldehyde. After a strain ε ≈ 2, plateau-like elongation sets in. As the films
were slightly longer than before stretching and repetition does not give any sign of hysteresis, this behavior can be explained by plasticity.
Strongly cross-linked films do not dissolve in water, as virgin wet-spun films do. Figure 4.31 (a) shows how a virgin film is completely dissolved after 2 min., whereas (b) a
strongly cross-linked film (using formaldehyde, 60-min. treatment at 80◦ C) only swells
due to an increasing water, here after 7 min. Even after one day in water, the cross-linked
film was not dissolved.
It was not possible to form such elastomers by the use of bis-acridines and BAMO nor
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Figure 4.30: Force-strain curve for formaldehyde cross-linking during 25 min at 80◦ C. A
plateau-like region because of plastic elongation appears.

(a)

(b)

Figure 4.31: Dipping DNA films into water: (a) The virgin DNA dissolves in water after
2 min. (b) A film strongly cross-linked with formaldehyde (60-min. treatment at 80◦ C)
does not dissolve, but swells only in water.
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Figure 4.32: Force-strain curves of DNA films cross-linked with bis-acridines (a) BA1,
(b) BA2, and (c) BA3), as well as (d) EGDE.

with EGDE (see 4.32). In the latter case, this result can be the consequence of forming a
too strong network with many links per molecule. Unfortunately, as EGDE is dissolved
in water, the film is at risk of being non-reversibly dissolved, whereas the cross-linker
should have penetrated as homogeneously as possible through the film. This fact limits
the possibility to vary the cross-linking density.

4.3 Structure of cross-linked DNA films
4.3.1 Secondary structure and Raman scattering
For our purposes, it is necessary to preserve as much of the physical and structural properties of the DNA as possible during cross-linking. Raman scattering provides us with
information about vibrational bands of the DNA material and is therefore sensitive to
the secondary structure. Typical Raman bands have been shown and assigned before (cf.
Tab. 2.2). The Raman spectrum of a hydrated NaDNA film at 98% r. h. is presented for a
wave-number range between 600 − 1800 cm−1 in Fig. 4.33 (a).
Formaldehyde. Formaldehyde binds covalently to the base pairs. NaDNA films treated
with formaldehyde solution (see Fig. 4.33 (b)) and formaldehyde vapor (see Fig. 4.33 (c,
d)) reveal characteristic changes compared to B-DNA. The purine and pyrimidine vibration bands at 788 cm−1 and 1580 cm−1 are broadened, but preserve their frequency. A
large amount of nucleobases remains conclusively intact. The intensity of the band at
1343 cm−1 is enhanced and, meanwhile, the intensity of the band at 1378 cm−1 decreases.
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The characteristic band at 835 cm−1 from B-DNA becomes very weak. For moderate
cross-link densities, i.e., brushing with formalin and exposing to formaldehyde vapor
during 10 min., the band at 1092 cm−1 is nearly unchanged, too. It appears due to the
symmetric stretch vibration of PO−
2 . The phosphate backbone seems therefore not being
involved into cross-linking. The thymine carbonyl stretch band at 1668 cm−1 is split. Its
intensity remains basically the same. There is indication of the presence of A-DNA as the
vibration band at 807 cm−1 , nor for C-DNA as the band at 884 cm−1 .
Strong formaldehyde-treatment, here for about 30 min. at 80◦ C, masks most of the typical
vibrational bands of DNA (see Fig. 4.33 (d)). This can probably be explained by a strong
background due to luminescence from salt ions. The bands at 788 cm−1 and 1580 cm−1
have vanished. Washing the sample in desalted water could not change this effect. Figure 4.33 (e) shows the Raman spectrum of pure formalin solution with the characteristic
lines at 907 cm−1 , 1041 cm−1 , and 1492 cm−1 . The vibrations agree with literature [176].
For this reason, the prominent bands at 923 cm−1 and 1495 cm−1 in DNA films are likely
to be explained by paraformaldehyde.
For a frequency range of 600-800 cm−1 , NaDNA films treated with different cross-linkers
revealed neither pronounced changes nor new vibrational bands during stretching. The
fluorescence signal is in all cases increased, so that only few bands were experimentally
registered for BA1 and BAMO (e.g., see Fig. B.9.2 in the Appendix).

4.3.2 Base-pair orientation from birefringence in stretched
films
A spectrum of a film that has been mounted between two crossed polarizers with an optical
axis of the sample adjusted 45% with respect to the axes of the polarizers (see Fig. 4.34).
In Fig. 4.34, a fit (cf. p. 47) suggests an optical path difference through the sample ∆nd ≈
3.8 µm, if d is the sample thickness. Supposing ∆n ≈ 0.1 for maximum orientation, the
thickness of the film is about 38 µm. According to the value given above from Fig. 4.34,
the absolute phase shift for red light with λ = 632 nm would be about 12π for this film. As
shown in Fig. 4.35, birefringence decreases monotonously during stretching, but probably
without sign reversal from negative to positive birefringence, if the estimation for the
absolute birefringence was not much smaller than the expected value of 12π , e.g., owing
to a mismatch in position. The force applied to the sample is relaxed again in order to
see if the induced changes in phase shift are reversible. Since this is the case, thinning
of the sample due to plastic flow of the DNA molecules is unlikely to cause this result
of decreasing phase shift; neither is a higher degree of orientation, which would have
led to an increasing phase shift for an approximately constant thickness d. Furthermore,
stretching is supposed to cause reorientation of the base pairs.
According to Sect. 2.2.2, form and intrinsic birefringence of DNA (∆nform and ∆nintr )
induce a phase shift:


∆φ ( λ ) =

2π d 
∆nintr + ∆nform  .
| {z } | {z }
λ
≤0

(4.1)

≥0

Negative birefringence induced by intrinsic birefringence depends on the base-pair tilt and
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Figure 4.33: Raman spectra of (a) an untreated NaDNA film at 98 % r. h.; (b) film treated
with formaldehyde solution; (c,d) films exposed to formaldehyde vapor during 10 min.
and 30 min., respectively. Under stretching, films (b) and (c) show new meridional X-ray
diffraction spots corresponding to periodicities of 4.2 Å and 7.8 Å (see Fig. 4.42). X-ray
diffraction on film (d) shows no discernible X-ray reflections. The strong bands in (c) and
(d) at 923 cm−1 and 1495 cm−1 are probably due to paraformaldehyde, cf. also the Raman
spectrum of pure formalin (e). Spectra (b) and (c) are background-corrected data.
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Figure 4.34: Absorption spectrum of a dry NaDNA film (thickness about 30 layers) between crossed polarizers measured in a UV/Vis spectrometer [B.1.8] and a fit curve (dotted line) neglecting the intensity profile.

reaches its maximum absolute value, when the base-pair planes are perpendicular to the
helix axis, as it can be found in B-conformation. Simulations done by Lebrun and Lavery [9] suggest a helical conformation of almost half of the diameter with very inclined
base pairs (cf. Sect. 2.2.5.1). The birefringence of a sample that consists of DNA in
such a conformation would be dominated by form birefringence: Over-stretching would
be accompanied by a sign reversal of the birefringence. Since the network structure and
the distribution of cross-links can be complicated, one expects a mixture of B-DNA with
∆n < 0 and an ’S-DNA’ with ∆n > 0. On top of that, intermediate states could exist, e.g.,
with ∆n = 0. A conformational transition to S-DNA would decrease the absolute value
of the birefringence (which is negative in the presence of B-DNA). A sign reversal can
only be observed if the amount of S-DNA is large enough at a certain moment. Molecules
that break during stretching could potentially return to B-conformation. The presence of
a mixture of B-DNA and a stretched form of DNA is corroborated by X-ray diffraction in
Sect. 4.3.3.
The measured phase shift decreases in Fig. 4.34. This effect is reversible, when the stress
is released. This gives reason to believe that the sample is an enough elastomeric network,
that it does not become thinner due to plastic flow under stress. Under such conditions,
the decrease of the measured phase shift could be explained by a decrease in birefringence
due to inclination of base pairs, when DNA is mechanically stretched.
As the previous experiments have demonstrated, the relative inhomogeneity of DNA films
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Figure 4.35: Phase-shift compensation, while the NaDNA film from salmon testes crosslinked by formaldehyde vapor for 40 - 50 min. at 50◦ C is stretched. The black curve
shows the stretching process, whereas the red points indicate relaxation.

masks the quantitative birefringence properties. Figures 4.37, 4.38, 4.39, and 4.40 show
DNA films during stretching between crossed polarizers with white-light illumination. A
sketch of the experimental configuration is shown in Fig. 4.36.
Cross-linking was realized in different ways as indicated. If birefringence changes its
sign during the experiment, it has necessarily to pass through a point without any birefringence. For this moment, extension conditions are fulfilled for any possible wavelength
and the observed point vanishes. The negative intrinsic birefringence is reduced by mechanical stress. When its absolute value is equal to that of form birefringence, the total
birefringence becomes zero, the moment of a sign reversal.
The treated films equilibrate in a chamber at 98% r. h. for several hours. The films have a
thickness of about 45 layers. Without stretching, the films appear colored. During stretching, they become, in common for all types of cross-linkers, white in the case of thicker
films (cf. Fig. 4.37 and 4.38) or transparent in the case of thinner samples (cf. Fig. 4.39
and 4.40). Presumably there are variations in thickness and therefore in phase shift over
small ranges, so that observation by a stereo-microscope makes it appear white.
It could in principle be explained as well by a low degree of orientation, when the optical
axis of the whole sample is no longer defined. However, as the appearance is not effected
by further stretching, which could lead to re-orientation of the molecules, the latter explanation is less probable. Furthermore, the effect is reversible, when tension is released
(on purpose or after having been broken, cf. Fig. 4.37). The edges near the holes appear
in white color. The reversible change in birefringence coincides with the results of the
compensation experiment (cf. Fig. 4.35) and could be explained by inclination of base
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Figure 4.36: Schematic sketch of stretching a film between crossed polarizers. The helix
axes (parallel to the fiber axes) are oriented in stretching direction, at 45◦ to the polarizer
/ analyzer.
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Figure 4.37: Stretching a NaDNA film treated with 10% (vol.) EGDE solution. About
500 µl of the solution were nebulized onto the film and incubated at 55◦ C overnight. The
original length of the film is about 2 mm between the holders. The film is mounted in a
chamber at 98% r. h. between two crossed polarizers and illuminated with white light.
Parts that have been broken under stress are indicated by white arrows.
pairs. Nevertheless, it is not possible to analyze the results in a detailed quantitative way.
Precise information about thickness and orientational degree at exactly defined positions
would be necessary. The only hints for sign reversal can be found at tiny positions, that
reappear colored, when the sample is stretched further, cf. Fig. 4.38 (d) and 4.39 (d). It
is not clear, if orientation by plastic flow combined with a rupture in the DNA network is
responsible.
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Figure 4.38: Stretching a NaDNA film treated with BA1 (concentration: 3 mg/ml solution. 500 µl of the solution were nebulized onto the film and incubated at 55◦ C overnight.
The original length of the film is about 2 mm between the holders. The film is mounted
in a chamber at 98% r. h. between two cross-polarizers and illuminated with white light.
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Figure 4.39: Stretching a NaDNA film treated with BA3 (concentration: 3 mg/ml solution. 500 µl of the solution were nebulized onto the film and incubated at 55◦ C overnight.
The original length of the film is about 2 mm between the holders. The film is mounted
in a chamber at 98% r. h. between two cross-polarizers and illuminated with white light.
Holes appear in the film under large stress (d).
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Figure 4.40: Stretching a NaDNA film treated with formaldehyde vapor 10 min. at 80◦ C.
The original length of the film is about 2 mm between the holders. The film is mounted
in a chamber at 98% r. h. between two cross-polarizers and illuminated with white light.

4.3.3 Base-pair distances from X-ray diffraction in stretched
films
Virgin unstretched films. X-ray diffractograms of a virgin NaDNA film, which has
not been stretched before, are shown in Fig. 4.41: (a) at 75% r. h., consisting basically of
A-DNA, and (b) at 98% r. h., in B-conformation (cf. also the overview of different DNA
conformations, Fig. 2.4).

Stretching films cross-linked with formaldehyde. Figures 4.42 as well as 4.43
show from X-ray diffraction patterns of DNA films cross-linked with formaldehyde vapor.
The typical B-DNA pattern is preserved after moderate cross-linking by formaldehyde vapor for 10 min. at 80◦ C and for 40 min. at 50◦ C. At relative humidity of 98%, both of them
show especially a strong meridional reflection at qz = 2π /a ≈ 1.85 −1 from the base-pair
spacing a = 3.4 Å and further the corresponding off-meridional reflections characteristic for helical symmetry [177]. It was possible to reach a higher degree of cross-linking
reducing the temperature during cross-linking at the DNA sample, but increasing the exposure time. Applying a force to the films led to sharper reflections because of increased
ordering inside the film. On top of that, new reflections at qz ≈ 1.5 −1 and qz ≈ 1.81 −1
corresponding to periodicities of 4.2 and 7.8 are observed for 10 min. exposure. In particular, the reflection at 7.8 is afflicted with uncertainty. For 40 min. exposure, the similar
additional reflections are detected at qz ≈ 1.5 −1 and qz ≈ 1.85 −1 corresponding to 4.2
and 7.4 .

Longer exposure times at 80◦ C lead to a strong disturbance of the order and the crystalline
structure of the films (see Fig. 4.44). The film in Fig. 4.44 has been treated for 25 min. A
halo reveals disorder in the film, what could not have been improved by stretching.
88

4.3 Structure of cross-linked DNA films
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Figure 4.41: X-ray diffractograms of a virgin NaDNA film, which has not been stretched,
from salmon testes: (a) at 75% r. h., mainly consisting of A-DNA, and (b) at 98% r. h. in
B-conformation. Sample-detector distance: 250 mm. The direction of the helix axis is
indicated by a solid line. Feed rate during wet spinning: 60 ml/h.

3.4 Å

7.8 Å

34 Å

4.2 Å

(a)

meridional
axis

(b)

Figure 4.42: (a) X-ray diffractogram of a NaDNA film from salmon testes, cross-linked
in formaldehyde vapor for 10 min. at 98% r. h., at strain ε = 0.05. (b) Corresponding
reflection identification: The dotted lines indicate the meridional and equatorial axis. The
reflections are marked by dashes. Sample-detector distance: 250 mm. The direction of the
helix axis (solid line) coincides with the stretching direction. Note the stretching-induced
broad meridional reflection at about 0.81 −1 corresponding to a periodicity of about 7.8 Å.
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Figure 4.43: (a) X-ray diffractogram of a NaDNA film from salmon testes, cross-linked
in formaldehyde vapor for 40 min. at 50◦ C, stretched at 98% r. h. to a strain ε ≈ 0.45.
(b) Corresponding reflection identification: The dotted lines indicate the meridional and
equatorial axis. The reflections are marked by dashes. Sample-detector distance: 250 mm.
The direction of the meridional axis coincides with the stretching direction. Note the
broad meridional reflection at about 0.85 −1 corresponding to a periodicity of about 7.4 Å.
The basepair spacing of B-DNA at 3.4 Å gives rise to the meridional reflection at qz =
1.85 −1 .

Figure 4.44: X-ray diffractogram of an unstretched NaDNA film from salmon testes,
cross-linked in formaldehyde vapor for 25 min. at 80◦ C at 98% r. h. Sample-detector
distance: 250 mm. The halo is probably due to dissolving by water during the crosslinking.

In the previous chapter, possibilities to apply the cross-linkers to DNA films were discussed. Figure 4.45 shows the XRD pattern of a film that has been brushed with formalin.
Interestingly, two different sets of off-meridional reflexes appear, e.g., the relatively sharp
reflections corresponding to periodicities of 17 Å and 31 Å indicated in Fig. 4.45. Both
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are not compatible with a single conformation, but indicate a coexistence of two confromations.
Rupprecht and Forslind reported about difficulties in transferring sodium-DNA films from
A- to B-DNA [109], because C-DNA appeared in some of their experiments. Comparing with known DNA conformations (cf. 2.4), the film contains both, B- and C-DNA.
The periodicity of 31 Å is characteristic for the C-form. Nevertheless, two additional
meridional reflexes are clearly visible at qz = 0.77 −1 and at qz = 0.83 −1 corresponding
to periodicities of 8.2 Å and 7.6 Å. None of these can be related to A-, B-, or to C-DNA.

20 Å

x

17 Å

x

x

x

8.2 Å
31 Å
7.6 Å

(a)

meridio
na l
axis

(b)

Figure 4.45: (a) X-ray diffractogram of a NaDNA film from salmon testes cross-linked by brushing with formaldehyde solution and stretched at 98% r. h. to a strain ε ≈ 2 and (b) corresponding
pattern identification. Sample-detector distance: 400 mm. The helical (meridional) and equatorial axes are indicated by dotted lines. Reflections originating from C-DNA are marked by
”x”, equatorial spacing by ”o”, all further reflections by dashes. The meridional axis coincides
with the direction of stretching. The arrows show the meridional reflections at qz = 0.77 −1 and
at qz = 0.83 −1 corresponding to periodicities of 8.2 Å and 7.6 Å. The off-meridional reflections at
17 Å and 31 Å point out that B- and C-DNA are present in the film.

Stretching virgin films by drying.
The first observation having led to the hypothesis that DNA was an extensible molecule was made by Wilkins during drying a DNA
fiber, and later on performed in more detail by a group at the University of Keele (see
Sect. 2.2.4). A comparable experiment is shown in Fig. 4.46. The DNA film had been
fixed in a wet chamber at 98% r. h. (see Fig. 4.46 (a)), which was opened afterwards (see
Fig. 4.46 (b)). The DNA film was mounted that the sample was prestressed in humid
ambiance, so that drying induces necessarily stresses inside. Finally, the sample cell is
hermetically closed again and the previous humidity (98% r. h.) reestablished (see Fig.
4.46 (c)).
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Figure 4.46: X-ray diffractogram of an uncrosslinked hydrated (a), dried (b) and rehydrated (c, d) NaDNA film from salmon testes. The diffractogram in the dried state at
about 40% r. h. (b) was recorded about 1.5 hours after opening the wet chamber, the first
diffractogram in the rehydrated state (c) about 3.5 hours after resealing the sample cell,
the one in (d)after waiting again overnight.
The film crystallinity is relatively poor, but increased, when the sample is under stress,
in comparison between the diffractograms before and after drying(a, c). The dried film
contains mostly A-DNA, as judged from the inner off-meridional reflection of the first
layer line at qz ≈ 0.22 −1 , corresponding to a periodicity of about 28 . The pattern shows
A-DNA being the underlying conformation(cf. Fig. 2.4). Having reached high humidity
again, a meridional reflection at qz ≈ 0.88 −1 , similar to those observed above for crosslinked films, is observed. It corresponds to a periodicity of 7.2 . For this reason, this
reflection depends on relative humidity, i.e., on the DNA conformation, or on the crystalline structure of DNA in the film. Two weak meridional reflections are observed at
qz ≈ 1.65 −1 and qz ≈ 1.5 −1 , corresponding to periodicities of about 3.8 and 4.2 respectively. Moreover, the film was hydrated overnight without mechanical tension. The 7.2 Å
reflection vanishes.
Stretching films cross-linked with bis-intercalators.
The same meridional reflections at periodicities of 4.2 Åand about 7.4 Åthat have not been attributed to a known
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Figure 4.47: X-ray diffractogram of a NaDNA film from salmon testes cross-linked (a)
by BA2 at a strain ε = 1.3 and (b) BAMO at a strain ε = 0.87, both patterns recorded at
98% r. h.
DNA conformation were observed using bis-acridines or BAMO as cross-linkers (see also
Fig. 4.47).

Stretching during wet-spinning. Interestingly, they also appeared in an unstretched
film without cross-linker that were prepared at a higher feed-rate of about 80 ml/h instead
of 60 ml/h (see Fig. 4.48).
Obviously, the spots are a characteristic feature of this kind of DNA structure that appear,
if stress along the orientation axis of the film is applied. Especially, a periodicity between
7.2 − 7.8 has always appeared in the mentioned examples.
As far as it is known from literature, this feature has nothing in common with the usual
DNA conformations (cf. Fig. 2.4) apart from left-handed Z-DNA. Indeed, this one shows
a meridional reflection at 7.4 originating from the axial rise per dinucleotide repeat unit
[30]. However, this DNA form usually requires a special sequence, namely alternating
dC-dG pairs. The DNA salt from salmon sperm or calf thymus is natural DNA with a socalled ”random” sequence and hence, the presence of Z-conformation is rather unlikely.
However, the Z-form is relatively similar to the B-form whose distance between adjacent
phosphate groups is 7 , approximately the distance of stacking base pairs. The simulation
by Lebrun and Lavery [9] yielded smallest distances of 7.5 between neighboring phosphate groups for B-DNA. For this reason, this periodicity that we observe might originate
in a conformation with an extremely stretched helix, so that the strands are lying nearly
parallel to the helix axis.
Cross-linkers form a statistical network structure with the DNA molecules, which is more
or less unknown, but could still form regular structures because of commensurability
[178]. But the reflexes seem to arise independently from the cross-linker. Furthermore, in
stretched films, periodicities at about 3.7 and 4.2 are visible. According to [30], the periodicity of 3.7 could arise from a slight invariance in base-pair tilt. If one base-pair is lying
exactly perpendicular to the helix axis, the next one is supposed to have different tilting
angle, resulting in the mentioned increased distance. The assumption that those come
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Figure 4.48: X-ray diffractogram of an uncrosslinked and unstretched NaDNA film from
salmon testes, but spun at a higher feed-rate of about 80 ml/h instead of 45-60ml/h.
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from enlarged base-pair distances or, more generally speaking, a conformation different
from stacking base-pairs as in B-DNA is standing for reason.
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Discussion
5.1 Cross-linking and stretching wet-spun DNA
films
X-ray diffraction revealed that B-DNA is still present in stretched DNA films. In addition,
we see new sharp meridional reflections. As soon as they have appeared, their spacings
do not vary any more, even if the strain is further increased. The measurements indicate
that stretching itself does not affect the hydration shell of DNA, since the reflection spacings are not changed and a part of B-DNA is preserved, whereas DNA conformation is
in general influenced by changes in the relative humidity. Drying a hydrated DNA film,
B-DNA transforms to A-DNA and furthermore, the new reflections disappear, too.
The X-ray diffraction patterns we have recorded are quite different from the observations
that Greenall et al. made [18]. They observed the first layer line of a helical structure with
a periodicity of 5.4 and very diffuse meridional reflections corresponding to periodicities
of 6.5 Å and 3.4 ÅṪhe authors interpreted these results as an extremely stretched helix.
The origin of the reflection corresponding to 3.4 Å is not clear. Since a helical pattern
of corresponding periodicities as in B-DNA cannot be found, Greenall at al. might have
found an unwound conformation. However, these structures are relatively difficult to be
interpreted, because low relative humidities induce conformational changes. Therefore,
the X-ray diffraction patterns become extremely complicated [62]. Interestingly, Greenall
et al. observed equatorial spacings of only 13 Å which are surprisingly smaller than the
diameter of double-stranded DNA [18]. We observe typical equatorial spacings of 20 Å
which fits typical DNA.
In our X-ray diffraction measurements, we cannot discriminate if the periodicity of 7.4 Å
comes from double-stranded or denatured DNA. The fact that no additional cross-like
pattern is visible indicates a non-helical conformation. The reflection is relatively sharp
and intense, which might indicate that double-stranded DNA is present. This meridional
reflection is known from Z-DNA [30], a conformation that is unlikely to occur in natural
DNA with a random base-pair sequence. Furthermore, Z-DNA is a left-handed conformation. We suppose that the periodicity reflects (as in Z-DNA) the distance between
neighboring phosphate groups according to [9]. We interpret the periodicities of 3.7 Å
96

5.1 Cross-linking and stretching wet-spun DNA films
and 4.2 Å as slightly stretched base-pair distances. Saenger explained this observation of
a base-pair distance of 3.7 Å by a slight base-pair tilt in B-DNA provoking larger spacing
between the base pairs [30]. These reflections are relatively weak in our patterns.

From birefringence measurements, we observed a decreasing absolute value of the phase
shift during stretching. This effect was reversible, when the sample is relaxed. Therefore,
one concludes that the effect does not come from thinning of the sample due to plastic
deformation under stress. Estimating the thickness or respectively the total phase shift induced by the sample, we could not see a sign reversal. It was proven by X-ray diffraction
that a certain amount of B-DNA is still present during stretching. In accordance with the
model that the base-pair tilt increases under stretching [9], a sign reversal in birefringence
would be observable, because the intrinsic birefringence would become zero. It is questionable if we were able to see a sign reversal, as long as a sufficient amount of B-DNA
contributes to intrinsic birefringence. Unfortunately, if the stretching were accompanied
by denaturation [10, 11], a similar decrease in the total birefringence would be expected
under stretching: The base tilt after denaturation is probably random, so that the absolute
value of the intrinsic birefringence is reduced.

The most effective cross-linking was realized using formaldehyde. Gel electrophoresis
proved the formation of molecules of largely reduced mobility. Cross-linked DNA films
became elastomeric. Ethylene glycol diglycidyl ether (EGDE) showed similar results,
whereas some of the bis-intercalators seemed to tend effectively only to mono-intercalate,
especially BAMO. Bis-intercalators show reduced linkage strength of simple intercalation in contrast to covalent bonding. In the case of formaldehyde cross-linking, distinct
changes in Raman bands gave hints to the chemical binding and the secondary structure
of the cross-linking product, especially the splitting of the thymine vibrational band. It is
possible to differentiate the effect from thermal denaturation [179]. The overall structure
of B-DNA seemed to be preserved, since most of the characteristic bands were still present
after treatment. This result is consistent with the formation of methylene bridges between
nucleobases induced by formaldehyde [124]. The disadvantage of strong formaldehyde
cross-linking is a disordering of the DNA molecules inside the wet-spun films, probably
due to large amounts of water, when formalin is evaporated. Cross-linking is an inhomogeneous process with region, where the density of cross-links increases more rapidly
than at other parts of the sample [180]. This explains why B-DNA is still present and
unaffected in stretched films seen by X-ray diffraction.
It turned out that the wet-spun films themselves contain intrinsic cross-links due to entanglements. Similar hints can be found in literature [181, 109]. X-ray diffraction of DNA
films spun at higher feed rates than normally used revealed similar patterns to stretched
films that were treated with cross-linkers.

In general, the question arises if a force-extension plateau, as it is known from singlemolecule experiments, can be expected, when a wet-spun (cross-linked) film is stretched.
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This plateau must not be confused with plastic deformation [182]. Due to disorder and
random formation of cross-links, such a plateau would be at least strongly disturbed, if it
were visible at all. Supposing the ideal case of cross-linking, i.e., all DNA molecules form
parallel, separated chains through the whole film and dense packing of DNA molecules
over the cross-sectional area of the film, the force acting on each molecule can be calculated. Although being only a rough estimation, the calculated force is in the same order
of magnitude than the force necessary for over-stretching, but at least 10 pN. Networks as
used in our experiments are suitable to apply forces large enough to over-stretch DNA.

5.2 THz spectroscopy
Interpreting data from THz spectroscopy, water dynamics depending on the hydration
degree of the sample must be taken into account. The fact that we do not observe oscillations can probably be explained by a strong coupling between DNA and water dynamics,
leading to damping. The model of coupled dynamics between the collective vibrational
mode of the DNA and the relaxational mode of the secondary hydration shell has already
been studied depending on temperature by Tominaga et al. [183]. Wittlin et al. assigned
a pronounced absorption band at about 10 cm−1 to relaxation processes. They observe for
NaDNA films, similar samples as we use, a lowest-lying IR-active vibrational mode at
41 cm−1 corresponding to a lowest Raman-active mode at 15 cm−1 [53]. Grimm et al. observe an optic band at about 0.6 THz (corresponding to 20 cm−1 ) for dehydrated samples
at low temperatures [161]. The lowest-lying mode in DNA is often explained by a relative
motion of the strands in the DNA duplex with respect to each other [58, 54, 59, 60]. It
should be mentioned that Urabe et al. suggested another origin of the lowest-frequency
mode of DNA being assigned to the motion of bases stacked in a column [63].
We see, especially in the case of calf thymus DNA, a broad absorption band around
0.4 THz or 13.2 cm−1 (cf. Fig. 4.11), which is most pronounced in the dehydrated state.
In contrast to Wittlin et al. [53], we observe orientation-dependent differences with respect to the terahertz electric field, which are more pronounced in the case of dehydrated
samples. Below 250 GHz, parallel polarization exhibits stronger transmission than perpendicular polarization showing that electronic conductivity along the DNA chains is
negligible in this frequency range [184]. Transmission averaged over frequency intervals
without water-absorption lines saturates during dehydration. Characteristic time constants
are corroborated by times necessary for a B- to A-transition in the films, recorded by Raman scattering.

98

Chapter

6

Outlook
Continuing this work, it could be helpful to control the formation of elastomeric DNA
films in more detail to achieve a more homogeneous network. This could be done by
cross-linking DNA in a liquid-crystalline phase [185]. Relative short molecules (less than
100 base pairs in length) are required to establish this phase. With increasing concentration, DNA liquid crystals transform from isotropic to cholesteric to columnar hexagonal phase [186, 187, 188]. For X-ray diffraction, it is necessary to preserve crystallinity,
which can be achieved using extremely high DNA concentrations of typically >300 mg/ml
(columnar hexagonal phase) [186]. The density of DNA films is on the order of 1 g/ml.
This method has a good chance to improve at least the birefringence measurements.
Furthermore theoretical modeling of the network formation in our samples could help
understanding the force-strain curves of DNA films, since it is not clear, if a force-strain
plateau can be observed or not.

Similar to the method of stretching DNA molecules grafted to a surface by means of an
atomic-force microscope, a DNA carpet could be stretched grafted to two surfaces in a socalled surface-force apparatus. A set-up with convex surface geometry was built up at the
University of Strasbourg and a second one with plane surfaces at the University of Konstanz. Carpet densities that were reached up to now are in the order of 0.2 molecules/µm2.
This method is promising, especially for birefringence measurements using an apparatus
like the one developed by Maret (cf. Fig. A.1), if the carpet density can be further improved. Kékicheff, Zinck, and Iss were recently able to measure a force stretching DNA
grafted between two surfaces using the apparatus in Strasbourg [189]. Unfortunately, the
number of stretched molecules was not enough yet for further characterization. In addition, it might be necessary to produce DNA by polymerase-chain reaction (PCR) as
shown in Sect. A.5 in the Appendix, although the synthesis of such long DNA molecules
is at the limits of this method. However, an extremely good quality of the sample material
is required.
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Summary
A method for structural investigations of mechanically stretched DNA is developed.
The samples we use are highly oriented wet-spun DNA films. This pre-orientation gives
the possibility that forces applied to the film can lead more or less directly to structural transitions instead of orienting the molecules. Transmission of forces between the
molecules is reached by cross-linking using formaldehyde, ethylene glycol diglycidyl
ether, and several bis-intercalators. Comparing these different types of cross-linkers, the
effectiveness is checked by means of gel electrophoresis as well as a study of the elasticity of the samples. For the first time, a proof of inter-molecular cross-linking of DNA
induced by formaldehyde, the most effective cross-linker in our tests, has been produced.
The secondary structure of the DNA-formaldehyde complex is characterized using Raman scattering, allowing a discrimination from denaturation.
DNA in wet-spun films is present in its B-conformation at an appropriately high ambient relative humidity. Low-frequency dynamics during hydration and dehydration are
recorded by means of time-domain terahertz spectroscopy. For the first time, differences
in transmission depending on the orientation of DNA with respect to the terahertz electric
field have been observed. Characteristic times necessary for an A- to B-transition in the
samples are corroborated by Raman-scattering measurements.
Stretching the DNA films, we profit from birefringence measurements to study the basepair tilt. Stretching a cross-linked DNA film, a decrease in birefringence was observed.
Changes of the base-pair distances are measured by X-ray diffraction. We find unknown
periodicities in this stretched DNA films and discuss their physical and structural meaning. A meridional reflection corresponding to a periodicity of 7.4 Å is probably the result
of an unwound, stretched conformation. This reflection disappears, when the sample is
dehydrated.
We found that entanglements of the DNA molecules in the film can already induce crosslinks as already discussed in literature. Choosing, e.g., high enough feed rates, DNA can
already be stretched during wet-spinning.
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A

DNA stretching in a surface-force
apparatus
Es geht auch anders, aber so geht es
auch.
Mackie Messer in Bertolt Brecht:
Die Dreigroschenoper

An alternative to stretching a complicated DNA network, which is closer to singlemolecule stretching, profits from a surface-force apparatus. A DNA carpet or brush has to
be grafted between the two surfaces. The experimental conception is presented as well as
the limitations, which have led to problems in its realization. The main requirement the
set-up ought to fulfill is the possibility of measuring birefringence during DNA stretching.

A.1 Birefringence and experimental limitations
The following set-up for a high-resolved birefringence measurement was developed by
Maret [41]. In particular, it permits detecting the sign of the birefringence. The simplest
optical arrangement to detect birefringence is to place a sample between two crossed
polarizers, and let monochromatic light with a wavelength λ pass the set-up (used laser:
see [B.1.6]). Let us consider further an optically anisotropic sample with a defined optical
axis. If the optical axis of the sample is parallel to either the axis of the polarizer or of
the analyzer, the polarization of the beam is kept and the beam extinguished, as if no
sample were present. The maximum light signal due to the birefringence of the sample
is obtained, when the optical axis has a 45◦ angle with respect to the polarizer or the
analyzer axis. Thereby, the polarized probe beam is consisting of two components (of
equal intensity), one parallel to the slow, the other one parallel to the fast axis of the
sample. The intensity behind the analyzer can be expanded for small phase shifts:
 
 2

∆φ
2 ∆φ
I = I0 sin
≈ I0
+ ...
(A.1)
2
4
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Figure A.1: Birefringence set-up permitting a resolution of ∆φ = 5 × 10−4 rad. The principle is based on compensating the birefringence of the sample by a Pockels cell. A
photoelastic modulator makes the polarization change between linear and circular polarization at 50 kHz. This modulation frequency is used for a lock-in detection. Any signal
detected by the photodiode is transferred back via feed-back loop to the Pockels cell. The
Babinet-Soleil compensator is only necessary to compensate large birefringence offset
due to optical components of the set-up. Red lines indicate the optical axes.
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The intensity behind the polarizer is indicated as I0 . The precision depends strongly on
the accuracy of alignment for all optical components and the intensity measurement after
the analyzer. In order to avoid measurements of absolute intensity and increase the resolution, it is favorable to compensate the intensity to zero. This task can be fulfilled with a
Pockels cell. In this special case, a direct current voltage is used for operation. A Pockels
cell is based on the electro-optic effect: The birefringence of a - in this case: potassium
dideuterium phosphate (KD*P) crystal is proportional to an applied electric field. Switching the Pockels cell typically happens within times shorter than 10 ns [35].
A photoelastic modulator (PEM) acts as a birefringent device, whose thickness could
be periodically decreased to zero and increased again. Birefringence changes with the
thickness of the device, the maximum phase shift is λ /4. This is realized for a specific
wavelength in applying mechanical stress via a piezo to the photoelastic crystal [B.1.2].
In this set-up the modulation frequency is ν =50 kHz. The optical axis of the PEM is
oriented at 45◦ with respect to the polarizer / analyzer axis. The phase shift induced by the
photoelastic modulator changes therefore periodically with the angular frequency ω =
2πν : ∆φM = ∆φ0 sin(ω t). If the sample contributes with a constant phase shift ∆φS , the
total amount is ∆φ = ∆φS + ∆φ0 sin(ω t). Using Eq. (A.1), it follows:
I∝

∆φ02
∆φ S ∆φ 0
cos(2ω t) −
sin(ω t) + ...
8
2

(A.2)

The first term of the intensity series is very large compared to the rest of the expansion
and is modulated with the doubled frequency 2ν . The second term is modulated with
only ν and is furthermore proportional to the birefringence of the sample ∆φS . Therefore,
isolating the latter term experimentally is equivalent to measuring the birefringence of the
sample. To realize the concept of phase-shift compensation, this signal will be used to
control the voltage applied to the Pockels cell. The lock-in technique [B.1.1] allows to
detect the signal arising from the second term in Eq. (A.2). The frequency ν = 50 kHz
from the photoelastic modulator control is used as a reference signal. The circuit diagram
of a lock-in amplifier can in principle be replaced by a multiplication of the probe signal
with a reference signal in order to transform the wanted term, which is modulated at a
frequency ν , into a constant signal. A following low-pass filters out this constant residual term. The resulting voltage at the output of the lock-in amplifier is proportional to
the birefringence of the sample, cf. Eq. (A.2). This voltage can be measured precisely
[B.1.4].
Typical voltages that can be applied to Pockels cells are in the order of a few kV. The output of the lock-in amplifier must therefore be amplified again. Furthermore, a necessary
element of the feed-back loop is an integrator [B.1.5], which allows to keep the intensity
at zero1 . In practice, additional phase shifts can arise from optical components of the setup. Moreover, a sign reversal in birefringence means that the output voltage of the lock-in
amplifier changes its sign, too. As the used high-voltage amplifier [B.1.3] usually only
amplifies for a given polarity of its input, an offset in birefringence is necessary, which
can be induced by the Babinet-Soleil compensator.
1 The

integrator has to be used in order to reduce the steady-state error to zero [190, 191].
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Figure A.2: Calibration diagram shows the output voltage Uout of the integrator and the
corresponding phase shift ∆φS , here for a Babinet-Soleil compensator as reference sample.
The curve is fitted using Uout = (−0.04 ± 0.01) V + (2.26 ± 0.01) (V/rad) ∆φS .
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Figure A.3: Test experiment: Orienting genomic DNA by mechanical shearing between
two cover slips. The upper one moves at a velocity of 3.3 mm/s. The time interval when
the motor was running is indicated with ’M’.

Figure A.2 shows the calibration of the output voltage of the lock-in amplifier. The sample phase shift ∆φS has been defined by using a Babinet-Soleil compensator as reference
sample. The noise is in the order of 1 mV, corresponding to ∆φ < 5 × 10−4 using green
light with λ =532 nm. The alignment of the Pockels cell is described in [B.1.9].
Figure A.3 shows the phase shift induced by genomic DNA that has been oriented by
shearing. The DNA solution is between two cover slips with a distance of about 1 mm.
A motor moves the upper cover slip at a velocity of 3.3 mm/s. The average length of the
molecules is larger than λ -DNA . This was the maximum signal that could be obtained
for different velocities. The saturation level is supposed to prove the full orientation of the
DNA. Using Eq. (2.11) and (2.10), one can re-calculate the density of the DNA sample
and obtains about 9.3 g/l. The mechanical stress to the glass of the cover slips induces
additional birefringence. This systematic error can be estimated by using Milli-Q water
instead of DNA solution. In the ideal case, no birefringence is observed. Indeed, a phase
shift of about 0.09 rad is measured with conventional cover slips. The error in this shearing
experiment was therefore relatively high, about 10%. It can of course be reduced in using
different cover slips (e. g. quartz glass) or minimizing the mechanical stress to the glass.
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A.2 Coupling a birefringence experiment and a
force apparatus
In the 1930s, Derjaguin calculated a direct equivalence between the force and the interaction free energy between convex surfaces [192]. Later on, in the 1950s, the first surface
apparatus has been developed by Overbeek and Sparnaay [193], who were working on
flat surfaces, furthermore by Derjaguin and Abrikosova [194], who in contrast to the latter were using an upper convex surface. The absolute distance between the surfaces has
already been measured by white light interferometry with an accuracy up to 10 Å. Especially Tabor and Israelachvili were able to establish a surface force apparatus (SFA) using
two crossed cylinder covered with mica foil [195, 196, 197]. Mica interfaces were studied
in more detail [198] and also long-range electrostatic forces were measured [199]. Up to
now, these instruments achieve the highest resolution with accuracies for separation in
the range of 1 Å and for the force 10 nN [200]. Today they represent a powerful tool for
physicochemical studies in soft matter physics, e. g. for micellar systems [201].

A.2.1 Experimental requirements
The first point to be clarified is the question what kind of sample, i. e. DNA molecules,
should be used. For our purpose, a compromise has to be found with respect to the
following main conditions:
• DNA material:
(a) monodisperse length distribution
(b) possibility to be functionalized for surface grafting
(c) molecules as long as possible (beam not scattered by the surface)
(d) not too long molecules to avoid breaking during pipetting
• sample cell in the surface-force apparatus:
(a) surfaces that can be functionalized
(b) small surface for grafting (beam not scattered by the surface)
(c) surface large enough for sufficiently high signal-to-noise ratio
(d) availability of an optical path for the probe beam.
According to [202], the waist of a Gaussian beam is given by:
s


λz 2
w(z) = w0 1 +
,
π nw20

(A.3)

where w0 is the minimum radius of the beam waist, z is the longitudinal distance away
from the minimum waist, and n is the refractive index of the sample medium, which
is basically the refractive index of water n = 1.33 (see Fig. A.4). The resolution of a
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Figure A.4: Surfaces the DNA is grafted to and waist profile of the Gaussian beam. The
notations are explained in the text.

birefringence measurement increases with decreasing wavelength, cf. Eq. (2.10). Fixing
the wavelength at an arbitrary value in the visible range, e. g. λ =457 nm, the maximum
width of the cantilever and its counterpart 2b are calculated using Eq. (A.3), shown in
Fig. A.5 as a function of the beam waist 2w0 and the separation length (DNA length) L0 .
The local maximum is situated at a waist 2w0 ≈ 14 µm.
The contour length of λ -DNA is 16.5 µm. The maximum width 2b as a function of the
wavelength is shown in Fig. A.6.
The maximum width decreases with an increasing wavelength. For λ =457 nm, 2w0 =
14 µm, and L0 =16.5 µm, the width of the cantilever and the counterpart must be ≈0.6 mm.
The birefringence of a DNA carpet can be calculated using Eq. (2.11). The surface area in
the SFA may therefore be 0.6 mm × 0.6 mm with elongated λ -DNA in between. Supposing a resolution of ∆φ ≈ 5 × 10−4 rad at that wavelength in the blue range for the birefringence measurement, the grafting density of λ -DNA must be at least 0.4 molecules/µm2
using Eq. (2.11) and (2.10). Usually, grafting densities of only about 0.2 molecules/µm2
can be achieves at the moment [203]. It is possible to enlarge the cantilever slightly, if
the measurement is only done in the force-extension plateau, e. g. 2b =0.8 mm at a surface separation of 20 µm. A slight improvement can also be achieved in using a smaller
wavelength, e. g. with a 405 nm frequency-doubled diode laser.

A.2.2 A force balance for coupling with optical experiments
The force-apparatus constructed by Clausen has been designed according to the requirements in Sect. A.2.1 [204]. Figure A.7 shows the essential parts: sample cell, fiber interferometer to measure forces, and the alignment optics. A much more detailed description
can be found in [204].
Mechanical arrangement.
The upper surface is mounted on a tripod, which is
supported on the three motor axes. Thereby the surface can be tilted freely and aligned
parallel to the lower surface. The latter one is fixed to a piezo table [B.2.3], so that precise
stretching can be obtained, when DNA is attached to both surfaces.
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Figure A.5: The maximum width 2b of the cantilever as a function of the beam waist 2w0
and the separation length (DNA length) L0 .
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Figure A.6: The maximum width 2b of the cantilever as a function of the wavelength for
2w0 =14 µm and L0 =16.5 µm.
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Figure A.7: Principle of the DNA-force apparatus by Clausen [204]. The DNA is to be grafted between
two functionalized glass surfaces. The cantilever can be tilted with the motors that support the tripod. Moving down the counterpart by the use of a piezo table provokes stretching. Inset, bottom: Force measurement
by a fiber interferometer between a gold-covered fiber and the gold-layer on top of the cantilever. Bending
under tension provokes a change in the distance between the reflecting parts. Alignment: The counterpart
is covered by a thin gold-layer acting similarly as a beam splitter. Hence, the beams reflected at the counterpart and the cantilever interfere on the quadrant diode. The maximum interference contrast is reached
for parallel alignment between cantilever and counterpart.
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The sample cell consists of a cuvette that contains the surfaces DNA is attached to.
Both are not in contact with the cuvette. The cuvette itself is filled with buffer solution.
The upper surface is a gold-covered cantilever from glass [B.2.1]. The cantilever is 30 µm
thick, the gold layer on top of the cantilever about 50 nm. The lower surface is a 1.5 mmthick glass counterpart. The gold cover on top of the counterpart is only 6 nm thick. The
λ -DNA is functionalized with oligomers containing a thiol group at one end and a biotin
molecule at the other end. The thiol group can bind to the gold part of the counterpart. The
under-side of the cantilever has to be functionalized chemically with streptavidin. This
bio-functionalization of surfaces for DNA stretching has been established in particular by
Zimmermann and Cox [205].
The fiber interferometer has been integrated directly into the sample cell. The end
of a single-mode fiber is covered with a 6 nm gold layer. The fiber is mounted over the
cantilever so that its end is parallel to the cantilever (see Fig. A.7). The force constant
of the cantilever is typically k =1.3 N/m [204]. The gold cover of the fiber allows that a
part of the light is reflected back, but furthermore some part of the laser light can come
through the gold layer. The most part of the latter is reflected at the thicker gold layer
(50 nm) on the upper side of the cantilever. After that, it can be reflected again at the gold
layer of the fiber or couple into the fiber again. This part interferes with the light that had
been directly reflected back at the gold layer of the fiber and therefore not left the fiber.
The back-reflected light is separated by a 2x2 fiber coupler, detected, and normalized with
respect to a reference signal from the diode-laser source to avoid influences by intensity
fluctuations. The laser is also temperature controlled to minimize wavelength drift.
Bending the cantilever under tension induces an intensity variation due to path-length
change in the sample arm. It was found experimentally that neither the described gold
covers nor chemical functionalization changes the mechanical properties of the cantilever
such as its bending moment.
Surface alignment.
The most difficult part of the experiment is a satisfying alignment of the cantilever with respect to its counterpart. The alignment is necessary to bring
both surfaces of about 1 mm2 as close as possible. Only in this way, grafting conditions
are equal for all molecules. Moreover, stretching should take place in a homogeneous way
so that elongation is rather equal over the whole surface. Under physiological conditions,
DNA grafted with one end to a surface is coiled [203, 206] with a radius of gyration of
approximately 0.86 µm [25, 206]. To ensure that the free end of the grafted molecules can
come into contact with the cantilever surface, it might be necessary to reach a distance
of this order of magnitude between both surfaces. The alignment is based on the same
principle as the fiber interferometer. A laser beam from below (see Fig. A.7) is focused
onto the counterpart, which is covered with a 6 nm gold layer on the upper side to serve
two purposes: grafting of thiol-labeled DNA and reflection of a laser beam. The reflected
light hits a four-quadrant photodiode, which allows to control a alignment and tilt of the
counterpart in all experiments. As the gold layer is only 6 nm thick, the light can propagate through it, but is reflected at the cantilever almost entirely. This light gives a second
spot on the quadrant diode. Both signals can be superposed in aligning the cantilever with
respect to the counterpart. For perfect alignment, the superposed signals interfere in such
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a way that the interference fringes get their maximum amplitude (cf. [204]).
The cantilever can be aligned according to Sect. A.2.2. The cantilever is tilted, until the
reflections from the counterpart and the cantilever overlap. Then the maximum intensity
of the interference fringes has to be found by precise tilts in small steps. This procedure
takes very long time and is difficult. The cantilever is moved toward the counterpart.
As soon as the distance is only several micrometers, the fiber interferometer recognizes
forces or rather vibrations of the cantilever that are decreasing with time. Moving down
towards the counterpart, solution has to be displaced from the reduced volume between
the cantilever and the counterpart. The cantilever is bent upwards and starts a damped oscillation, when the movement stops. Approaching the counterpart should be done slowly
and carefully in order not to bump into the surface and, as these forces act on the DNA
molecules in the same way, not to destroy the carpet. A measurement of the absolute
distance between the surfaces is not foreseen2 . In contact with the surface, the fiber interferometer indicates a constant force because of a slight change of the distance between
cantilever and the gold-covered fiber end. The set-up needs to relax mechanically over
more than one hour [204]. Meanwhile, the DNA has the possibility to bind to the second
surface. The motion of the cantilever is driven by the linear actuators [B.2.2], whereas
the separation of the surfaces for stretching is performed by a piezo table. The cantilever
cutting could be replaced by precise diamond-milling (Schott) [B.2.1]. The smallest force
detected by the apparatus was 1.3 nN, but typically, 10 nN or less can be expected to be detectable. This means that the force plateau can be measured, when at least 160 molecules
are grafted to both surfaces.

A.2.3 Sample preparation: Functionalizing glass substrates
Several methods of silanization have been tried out during this thesis in collaboration with
Koota. At this point, only one of these methods is discussed as an example [173, 113].

Cleaning. First, glass is washed with isopropanol and acetone, then bathed in MilliQ water and sonicated. In general, glass surfaces can be cleaned in a 1:1 solution of
concentrated sulfuric acid (97 %, [B.4.6]) and hydrogen peroxide (30%, p. a., [B.4.6]).
Especially grease can be removed in this way [207]. The glass is washed with ethanol
(98%, p. a., [B.4.6]) serveral times.

Silanization. The glass is bathed again in a solution of 98 vol.-% ethanol and 2.5 vol.% (3-aminopropyl)triethoxysilane (APTES) [B.4.7] for two hours. Alternatively the silane
is evaporated in a hermetically sealed chamber (desiccator), where the glass is placed, too
(see Fig. A.9). This procedure lasts three hours.
2 It

is possible in a force apparatus with convex mica surfaces by means of white-light interference, e. g.
[195].
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Figure A.8: Double-end grafting of DNA between a streptavidin- and a goldfunctionalized surface. (i) Silanization with (3-aminopropyl)triethoxysilane (APTES).
(ii) Binding of the cross-linker glutaraldehyde to the exposed amino group. (iii) Binding of streptavidin. This molecule provides four binding sites for biotin [113]. (iv) and
(v) The biotin end of the functionalized λ -DNA grafts to the streptavidin-coated surface
on one side and with its thiol group to the gold surface. Figure taken with permission
from [173].
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Figure A.9:
Silanization via evaporation.
Before starting to heat (3aminopropyl)triethoxysilane (APTES) by a thermal resistor (U =4.8 V, I =1.7 A),
the desiccator is evacuated with a water-jet pump several times and flushed with nitrogen
to reduce the humidity.

Streptavidin coating. The glass is washed with ethanol (98%, p. a.) several times,
then with Milli-Q water, and finally dried in an oven at 75◦ C.
The glass is rinsed three times with phosphate buffer solution (PBS) at room temperature
and covered with glutaraldehyde (8%) [B.4.8] as a cross-linker for 30 min. Thereafter,
the glass is washed three times with PBS and covered with strepavidin (concentration c =
0.1 mg/ml in PBS) [B.4.9] for one hour and washed again in PBS. Streptavidine forms
a tetrameric complexe [205], offering four binding sites to a biotinylated DNA end. In
order to prevent DNA from unspecific binding onto the glass, the free surface is blocked
with bovin serum albumin (10% in PBS from the stock solution) for 30 min. [B.4.10].
The surface is washed and stored in TBE3 .
In the experiment, λ -DNA that is functionalized as described in Sect. 3.2 is first incubated
on the gold-covered counterpart surface. To cover surfaces with gold, a chromium layer
of one up to a few nanometers depending on the thickness of the gold layer is evaporated
first onto the corresponding surface. Thereto, a droplet of DNA solution is pipetted onto
the cantilever. If the gold surface is exposed too long (more than about 15 min.) to air,
the thiol binding is strongly inhibited. Binding can be reactivated by means of plasma
cleaning [208]. When, after approximately 30 min., the cuvette (cf. Fig. A.7) is filled
completely with TBE buffer, remaining free molecules in the droplet are washed away.
The volume of the cuvette (more than 3 ml) is too large that they could block binding sites
on the cantilever by only one-end attaching.

3 TRIS-borate-EDTA

buffer. TRIS is the abbreviation for trishydroxymethylaminomethane or 2-amino-2hydroxymethyl-1,3-propanediol and is a buffer suitable at pH 7.2 - 9 [113].
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A.3 A test set-up using confocal microscopy
Although the described functionalization allows to graft λ -DNA on a surface, as it has
been shown also for the glass samples used in this force apparatus (cf. [203, 206, 173,
204]), no force due to double grafting between both surfaces was detected. Possible
explanations for this observation are:
• poor or no grafting to both surfaces.
• bonds between DNA-substrate withstand only very low forces.
In order to find out about the problems of such a surface-force apparatus, a test setup was designed and constructed. This instrument is mounted onto a confocal microscope [B.3.6]. Its design has been taken over from the SFA described above (see A.7),
but does not include a force sensor. Only the distance between the surfaces can be measured. If DNA is already disrupted before reaching the force plateau, this fact could
be recognized in comparing actual and expected rupture lengths. Moreover, the DNA
is labeled with YOYO-1, so that observation in the confocal microscope is possible (cf.
[B.3.1]).

Extension of DNA carpets.
The set-up is shown in Fig. A.10. The main common feature, apart from the same functionalization, is the tripod for surface alignment.
For lack of space on the confocal microscope, it was not possible to use the same linear
actuators as in the SFA. Their length is larger than 100 mm. Instead of them, the tripod
is moved and tilted by PicomotorsTM [B.3.2]. Each of these piezo motors has a maximum load capacity of 22 N and a minimum step size < 30 nm. PicomotorsTM can only
be driven in single steps. In contrast to the SFA, the motors are mounted to the tripod,
which is standing on an x-y table [B.3.3] with a larger aperture in its center. Therein, a
cylinder is fixed, going down to the level where the microscope objective is situated. At
the lower end of the cylinder, the counterpart, a round glass slide is mounted. This design
allows to move the counterpart and, simultaneously, the tripod horizontally with respect
to the objective. Thereby, the whole surface can be scanned and observed. As there is no
necessity for measuring forces, the cantilever can be replaced by a polished glass rod with
plane ends [B.3.4]. The rod is clamped into a stainless-steel holder in the column. The
latter can be screwed to the tripod. A window in the mentioned cylinder that is holding
the counterpart and an additional window in the base plate allow to observe the cantilever
approaching the counterpart.
We used a commercial confocal fluorescence microscope (Zeiss Axiovert 200, [B.3.6])
for observation.
Figure A.11 shows the control panel of the LabVIEW program for the motion of the
piezo motors [B.3.5]. The confocal microscope observes the sample from below through
the objective lens. The left part in the panel shows a scheme where the motors are situated
on the camera screen, furthermore, in which direction the x-y table is translated with the
micrometer screws. This makes the alignment easier, when the tripod has to be tilted. The
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Figure A.10: Test-setup for DNA-stretching designed to be mounted on a confocal microscope.
The tripod, holding a polished glass rod (coated with strepavidin), can be moved in z-direction
and tilted by piezo actuators. The tripod is standing on a x-y table (CAD file taken from Newport
GmbH, see [B.3.3]), where a cylinder holding the counterpart, a gold-coated cover slide, is fixed.
This ensemble can be moved horizontally and allows to scan the surface.
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Figure A.11: Description of the control panel for the test set-up on the confocal microscope
(written in NI LabVIEW [B.3.5]).

A.4 Substrate roughness from electron microscopy
motion controller permits no simultaneous motion of several motors. Therefore, subsequent signals have to be sent, so that one motor moves after another. The motion can be
smoothed out in reducing the number of steps an activated motor has to do in one turn
(see Fig. A.11, ”steps / signal sent to motion controller”). The direction can be chosen
by the sign of the step number. Further on, the current position of all motors is tracked.
Different tilts of the tripod and parallel lowering are automated.
The glass rod is mounted on the tripod, before being functionalized. The counterpart is
fixed likewise to the cylinder. This allows to pre-align the surfaces. The whole proceeding
as described in Sect. A.2.3 is done a closed chamber, where the tripod including the glass
rod is set onto. The chemicals can be put into suitable cups, which can be installed into
a holder that one is guided vertically, so that the rod can be dipped into the chemical
solution. The cylinder can be placed into an evaporation chamber and covered with about
1 nm of chromium and 14 nm of gold. DNA is incubated on the gold surface, which
remains always covered with TBE-buffer solution. In order to take freely swimming λ DNA molecules out of this droplet, the surface is carefully washed several times with
buffer. If the liquid were completely removed at any place on the gold surface, one would
risk to comb the DNA or make it attach unspecifically to the surface. The rod is moved
slowly towards the gold surface. By means of changing the confocal plane, it is possible
to determine the distance between both surfaces.

A.4 Substrate roughness from electron microscopy
Although the surface was covered with DNA carpets of about 0.2 molecules per µm2 , it
was difficult to approach both surfaces to distances less than 3 µm for parallel alignment.
Furthermore, double-end grafting of DNA to both surfaces could not be observed. Therefore, functionalized rods were kept in a dust-free box, evaporated with gold and their
surface scanned with an electron microscope. The results are shown in Fig. A.12. The
left inset shows a new rod that has been covered with gold. There is almost no unevenness (≤1 µm) on the end plane. On the other hand, functionalized rods reveal connected
crystal-like structures of a height up to 5 µm are visible (see Fig. A.12 b).
After silanization, similar structures appear with a height of several micrometers. Figure A.13 shows examples for silanization in ethanol and by evaporation.
If obstacles of several micrometers in height are between the surfaces, λ -DNA molecules,
whose radius of gyration is smaller than 1 µm, can hardly bind to both surfaces. Otherwise, if the surface is convex, there is no necessity for difficult alignment and the probability to reach contact is much higher. Such experiments have already been done with a
rounded glass rod with a diameter of about 5 mm [173]. The principle of the set-up can
be the same as described before.
Functionalization in the described manner can induce unevenness of surfaces and hinder
them approaching, so that no or only very few molecules can bind to both surfaces.
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(a)
500 µm

(b)
20 µm

Figure A.12: Electon microscopy of (a) a non-functionalized and (b) a completely functionalized polished glass rod [B.3.4], without any grafted DNA. After functionalization,
crystal-like structures of a height of several micrometers are visible.

50 µm

50 µm

2 µm

5 µm

(a) silanized in ethanol

(b) silanized by evaporation

Figure A.13: Silanization (APTES) in (a) ethanol solution and (b) by evaporation. The
experimental procedure is described in Sect. A.2.3.
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Figure A.14: (a) Stretching a single λ -DNA molecule which is labeled with four biotin
molecules at one and a single biotin molecule at the other end. (b) Stretching a single
20 kbp-long DNA molecule by PCR synthesized.

A.5 The biotin-streptavidin bond
Although the previous discussion can in principle already explain why no force was detected by the SFA, the DNA-substrate grafting chemistry must be additionally checked.
Biotin-streptavidin binding is one of most stable biological linkages, but of non-covalent
manner [209]. First experiments on DNA stretching with the same funcionalization as
used here found resisting forces of at least 11 pN [205]. Merkel et al. found a eminent
dependence of the bond strength on the loading rate. With increasing stretching velocity,
the rupture forces could also be increased from 5 to 170 pN [209].
The strength of DNA-substrate grafting can only be tested, if the quantity of attached
molecules does not play any additional role. The first test is performed in a singlemolecule stretching experiment.
We have used λ -DNA and shorter PCR DNA of a length of 20 000 base pairs produced by
Seuffert. All molecules are labeled with oligomers by means of the method, cf. Sect. 3.2.
The DNA is biotinylated on both ends, but one oligomer is carrying four biotin molecules,
whereas the other one at the second end only one biotin. Providing more possible linking
sites to streptavidin can lead to increased linkage stability. The synthesis of such DNA
molecules is described as follows:
PCR DNA of 20 kbp.
It must be mentioned that multi-biotin labeling itself does
not require DNA synthesis. In Sect. 3.2, it was mentioned that oligomers during their
hybridization are present in an overwhelming surplus with respect to DNA molecules.
If the subsequent cleaning process via so-called nick columns [B.4.5] is not efficient
enough, such functionalized oligomers can block the surface. In consequence, the density
of grafted DNA onto the surface will be reduced. In order to obtain purer functionalized
DNA without free oligomers, a method of DNA synthesis called polmerase-chain reaction can be used. Its principle can only be briefly discussed, further information can be
taken from literature, for example [111]. Initial DNA and fitting primers are denatured. A
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5'-CTG ATG AGT TCG TGT CCG TAC AAC TGG CGT AAT C-3'
B

B

B

B

Figure A.15: Primer sequence labeled with four biotin molecules at the thymine bases.

primer provides 3’-OH ends where further bases can anneal to the single-stranded DNA
matrix. This annealing process is called DNA synthesis. Afterwards, the products are
denatured and the cycle restarts again. The synthesis is proceeding in 5’-3’ direction.
Furthermore, an enzyme, the so-called Taq polymerase4 , is needed for binding. Unfortunately, PCR synthesis is limited to DNA molecules of 20 − 40 kbp [111] because the
number of errors in writing the DNA sequence increases with time and the enzyme does
not work long at the usual temperatures (70◦ C for hybridization, 94◦ C for denaturation).
For our purposes, a primer with the following sequence can be used [B.10.1]:
Each primer is biotinylated at four thymine molecules, so that a more stable linkage
to the streptavidin surface is possible (see Fig. A.15). Another synthesis with five biotin molecules per primer was successfully done. Nevertheless, although the primer sequence contains more thymine bases, the binding effectiveness is reduced the more biotin
is linked to the primer [147]. Hence, the degree of modification is limited. The protocol
for PCR synthesis can be found in the Appendix [B.10.2].
Force-plateaus were measured for DNA molecules that were multiply biotinylated, e. g.
using Klenow polymerase [8, 7, 78]. We chose stretching velocities of 3-4 µm/s, so that
the loading rate is sufficient to reach the force-extension plateau [78].
Indeed, in all the cases of the experiment, the linkage broke, before the plateau at 63 pN
was reached (see Fig. A.14) at forces of ≈ 40 − 50 pN. However, λ -DNA biotinylated
by Klenow polymerase is able to withstand higher forces, so that the expected forceextension plateau can be seen [78]. Sticky ends are filled with single bases. Each cytosine
carries a biotin molecule, so that conclusively four biotin molecules will be at the one,
and six at the other end.
It has been shown in Sect. A.4 that functionalization releases obstacles on micrometer
scale that prevent surfaces from parallel approaching. Nevertheless a DNA stretching setup with at least one round surface can to graft DNA molecules to both surfaces. For this
purpose, a set-up as used in [173] is sufficient. The molecules can be stretched in horizontal direction. The glass rod is chemically modified as shown in Sect. A.4. The cover slide
λ -DNA is grafted onto is covered with 14 nm gold. The stretching velocity was 1 µm/s.
The DNA, which is labeled with thiol and streptavidin, is incubaed with YOYO-1.
Figure A.16 shows the rupture length distributions for molecules end-labeled with oligomers carrying four and one biotin. All molecules, apart from a few ones, broke at the end
with streptavidin-biotin grafting. Unspecific grafting cannot totally be excluded. This
4 It

turned out that Klenow polymerase denatures at higher temperatures as they can be found during
denaturing and hybridization. ”Taq” is an abbreviation for Thermus aquaticus, a bacterium that can live
in hot springs and provides this thermo-stabile enzyme.
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Figure A.16: Distribution of rupture lengthes for λ -DNA that is end-labeled with
oligomers carrying a single and four biotin molecules. The other end is thiol-labeled. The
lengthes are measured on a confocal microscope. For single-biotin labeling, molecules
break on average at 20 µm, which is comparable to the contour length of λ -DNA with
YOYO-1. In the case of labeling with four biotin molecules, the rupture length on average is 4 µm larger.

might be the reason why certain molecules broke at about 10 µm. With only single-biotin
labeling, most of the molecules break at the contour length of about 20 µm (cf. [78]). In
the other case, the maximum is clearly shifted towards larger length, about 24 µm. Few
molecules were found to break at much larger lengthes, even more than 40 µm. However,
it is not clear, if this observation can be explained by formation of concatamers, especially
by dimer formation. After linearization (cf. Sect. 3.2), there is a probability of about 5%
that two λ -DNA molecules can combine having still two different sticky ends, that can be
functionalized [173]. Such molecules break at the double length of λ -DNA monomers.
However, Sischka suggested piecewise denaturation and occasional re-basepairing for an
overstretched λ -DNA molecule, which could be stretched by the same order of magnitude [78].
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Technical Appendix
B.1 Birefringence set-up
B.1.1
DSP Lock-in Amplifier 7260, EG&G Instruments, Gaithersburg (Maryland).

B.1.2
Photoelastic Modulator PEM-90, Hinds Instruments, Hillsboro (Oregon).

B.1.3
High-voltage amplifier, Kepco APH 2000 M, Flushing (New York).

B.1.4
Keithley 2700 Multimeter, Cleveland (Ohio).

B.1.5
Integrator circuit diagram :

B.1.6
Coherent Laser Compass 415 M, λ =532 nm, Dieburg.

B.1.7
White-light source, KL 1500 LCD, temperature: 3300 K, Leica, Solms.
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Figure B.1: Integrator circuit. The integration times can be chosen as 1 s, 10 s or 100 s.
The reset button erases the stored integration value. Offsets can be varied by the potentiometer.

B.1.8
UV/Vis spectrometer, Ultrospec 2100+, 190 − 900 nm, Amersham Bioscience, Munich.

B.1.9
Pockels cell, LM 8 IM, Linos Photonics, Munich.

Alignment of the birefringence set-up [156]:

1. All optical devices are to be installed that the geometric optical axis hits them in the
center.
2. Install the axis of the polarizer in vertical direction and the axis of the analyzer
perpendicular to it (by extinction of the laser light passing both devices).
3. Install the PEM between the polarizer and analyzer.The PEM is tilted so that its
back-reflection only deviates slightly from the geometric optical axis.
4. The optical axis is aligned in good way when the laser light that passes the three
devices is still extinguished. The PEM has to be turned / tilted for that reason.
Eventually, the back-reflection has to aligned again.
5. The Babinet-Soleil compensator is put between the polarizer and analyzer, too.
6. Its back-reflection is furthermore adjusted as described before.
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7. The micrometer screw is turned into a position, where some brightness is visible
behind the analyzer.
8. The Babinet-Soleil compensator is turned around the geometric optical axis, until
its optical axis coincides with the axis of the polarizer or analyzer, i. e. extinction
of light behind the analyzer.
9. The Pockels cell is set between the polarizer and analyzer.
10. A diffuse beam is generated in holding e. g. lens tissues in front of the Pockels cell.
An interference pattern similar to a Maltese cross appears behind the Pockels cell.
11. The cylindrical cell is turned around its axis until the light spot in the center of the
Maltese cross is extinguished. This should be the case independently if a voltage is
applied to the cell or not.
12. The polarizer is turned by 45◦ , the analyzer adjusted perpendicular to it.

B.2 DNA force apparatus
The description in detail can be found in [204].

B.2.1
Glass cantilever (length: (15.0 ± 0.2) mm, width: (1.3 ± 0.1) mm, thickness: (30.0 ±
0.8) µm), from borosilicate glass D 263 T, manufactured by diamond-milling, Schott AG,
Mainz. For physical and chemical properties, see (link as at 15 June 2007):
http://www.schott.com/fpd/english/products/fpd/d263t.html.

B.2.2
Linear actuators CMA-12CCCL, motion controller ESP 300, Newport, Darmstadt.

B.2.3
Piezo table PZ 100 SG T-105-01, IRS Scientific Instruments, Zwillikon (CH); power
supply ENT40/20, amplifier ENV40 (modified to 1 mA max. output current), PID-control
ER1 (modified to a time constant of 1 sec.), piezosystem jena, Jena.

B.3 Test set-up on confocal microscope
B.3.1 Fluorescent labeling with YOYO-1
For most experiments, about 20% of the pockets in a DNA molecule are occupied. Using
YOYO-1 in a concentration of 0.02 mM, 1.5 µl of the dye are added to 100 ng DNA and
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incubated for at least 15 min. at room temperature in the dark. Photobleaching by the
laser in a confocal microscope can be reduced by an antibleaching solution (see [207] and
[B.7.4]).

B.3.2
• Picomotor NFO-8301, 0.5” MRA (adjustable travel: 12.7 mm, maximum velocity:
0.64 mm/min), Laser 2000 GmbH, Weßling.
Working principle: A screw as actuator axis is driven by two threaded jaws that
are moved in oppsite directions. Therefore, they are mounted to the opposite end of
a piezo transducer (U.S. Patent # 5,410,206).
• 3-axis controller, NFO-8753, (max. pulsrate: 2 kHz, interface: RS-232) and powersupply unit NFO-8755, Laser 2000 GmbH, Weßling.
• Set for controlling via RS-232 port NFO-8761, Laser 2000 GmbH, Weßling.

B.3.3
x-y table, M-406, Newport, Darmstadt. For CAD file (downloaded on 25 January 2005),
see:
http://www.newport.com/store/genproduct.aspx?id=140117&lang=1031.

B.3.4
Polished glass rods (diameter: (0.75 ± 0.05) mm, length: (30.0 ± 0.2) mm, maximum
angle between the normal of the end planes and the cylinder axis: 1 mrad, roughness:
< 0.3 µm), glass: Schott BK7, Hellma Optik GmbH, Jena.

B.3.5
Motor control: National Instruments LabVIEW 7.1.

B.3.6
• Microscope: Axiovert 200, Carl Zeiss MicroImaging GmbH, Jena.
Objective: 100× immersion oil objective, Carl Zeiss MicroImaging GmbH, Jena.
• Nipkow disk: PerkinElmer, Waltham, Massachusetts.
The principle of confocal microscopy:
Confocal scanning is achieved by a rotating Nipkow disk, synchronized with a microlens
array disk (see Fig. B.2). The microlens disk focuses the laser light on about 20 000
pinholes of a Nipkow disk. The pinholes are arranged on a spiral. The radial number
of holes defines the number of row of the image, which is scanned from the outer edge
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Figure B.2: Scheme of a confocal fluorescence microscope. The sample is scanned by a
rotating system of a Nipkow disk and a microlens array. The fluorescence light is gathered
in backscattering and filtered out by a dichroic mirror.

toward the center. This system is rotating at 1800 rpm; 360 frames per second can be
captured. The light is focused by an objective lens onto the object plane. Detection
is performed in backscattering geometry. Between the two disks, a dichroic mirror is
mounted with its plane normal 45◦ with respect to the disks. The laser light can pass
through, but the frequency-shifted fluorescence light is reflected and focused onto a CCD
chip.

B.4 Functonalization of λ -DNA
B.4.1
Milli-Q water: resistivity at 25◦ C: 18.2 MΩcm, purified in a Millipore system, Schwalbach.

B.4.2
λ -DNA : Fermentas, SD0011, St. Leon-Roth, and New England Biolabs, N3011, Frankfurt am Main.

B.4.3
Ligase, M0202, New England Biolabs, Frankfurt am Main.
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B.4.4
T4 Ligase Reaction Buffer 10x, B0202, New England Biolabs, Frankfurt am Main.

B.4.5
Nick Column, Amersham Bioscience, Munich.

B.4.6
Riedel-de Haën, Seelze: ethanol (98%, p. a.), sulfuric acid (97%, p. a.), hydrogen peroxide (30%, p. a.).

B.4.7
(3-Aminopropyl)triethoxysilane (APTES): Fluka, 09324, Munich.

B.4.8
Glutardialdehyde (8%), 00216, Polysciences, Eppelheim.

B.4.9
Streptavidin from recombinant production, 1721666, Roche Diagnostics - Applied Science, Mannheim.

B.4.10
Bovin Serum Albumin (BSA), B9001, New England Biolabs, Frankfurt am Main.

B.5 Wet-spinning
B.5.1 Ethanol precipitation
A standard protocol for ethanol precipitation can be used as follows [210]:
• Adjust DNA solution with 3 M sodium acetate (pH 5.2) to a concentration of 0.3 M
sodium acetate.
• Centrifuge for short time.
• Add 2 - 2.5 volumes of -20◦ C cold ethanol (p.a., 96%).
• Store 30 min. at -70◦ C.
• Centrifuge for 20 min. at 13000 rpm. at 4◦ C.
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• Remove the supernatant.
• Add (usually) 500 µl of ethanol (70%).
• Centrifuge for 5 min.
• Remove supernatant and dry in a low-vacuum spinning system (e. g. SpeedVacr).
• For example: Solve DNA pellet in another buffer solution.

B.5.2
• DNA sodium-salt from salmon testes, 31163, Fluka, Munich.
• DNA sodium-salt from calf thymus, D1501 (molecular weight: ≈15-23 000 bp),
Sigma, Munich.
• DNA sodium-salt from salmon testes, D1626 (molecular weight: ≈2 000 bp on
avg.), Sigma, Munich.

B.5.3
BCATM Protein Assay Kit, 23225 / 23227, Pierce, Rockford (Illinois).

B.5.4
Physik Instrumente, PI M-403.62S, translation stage, max. travel: 150 mm, Karlsruhe/Palmbach.

B.6 Stretching experiments
B.6.1
Force sensor: 31E, range: 10 N, Althen, Kelkheim.

B.6.2
Data acquisition card: PCI-6221 (16 bit, 250 kS/s, 16 analog inputs), National Instruments, Munich.

B.7 Intercalators, dyes, and cross-linkers
B.7.1
Formaldehyde solution (37 %), Riedel-de Haën, Munich. .
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Figure B.3: Nebulizer with a flow of 100 µl/min to spread the cross-linker over the film.

B.7.2
Ethylene glycol diglycidyl ether (EGDE), E27203, 50%, Aldrich, Munich.

B.7.3
Nebulizer, CGN MicroMist 100 µl/min, No. 503-61, AHF analysentechnik AG, Tübingen.

B.7.4
Antibleaching: 0.1 mg/ml glucose oxidase (Sigma, G2133), 0.04 mg/ml catalase (Sigma,
C40), 5 mg/ml D(+)-glucose (Merck), 0.1 M dithiothreitol (Roche, 708984) in TBE.

B.7.5
PCR Marker DNA, N 3234 (766 bp, 500 bp, 300 bp, 150 bp, 50 bp), c =0.3 mg/ml, New
England Biolabs, Frankfurt am Main. For technical information, see (link as of 4 July
2007):
http://www.neb.com/nebecomm/products/productN3234.asp

B.7.6 Estimation about the amount of cross-linker molecules
to apply
The minimum amount of cross-linker applied to a sample can be calculated as follows:
There should be at least two cross-linker molecules per DNA molecule; in the case of
non-covalent binding, e. g. simple intercalation, the number should be higher, so that the
linkage can withstand forces during over-stretching (cf. Sect. 3.1.3). Using a typical PCR
maker (c =0.3 mg/ml), this would e. g. mean for a volume of 1 ml of a given composition
of DNA molecules:
129

B Technical Appendix
Molecular size [bp]
766
500
300
150
50

DNA mass in marker [ng]
62
40
48
61
89

Number of molecules [×1010 ]
7.5
7.4
14.8
37.7
165.0

The applied cross-linker solution should contain at least ≈ 2.32 × 1012 molecules. In the
case of DNA films, the amount of cross-linker molecules are much harder to estimate:
The inner part of the film can only be reached by diffusing molecules. On top of that, the
molecular-length distribution, which can be different from indication in the provided data
sheet, has to be estimated.

B.8 X-ray diffraction
B.8.1
Rotating anode source, J. Schneider Elektrotechnik GmbH, 77652 Offenburg.

B.8.2
Image plate: Mar345, marresearch, 22850 Norderstedt.

B.8.3
Polyimide foil, IM 301080, thickness: 8 µm, Goodfellow, 61213 Bad Nauheim. .

B.8.4
Polyethylene terephthalate foil (PET), ES 301030, thickness: 3 µm, Goodfellow, 61213
Bad Nauheim; (alternatively: partly suitable for X-ray diffraction due to some reflection
at small angles: Kalle ’Gar- und Bratschlauch - Gans & anders’, PET, thickness: 15 µm,
65025 Wiesbaden1 )
For THz spectroscopy: polyethylene terephthalate foil of thicknesses up to 100 µm was
used (ES301400, Goodfellow).

B.9 Raman scattering
B.9.1
LabRAM HR 800 microspectrometer, HORIBA Jobin Yvon, Bensheim.
1 Information provided
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by A. Plech.

B.10 PCR

B.9.2

Intensity [a. u.]

Raman spectrum of a NaDNA film treated with BAMO (spacer length: n = 9), 10x 10 s,
filter: D1:

600

800

1000

1200

1400

1600

1800

-1

wave number [cm ]

B.10 PCR
B.10.1
Primer, biotinylated at postion 5, 10, 19, and 25, IBA Nucleic Acids Synthesis, Göttingen.
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B.10.2 Protocol, length: 20kbp
Source: Long PCR Control Set, K0201, Fermentas, St. Leon-Rot.

Reagent
Quantity for 50 µl
Milli-Q water
29 µl
10x long PCR buffer with MgCl2
5 µl
2 mM deoxyribonucleic triphosphate mix
5 µl
Primer
Reverse primer
λ -DNA , 2.5 ng/µl
Long PCR enzyme mix

5 µl
5 µl
0.5 µl
0.5 µl

Final concentration
1x
0.2 mM of each
nucleotide
0.4 µM
0.4 µM
1.25 ng / 50 µl
dep. on enzyme activity

Sequence of the reverse primer: 5’- GTG CAC CAT GCA ACA TGA ATA ACA GTG
GGT TAT C -3’.
Segment
Temp. [◦ C]
Initial denat.
94
Denaturation
94
Annealing elongation
68
Denaturation
94
Annealing elongation
68
Final elongation
68

Duration
2 min.
20 sec.
14 min.
20 sec.
14 min. + 10 sec./cycle
10 min.

N0 . of cycles
1
10
15
1

Since the activity of the enzyme deteriorates with time, the annealing time must be increased with each cycle.

B.11 THz spectrometer, ASOPS
B.11.1
Gigaoptics GmbH, Konstanz.
www.gigaoptics.com
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B.11.2
Fit parameters for hydration of salmon-sperm and calf-thymus DNA films:
Freq. range [GHz]

parameters

200-300

T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ

600-700
Salmon

800-900

200-300

600-700
Calf

800-900

1290-1380

perpendicular
orientation [min]
0.50
0.23
-29.7
66.3
0.55
0.22
-13.8
36.4
0.68
0.23
-4.9
28.7
-

parallel
orientation [min]
0.69
0.14
4.93
33.8
0.53
0.11
6.04
33.8
0.49
0.09
-0.33
34.1
0.28
0.23
0
12.9
0.13
0.22
0
10.6
0.08
0.17
0
5.9
0.03
0.05
0
2.2
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Fit parameters for dehydration of salmon-sperm and calf-thymus DNA films:
Freq. range [GHz]

parameter

200-300

T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ
T0
T1
t0
τ

600-700
Salmon

800-900

200-300

600-700
Calf

800-900
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parallel
orientation [min]
0.93
-1.36
0
1.3
0.72
0
-0.44
2.0
0.65
0
-0.21
3.1
0.71
-0.61
-1.86
3.5
0.69
-1.18
-2.72
2.9
0.67
-1.07
-2.6
3.2

Bibliography

[1] L. Stryer. Biochemie. 4th edn. (Spektrum Akademischer Verlag, Heidelberg, 1995).
[2] J. D. Watson. The Double Helix (Penguin Books, London, 1997).
[3] J. D. Watson and F. H. C. Crick. A Structure for Deoxyribose Nucleic Acid. Nature
171, 737 (1953).
[4] F. H. C. Crick and J. D. Watson. The Complementary Structure of Deoxyribonucleic
Acid. Proc. R. Soc. London Ser. A. 223, 80 (1954).
[5] A. Stasiak, E. Di Capua, and T. Koller. Elongation of Duplex DNA by recA Protein.
J. Mol. Biol. 151, 557 (1981).
[6] C. Bustamante, J. F. Marko, E. D. Siggia, and S. Smith. Entropic Elasticity of
λ -Phage DNA. Science 265, 1599 (1994).
[7] P. Cluzel, A. Lebrun, C. Heller, R. Lavery, J.-L. Viovy, D. Chatenay, and F. Caron.
DNA: An Extensible Molecule. Science 271, 792 (1996).
[8] S. B. Smith, Y. Cui, and C. Bustamante. Overstretching B-DNA: The Elastic Response of Individual Double-Stranded and Single-Stranded DNA Molecules. Science 271, 795 (1996).
[9] A. Lebrun and R. Lavery. Modelling extreme stretching of DNA. Nucl. Acids Res.
24, 2260 (1996).
[10] I. Rouzina and V. A. Bloomfield. Force-Induced Melting of the DNA Double Helix.
1. Thermodynamic Analysis. Biophys. J. 80, 882 (2001).
[11] I. Rouzina and V. A. Bloomfield. Force-Induced Melting of the DNA Double Helix.
2. Effect of Solution Conditions. Biophys. J. 80, 894 (2001).
[12] H. Clausen-Schaumann, M. Rief, C. Tolksdorf, and H. E. Gaub. Mechanical Stability of Single DNA Molecules. Biophys. J. 78, 1997 (2000).
[13] M. H. F. Wilkins, R. G. Gosling, and W. E. Seeds. Nucleic Acid: an Extensible
Molecule? Nature 167, 759 (1951).
135

Bibliography
[14] M. H. F. Wilkins. The Molecular Structure of DNA. J. Chim. Phys. 58, 891 (1961).
[15] S. Arnott. Twenty Years Hard Labor as a Fiber Diffractionist. In A. D. French
and K. H. Gardner (Eds.), Fiber Diffraction Methods, vol. 141, pp. 1–30 (ACS
Symposium Series, Washington D.C., 1980).
[16] P. J. Blakeley. The Effects of Mechanical Tension and the Steffimycin Antibiotics
on D.N.A. Conformation. Ph.D. thesis, University of Keele (1976).
[17] R. J. Greenall. X-Ray Diffraction and Molecular Modelbuilding Studies on the
Deoxyribonulceic Acid Double Helix. Ph.D. thesis, University of Keele (1982).
[18] R. J. Greenall, C. Nave, and W. Fuller. X-ray Diffraction from DNA Fibres Under
Tension. J. Mol. Biol. 305, 669 (2001).
[19] C. R. Calladine and H. R. Drew. Understanding DNA. 2nd edn. (Academic Press,
San Diego, 1997).
[20] R. R. Sinden. DNA Structure and Function (Academic Press, San Diego, 1994).
[21] W. T. Astbury. X-Ray Studies of Nucleic Acids. In Nucleic Acid, vol. 1 of Symp.
Soc. Exp. Biol., pp. 66–76 (Cambridge Univ. Press, 1947).
[22] E. Chargaff. Chemical Specificity of Nucleic Acids and Mechanism of their Enzymatic Degradation. Experientia 6, 201 (1950).
[23] L. Pauling and R. B. Corey. A proposed structure for the nucleic acids. Proc. Natl.
Acad. Sci. USA 39, 84 (1953).
[24] K. Hoogsteen. The Crystal and Molecular Structure of a Hydrogen-Bonded Complex Between 1-Methylthymine and 9-Methyladenine. Acta Crystallogr. 16, 907
(1963).
[25] V. A. Bloomfield, D. M. Crothers, and I. Tinoco Jr. Nucleic acids: structures,
properties, and functions (University Science Books, Sausalito, 2000).
[26] W. Fuller, T. Forsyth, and A. Mahendrasingam. Water-DNA interactions as studied
by X-ray and neutron fibre diffraction. Phil. Trans. R. Soc. Lond. B 359, 1237
(2004).
[27] M. L. Falk, K. A. Hartman Jr., and R. C. Lord. Hydration of Deoxyribonucleic
Acid: I. A Gravimetric Study. J. Am. Chem. Soc. 84, 3843 (1962).
[28] S. C. Ha, K. Lowenhaupt, A. Rich, Y. G. Kim, and K. K. Kim. Crystal structure
of a junction between B-DNA and Z-DNA reveals two extruded bases. Nature 437,
1183 (2005).
[29] H.-L. Ng, M. L. Kopka, and R. E. Dickerson. The structure of a stable intermediate
in the A ↔ B DNA helix transition. Proc. Natl. Acad. Sci. USA 97(5), 2035 (2000).
136

Bibliography
[30] W. Saenger. Principles of nucleic acid structure (Springer, New York, Heidelberg,
1988).
[31] C. Kittel. Einführung in die Festkörperphysik. 12th edn. (Oldenbourg Verlag,
München, 1999).
[32] K. E. van Holde, W. C. Johnson, and P. S. Ho. Principles of Physical Biochemistry.
2nd edn. (Pearson Prentice Hall, Upper Saddle River, 2006).
[33] I. N. Bronstein and K. A. Semendjajew. Taschenbuch der Mathematik. 25th edn.
(Teubner, Stuttgart, 1991).
[34] M. Abramowitz and I. A. Stegun. Handbook of Mathematical Functions. 9th edn.
(Dover Publications, New York, 1970).
[35] E. Hecht. Optik. 3rd edn. (Oldenbourg-Verlag, München, 2001).
[36] R. Oldenbourg and T. Ruiz. Birefringence of macromolecules: Wiener’s theory
revisited, with applications to DNA and tobacco mosaic virus. Biophys. J. 56, 195
(1989).
[37] V. N. Tsvetkov. The Optical Effect of the Shape of Rigid Polymer Chains in Solutions - II. Experimental. Polymer Sci. U.S.S.R. 4, 1456 (1963).
[38] H. R. Craig and P. Bothorel. Détermination de l’anisotropie optique moléculaire
de compsés organiques en solution aqueuse par diffusion Rayleigh dépolarisée (D.
R. D.). C. R. Acad. Sci. Paris 265C, 1384 (1967).
[39] G. Maret and G. Weill. Magnetic Birefringence Study of the Electrostatic and
Intrinsic Persistence Length of DNA. Biopolymers 22, 2727 (1983).
[40] D. Voet, W. B. Gratzer, R. A. Cox, and P. Doty. Absorption Spectra of Nucleotides,
Polynucleotides, and Nucleic Acids in the Far Ultraviolet. Biopolymers 1, 193
(1963).
[41] G. Maret. Strukturuntersuchungen an Nucleinsäuren und Phospholipidmembranen
mittels magnetischer Orientierung. Ph.D. thesis, Universität Konstanz (1976).
[42] B. Nordén, M. Kubista, and T. Kurucsev. Linear dichroism spectroscopy of nucleic
acids. Q. Rev. Biophys. 25, 51 (1992).
[43] K.-C. Chou. Low-frequency vibrations of DNA molecules. Biochem. J. 221, 27
(1984).
[44] E. W. Prohofsky. Solitons hiding in DNA and their possible significance in RNA
transcription. Phys. Rev. A 38(3), 1538 (1988).
[45] E. W. Prohofsky. Quasi-Momentum Conservation and Motion Along the DNA Double Helix. Comments Mol. Cell. Biophys. 2(2), 65 (1983).
137

Bibliography
[46] W. Zhuang and E. W. Prohofsky. Hot Phonon Induced Bond Breaking: Application
to the Advance of a Replicating Fork in DNA. Phys. Rev. Lett. 71, 2150 (1993).
[47] E. W. Prohofsky, K. C. Lu, L. L. van Zandt, and B. F. Putnam. Breathing Modes
and Induced Resonant Melting of the Double Helix. Phys. Lett. A 70, 492 (1979).
[48] W. L. Peticolas, W. L. Kubasek, G. A. Thomas, and M. Tsuboi. Nucleic Acids.
In T. G. Spiro (Ed.), Biological Applications of Raman Spectroscopy, vol. 1, pp.
81–133 (New York, 1987).
[49] J. G. Duguid, V. A. Bloomfield, J. M. Benevides, and G. J. Thomas Jr. DNA Melting Investigated by Differential Scanning Calorimetry and Raman Spectroscopy.
Biophys. J. 71, 3350 (1996).
[50] L. L. Van Zandt and V. K. Saxena. Millimeter-microwave spectrum of DNA: Six
predictions for spectroscopy. Phys. Rev. A 39(3), 2672 (1989).
[51] K.-C. Chou and Y.-S. Kiang. The Biological Functions of Low-Frequency Vibrations (Phonons). 5. A Phenomenological Theory. Biophys. Chem. 22, 219 (1985).
[52] K.-C. Chou. Origin of low-frequency motions in biological macromolecules - a
view of recent progress in the quasi-continuity model. Biophys. Chem. 25, 105
(1986).
[53] A. Wittlin, L. Genzel, F. Kremer, S. Häseler, and A. Poglitsch. Far-infrared spectroscopy on oriented films of dry and hydrated DNA. Phys. Rev. A 34, 493 (1986).
[54] J. M. Eyster and E. W. Prohofsky. On the B to A Conformation Change of the
Double Helix. Biopolymers 16, 965 (1977).
[55] T. E. Cheatham III. and P. E. Kollman. Observation of the A-DNA to B-DNA Transition During Unrestrained Molecular Dynamics in Aqueous Solution. J. Mol. Biol.
259, 434 (1996).
[56] T. H. Duong and K. Zakrezewska. Calculation and Analysis of Low-Frequency
Normal Modes for DNA. J. Comput. Chem. 18, 796 (1997).
[57] M. Bykhovskaia, B. Gelmont, T. Globus, D. L. Woolard, A. C. Samuels, T. H.
Duong, and K. Zakrezewska. Prediction of DNA far-IR absorption spectra based
on normal mode analysis. Theor. Chem. Acc. 106, 22 (2001).
[58] J. M. Eyster and E. W. Prohofsky. Soft Modes and the Structure of the DNA Double
Helix. Phys. Rev. Lett. 38(7), 371 (1977).
[59] G. Maret, R. Oldenbourg, G. Winterling, K. Dransfeld, and A. Rupprecht. Velocity
of high frequency sound waves in oriented DNA fibers and films determined by
Brillouin scattering. Colloid Polym. Sci. 257(10), 1017 (1979).
[60] T. Weidlich, S. M. Lindsay, and A. Rupprecht. Counterion Effects on the Structure
and Dynamics of Solid DNA. Phys. Rev. Lett. 1988, 1674 (1988).
138

Bibliography
[61] H. Urabe and Y. Tominaga. Low-Lying Collective Modes of DNA Double Helix by
Raman Spectroscopy. Biopolymers 21, 2477 (1982).
[62] S. M. Lindsay, S. A. Lee, J. W. Powell, T. Weidlich, C. Demarco, G. D. Lewen,
N. J. Tao, and A. Rupprecht. The Origin of the A to B Transition in DNA Fibers
and Films. Biopolymers 27, 1015 (1988).
[63] H. Urabe, Y. Sugawara, M. Tsukakoshi, and T. Kasuya. Low-frequency Raman
spectra of guanosine and nucleotides in ordered states: Origin of the lowestfrequency mode. J. Chem. Phys. 95, 5519 (1991).
[64] H. Haken and H. C. Wolf. Molekülphysik und Quantenchemie. 3rd edn. (SpringerVerlag, Berlin, 1998).
[65] G. Mie. Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen.
Ann. Phys. 25(3), 377 (1908).
[66] D. A. Long. Raman Spectroscopy (McGraw-Hill, New York, 1977).
[67] A. Smekal. Zur Quantentheorie der Dispersion. Naturwiss. 11, 873 (1923).
[68] C. V. Raman and K. S. Krishnan. A new type of secondary radiation. Nature 121,
501 (1928).
[69] C. V. Raman. A change of wavelength in light scattering. Nature 121, 619 (1928).
[70] C. Cohen-Tannoudji, B. Diu, and F. Laloë. Mécanique quantique I (Hermann,
éditeurs des sciences et des arts, Paris, 1998).
[71] C. Cohen-Tannoudji, B. Diu, and F. Laloë. Mécanique quantique II (Hermann,
éditeurs des sciences et des arts, Paris, 2000).
[72] S. C. Erfurth, P. J. Bond, and W. L. Peticolas. Characterization of the A⇄B Transition of DNA in Fibers and Gels by Laser Raman Spectroscopy. Biopolymers 14,
1245 (1975).
[73] W. L. Peticolas. Raman spectroscopy of DNA and proteins. Methods Enzymol.
246, 389 (1995).
[74] S. C. Erfurth, E. J. Kiser, and W. L. Peticolas. Determination of the Backbone
Structure of Nucleic Acids and Nucleic Acid Oligomers by Laser Raman Scattering.
Proc. Natl. Acad. Sci. USA 69(4), 938 (1972).
[75] J. Mud, C. Otto, F. F. M. de Mul, and J. Greve. Raman Microspectroscopy of LiDNA
Fibres in Ethanol and tert-Butanol. J. Raman. Spectrosc. 16(6), 373 (1985).
[76] P. J. Flory. Statistical Mechanics of Chain Molecules (Carl Hanser Verlag, Munich,
1989).
[77] J. F. Marko and E. D. Siggia. Stretching DNA. Macromolecules 28, 8759 (1995).
Wormlike-chain model for tethered DNA under tension.
139

Bibliography
[78] A. Sischka. Kraftspektroskopie und Einzelmoleküldetektion mit der optischen
Pinzette. Ph.D. thesis, Universität Bielefeld (2005).
[79] D. Bensimon, A. J. Simon, V. Croquette, and A. Bensimon. Stretching DNA with
a Receding Meniscus: Experiments and Models. Phys. Rev. Lett. 74, 4754 (1995).
[80] S. B. Smith, Y. Cui, A. C. Hausrath, and C. Bustamante. Stretching DNA beyond
its B-form contour length. Biophys. J. 68(2), A250 (1995).
[81] D. L. Woolard, T. R. Globus, B. L. Gelmont, M. Bykhovskaia, A. C. Samuels,
D. Cookmeyer, J. L. Hesler, T. W. Crowe, J. O. Jensen, and W. R. Loerop.
Submillimeter-wave phonon modes in DNA macromolecules. Phys. Rev. E 65,
051903 (2002).
[82] M. Rief, H. Clausen-Schaumann, and H. E. Gaub. Sequence-dependent mechanics
of single DNA molecules. Nature Struct. Biol. 6, 346 (1999).
[83] L. H. Pope, M. C. Davies, C. A. Laughton, C. J. Roberts, S. J. B. Tendler, and P. M.
Williams. Force-induced melting of a short DNA double helix. Eur. Biophys. J. 30,
53 (2001).
[84] T. Strunz, K. Orszlan, R. Schäfer, and H.-J. Güntherodt. Dynamic force spectroscopy of single DNA molecules. Proc. Natl. Acad. Sci. USA 96, 11277 (1999).
[85] J. Gore, Z. Bryant, M. Nöllmann, M. U. Le, N. R. Cozzarelli, and C. Bustamante.
DNA overwinds when stretched. Nature 442, 836 (2006).
[86] J. F. Léger, G. Romano, A. Sarkar, J. Robert, L. Bourdieu, D. Chatenay, and J. F.
Marko. Structural Transitions of a Twisted and Stretched DNA Molecule. Phys.
Rev. Lett. 83, 1066 (1999).
[87] A. Sarkar, J. F. Léger, D. Chatenay, and J. F. Marko. Structural transitions in DNA
driven by external force and torque. Phys. Rev. E 63, 051903 (2001).
[88] R. E. Dickerson. Die Feinstruktur der DNA-Helix. In A. E. Sippel (Ed.), Erbsubstanz DNA (Spektrum der Wissenschaft, Heidelberg, 1985).
[89] J. F. Allemand, D. Bensimon, R. Lavery, and V. Croquette. Stretched and overwound DNA forms a Pauling-like structure with exposed bases. Proc. Natl. Acad.
Sci. USA 95, 14152 (1998).
[90] M. Plischke and B. Bergersen. Equilibrium statistical physics. 2nd edn. (World
Scientific, Singapore, 1994).
[91] S. Piana. Structure and energy of a DNA dodecamer under tensile load. Nucl.
Acids Res. 33, 7029 (2005).
[92] S. A. Harris, Z. A. Sands, and C. A. Laughton. Molecular Dynamics Simulations
of Duplex Stretching Reveal the Importance of Entropy in Determining the Biomechanical Properties of DNA. Biophys. J. 88, 1684 (2005).
140

Bibliography
[93] G. J. L. Wuite, S. B. Smith, M. Young, D. Keller, and C. Bustamante. Singlemolecule studies of the effect of template tension on T7 DNA polymerase activity.
Nature 404, 103 (2000).
[94] N. A. Campbell. Biologie (Spektrum Akademischer Verlag, Heidelberg, 1998).
[95] A. Stasiak and E. Di Capua. The helicity of DNA in complexes with RecA protein.
Science 299, 185 (1982).
[96] B. Nordén, C. Elvingson, M. Kubista, B. Sjöberg, H. Ryberg, M. Ryberg,
K. Mortensen, and M. Takahashi. Structure of RecA-DNA Complexes Studied by
Combination of Linear Dichroism and Small-Angle Neutron Scattering Measurements on Flow-oriented Samples. J. Mol. Biol. 226, 1175 (1992).
[97] M. Hegner, S. B. Smith, and C. Bustamante. Polymerization and mechanical properties of single RecA-DNA filaments. Proc. Natl. Acad. Sci. 96, 10109 (1999).
[98] J. F. Leger, J. Robert, L. Bourdieu, D. Chatenay, and J. F. Marko. RecA binding to
a single double-stranded DNA molecule: A possible role of DNA conformational
fluctuations. Proc. Natl. Acad. Sci. USA 95, 12295 (1998).
[99] M. L. Bennink, O. D. Schärer, R. Kanaar, K. Sakata-Sogawa, J. M. Schins, J. S.
Kanger, B. G. de Grooth, and J. Greve. Single-Molecule Manipulation of DoubleStranded DNA Using Optical Tweezers: Interaction Studies of DNA With RecA and
YOYO-1. Cytometry 36, 200 (1999).
[100] H. S. Rye, S. Yue, D. E. Wemmer, M. A. Quesada, R. P. Haugland, R. A. Mathies,
and A. M. Glazer. Stable fluorescent complexes of double-stranded DNA with bisintercalating asymmetric cyanine dyes: properties and applications. Nucl. Acids
Res. 20(11), 2803 (1992).
[101] C. Aaij and P. Borst. The gel electrophoresis of DNA. Biochim. Biophys. Acta
269(2), 192 (1972).
[102] J. E. Coury, L. McFail-Isom, L. D. Williams, and L. A. Bottomley. A novel assay for drug-DNA binding mode, affinity, and exclusion number: Scanning force
microscopy. Proc. Natl. Acad. Sci. USA 93, 12283 (1996).
[103] M. Kwak (personal communication).
[104] D. E. Graves and L. M. Velea. Intercalative Binding of Small Molecules to Nucleic
Acids. Curr. Org. Chem. 4, 915 (2000).
[105] A. Sischka, K. Toensing, R. Eckel, S. D. Wilking, N. Sewald, R. Ros, and D. Anselmetti. Molecular Mechanisms and Kinetics between DNA and DNA Binding Ligands. Biophys. J. 88, 404 (2005).
[106] L. R. G. Treloar. The Physics of Rubber Elasticity. 3rd edn. (Clarendon Press,
Oxford, 1975).
141

Bibliography
[107] P. M. Chaikin and T. C. Lubensky. Principles of condensed matter physics (Cambridge University Press, Cambridge, 1995).
[108] R. Langridge, H. R. Wilson, C. W. Hooper, M. H. F. Wilkins, and L. D. Hamilton.
The Molecular Configuration of Deoxyribonucleic Acid: I. X-ray Diffraction Study
of a Crystalline Form of the Lithium Salt. J. Mol. Biol. 2, 19 (1960).
[109] A. Rupprecht and B. Forslind. Variation of electroyte content in wet-spun lithiumand sodium-DNA. Biochim. Biophys. Acta 204, 304 (1970).
[110] A. Rupprecht. Mechanochemical Study of Wet-Spun Lithium-DNA Fibers. Biopolymers 9, 825 (1970).
[111] R. Knippers. Molekulare Genetik. 8th edn. (Thieme, Stuttgart, 2001).
[112] N. K. Annan, P. R. Cook, S. T. Mullins, and G. Lowe. Evidence for cross-linking
DNA by bis-intercalators with rigid and extended linkers is provided by knotting
and catenation. Nucl. Acids Res. 20, 983 (1992).
[113] G. T. Hermanson. Bioconjugate Techniques (Academic Press, San Diego, 1996).
[114] C. J. Collins and W. R. Guild. Irreversible Effects of Formaldehyde on DNA.
Biochim. Biophys. Acta 157, 107 (1968).
[115] D. Freifelder and P. F. Davison. Physicochemical Studies on the Reaction between
Formaldehyde and DNA. Biophys. J. 3, 49 (1963).
[116] D. Brutlag, C. Schlehuber, and J. Bonner. Properties of Formaldehyde-Treated
Nucleohistone. Biochem. 8(8), 3214 (1969).
[117] W. E. Ross and N. Shipley. Relationsship between DNA damage and survival in
formaldehyde-treated mouse cells. Mutation Research 79, 277 (1980).
[118] W. E. Ross, D. R. McMillan, and C. F. Ross. Comparison of DNA Damage by
Methylmelamines and Formaldehyde. J. Natl. Cancer Inst. 67(1), 217 (1981).
[119] Z. Huang, A. McWilliams, S. Lam, J. English, D. I. McLean, H. Lui, and H. Zeng.
Effect of formalin fixation on the near-infrared Raman spectroscopy of normal and
cancerous human brohnchial tissues. Int. J. Oncol. 23, 649 (2003).
[120] F. A. Beland, N. F. Fullerton, and R. H. Heflich. Rapid Isolation, Hydrolysis and
Chromatography of Formaldehyde-Modified DNA. J. Chromatogr. (Biomed. Appl.)
308, 121 (1984).
[121] H. Huang, M. S. Solomon, and P. B. Hopkins. Formaldehyde Preferentially Interstand Cross-Links Duplex DNA through Deoxyadenosine Residues at the Sequence
5’-d(AT). J. Am. Chem. Soc. 114, 9240 (1992).
[122] H. Huang and P. B. Hopkins. DNA Interstrand Cross-Linking by Formaldehyde:
Nucleotide Sequence Preference and Covalent Structure of the Predominent CrossLink Formed in Synthetic Oligonucleotides. J. Am. Chem. Soc. 115, 9402 (1993).
142

Bibliography
[123] Y. F. M. Chaw, L. E. Crane, P. Lange, and R. Shapiro. Isolation and Identification of
Cross-Links from Formaldehyde-Treated Nucleic Acids. Biochem. 19, 5525 (1980).
[124] K. Brodolin. Protein-DNA crosslinking with formaldehyde in vitro. In A. Travers
and M. Buckle (Eds.), DNA-Protein Interactions: A Practical Approach, pp. 141–
150 (Oxford University Press, Oxford, 2000).
[125] G. Kennedy, P. K. Slaich, B. T. Golding, and W. P. Watson. Structure and mechanism of formation of a new adduct from formaldehyde and guanosine. Chem. Biol.
Interact. 102, 93 (1996).
[126] G. Cheng, Y. Shi, S. J. Sturla, J. R. Jalas, E. J. McIntee, P. W. Villalta, M. Wang, and
S. S. Hecht. Reactions of Formaldehyde Plus Acetaldehyde with Deoxyguanosine
and DNA: Formation of Cyclic Deoxyguanosine Adducts and Formaldehyde CrossLinks. Chem. Res. Toxicol. 16, 145 (2003).
[127] T. Amiya and T. Tanaka. Phase Transitions in Cross-Linked Gels of Natural Polymers. Macromolecules 20, 1162 (1987).
[128] D. Costa, P. Hansson, S. Schneider, M. G. Miguel, and B. Lindman. Interaction
between Covalent DNA Gels and a Cationic Surfactant. Biomacromolecules 7,
1090 (2006).
[129] D. Costa, S. dos Santos, F. E. Antunes, M. G. Miguel, and B. Lindman. Some novel
aspects of DNA physical and chemical gels. ARKIVOC iv, 161 (2006).
[130] M. Eriksson, S. K. Kim, S. Sen, A. Gräslund, B. Jernström, and B. Nordén. Location of Excimer-Forming Adducts of (+)-anti-Benzo[a]pyrene Diol Epoxide in
DNA. J. Am. Chem. Soc. 115, 1639 (1993).
[131] J. M. Crenshaw, D. E. Graves, and W. A. Denny. Interactions of Acridine Antitumor
Agents with DNA: Binding Energies and Groove Preferences. Biochem. 34, 13682
(1995).
[132] E. S. Canellakis, Y. H. Shaw, W. E. Hanners, and R. A. Schwartz. Diacridines: Bifunctional Intercalators - I. Chemistry, Physical Chemistry and Growth Inhibitory
Properties. Biochim. Biophys. Acta 418, 277 (1976).
[133] N. Ishizuka, Y. Hashimoto, Y. Matsuo, and K. Ijiro. Highly expansive DNA hydrogel films prepared with photocrosslinkable poly(vinyl alcohol). Colloids and
Surfaces A: Physicochem. Eng. Aspects 284-285, 440 (2006).
[134] P. H. Bolton and D. R. Kearns. Spectroscopic properties of ethidium monoazide:
a fluorescent photoaffinity label for nucleic acids. Nucl. Acids Res. 5(12), 4891
(1978).
[135] M. A. Mitchell and P. B. Dervan.
Interhelical DNA-DNA Cross-linking.
Bis(monoaidomethidium)octaoxahexacosanediamine: A Probe of Packaged Nucleic Acid. J. Am. Chem. Soc. 104, 4265 (1982).
143

Bibliography
[136] E. M. Southern and J. K. Elder. Theories of gel electrophoresis of high molecular
weight DNA. In A. P. Monaco (Ed.), Pulsed Field Gel Electrophoresis: A Pratical
Approach, vol. 158, pp. 1–19 (Oxford Univ. Press, Oxford, 1995).
[137] E. M. Southern. Measurement of DNA Length by Gel Electrophoresis. Anal.
Biochem. 100, 319 (1979).
[138] J. K. Elder and E. M. Southern. Measurement of DNA Length by Gel Electrophoresis II: Comparison of Methods for Relating Mobility to Fragment Length. Anal.
Biochem. 128, 227 (1983).
[139] J. F. Allemand, D. Bensimon, L. Jullien, A. Bensimon, and V. Croquette. pHDependent Specific Binding and Combing of DNA. Biophys. J. 73, 2064 (1997).
[140] F. Sanger, A. R. Coulson, G. F. Hong, D. F. Hill, and G. B. Petersen. Nucleotide
Sequence of Bacteriophage λ DNA. J. Mol. Biol. 162, 729 (1982).
[141] T. R. Strick, J. F. Allemand, D. Bensimon, and V. Croquette. Behavior of Supercoiled DNA. Biophys. J. 74, 2016 (1998).
[142] W. Gemoll and K. Vretska. Griechisch-deutsches Schul- und Handwörterbuch. 9th
edn. (Oldenbourg Schulbuchverlag, München, 1991).
[143] J. Porath and P. Flodin. Gel filtration: a method for desalting and group separation.
Nature 183, 1657 (1959).
[144] A. Rupprecht. Preparation of oriented DNA in large amounts. Biochem. Biophys.
Res. Commun. 12, 163 (1963).
[145] A. Rupprecht. A wet spinning method for preparing highly oriented DNA and
some physico-chemical studies on the material. Ph.D. thesis, Royal Institute of
Technology (KTH) - Stockholm (1970).
[146] A. Rupprecht. Preparation of oriented DNA by wet spinning. Acta Chem. Scand.
20, 494 (1966).
[147] I. Seuffert (personal communication).
[148] T. Weidlich, S. M. Lindsay, Q. Rui, A. Rupprecht, W. L. Peticolas, and G. A.
Thomas. A Raman Study of Low Frequency Intrahelical Modes in A-, B-, and
C-DNA. J. Biomol. Struct. Dyn. 1, 139 (1990).
[149] A. Rupprecht (personal communication).
[150] A. Ziabicki. Mechanical Aspects of Fibre Spinning Process in Molten Polymers Part. III.: Tensile Force and Stress. Kolloid-Zeitschrift 175(1), 14 (1961).
[151] A. Rupprecht. A Wet Spinning Apparatus and Auxiliary Equipment Suitable for
Preparing Samples of Oriented DNA. Biotechnol. Bioeng. 12, 93 (1970).
144

Bibliography
[152] F. Fontaine-Vive (personal communication).
[153] A. Marx (personal communication).
[154] M. W. Shotton, L. H. Pope, V. T. Forsyth, R. C. Denny, J. Archer, P. Langan, H. Ye,
and C. Boote. New Developments in Instrumentation for X-ray and Neutron Fibre
Diffraction Experiments. J. Appl. Cryst. 31, 758 (1998).
[155] D. R. Lide (Ed.). CRC Handbook of Chemistry and Physics. 80th edn. (CRC Press,
Boca Raton).
[156] G. Maret (personal communication).
[157] S. Haacke. Ultrafast biophotonics: From basic concepts to understanding the
molecular mechanisms of protein dynamics. Lectures of the international research
training group ”soft condensed matter physics of model systems”, Universität Konstanz, Université Strasbourg I, and Université Joseph Fourier de Grenoble, Strasbourg (2007).
[158] R. Weissenborn. Dynamik in Proteinkristallen: Inelastische Lichtstreuung und
Röntgenstrukturanalyse während Mikrowellenbestrahlung. Ph.D. thesis, Universität Konstanz (2005).
[159] A. Bartels, A. Thoma, C. Janke, T. Dekorsy, A. Dreyhaupt, S. Winnerl, and
M. Helm. High-resolution THz spectrometer with kHz scan rates. Opt. Expr. 14(1),
430 (2006).
[160] B. Ferguson and X.-C. Zhang. Materials for terahertz science and technology.
Nature Materials 1, 26 (2002).
[161] H. Grimm, P. M. Gehring, S. M. Shapiro, R. Kahn, and A. Rupprecht. Lowfrequency excitations of oriented DNA. Physica B 213-214, 780 (1995).
[162] J. Shan and T. F. Heinz. Terahertz Radiation from Semiconductors. In K.-T. Tsen
(Ed.), Ultrafast Dynamical Processes in Semiconductors, vol. 92 of Topics in Applied Physics (Springer-Verlag, Berlin, 2004).
[163] A. Dreyhaupt, S. Winnerl, T. Dekorsy, and M. Helm. High-intensity terahertz
radiation froma microstructured large-area photoconductor. Appl. Phys. Lett. 86,
121114 (2005).
[164] A. Bartels, F. Hudert, C. Janke, T. Dekorsy, and K. Köhler. Femtosecond time-resolved optical pump-probe spectroscopy at kilohertz-scan-rates over
nanosecond-time-delays without mechanical delay line. Appl. Phys. Lett. 88,
041117 (2006).
[165] Q. Wu and X.-C. Zhang. Ultrafast electro-optic field sensors. Appl. Phys. Lett.
68(12), 1604 (1996).
145

Bibliography
[166] C. Kistner. Charakterisierung eines neuen Verfahrens zur Terahertz-Spektroskopie.
Diploma thesis, Universität Konstanz (2007).
[167] A. Sischka. Aufbau einer optischen Pinzette. Diploma thesis, Universität Bielefeld
(2002).
[168] R. E. Dickerson and H.-L. Ng. DNA structure form A to B. Proc. Natl. Acad. Sci.
USA 98(13), 6986 (2001).
[169] R. E. Dickerson. Base Sequence and Helix Structure Variation in B and A DNA. J.
Mol. Biol. 166, 419 (1983).
[170] R. E. Dickerson, H. R. Drew, B. N. Conner, R. M. Wing, A. V. Fratini, and M. L.
Kopka. The Anatomy of A-, B-, and Z-DNA. Science 216, 475 (1982).
[171] Y.-Y. Liu, P.-Y. Wang, S.-X. Dou, W.-C. Wang, P. Xie, and X. G. Xi. Ionic effect on
combing of single DNA molecules and observation of their force-induced melting
by fluorescence microscopy. J. Chem. Phys. 121, 4302 (2004).
[172] I. D. Vladescu, M. J. McCauley, I. Rouzina, and M. C. Williams. Mapping the
Phase Digaram of Single DNA Molecule Force-Induced Melting in the Presence of
Ethidium. Phys. Rev. Lett. 95, 158102 (2005).
[173] J. Koota. Mechanical Stretching and Light Scattering on DNA. Ph.D. thesis, Universität Konstanz (2006).
[174] I. Auzanneau, C. Barreau, and L. Salome. Imaging by fluorescence videomicroscopy of individual single stranded DNA molecules in solution. C. R. Acad.
Sci. Paris 316, 459 (1993).
[175] B. Åkerman and E. Tuite. Single- and double-strand photocleavage of DNA by YO,
YOYO and TOTO. Nucl. Acids Res. 24, 1080 (1996).
[176] Z. Huang, A. H. Krall, and D. A. Weitz. The Density of Aggregated Polystyrene
Spheres. J. Colloid Interface Sci. 170, 602 (1995).
[177] R. E. Franklin and R. G. Gosling. The structure of sodium thymonucleate fibres. I.
The influence of water content. Acta Cryst. 6, 673 (1953).
[178] H. Grimm (personal communication).
[179] S. C. Erfurth and W. L. Peticolas. Melting and premelting phenomenon in DNA by
laser Raman scattering. Biopolymers 14, 247 (1975).
[180] S. Panyukov and Y. Rabin. Polymer Gels: Frozen Inhomogeneities and Density
Fluctuations. Macromolecules 39, 7960 (1996).
[181] G. S. Edwards, L. Genzel, W. L. Peticolas, and A. Rupprecht. Measurement of
a Large Anisotropy in the Swelling of Oriented DNA Films in Aqueous Solution.
Biopolymers 25, 223 (1986).
146

Bibliography
[182] G. Strobl. The Physics of Polymers (Springer-Verlag, Berlin, 1996).
[183] Y. Tominaga, M. Shida, K. Kubota, H. Urabe, Y. Nishimura, and M. Tsuboi. Coupled dynamics between DNA double helix and hydrated water by low frequency
Raman spectroscopy. J. Chem. Phys. 83, 5972 (1985).
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Es hat sich als eine besondere Schwierigkeit herausgestellt, das DNS-Nassspinnverfahren
wieder aufleben zu lassen. An dieser Stelle sei ein besonderer Dank an Herrn Dr. Hans
Grimm vom Forschungszentrum Jülich und Herrn Professor Dr. Allan Rupprecht von der
Königlich - Technischen Hochschule Stockholm ausgesprochen, die uns sowohl Proben
als auch all ihr technisches Know-how zur Verfügung gestellt haben.
Je me remercie de la collaboration avec les gens de l’Institut Laue-Langevin, Dr. Fabien
Fontaine-Vive, Dr. Mark Johnson et Pr. Dr. Trevor Forsyth. Ils ont remis une des premières machines en état et m’ont appris la méthode du filage au mouillé. La production
des films a coûté beaucoup de temps, particulièrement parce que la machine marche le
mieux entre huit heures du soir et quatre heures du matin.
Da ein Physiker wenig Ahnung von Chemie besitzt, ist er auch hier auf Hilfe angewiesen.
Daher danke ich insbesondere Frau Meike Liebmann, Herrn Professor Dr. Andreas Marx
und Herrn Professor Dr. Heiko Möller vom Fachbereich Chemie der Universität Konstanz sowie Herrn Minseok Kwak und Herrn Dr. Andreas Herrmann vom Max-PlanckInstitut für Polymerforschung für die Beratung im DNS-Vernetzen und insbeondere für
das ”Kochen” der Chemikalien, was zuweilen auch Monate in Anspruch genommen hat,
da in Veröffentlichungen doch nicht immer alles verraten wird, was zum Nachmachen
benötigt wird. Nicht vergessen werden darf Herr Dr. Thomas Meergans, der als ständiger
Berater gewissermaßen zum DNS-Team dazugehört.
Besonderer Dank gilt auch Herrn Peter Seige und Herrn Dr. André Schiefner aus der
Arbeitsgruppe von Herrn Professor Welte, die mir gezeigt haben, wie man ”röntgt” und
die ”Maschine” am Laufen gehalten haben. Des Weiteren danke ich Frau Uta Lucchesi,
Herrn Privatdozent Dr. Harald Schneider und Herrn Professor Dr. Manfred Helm vom
Forschungszentrum Dresden-Rossendorf für die Bereitstellung des Raman-Spektrometers
und die hilfsbereite Unterstützung bei den Messungen. Zum Abschluss der Arbeit war es
insbesondere sehr interessant, selbst Einzelmolekülmessungen durchführen zu können.
Hierfür bedanke ich mich bei Herrn Dr. Andy Sischka aus der Arbeitsgruppe von Herrn
Professor Dr. Anselmetti an der Universität Bielefeld, mit dem uns auch weiterhin noch
eine sehr gute Zusammenarbeit verbindet.
Abschließend möchte ich mich bei meinen Kolleginnen und Kollegen des Lehrstuhls und
des Graduiertenkollegs bedanken. De la partie strasbourgeoise, il faut surtout penser à
Mlle Armelle Zinck du laboratoire de Dr. Kékicheff.
Weiterhin zu nennen sind Herr Dr. Roman Lehner und Herr Dr. Juha Koota, die mich angelernt und die für einen angenehmen Neuanfang am Lehrstuhl und in Konstanz gesorgt
haben. An dieser Stelle auch einen Dank an Herrn Dr. Ralf Weissenborn für ”RamanTipps”. Sehr viel gelernt habe ich über Basteln im Physikeralltag von Herrn Martin
Clausen, mit dem mich heute auch noch eine enge Freundschaft verbindet und der mit
Rat und Tat auch noch weiterhin zur Verfügung steht.
Ein Dankeschön an Frau Ina Seuffert, die zusammen mit mir am Lehrstuhl angefangen
hat und deren Aufgabe die der Chemie zugewandte Seite unseres Projekts ist. Sie hat es

verstanden, durch ein gutes Wort frustrierte Diplomanden und Doktoranden zur rechten
Zeit wieder aufzubauen. Ihr verdanke ich aber auch so manche Versuchsidee beim ”DNSKochen”. Vielen Dank auch an Herrn Dr. Hui Li für die gute Zusammenarbeit.
Einen Extradank möchte ich Frau Caroline Kistner und ”meinem Diplomanden” Herrn
Theo Fischer aussprechen. Die Arbeit mit ihnen und der unermüdliche Einsatz beider
haben viel Spaß und Motivation gebracht und geholfen, Langzeiteinsätze im Labor (in
der Tat) mit Humor zu sehen.

Rasche Hilfe in technischen Fragen bot sich stets durch Herrn Christian Ortolf, Herrn
Uwe Mazur und Herrn Ansgar Fischer, sowie in den Wissenschaftlichen Werkstätten,
wobei hier der Einfachheit halber nur Herr Markus Zimber und Herr Michael Weiland
genannt seien.

Nicht zuletzt unseren beiden Sekretärinnen, Frau Sabine Lucas und Frau Doris Drexler,
die sich am Lehrstuhl und im Graduiertenkolleg für alles und jeden ins Zeug legen,
gleichgültig, ob es sich um Papierkram, Organisatorisches oder persönliche Probleme
handelt.

Fürs Korrekturlesen: Henning, Martin, Wolfgang und Thomas. Alle noch bestehenden
Druckfehler gehen allein auf ihr Konto.

Herrn Dr. Greogor Dietsche und Dr. Franck Jaillon für den sicheren Umgang mit Golfschlägern, allen anderen im Exil lebenden Personen für das angenehme Dasein im ZGebäude (Mittwochsfrühstück) sowie für netten Kaffeeplausch mit Frau Freitag, des Weiteren den schwarzen Männern von P10. Danke schön auch Larysa und Denis.
Meinem Segelkollegen Oliver Henrich für die schöne Zeit am, auf (und im) Bodensee.

Meinen Eltern, die mir immer den notwendigen Rückhalt und das Vertrauen gegeben
haben, das ich gebraucht habe.
Meinem besten Freund Henning.

Allen, die ich vergessen habe, für ihre Nachsicht.

Sint, ut sunt, aut non sint.
Pope Clement XIII

